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Introduct�on
At the NASA Glenn Research Center, in partnership with U.S. industry, uni-
versities, and other Government institutions, we develop critical systems 
technologies and capabilities that address national priorities. Our world-
class research, technology, and capability development efforts are keys to 
advancing space exploration of our solar system and beyond while main-
taining global leadership in aeronautics. Our work is focused on technolo- 
gical advancements in space flight systems development, aeropropulsion, 
space propulsion, power systems, nuclear systems, communications, and 
human-related systems.

Glenn’s main campus, Lewis Field, is situated on 350 acres adjacent to 
the Cleveland Hopkins International Airport. It has more than 140 buildings that 
include 24 major facilities and over 500 specialized research and test facil-
ities. In addition, Plum Brook Station, located 50 miles west of Cleveland, 
offers four large, world-class facilities for space technology and capability 
development on a 6400-acre installation. All Center capabilities are avail-
able for Government and industry programs through Interagency or Space 
Act Agreements.

The Glenn team consists of over 3100 civil service employees and support service contractor personnel. Scien-
tists and engineers comprise more than half of our workforce, while technical specialists, skilled workers, and an 
administrative staff support them. We aggressively strive for technical excellence through continuing education, 
increased diversity in our workforce, and continuous improvement in our management and business practices so 
that we can expand the boundaries of space and aeronautics technology.

The Center’s activities support all NASA missions and the major programs of our Agency. We contribute to eco-
nomic growth and national security by developing technology for safe, superior, and environmentally compatible 
U.S. aircraft propulsion systems. Glenn leads NASA’s research in the fields of fluids, combustion, and reacting 
flow systems, including gravity variation. Glenn also leads in the testing and evaluation of materials and structures 
for atmospheric and space environments by utilizing our first-rate facilities and world-class researchers. Almost 
every space shuttle science mission has had an experiment managed by Glenn, and we have conducted a wide 
array of experiments on the International Space Station.

Knowledge generation and management are among our most important activities. Our annual Research & 
Technology report helps make this knowledge available to potential users in the technical community. This 
report is organized such that a broad cross section of people can readily use it. Each article begins with a short 
introductory paragraph and continues with a summary of the progress made during the year in various scientific 
and technical areas.

I hope that this information is useful to you. If additional information is desired, you are encouraged to contact the 
researchers identified at the end of each article and to visit Glenn’s Web site at http://www.nasa.gov/glenn/.

Woodrow Whitlow, Jr., Ph.D.
Director
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Logic-Evolved Decision Analysis Methodology Used To Assess Risk and 
Prioritize Technologies for Aviation Security

SYSTEMS ANALYSIS

The events of 9/11 led the NASA Glenn Research Center to introduce a security 
component to its Aviation Safety Program, with a robust portfolio of advanced 
technologies designed to make flight more secure. The portfolio needed to be 
prioritized and managed to ensure that investment payoffs were maximized 
in the most promising technologies. In addition, an assessment was desired 
to identify the integration issues that the technologies could have with each 
other as well as within the overall National Airspace System (NAS). 

To accomplish this, NASA needed a new approach. A complete vulnerability 
assessment of the NAS would have to be performed to formulate a baseline 
risk so that NASA technologies could be applied to find how much each tech-
nology reduced risk. This enormous task was performed through the use of 
a computational methodology called logic-evolved decision (LED) analysis, 
which was developed at the Los Alamos National Laboratory for modeling the 
behavior of complex systems with respect to decision-support applications. 
The LED computational algorithm uses linked, formal logic models to represent 
the basic functions of a decision analysis tool. LED incorporates fuzzy logic, 
approximate reasoning, possibility, probability, multi-attribute scoring, and graph 
theory to construct decision-support models. It is a flexible, self-contained, 
comprehensive, and traceable software tool for risk-based prioritization and 
portfolio management across a broad spectrum of applications.

Using the LED tool, in 2006 researchers from the NASA Glenn Research Cen-
ter and the NASA Langley Research Center developed a comprehensive set 
of several million attack scenarios, using fault tree analysis to define terrorist 
threats to aircraft, airports, and the airspace. Then a much smaller, represen-
tative set of attacks were chosen to apply the technologies to determine the 
effective risk reduction. Technology readiness levels, technical development 
risks, implementation risks, cultural and certification issues, and cost-to- 
benefit ratios were considered. The LED methodology allowed the research-
ers to use approximate reasoning to construct inference models for analyzing 
each attack scenario. Expertise from NASA technologists, experts in all 
aspects of aviation operations and security, and national security analysts 
was input to the attack scenarios and inference models to define the threats, 
the security technologies, and the impact of the technologies. By applying 
these inference models to the attack scenarios, the researchers could deter-
mine the final risk and compare it with the baseline risks to determine the 
effective risk reduction. Risk-reduction technologies were analyzed both as 
standalone operations and coupled with one or more other technologies for 
increased risk reduction.

The objective of these assessments was to provide a decision-support tool 
for prioritizing NASA research in aviation security. This top-down analysis and 
modeling approach utilized LED methodologies and techniques to rank order 
proposed NASA security research projects according to their effectiveness 
in reducing risk.
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Adaptive Engine Technologies Assessed To Reduce Aviation 
Carbon Dioxide Emissions

Emissions reduction is a worldwide priority because of increasing concern 
over local air quality, climate change, and the health effects of emissions. The 
transportation sector accounted for about 27 percent of total U.S. greenhouse 
gas emissions in 2003, with aircraft contributing 9 percent of the transporta-
tion sector total, or about 2 percent of total greenhouse gas emissions. Avia-
tion is projected to contribute an increasingly larger share of carbon dioxide 
(CO2) emissions as air traffic continues to grow. Technology improvements 
have substantially reduced the amount of emissions generated from aircraft 
over the past 50 years, and advancements must continue in order to mitigate 
the effect of a projected doubling of aircraft operations over the next 20 to 
25 years (see the graph).

At the NASA Glenn Research Center, numerous technologies are under 
development to adaptively modify aircraft turbine engine performance. These 
adaptive technologies could lead to improved engine component efficiency 
and/or reduced weight, reducing overall fuel burn and CO2 emissions. The 
primary classes of these adaptive technologies are flow control (see the table 
and see the figure on the next page), structural control, combustion control, 
and the enabling technologies that are applicable to each. Some specific 

technology examples include inlet, fan, 
and compressor flow control; compres-
sor stall control; blade clearance control; 
combustion control; active bearings; and 
enabling technologies, such as active 
materials and wireless sensors. 

Over the past several years, system 
analyses have been performed to quan-
tify the emissions-reduction potential of a 
number of adaptive engine technologies. 
These assessments, concluded in 2006, 
show that adaptive technologies have the 
potential to significantly reduce aircraft 
CO2 emissions. Possible emissions-
reduction values range from a fraction of 
one percent for enabling technologies to 
as much as 13 percent for flow control in 
S-shaped inlets on a blended-wing-body 
transport aircraft. As a group, flow-control 
technologies show potential for the larg-
est CO2 reduction. From the structural-
control technologies, a significant benefit 
is possible through the development of a 
shape-memory-alloy-actuated, variable-
area fan nozzle when coupled with a 
low-fan-pressure-ratio/high-bypass-ratio 
engine. These assessment results can 
guide the development of a robust adap-
tive engine technology portfolio.

Some aviation growth scenarios predict a doubling of flights as early as 2025.
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Adaptive flow-control technologies are just a few of the technologies under investigation at NASA. As a class, these tech-
nologies manipulate the flow in turbine engine components to enable improved efficiency, better flow qualities, and lower 
weight—resulting in better aircraft fuel economy and lower emissions. NASA flow-control technologies focus on the inlets, 
fan, and compressors and turbines.
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Environmental Design Space Developed To Assess Aircraft Technology and 
Operational Tradeoffs

The continuing growth in air traffic and increasing public awareness have 
made environmental considerations one of the most critical aspects of com-
mercial aviation today. The focus of commercial aircraft design has been on 
producing airplanes that meet performance goals at minimum operating costs. 
Environmental performance has been considered mostly at the postdesign 
analysis phase, during which adjustments have been made to satisfy the noise 
and emissions requirements of individual airlines or airports. This sequential 
design approach does not guarantee that the final aircraft is of overall optimal 
design with respect to operating costs and environmental considerations, 
but it served its purpose as long as only localized, minor adjustments were 
necessary to bring aircraft into environmental compliance. However, the 
gradual tightening of environmental requirements has increased the cost and 
complexity of achieving compliance in the postdesign phase significantly. 
Therefore, there is a need for integrating environmental considerations at an 
early stage of the aircraft design process and for more systematic investiga-
tion and quantification of the tradeoffs involved in meeting specific noise and 
emissions constraints.

Under a research grant from the NASA Glenn Research Center, the Massa-
chusetts Institute of Technology (MIT) and Stanford University explored the 
feasibility of including environmental performance as an optimization objective 
at the aircraft conceptual design stage, allowing a quantitative analysis of the 
tradeoffs between environmental performance and operating cost. During 

2006, a preliminary design framework 
was developed that uses a multiobjec- 
tive genetic algorithm to determine opti-
mal aircraft configuration and to estimate 
the sensitivities between the conflicting 
objectives of low noise, low emissions, 
and low operating costs. The framework 
incorporates the Aircraft Noise Predic-
tion Program (ANOPP, a detailed noise- 
prediction code developed by NASA), 
the NASA Engine Performance Program 
(NEPP, an engine simulator developed 
by NASA Glenn), and aircraft operation 
procedures, analysis, and optimization 
modules developed at MIT and Stanford 
University. It allows tradeoffs between 
aircraft design, operations, and envi-
ronmental impact to be explored and 
quantitatively articulated, resulting in 
assessments of the relative benefits of 
different opportunities for improving air 
transportation. The figure shows the 
design framework and its components.
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P–BEAT: Initial Version of a Process-Based Economic Analysis Tool Released

The NASA Glenn Research Center is developing the Process-Based Eco-
nomic Analysis Tool (P–BEAT): an engineering-focused economic analysis 
code for engineering tradeoff studies and technology investment decision 
analyses for all phases of a product life cycle. Version 1.0 of the code, released 
in 2006 and currently available upon request, combines decision analysis 
and economic analysis capabilities in a Microsoft Excel spreadsheet-based 
format. Included with the deterministic economic analysis tool is an Excel 
add-in simulation module (CpSimulation) that can be used for uncertainty 
and statistics analyses.

The initial release version of P–BEAT estimates development and produc-
tion costs using an innovative process rollup-based methodology to calculate 
product complexity and its impact on cost. It offers multiuser capabilities, 
network-based configuration control, and data security features. It provides 
decision-support tools that can be used to generate utility curves that quan-
tify desirability to stakeholders and a pair-wise method to determine system 
attribute priorities. P–BEAT includes an extensive database of over 14,000 
materials and hundreds of manufacturing processes plus context-sensitive 
help and graphic tools for sensitivity analyses and identification of cost driv-
ers, as well as the CpSimulation add-in module for uncertainty and cost-risk 
analyses.

The P–BEAT architecture is template-
based and provides four usage modes 
(straight-cost rollup mode and dual-pane 
analogy mode, each using either the inno-
vative process-based methodology or a 
traditional high-level parametric method-
ology). This analysis tool is presented in 
a multipaned graphical user interface 
with default values and bounds-checking 
for all user input parameters, along with 
context-sensitive help and parameter-
specific charts and tables. Depending on 
available data, the fidelity of the analyses 
can range from first-order, system-level 
tradeoff studies to detailed, investment-
grade, component-level product cost 
breakdowns. This allows the tool to be 
used to manage product cost through-
out its full life-cycle from conception to 
production to retirement.

P–BEAT multipaned user interface.
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Compared with traditional cost-estimation tools, which are not usually intended 
for use by engineers, P–BEAT provides the following benefits:

•	 Predicted costs are based on the known, actual cost of similar products: 
Estimates are credible to engineers.

•	 Self-documenting studies describe why costs vary, in terms understand-
able to engineers and managers.

•	 Turnaround is fast: An experienced practitioner can generate a first-order 
cost estimate in about 15 min when working with product development 
team members.

•	 Researchers can use high-level parametric input data and/or detailed 
design characteristics, such as design tolerance and material alternatives, 
within a single tool. The same tool can be used throughout all life-cycle 
phases.

•	 The decision module provides a hybrid analytic hierarchy process/utility 
function method for evaluating multiple criteria in a consistent manner for 
any number of design tradeoffs.

•	 Cost-estimating relationships, input data, and results are archived in 
a Microsoft Access database to ensure both access security and data 
integrity.

•	 A built-in automation mode allows batch processing of thousands of related 
studies for regression analysis and cost-driver assessment.

•	 A context-sensitive help system provides on-the-fly user instruction as well 
as model and cost-estimation documentation.
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P–BEAT process-based economic analysis methodology.
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OTIS � Software Released

Trajectory, mission, and vehicle engineers concern themselves with finding 
the best way for an object to get from one place to another. These engineers 
rely upon special software to assist them in this. For a number of years, 
many engineers have relied upon the OTIS program for this assistance. 
With OTIS, an engineer can fully optimize trajectories for airplanes, launch 
vehicles like the space shuttle, interplanetary spacecraft, and orbital transfer 
vehicles. OTIS provides two modes of operation with each mode, providing 
successively stronger simulation capability. The most powerful mode uses a 
mathematical method called implicit integration to solve what engineers and 
mathematicians call the optimal control problem. OTIS 4, the latest release 
of this industry workhorse, features a wide range of modifications that solve 
these problems more efficiently and faster. OTIS 4 was developed at the 
NASA Glenn Research Center in cooperation with the NASA Kennedy Space 
Center and Boeing Phantom Works and was released in 2006.

OTIS stands for Optimal Control by 
Implicit Simulation, and it is implicit inte-
gration that makes the OTIS software so 
powerful at solving trajectory optimiza-
tion problems. Why is this so important? 
The optimization process not only deter-
mines how to get from point A to point 
B, but it can also determine how to do 
this with the least amount of propellant, 
with the lightest starting weight, or in 
the fastest time possible while avoiding 
certain obstacles along the way. 
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during phase 2; t1 and t2, initial and final phase times; Ex, phase times in seconds.
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There are numerous conditions that engineers can use to define optimal, or 
best. OTIS provides a framework for defining the starting and ending points of 
the trajectory (point A and point B), the constraints on the trajectory (require-
ments like “avoid these regions where obstacles occur”), and what is being 
optimized (e.g., “minimize propellant”). The implicit integration method can find 
solutions to very complicated problems when there is not much information 
available about what the optimal trajectory might be. The method was first 
developed for solving two-point boundary value problems and was adapted 
for use in OTIS. Implicit integration usually allows OTIS to find solutions to 
problems much faster than programs that use explicit integration and paramet-
ric methods. Consequently, OTIS is best suited to solving very complicated 
and highly constrained problems. 

Typical OTIS input includes a description of the objective function (the thing 
that is the measure of goodness), general specifications that describe what the 
program should output, and specifications about how these results should be 
formatted. OTIS also provides input items for modeling vehicles by the phase 
of operation. Within each phase, the user specifies the current constraints 
on the operation of the vehicle, the initial and final conditions of the phase, 
the bounds on the problem, and the control parameters—such as steering 
angles and engine throttle parameters. See the diagram on the preceding 
page for a notional representation of the phases.

Although OTIS 4 is intended to solve trajectory optimization problems, it can 
be readily modified to solve optimal control problems in other engineering 
disciplines. The Boeing Company wrote the first versions of OTIS for the 
U.S. Air Force in 1985. Since 1995, the NASA Glenn Research Center has 
taken ownership of OTIS and has systematically improved and updated it. 
OTIS is written in Fortran 77 and uses the SNOPT 7 nonlinear programming 

package. The OTIS program is restricted 
to users within the United States who are 
working for the Federal Government, its 
entities, contractors, and subcontrac-
tors. Eligible users can obtain OTIS 
from Glenn’s Technology Transfer & Part-
nership Office by following the links at 
http://otis.grc.nasa.gov/request.shtml.

Find out more about this research: 

OTIS:
http://otis.grc.nasa.gov/
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A Lunar In Situ Explorer (ALISE) Conceptual Design Developed

The Clementine, Lunar Prospector, and SMART–1 missions to the Moon 
provided tantalizing data that indicated the possible presence of hydrogen 
volatiles within permanently shadowed craters at the lunar poles. These 
missions also indicated that there may be areas of high elevation that have 
much shorter “night-time” durations than the typical 14-day lunar night. If the 
hydrogen volatiles exist as water ice, and if nearby areas with longer durations 
of solar illumination can be exploited for power generation, the combination 
could be a boon to future human lunar exploration.

A Lunar In Situ Explorer (ALISE) is a conceptual design developed at the NASA 
Glenn Research Center in fiscal year 2006 for a robotic lander that would 
characterize the lunar environment and determine the presence of water ice 
in a permanently shadowed area in a lunar polar region. ALISE would provide 
ground truth measurements and demonstrate technologies that support the 
design of future robotic and human lunar exploration elements in the Vision 
for Space Exploration. From lunar orbit, the ALISE lander would deploy pen-
etrators that would descend to a permanently shadowed area to determine 
the presence of water ice in the regolith and the subsurface strata. The lander 
would remain in orbit during this mission phase to act as an Earth data relay 
for the penetrators. Once the penetrator mission was completed, the lander 
would descend to a polar region that exhibits shortened night-time durations 
to provide in situ measurements of the lunar environment for at least 1 year. 
The lander would demonstrate precision landing capability in targeting one 
of these areas.

ALISE would provide significant data on the lunar polar environment, including 
radiation levels, neutron albedo, electrical characteristics of the lunar surface 
during the lunar day and night, surface and subsurface temperature profiles 
during the lunar day and night, characterization of the regolith dust properties 
and behavior, and the variation of solar illumination at the landing site over 

the course of a full year. The penetra-
tors and the lander would contain pas-
sive devices that would act as beacons, 
providing navigational reference points 
for future robotic and human missions. 
ALISE would demonstrate power, navi-
gation, communication, and in situ rego-
lith processing technologies to support 
future robotic and human missions to the 
lunar surface. ALISE also would provide 
a design for a common lander platform 
that could support future robotic lander 
missions to the Moon or other extrater-
restrial bodies.
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First Lithium-Ion Engineering Model Battery Developed and Tested for Human 
Space Flight for Low Earth Orbit and Lunar Mission Applications

EXPLORATION SYSTEMS

With a renewed spirit of discovery in space exploration, NASA plans to replace 
the aging space shuttle fleet with the new Crew Exploration Vehicle to travel 
beyond low Earth orbit (LEO) and return astronauts to the Moon. One of the 
critical components in a space-flight system is electrical energy storage. This 
year, researchers and engineers developed and tested the first high-energy 
lithium-ion (Li-ion) engineering model (EM) battery for human space flight for 
LEO and lunar missions. 

The Li-ion EM (see the photograph) is a twin battery with eight 50-A-hr Li-ion 
cells connected in series on each side. It weighs about 100 lb. Although the 
EM was designed as a twin battery for an efficient power system packaging 
concept, a single battery could easily be built from the basic twin-battery 
design. The single battery could be used in a distributed power system in a 
space-flight vehicle where volume was limited. The battery is sized for both 
LEO and low lunar orbit (LLO) cycle regimes and with an N+2 battery level 
redundancy scheme to provide 5 to 7 kW of power during a 35-min Earth 
shadow and a 46.5-min lunar shadow. The N+2 redundancy scheme provides 
a fault-tolerant system while maintaining full performance capability and 
reducing battery system mass. An example of an N+2 redundancy scheme 
follows: A five-battery system with each battery sized for one-third performance 
capability can maintain full performance capability after two battery failures. 
The five-battery system mass is lower than the mass of three batteries with 
full performance capability. 

The Li-ion EM has successfully passed protoflight vibration levels and thermal 
cycles, and it has demonstrated the required LEO and LLO charge-discharge 
cycle capability. The mission requirements include 240 LEO cycles, a 2.5- 
to 6-day cruise period, 2200 LLO cycles, and a 2.5- to 6-day return period 
with 8 LEO cycles. Demonstrations of the battery included LEO cycles at 
45-percent depth-of-discharge (DOD) and LLO cycles at 60-percent DOD 
at 20 °C. Short-circuit and overcharge safety tests that were performed on 
battery cells of the same design provided valuable engineering data for the 
battery design. Furthermore, limited LEO/LLO cycle tests were performed 
with a separate eight-cell stack (same cell design). Another eight-cell stack 
was built for the life-cycle test. In addition, a battery charge-control system 
(BCCS) was built and demonstrated with the Li-ion EM battery. The BCCS 
features a nondissipative charge-control method that provides charging and 
individual cell balancing for the battery. The Li-ion EM battery system has 
been delivered to the NASA Glenn Research Center, and the battery with 
the BCCS will continue to undergo additional LLO cycle testing to evaluate 
performance.

The Li-ion EM and BCCS development effort has significantly advanced 
the technology readiness level, and the EM battery design is now a strong 
candidate for human space flight in LEO and lunar missions that require a 
battery for energy storage. The development effort is led by Glenn, with a 
Lockheed Martin Space Systems Company contract for hardware develop-
ment, integration, and testing. 

Find out more about Exploration 
Systems research at Glenn: 
http://exploration.grc.nasa.gov
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New Catalytic Gas Generator Developed and Tested With a 
Turbine Power Unit

A new catalytic gas generator (GG) was successfully built and tested with a 
turbine power unit (TPU) to demonstrate nontoxic power generation for launch 
vehicle applications that require high power for short durations, such as flight-
control systems. Unlike the space shuttle’s hydrazine auxiliary power unit (APU) 
and other similar APU’s, which provide mechanical power to the hydraulic 
flight-control system, the GG/TPU combination provides electrical power for 
an all-electric flight-control system or for loads requiring high electrical power 
for short durations. The GG is designed to operate with gaseous hydrogen 
and oxygen. The GG/TPU (left photograph) was successfully demonstrated 
with gaseous hydrogen and oxygen propellants through catalytic reaction to 
produce 138.7 kWe. Hot restart was also demonstrated successfully with the 
GG/TPU configuration. The hot restart testing verified that the GG/TPU can 
be shut down at anytime and restarted after any shutdown interval. 

The GG (right photograph) properly mixes the gaseous hydrogen and gas-
eous oxygen propellants, initiates their reaction through a Honeywell 405 
granular catalyst, and channels the hot gas to the TPU to spin the turbine. 
The turbine directly drives a generator that produces electrical power. The 
GG is designed to operate at a combustion gas temperature of 1500 °F, an 
oxygen-to-fuel ratio of 0.80 (fuel rich), a flow rate of 0.336 lb/sec at maximum 
power, and a pressure of 170 psia to the TPU. It is pulsed on and off at 0.25 
to 2 Hz to regulate power.

Numerous GG/TPU integration and GG 
design issues have been solved with the 
new catalytic GG. A remaining technical 
challenge for the GG is extending the 
catalyst operating life. The GG catalyst 
has a cumulative demonstrated opera- 
ting life of about 55 min, with a projected 
life of about 1.1 hr. Extending the GG’s 
operating life for longer durations or for 
reusable applications like the shuttle 
APUs will require significant catalyst life 
improvement for the GG design. Lever-
aging from this GG effort, Honeywell, 
under their internally funded research 
development, recently explored modifi-
cations to the GG and has demonstrated 
a significant increase in the GG catalyst 
operating life. With modifications to the 
GG, the catalyst operating life is projected 
to have 17 to 90 times the original cata-
lytic GG life. The GG effort was led by 

Left: GG tested with TPU. Right: Catalytic GG.
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Crew Launch Vehicle Upper-Stage Thrust-Vector-Control 
Architecture Selected

the NASA Glenn Research Center, with a Lockheed Martin Space Systems 
Company prime contract and a subcontract with Honeywell for nondissipative 
charge control for the GG development, integration, and testing. 
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In early spring to mid-summer 2006, a multi-NASA-center team led by the 
NASA Glenn Research Center—including the NASA Marshall Space Flight 
Center, the NASA Johnson Space Center, the NASA Kennedy Space Center, 
and industry input—conducted comprehensive thrust vector control (TVC) 
tradeoff studies leading to the selection of a TVC architecture for the Crew 
Launch Vehicle (CLV) Upper Stage (US). The NASA TVC team defined and 
evaluated a broad number of TVC architectures that included electric, hydraulic, 
and pneumatic actuation and power technologies. Quantitative and qualita-
tive figures of merit consistent with the program mission and objectives and 
engineering judgment were used in selecting the TVC architecture.

The selected TVC architecture for the CLV US is a hydraulic actuation system 
with a primary and backup power system (see the diagram on the next page). 
Hydraulic actuators are driven by two high-pressure hydraulic pumps that 
are powered by a turbine power assembly (TPA) or a high-voltage battery-
powered electric hydraulic pump assembly (EHPA). For redundancy, both 
power sources are sized for full power capability for the entire ascent. The 
selector valve in the actuators is used to choose the primary or redundant 
hydraulic system. The TPA is powered by pressurized hydrogen gas supplied 
by the US Main Propulsion System (MPS). The gas spins the turbine with 
the connecting gearbox to drive the hydraulic pump. A power takeoff (PTO) 
from a rocket engine liquid oxygen turbopump driving a hydraulic pump or a 
second TPA is being considered as a potential candidate instead of a battery- 
powered EHPA. The hydraulic system A/B (see the diagram) transmits the 

source power to the actuators and absorbs 
the regenerative actuator power. The 
main components in the hydraulic sys-
tem A/B are an accumulator, a reservoir, 
a check valve, and a filter assembly. A 
circulation motor-pump circulates the 
hydraulic fluid for thermal conditioning, 
and hydraulic locks are provided to lock 
the rocket engine in the null position 
during the first stage of the flight. Low-
voltage power from the vehicle electric 
power system provides all housekeeping 
power to the TVC. Command for TVC 
actuation is through a Mil-Std1553 com-
munication bus. 

The CLV US TVC steers the launch 
vehicle during US ascent in the vehicle 
pitch and yaw or rock and tilt axes by 
gimbaling the rocket engine to provide 
thrust vectoring. Two TVC actuators are 
positioned 90° apart relative to each other 
to provide the engine’s gimbal function. 
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Now that the CLV US TVC architecture is selected, the detailed design and 
analysis of the various components within the architecture will proceed into the 
requirements-definition phase, leading to breadboard and engineering model 
hardware development and testing. An additional power tradeoff study is being 
conducted to decide on the second hydraulic power. Some of the assemblies 
will be developed under advanced development contracts, leading to a critical 
design review by 2009. Other components will be developed by Glenn, the 
overall integration activities will be performed by Glenn, and testing of bread-
board and engineering model hardware will be performed at Glenn.
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Intravenous Fluid Mixing Times Quantified by Planar Laser-Induced 
Fluorescence

Longer duration missions as outlined in the Vision for Space Exploration 
increase the likelihood of requiring intravenous (IV) fluids to treat a medi-
cal emergency. In some instances, as in the case of severe burns, proper 
medical treatment may require up to 32 liters of intravenous fluid weighing 
over 32 kg (70.5 lb), see reference 1. Because a system to generate medical 
grade water and mix it with powders or concentrates would reduce the mass 
requirements for IV fluids, in fiscal year 2006 the NASA Glenn Research Cen-
ter analyzed several potential methods for mixing powders or concentrates 
with sterile water to produce IV fluid. The researchers found that a standard 
magnetic stirrer would be highly effective, being low in mass and high in mix-
ing efficiency. Ground experiments were performed to validate the efficiency 

of this mixing method. More specifically, 
the amount of time required to mix the 
fluid to concentration tolerances defined 
by the Food and Drug Administration 
(FDA) was determined, and a noninvasive 
optical diagnostic technique was used to 
quantify these mixing times.

Planar Laser-Induced Fluorescence 
(PLIF) is an optical technique in which a 
laser source is used to form a thin sheet 
of light that traverses a flow field of inter-
est. If the laser wavelength is resonant 
with the optical shift of a species pres-
ent in the flow, a portion of the incident 
light will be absorbed and emitted, at a 
longer wavelength, by that species at 
each point within the illumination plane. 
When the emitted light, or fluorescence, 
is imaged, the amount of light detected 
by a pixel of the camera depends on the 
concentration of the species of interest 
within the corresponding measurement 
volume and the local flow field conditions 
(i.e., temperature, pressure). The PLIF 
experimental setup at Glenn included a 
continuous-wave, 200-mW, 532-nm Nd:
YAG laser that was passed through a 
planoconvex lens to create a divergent 
laser sheet. An optically flat mirror 
deflected the laser sheet into an acrylic 
test section, which approximated a 1-liter 
commercial IV bag. A 12-bit monochro-
matic 1024- by 768-pixel camera with a 
35-mm lens was placed perpendicular to 
the laser sheet and focused on a cross 
section of interest. PLIF image sequences 
were acquired of a salt solution containing 
fluorescent dye (Rhodamine 6G) mixed 
with distilled water to mimic the produc-
tion of a standard IV fluid: normal saline. 
The experimental setup and a sample 
image are shown in the top and bottom 
photographs, respectively.

A histogram analysis of the normalized 
pixel intensity for the series of images was 
used to plot the peak intensity over time 
(see the left graph on the next page). A 
fully mixed solution was indicated when 

Lens and
mirror

Test 
section

LaserLaser Charge-coupled
device (CCD)
camera

Top: PLIF experimental setup. Bottom: An example of a PLIF image 
(enhanced for publication).
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the mean intensity curve formed an asymptote to the normalized final intensity. 
Mixing times for a 95-percent homogenous solution were plotted for stir bars 
of various sizes (see the right graph). The plot indicates that these solutions 
can mix within a few seconds, particularly with the longer stir bars. Analysis is 
under way to determine the effect of gravity on the mixing time. If convective 
mixing is similar in microgravity, this mixing method would be able to produce 
IV fluids in emergency situations.

Reference
1. The United States Naval Flight Surgeon Handbook, 2nd ed., The Society of U.S. 
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Model To Predict Risk of Bone Fracture During Space Missions Developed

The Integrated Medical Model (IMM) is a decision-analysis tool using the 
principles of probabilistic risk assessment to help optimize astronaut health 
and mission integrity during space missions by predicting the risk of medical 
hazards, including cardiac arrest, radiation exposure, kidney stones, and bone 
fracture. The observation that astronauts in space lose bone mass more quickly 
than their counterparts on Earth leads to the concern that the crew members 
are vulnerable to bone fracture, particularly during long-duration space flight. 
Since treatment facilities are scarce and crew and mission consequences are 
severe, the reliable prediction of bone fracture is crucial. In support of multi-
NASA-center IMM development, a team from the NASA Glenn Research 
Center and the Cleveland Clinic developed the Bone Fracture Risk Module 
(BFRM) to analyze fracture risk in any specified mission scenario. 

Using the latest biomechanical and clinical research, the BFRM evaluates 
the risk of bone fracture in the hip and spine. Crew- and mission-specific 
data are input, as shown in the following figure, to define relevant mission 
scenarios and crew capabilities. The forces generated by hazards, such as 
falling from a ladder or lifting heavy objects, are input to biomechanical mod-
els that quantify applied skeletal load. The bone quality is then assessed to 
determine the maximum load that can be tolerated by the bone; that is, the 

ultimate load, which varies with time in 
space as a result of bone loss, aging, bone 
structural changes, and skeletal location. 
These measures are used to estimate the 
likelihood of fracture under such condi-
tions. Outcomes from the evaluation of 
treatment options are coupled with the 
fracture risk prediction to generate a 
sensitivity analysis. This analysis identi-
fies the parameters that can most affect 
the likelihood and successful treatment 
of fracture, such as spacesuit padding 
or medical training and supplies. On the 
basis of these results, the BFRM gener-
ates an assessment of crew impairment 
and mission impact. 
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Mission planning can be iterated to avoid hazardous activities during a mission 
as preventive treatment. Secondary treatment includes countermeasures such 
as exercise, medication, and dietary supplements. If a fracture does occur, 
tertiary treatment is recommended by evaluating outcomes from available 
treatment protocols. Optimization simulations can be performed to determine 
the most likely combination of countermeasures, medical equipment, supplies, 
and training to reduce mission impact due to fracture. 

Although preliminary results indicate that the risk of bone fracture during a Mars 
mission is small, it does not appear to be negligible. In the event of fracture, 
the impact of astronaut impairment in an environment with limited treatment 
options is large. Consequently, future work aims at increasing the scope of 
the biomechanical models to improve precision in fracture prediction. One key 
area is the evaluation of repetitive or repeated loading on bone quality, which 
can result in fracture at substantially reduced loading levels (stress fracture 
progression). In summary, the BFRM can be used as an aid in planning mis-
sions before launch, in determining countermeasures during missions, and 
in prescribing treatment in the event of a fracture.
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Microenergy Rates Used To Determine Damage Tolerance and Durability of 
Composite Structures

For effective structural health monitoring in fuselages and in engines, it is 
important to quantify the damage tolerance of a candidate structure. New 
aircraft designs, both commercial and military, are increasingly relying on 
composite structures to reduce aircraft weight and fuel consumption. Fiber 
composites, by their multiscale nature, are able to arrest cracks and pre-
vent self-similar crack propagation, and composite structures have received 
a great deal of consideration for designs that emphasize damage toler- 
ance. However, the number of design parameters involved—such as fiber-
orientation patterns, choices of constituent material combinations, ply drops, 
and hybridization—make the design of composite structures very complex. 
Thus, designers must evaluate damage initiation in a composite structure, 
as well as fracture propagation characteristics, in the early design phase in 
order to achieve a rational damage-tolerant design. 

Compared with homogeneous materials, fiber composites have much more 
complicated damage initiation and progression characteristics. Composite 
structures often contain some preexisting flaws or flaws that were induced in 
the matrix and fibers during fabrication. At lower stresses, the matrix is likely 
to be cracked because of flaw-induced stress concentrations, and these flaws 
can propagate across the composite. By using established material modeling 
and finite element models—and considering the influence of local defects, 
through-the-thickness cracks, and residual stresses—researchers can use 
computational simulation to evaluate the details of progressive damage and 
fracture in composite structures. 

In a computational simulation, a dam-
age evolution quantifier such as the 
damage volume, exhausted damage 
energy, or the damage energy release 
rate (DERR) are used to quantify the 
structural damage tolerance at differ-
ent stages of degradation. Low DERR 
levels usually indicate that degradation 
takes place with minor resistance by 
the structure. Structural resistance to 
damage propagation is often dependent 
on structural geometry and boundary 
conditions as well as on the applied 
loading and the state of stress. In certain 
cases, such as the room-temperature 
behavior of composites designed for 
high-temperature applications, internal 
microcracks initiated in the matrix grow 
large enough to be externally visible. 
Thus, matrix cracking and its effect on 
damage propagation and damage toler-
ance need to be evaluated. 

Damage initiation, growth, accumula-
tion, and propagation to fracture were 
studied at the NASA Glenn Research 
Center. Since the complete evaluation 
of ply- and sub-ply-level damage and 
fracture processes is the fundamental 
premise of computational simulation, 
a microstress-level damage index was 
added to identify and track sub-ply-level 
damage processes. Computed damage 
regions were similarly correlated with 
ultrasonically scanned damage regions. 
Then, the simulation was compared 
with data from acoustic ultrasonic test-
ing to validate it. Results showed that 
computational simulation can be used 
with suitable nondestructive evaluation 
(NDE) methods for credible inservice 
monitoring of composites. 
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At Glenn, we evaluated the microstresses by considering the model on the 
preceding page. In this model, the different regions where failure will occur 
are labeled. For example, A represents an all-matrix region, and B repre-
sents a mixed region of matrix, interface, and fiber. The concept is illustrated 
in the following graphs where the acoustic signal is plotted. The top graph 
shows the envelope curve for an epoxy-resin-bonded specimen, and the 
bottom graph shows the envelope curve for a prepreg-bonded specimen. 
The area under the envelope represents the total damage energy detected 
by the acoustic emission during the period monitored. Thus, we could cor-
relate the microstress damage energy through computational simulation 
with the relative total damage energies represented by the envelope areas. 
The envelope area in the top graph is 1.22986×10–3 and that in the bottom 
graph is 1.30145×10–3. The ratio of the energies from the bottom graph to 
those of the top graph is 1.058. Comparatively, the ratio of damage energies 
computed from the NDE test results (ultrasonically scanned damage regions, 
ref. 1) is 1.168, which is 10 percent higher. Results showed that computa- 
tional simulation can be used with suitable NDE methods for credible 
inservice monitoring of composites.
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Corrosion of Composites Modeled by Computational Simulation

New aircraft designs, both commercial and military, are increasingly relying 
on composite structures to reduce aircraft weight and fuel consumption. In the 
case of high-performance aircraft, the desired performance is often unobtain-
able using “traditional” structural designs (such as riveted or welded aluminum 
alloys). Corrosion is a critical design concern when composites are to be used 
in corrosive environments, and it needs to be addressed in the initial design 
phases of these aircraft. Corrosive environments, which are characterized by 
their pH factor, temperature, and moisture, continuously degrade composites 
until they cannot sustain the load that they were initially designed to carry. 
Even though the corrosion of metals has been investigated extensively— 
particularly in regards to test methods and experimental investigation—only 
a limited number of laminates can be investigated experimentally and in only 
a limited number of corrosive environments. This leaves a knowledge gap 
because composite system designs require lots of flexibility. A convenient 
computational simulation method was needed to predict the ability of compos-
ites to endure corrosive environments. Just such a method was developed at 
the NASA Glenn Research Center. It correlates the pH factor of the corrosive 
environment with the damage tolerance of the composite laminate, which is 
simulated by micro-, macro-, and laminate-level composite theories. The cor-
rosive environment is assumed to cause polymer composite degradation on a 
ply-by-ply basis. The degradation is correlated with the measured pH factor, 
a parabolic distribution of voids through the laminate thickness, and a linear 
distribution of temperature and moisture. 

Simulations are performed by the Integrated Composite Analyzer (ICAN), a 
computational composite mechanics computer code that includes microlevel, 
macrolevel, combined stress failure, and laminate-level theories. A simulation 

0

2

4

6

8

Void content 

pH

P
ly

 n
um

be
r

0.00

7 6 5 4 3 2

0.05 0.10 0.15 0.20 0.25 0.30 0.35

Approximate pH correlation with ply degradation of AS/E [0±45/90]s composite 
(assuming that voids vary parabolically through the laminate thickness and that 
temperature and moisture vary linearly). (AS/E is an AS graphite fiber in an 
epoxy matrix.)

starts with constitutive material proper-
ties and models behavior up to the lami-
nate scale, accounting for exposure of the 
laminate to the corrosive environment. 
The simulation procedure follows:

(1) Assume that the pH factor (see the 
graph) will corrode the first exposed 
ply in the polymer matrix only.

(2) Assume that the corrosion will pit the 
polymer matrix in a parabolic shape 
from zero at the last ply to about 0.3 
at the top ply (ply 8). Voids of 0.3 are 
close to the limit of ply strength. 

(3) Assume that the ply is subjected to 
a linearly varying temperature and 
moisture content, from 0 °F and a 
moisture content of 0 percent at the 
last ply (ply 1), to close to the tran-
sition temperature of about 270 °F 
and a moisture content of 4 percent 
at the top ply (ply 8). Both of these 
are limiting cases of ply strength.

(4) Use these as input data to ICAN (see 
the illustration on the next page), and 
run the program.

(5) Use the combined-stress failure; 
criterion to degrade the plies one 
or more at a time from the first ply 
to the last ply, or several last plies, 
until the simulation shows failure; 
that is, until each ply has degraded 
to the point that it cannot carry any 
more design load.

(6) The simulation ends when the 
laminate has been completely 
degraded.

Results obtained for one laminate 
indicate that the ply-by-ply simulation 
degrades the laminate to the last ply or 
last several plies. Results also demon-
strate that the simulation is applicable 
to other polymer composite systems. 
The final figure illustrates the degra-
dation procedure with the negative 
combined-stress failure criterion. Details 
of this simulation method are given in 
reference 1.
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ICAN simulation cycle.
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Composite Mechanics Used To Evaluate Composite-Enhanced 
Concrete Structures

Reinforced concrete, which is widely used in the construction industry, tends 
to crack, chip, and be damaged as a result of inadvertent loads or overloads 
that may not have been accounted for in the initial design. The damage may 
be extensive enough that the safety of a structure becomes a major con-
cern. Recently, a considerable effort was expended on using fiber-reinforced 
composites to repair or upgrade concrete structures, and several sessions 
were devoted to this subject at a recent International SAMPE Symposium 
and Exhibition in Long Beach, California. It is natural to use composites for 
repair since the repairing composites tend to be thin laminates. These mate-
rials are easily bonded to damaged concrete structures, which usually have 
cylindrical or flat surfaces. 

Different methods for designing and analyzing thin laminates have been devel-
oped and are available in many computer codes. Recent research demon-
strates that damaged concrete structures and the composites used to repair 
them can be simulated simultaneously by the composite mechanics included 
in some computer codes. With composite mechanics, we can represent any 
concrete structural section by assuming that it consists of several layers through 
its thickness. In so doing, we take advantage of all the composite mechan-
ics features available in such computer codes as the Integrated Composite 
Analyzer (ICAN). This demonstrates that computer codes developed at the 
NASA Glenn Research Center for aeronautics research are applicable to civil 
engineering problems. 

An approach developed at Glenn, and applied to selected reinforced-concrete 
structural sections and structures, takes advantage of those features and 

attendant computer codes. It represents 
a new and effective method for designing 
composites to repair or improve the over-
load strength of a concrete structure. The 
method uses the composite mechanics 
in ICAN to simulate reinforced-concrete 
sections that have a typical infrastructure 
as well as selected reinforced-concrete 
structures. 

Structural sections were modeled by a 
number of layers through the thickness, 
where some layers represented concrete 
and others represented the composite. 
The reinforced-concrete structures were 
represented with finite elements, where 
the element stiffness parameters were 
from structural sections represented 
by composite mechanics. The load- 
carrying capability of the structure was  
determined by progressive structural 
fracture embedded in Composite Dura- 
bility Structural Analysis (CODSTRAN). 
Results show that the addition of a 
relatively small composite laminate 
thickness resulted in up to 40 per-

cent improvement in the dam-
age and overload resistance 
of structural sections and up to 
3 times improvement of the 
selected composite-enhanced 
structures (i.e., arches and domes). 
. 
Researchers at Glenn illustrated 
the new method by using com-
posites to improve the damage 
resistance of a reinforced-concrete 
dome section, as shown in this 
diagram. The section configura-
tion is illustrated in the diagram 
on the next page. The results 
obtained for different composite 
enhancements are shown in the 
graph on the next page: placement 
of the composite enhancement at 
the top of the dome improved the 
dome’s damage resistance about 
2½ times. Reference 1 describes 
this work in greater detail.
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The NASA Glenn Research Center, in collaboration with the University of 
Colorado, Boulder, has developed a 952-element Space-Fed Lens Array 
(SFLA) for ground stations to use to communicate with low-Earth-orbiting 
satellites. The SFLA is an alternative to a phased-array antenna that replaces 
large numbers of expensive solid-state phase shifters with a single spatial 
feed network. The SFLA has lower cost in comparison to a phased array at 
the expense of total volume and complete beam continuity. These tradeoff 
parameters are not important for ground station applications and can be 
exploited to lower costs.

The basic SFLA scanning architecture is shown in the preceding diagram 
for the receiving mode only. The SFLA consists of three antenna arrays: the 
receiving-side array, the feed-side array, and the array of feed elements. The 
pairs of antenna elements on the two former arrays are connected through 
appropriate true-time delay lines. The front-end array (receiving-side) deter-
mines the beamwidth as in standard antenna array theory. The multiple beams 
are obtained with multiple spatial feeds. When a plane wave is incident from 
some direction (azimuth and elevation), the receive array antennas sample 
the wave front at approximately the Nyquist criterion, depending on the 
antenna element radiation pattern. Each sample is then appropriately time-
delayed and reradiated by a second array of antennas, focusing the power 
onto the focal surface. The field is now sampled on the focal surface so that 
each feed antenna element preferentially receives incoming waves from a 

COMMUNICATIONS

Steerable Space-Fed Lens Array Developed for Low-Cost Adaptive 
Ground Station Applications

Multilayer lens antenna array

LNA Beam 1 feed
Beam 2 feed

etc.

1:8 Switch 1 Control input

Output to receiver

1:8 Switch demultiplex circuit

1:8 Switch 2

single direction. Thus, an SFLA can be 
viewed as a hardware discrete Fourier 
transform of an arbitrary linear combina-
tion of plane waves onto a focal surface. 
The SFLA can be implemented using 
standard printed-circuit-board technol-
ogy and can incorporate power amplifiers 
for the transmit mode or low-noise ampli-
fiers (LNAs) for the receive mode. The 
polarization can be chosen to be different 
on the two sides of the array for isolation 
purposes and for design simplicity. The 
LNAs also can be placed after the feed 
antennas, since the spatial feed does 
not contribute resistive loss.

The SFLA is a low-cost approach using 
multiple relatively small SFLAs to replace 
a 10- to 11-m reflector and to achieve 
beam scanning nonmechanically. The 
photographs below show the 952- 
element SFLA, which was designed to 

SFLA and feed-switching connections for a 16-beam feed 
network.

The 952-element SFLA. 
Top: Receiving-side array. 
Bottom: Feed-side array, 
array feed elements, and 
switching network
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operate at 8.386 GHz with circular polarization on the receiving side and linear 
polarization on the feed side. The elements in the array are patch antennas, 
and there are two dielectric substrates with metallized vias1 interconnecting 
the corresponding antenna elements of the two arrays. The feed array, which 
is located along a focal arc, has 32 feed elements, with each feed receiving 
a beam from a different direction. In this architecture, scanning is accom-
plished by switching between independent beams, thus eliminating a need 
for microwave phase shifters. High-speed switches are not needed because 
the pass of a satellite allows many seconds per beam. 

The SFLA was characterized using Glenn’s planar Near-Field Antenna Facility. 
The final graph shows the radiation patterns along the scan plane for different 
beam positions. The scan loss was found to have a dependence with the scan 
angle θ of approximately cos θ. For the prototype demonstration, the beam 
was scanned only in one plane (elevation), and scanning in the other plane 
(azimuth) was accomplished mechanically. In general, scanning in the eleva-
tion plane is sufficient to track a satellite if it does not drift too far away from 
its orbital plane; however, a two-dimensional scan can be accomplished with 
a two-dimensional feed array over the focal plane. Our results demonstrate 
the feasibility of the SFLA for the aforementioned application.
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Active integrated antennas (AIAs), which integrate one or more active solid-
state devices and circuits within an antenna element, are highly relevant to 
NASA applications. They could be the foundation for highly efficient, beam-
steerable phased-array antenna systems that would be tailored to meet a wide 
range of mission requirements. For optimal direct-current-to-radiofrequency 
(RF) efficiency, the active solid-state device is a transistor mounted close to or 
directly into the radiating structure. This minimizes the conductor losses that 
are inherent in circuits where the active devices and radiating elements are 
spatially separated. In an AIA, there is no distinction between the microwave 
circuit and the antenna—the antenna serves both as a load and a radiator 
for the active device—and the integrated solid-state device may serve as a 
local oscillator for a self-oscillating antenna. 

To demonstrate the concept, researchers at the NASA Glenn Research 
Center fabricated and tested AIA elements on a high-dielectric-constant 
(εr = 10.2) microwave laminate that was 0.635 mm thick. A gallium arsenide 
(GaAs) transistor was mounted inside the radiating element, and the entire 
device occupied a 5- by 6-mm2 area (see the photograph). The AIA demon-
strated very stable oscillations and excellent radiation patterns at the X-band 
(8- to 12-GHz) frequencies. 

Comparison between simulated and experimental data confirmed that the oscil-
lation frequency was controlled by the length of the feedback loop between 

the drain and gate terminals and that 
radiated power and radiation efficiency 
were maximized when the feedback 
length was one wavelength long. With 
the device biased solely with a 1.5-V bat-
tery and with the gate terminal open, the 
effective isotropic radiated power (EIRP) 
was 13.2 mW. The RF power generated 
by the AIA was 2.8 mW, and the antenna 
directivity was 4.72. The RF power spec-
trum of the AIA at these bias conditions 
is shown in the graph to the left. When 
the AIA was biased for higher power 
levels, with the drain and gate voltages 
at 3.5 and –0.6 V, respectively, the EIRP 
increased to 52.2 mW. Under these bias 
conditions, the RF power generated by 
the AIA was 9.4 mW, and the antenna 
directivity was 5.55. 

The electric and magnetic field radiation 
patterns are shown on the left and right 
graphs, respectively, in the figure on 
the next page. The cross-polarization 
levels in the electric field scan did not 
exceed –10 dB. At broadside (0°), there 
was sharp null in the cross-polarization 
power level, indicating that the circuit 
was balanced and symmetric and that 
the pattern was free of perturbations 
that could cause higher order modes to 
propagate. In the magnetic field scan, 
cross-polarization levels did not exceed 
–15 dB. The radiation pattern at higher 

Small-Size Active Antenna Developed That Integrates the Oscillator and the 
Radiating Element

AIA radiating element powered by a single 
1.5-V battery.
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bias levels was identical to that shown in the graph on the preceding page. 
The results obtained thus far suggest that this design can be scaled to mul-
tielement phased-array antennas, and we expect that these AIAs will serve 
as the foundation for phased-array antennas, wherein the active and passive 
circuitry is fully integrated onto a single substrate. 
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Parabolic Equation Extended to the Analysis of Wide-Angle Scattering in 
Random Propagation Media

For the last 36 years, the analysis of electromagnetic wave propagation 
through random media, such as atmospheric turbulence, has been aided 
by the parabolic equation method. The resulting theory has been applied 
to everything from laser beam propagation to image propagation within the 
Earth’s atmosphere and ocean as well as in other planetary atmospheres. 
Here, the general stochastic scalar Helmholtz wave equation is reduced to a 
corresponding stochastic parabolic differential equation for the random elec-
tric field. From this equation, various statistical moments of the propagating 
wave field can be derived. 

This approximate treatment is applicable so long as the wavelength λ of 
the electromagnetic wave is small in comparison to the characteristic size 
I0 of the random inhomogeneity of the permittivity field of the medium. In 
this case, the scattered radiation from the inhomogeneities is concentrated 

in a narrow cone with a vertex angle 
θ ∼ λ/I0 << 1. Hence, the scattered waves 
propagate in essentially the same direc-
tion as the primary wave. This defines 
the small scattering angle scenario of 
wave propagation to which the parabolic 
equation applies. The most important 
statistical quantity derived from the para-
bolic equation is the mutual coherence 
function (MCF), which is defined by the 
ensemble average of the product of the 
electric field with its complex conjugate 
in a plane transverse to the direction 
of propagation. This is an important 
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quantity for describing the degradation of a laser beam or an image propagat-
ing through a random medium.

The use of the parabolic equation comes into question, however, when λ 
is on the order of I0 and the scattering angle becomes large. This situation 
is encountered in the propagation of millimeter waves through the Earth’s 
atmosphere or through sandstorms on the surface of Mars. Consequently, 
at the NASA Glenn Research Center, a complete mathematical analysis of 
the basis of the parabolic equation was made to extend its applicability to 
wide-scattering-angle situations in which θ ~ λ/I0 ~ 1. An operator form of the 
extended parabolic equation was written on which operator techniques were 
employed in the solution for a corresponding MCF. This theoretical exercise 
not only extended the parabolic equation to wide scattering angles, but also 
revealed the multiple scattering structure of the Green functions that enter into 
the theory. This resulted in an extended parabolic equation that can describe 
wide-angle scattering and that, unlike the traditional treatment, can consider 

longitudinal variations of the MCF of a 
wave field along the direction of propa-
gation. The latter capability is due to the 
incorporation of higher order scattering 
processes into the theory. 

The figures show the behavior of the 
on-axis longitudinal MCF, Γ11(xc, xd, 
0), as a function of longitudinal separa-
tion, xd, for a typical Earth atmosphere 
propagation scenario for a wave source 
of wavelength λ = 0.63 µm (red light 
from, e.g., a helium-neon laser), placed 
xc = 5 km from the measurement point, 
for two values of inner scale size (i.e., 
the smallest inhomogeneity of the tur-
bulent fluctuations): I0 = 1.0 mm and 
I0 = 1.0 cm, respectively. In both figures, 
the structure constant of refractive index 
fluctuations is Cn

2 = 1×10–12 m–2/3. Both 
the real and imaginary values of the MCF 
are displayed. The oscillatory behavior of 
the longitudinal MCF is due simply to the 
movement of the difference coordinate 
through the Fresnel zones intersecting 
the longitudinal axis. The oscillations 
decay because of the loss of longitudinal 
coherence as the difference coordinate 
becomes larger.

The characteristic behavior of the longi- 
tudinal MCF suggests a potential remote-
sensing technique for atmospheric 
turbulence whereby the inner scales of 
turbulence can be ascertained on the 
basis of the spatial frequency of the lon-
gitudinal variations. Other results from 
this study are (1) a complete expres-
sion for the transverse and longitudinal 
MCF for any random medium for which 
the condition λ  ≤ I0 prevails and (2) a 
verification of the fact that the classical 
parabolic equation is applicable for use 
in a medium characterized by the Kol-
mogorov spectrum of fluctuations even 
though λ  ~ I0. This latter fact is due to 
the Kolmogorov spectral density level 
near the inner scale of turbulence being 
much smaller than it is at the larger scale 
sizes at which most of the narrow-angle 
scattering occurs.
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Interspacecraft Communications and Ranging System Developed 
and Demonstrated

The Geodetic Autonomous Inter-Spacecraft Network (GAIN) program, which 
builds on the successes of two NASA-sponsored programs, has produced a 
miniaturized, flexible, and autonomous interspacecraft communications and 
ranging system that meets the constraints of mass, size, power, cost, sim-
plicity, flexibility, and autonomy demanded by distributed systems of small 
spacecraft. GAIN’s operational concept for communications and ranging 
was developed and validated under NASA Goddard Space Flight Center’s 
Magnetospheric Multi-Scale Mission, Inter-Satellite Ranging and Alarm Sys-
tem program. GAIN’s transmitter and receiver designs are based on those 
developed under NASA’s University-class Explorer (UNEX) program for the 
Cooperative Astrophysics and Technology Satellite (CATSAT).

Two GAIN radios were developed and 
demonstrated, and were delivered (in 
2006) to the NASA Glenn Research 
Center. Each radio consists of a laptop 
computer and an electronics box. The 
computer functions as the user interface 
and as the main processing unit. The 
electronics box consists of three boards: 
the communications and ranging board, 
the transmitter board, and the receiver 
board. These boards are 164 cm2 each, 
with a total combined weight of 1429 g 
(including the enclosure).

The GAIN system enables packet-based 
communications between members of 
a satellite constellation at data rates of 
125 bps, 1 kbps, 8 kbps, or 32 kbps. The 
operating frequency is S-Band (2039.65 
MHz). In addition, the GAIN system 
enables range measurements between 
all spacecraft pairs in the constellation 
with an accuracy of 1 percent (or bet-
ter) for distances of 100 to 6400 km and 
with an accuracy of 1 km (or better) for 
distances from 10 to 100 km. Extensive 
testing in both wired and wireless con-
figurations verified proper operation of 
the radios.

GAIN electronics box (communications and ranging electronics, transmitter, and 
receiver).
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The GAIN radios can be upgraded or 
modified easily since much of the func-
tionality is defined in software residing 
on the laptop computer. One example 
is the application of the GAIN radios to 
a robotics demonstration. For this dem-
onstration, Glenn personnel were able 
to quickly expand the radio capabilities 
to provide an integrated command and 
ranging channel. The GAIN program was 
executed by SpaceWorks, Inc., under 
NASA contract NAS3–03090.

Glenn contact: 
Thomas P. Bizon, 216–433–8121, 
Thomas.P.Bizon@nasa.gov

Author: 
Thomas P. Bizon 

Headquarters program office: 
Exploration Systems Mission DIrectorate

Programs/projects: 
Computing, Information, and Communica-
tions Technology Program, Space 
Communications Project 

Testing of GAIN radios (wired configuration).

In addressing NASA’s planetary robotic and distributed sensor network needs, 
a low-power, silicon-on-insulator (SOI) complementary metal-oxide semicon-
ductor (CMOS) transceiver chip has been successfully designed, fabricated, 
and demonstrated for use in energy-efficient, reliable, miniaturized wireless 
radiofrequency (RF) communications systems. The receiver supports a wide 
range of data rates (0.1 to 100 kilobits per second, kbps).  A team led by North 
Carolina A&T State University, with coinvestigators at North Carolina State 
University and the Jet Propulsion Laboratory, worked closely with the NASA 
Glenn Research Center in accomplishing this effort. 

Future Mars missions will require low-power, radiation-hardened ultra-high-
frequency (UHF) receivers for orbiter-lander communication. To meet these 
requirements, Honeywell’s 0.35-µm SOI CMOS process was chosen for the 
design and implementation of a UHF single-chip receiver (see the block dia-
gram). The SOI CMOS process provides high-quality passives such as spiral 

inductors, resistors, and capacitors. The 
buried oxide layer and semi-insulating 
substrate provide excellent isolation 
between digital and analog circuit blocks 
(mixed-signal circuits). The device-
to-device isolation is similar to that of 
gallium arsenide but is achievable at a 
lower cost. 

A prototype single-chip receiver (see 
the photomicrograph) was designed at a 
frequency of 435 MHz with a maximum 
gain measured at 85 dB, a cascaded 
noise figure of 5.2 dB, and a current dis-
sipation of 21 mA at 3 V. The UHF band 

Low-Power, Silicon-on-Insulator, Complementary Metal-Oxide Semiconductor 
Receiver Chip Developed for Planetary Robotic and Distributed Sensor 
Network Applications
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was selected because it has been designated as a forward-link spectrum 
allocation from a Mars relay satellite to surface and orbital user assets. This 
architecture is particularly good for applications in the presence of strong 
random Doppler frequency shift because the receiver circuit is targeted to 
address needs for an orbiter-lander communication system around Mars. For 
data rates on the order of 100 kbps or less, orbital analysis indicates that 
the Doppler shift is significant enough to require compensation. The double-
differential phase-shift-keying (DDPSK) receiver circuit was invariant to 
frequency offset because of the use of a double-differential technique. This 
resulted in a simplified circuit implementation, thereby saving power.

A number of circuits and components were designed and tested including 
low-noise amplifiers; double-balanced in-phase and quadrature mixers; image 
reject intermediate-frequency bandpass active filters; DDPSK baseband 

circuits, a bandgap reference circuit; 
voltage-controlled oscillators at 435, 
870, and 1740 MHz; and phase-lock 
loop circuits to generate quadrature local 
oscillator signals. These designs are now 
available for use as reference circuits for 
future low-power transceiver implemen-
tations. Twelve receiver chips in 88-pin 
carriers were completed in the final chip 
development effort. The low-power, SOI 
CMOS transceiver chip was successfully 
developed and tested under a grant to 
North Carolina A&T State University in 
Greensboro, North Carolina, and man-
aged by Glenn.
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Space Telecommunications Radio System Software Architecture 
Concepts Investigated

This year, the Space Telecommunications Radio System (STRS) project 
investigated various software-defined radio architectures suitable for NASA’s 
missions subject to the constraints of the space environment. The STRS archi-
tecture was developed at the NASA Glenn Research Center and includes both 
use cases and Unified Modeling Language (UML; see http://www.uml.org) 
diagrams. The STRS architecture (see the following UML figure) separates 
the STRS operating environment (OE) from its various waveform applications 
and abstracts any specialized hardware to limit its effect on the operating 
environment. The STRS OE enables the startup, operation, and teardown 
of the waveform applications. The waveform applications are implemented 
in firmware and software to transform information to or from signals that are 
transmitted over the air. Separating functionality within the radio promotes 
waveform portability and reuse.

The processing capability of the software-defined radio enables the radio to 
implement functionality previously limited to the flight computer. The com-
mand and control subsystem validates commands from the flight computer 
and translates them to appropriate method calls.

When a waveform function becomes a required part of the radio, the waveform 
is transitioned to a service by being configured as part of the infrastructure. 

STRS software architecture. POSIX, Portable Operating System Interface; RTOS, real-time operating system; HAL, 
Hardware Abstraction Layer; API, application programming interface; FPGA, field-programmable gate array. (See 
http://www.uml.org for a detailed explanation of the notation in this figure.)
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Examples of functions likely to become 
part of the STRS infrastructure are the 
Global Positioning System (GPS) or 
ranging, navigation, and dynamic dis-
covery service.

Use cases capture the requirements of 
a system by describing how the system 
should interact with the users or other 
systems (the actors) to achieve a spe-
cific goal. The diagram on the next page 
shows groupings of the use cases and 
how the actors are involved. Use cases 
are textual and contain a description, 
information about the external actors, 
related use cases, preconditions, a trig-
gering event, a resulting event, postcon-
ditions, and a sequential list of the steps 
necessary to accomplish the desired 
result and alternatives.
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The users are shown as stick figures both inside and outside of the space-
craft system boundary. The over-the-air users communicate with or control 
the radio by means of a communication channel realized by the STRS radio 
itself. The STRS command-and-control users communicate with the radio 
via an onboard interface. The ground station can configure a waveform over 
the air directly or can configure a waveform indirectly by sending the com-
mand to the onboard flight computer by means of another radio. This is why 
the ground station is shown twice. The interaction of the ground station and 
the flight computer shown on the right indicates that the ground station uses 
the flight computer to command the STRS radio.

Top-level use case diagram.
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Use cases identified for the STRS 
architecture follow:

(1)  Power on
(2)  Power off
(3)  Waveform upload
(4)  STRS OE upload
(5)  Waveform instantiation
(6)  Waveform start
(7)  Processor resource sharing
(8)  Set waveform parameter 
(9)  Get waveform parameter 
(10)  Transmit a packet
(11)  Receive a packet
(12)  Waveform stop
(13)  Waveform deallocate
(14)  Waveform abort
(15)  Waveform remove
(16)  Fault management
(17)  Commanded built-in test
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Space Network Router Developed

The NASA Glenn Research Center, through a contract with General Dynam-
ics C4 Systems, Spectrum Astro Space Systems, has developed a radiation-
tolerant, single-board, four-port 10/100-Mbps Ethernet router as an enabling 
technology for future spacecraft architectures. Under a previous contract, 
General Dynamics C4 Systems (previously Spectrum Astro, Inc.), developed 
other space network hardware, including a 10/100 Mbps-Ethernet network 
interface controller (NIC) and a four-port 100-Mbps Ethernet hub. These 
space network hardware devices utilize Open Systems Interconnection (OSI) 
standards for space-based communications applications. The OSI standard 
is a well-recognized layered reference model that specifies how data should 
be sent node to node in a communications network. For some time, the ter-
restrial industry has recognized the benefits and flexibility of targeting hard-
ware developments around OSI standards, in particular the commonly used 
Transmission Control Protocol/Internet Protocol (TCP/IP). The Internet would 
not be what it is today without OSI. The space community can leverage these 
standards and technologies, developed for ground networks, to reduce flight 
mission schedule, cost, system complexity, mass, and power requirements. In 
the future, even lower costs and streamlined options could result from using 
modular, commercial-off-the-shelf hardware in test and flight hardware.

A space router is an enabling or bridge technology for implementing IP 
addressing over a communications system in space. Space communications 
architectures differ considerably from ground networks in that many entities 
typically share a ground network. In ground applications, data packet colli-
sions and congestion are more of a problem, and the hardware and software 
techniques used to mitigate these are more important. Space communica-
tions links are usually controlled by a single entity, such as a ground station 

linking to a single spacecraft asset, or 
cross communications links between 
spacecraft. Links in space usually do not 
fail because of data packet collisions or 
congestion but because of poor signal 
quality created by insufficient transmit 
power or available bandwidth from the 
ground link or cross link. Glenn has 
been working on developing versions 
of TCP that are tuned specifically for 
the parameters that are significant on 
space links.

Four aggregate key areas of router 
design were analyzed through trade- 
off studies: (1) architectures, (2) pro-
tocols, (3) data processing, and (4) 
control and network management. On 
the basis of the results of these studies, 
a radiation-tolerant 6U factor (six 
rack units, or 10.5 in. high), compact 
Peripheral Component Interconnect 
(cPCI) space network router (see the 
photograph) was developed at Gen-
eral Dynamics C4 Systems through a 
contract managed at Glenn. The board 
was designed to flight specifications 
including thermal and mechanical stan-
dards, according to flight manufacturing 
procedures. 

The space network router can support 
various architecture configurations suit-
able for a spacecraft with a typical down-
link connection. For data processing, the 
router used a field-programmable gate 
array (FPGA) design with an embedded 
32-bit reduced instruction set computer 
(RISC) processor. The router has four 
10/100-Mbps Ethernet ports and expan-
sion capability for additional Ethernet, 
serial (HDLC/RS–422), SpaceWire, 
FireWire, or Universal Serial Bus (USB) 
ports. The routing protocol implemented 
was Routing Information Protocol (RIP); 
however, for future considerations and 
scalability, the Open Shortest Path First 
(OSPF) protocol was recommended. 
The space router was implemented with 
a console port with an RS–422 standard Space network router board.



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          37                                              2006 RESEARCH AND TECHNOLOGY

interface that could interface to other spacecraft serial interfaces for control 
and configuration while in flight.

In conclusion, the space router is an enabling or bridge technology that will 
be useful in a variety of space communications applications including point-
to-point links, onboard instrument and asset control, IP-compliant operation, 
and spacecraft command and data handling. It represents one piece of the 
architecture required to enable a principal investigator on a terrestrial Internet 
site to seamlessly interact with spacecraft assets in near real time.

Find out more about the research of Glenn’s Communications Division:
http://ctd.grc.nasa.gov
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Software-Defined Radio Architecture Framework Released for 
Space-Based Radios

The NASA Glenn Research Center has released an open architecture frame-
work for space-based software-defined radios. The Space Telecommunica-
tion Radio System (STRS) architecture description and standard provides a 
standard framework for future NASA space radios with greater degrees of 
interoperability and flexibility to meet new mission requirements. The goal is 
to improve capability by using this common standard across NASA missions 
and services. An open architecture reduces system development and opera-

tion costs by promoting and enabling 
multiple vendor solutions and interoper-
ability between independent hardware 
and software technologies. The architec-
ture supports existing communications 
needs and capabilities while providing a 
path to more capable, advanced wave-
form development and mission concepts. 
It provides an effective approach to 
designing and utilizing communications 
systems; radios are designed, managed, 
and operated through the adoption of 
common standards.

The architecture effort defined the com-
ponents and rule set framework for both 
software and hardware architectures. A 
key concept was the reuse of previously 
developed hardware and software com-
ponents. The ability to reuse components 
was accomplished by defining the various 
hardware and software interfaces and 
providing additional layers to the architec-
ture to abstract the software from the plat-
form hardware. Because these interfaces 
are specified consistently and published 
as part of the architecture specification, 
and because rules are provided for each 
component, the various modules can be 
replaced and updated with a minimum 
amount of changes. 

Specialized hardware

Hardware interface definition

Board support package

Hardware abstraction layer

STRS infrastructureReal-time
operating
system

Waveform component Waveform component

Waveform applications and high-level services

POSIX subset API STRS API

STRS software architecture. API, application programming 
interface; POSIX, Portable Operating System Interface.
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The software architecture provides a framework for the resulting software 
components. It describes the functions of each software component, the 
interfaces between components, and the services used to communicate 
with the underlying hardware. The layer between the waveform application 
and the operating environment is a key concept for the STRS architecture. 
Development of this layer required a careful balance to keep the operating 
environment from overwhelming the processing requirements of the radio, 
especially for the space environment. Minimizing the required resources of the 
operating environment (e.g., power and mass) for the constrained space case 
is important because the radiation-hardened electronics used in the radios 
will lag at least a generation or two in processing capability from commer-
cial equivalents. The approach was to identify the core interfaces to provide 
application software (e.g., waveforms) development flexibility and portabil-
ity by standardizing the interface provided by the radio processing platform 
through standard services.

The architecture provides an initial description of the functionality and inter-
faces of the software-defined radio system. Instead of a static description, it 
provides a framework that will evolve over time as technologies mature. This 
year, Glenn released the STRS Architecture Description Document, and it was 
reviewed by experts from different NASA centers. An industry day was held to 
solicit comments from those developing and/or integrating radios for NASA, the 
Department of Defense, and commercial space applications. These comments 
are being incorporated into the architecture, and future work will improve the 
architecture so that it can be recommended as an Agency standard. 
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The Space Telecommunication Radio System (STRS), an open 
architecture specification based on software-defined reconfigurable 
technologies, is being developed by NASA for future space-radio com-
munications and navigation systems. This includes software-defined 
radios (SDRs), which offer advanced operational capabilities that will 
reduce mission life-cycle costs for space platforms. The objective of 
the open architecture is to provide a consistent, extensible environ-
ment on which to develop, manage, and operate the increasingly 
complex software radios used in NASA space missions. The open 
STRS architecture provides a framework for leveraging earlier efforts 
by reusing various architecture-compliant system components devel-
oped previously in NASA programs.

The U.S. Department of Defense (DoD) and industry spent a consider-
able amount of effort on the development of the Software Communi-
cations Architecture (SCA), an open architecture for next-generation 
military radio communication systems. The STRS architecture and 
the SCA share many goals; however, the constraints of space-based 
systems currently prevent full utilization of the SCA by NASA. The 
size, power, and mass of the system need to be minimized for the con-
strained space environment. Processors and other electronic devices 
used in space require radiation hardening. NASA radios generally 
operate at higher frequencies and higher data rate transmissions than 
the current SCA-compliant radios. Space SDRs also have to address 
concerns about added software complexity and its effect on system 
reliability. During NASA missions, access is generally limited to remote 
uploads to change the behavior of the radios.
 
To leverage the DoD work, the NASA Glenn Research Center prepared 
a report that examines aspects of the SCA that could facilitate the design 
and implementation of the STRS architecture. STRS compatibility with 
the SCA would allow NASA to utilize commercial development and 
testing tools, share waveform components, and reduce the program-
matic costs of maintaining a separate architecture. Highly effective 
commercial software development tools are reducing the time and 
cost of developing SCA-compliant waveforms and platforms. STRS 
adoption of these commercial tools would provide a consistent set of 
standards and practices, possibly lowering the costs of platform and 
waveform development.

There is commonality in a number of areas of the two architectures 
where NASA might be able to leverage assets derived from the SCA. 
However, the requirements and constraints associated with space-
based systems prevent NASA from utilizing the current SCA specification, 
primarily because of the large footprint and resources, as well as the complexity 
due to the dynamic deployment capability of SCA waveform applications. For 
a NASA SDR architecture to be sustainable, it must accommodate the unique 
constraints and needs of the space environment. However, as technologies 
for the space environment evolve, they should allow the STRS architecture 
to incorporate more features and capabilities of the SCA.
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All spacecraft use networks of wires to transport commands and data between 
subsystems. Data networks onboard current spacecraft are generally stan-
dardized on a MIL–STD–1553/1773 bus with the Consultative Committee 
for Space Data Systems (CCSDS) protocol, which has a maximum speed of 
1 Mbps. This is sufficient to pass commands from command and data hand-
ling (C&DH) to the various subsystems onboard the spacecraft, with a couple 
hundred kilobits available to transport science data from instruments to the 
downlink or mass storage. In addition to the 1553/1773 harness, there are 
usually custom discrete harnesses of up to hundreds of wires to transport 
high-speed data around the spacecraft. The custom harnesses add tens of 
kilograms, tens of watts, and complexity to the overall payload design. The 
current spacecraft network architecture dates back decades, and in the interim, 
ground-based commercial networks using new data protocols and physical 
layers have exploded in capability with multi-gigabit networks now common-
place in long-haul applications, Also, the CCSDS protocols used in current 
spacecraft are not compatible with commercial ground networks. 

The overall objective of this research was to develop low-power, miniaturized, 
high-data-rate onboard networking technology for distributed communications 
based on standards that would be beneficial to high-data-rate programs such 
as the National Polar Orbiting Operational Environmental Satellite System 
(NPOESS), Geostationary Operational Environmental Satellite Program 
R Series (GOES–R), Lunar Reconnaissance Orbiter, Space Interferometry 
Mission, James Webb Space Telescope, and others. The project addresses 
the development and delivery of prototype SpaceWire bus Application Specific 

Integrated Circuit (ASIC) chips capable of 
>100 Mbps throughput. The SpaceWire 
ASIC achieved 260 MHz, or 260 Mbps 
raw data rate, which is at least an order 
of magnitude increase in the current state 
of the art for spacecraft bus data rates. 
Also, the SpaceWire ASIC represents an 
innovative approach to solving onboard 
network communication. Integrating the 

High-Speed Network Interface Controller Based on SpaceWire Designed 
and Characterized

BAE SpaceWire ASIC.
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input/output interface with a complete system on a single chip (microcontroller, 
memory subsystem, back panel interface Peripheral Component Interconnect 
(PCI), direct memory access (DMA) controller, programmable input/output, 
timers, four SpaceWire ports, and a router), the SpaceWire ASIC achieves a 
high level of capability and density not obtainable in previous technologies.

The SpaceWire ASIC was successfully developed and tested under contract 
by BAE Systems in Manassas, Virginia, and delivered to the NASA Glenn 
Research Center in December 2005.

At least two NASA programs have applied this new technology to their mis-
sions. The C&DH subsystem of the Lunar Reconnaissance Orbiter will base-
line the SpaceWire ASIC, and the orbiter’s single board computer will use it 
to communicate with various other subsystems. 

SpaceWire
link port
interfaces

SpaceWire
8-MB SRAM

SpaceWire
ASIC

Lunar Reconnaissance Orbiter processor board with SpaceWire ASIC. SRAM, 
static random access memory.

The GOES–R weather satellite is being 
developed jointly by NASA and the 
National Oceanic and Atmospheric 
Administration. The satellite has a com-
plement of four instrument suites ranging 
from 200 Kbps to 65 Mbps. The Space-
Wire design will be used as a primary 
interface for C&DH and science data. 
A prototype board was tested, and the 
ASIC’s functionality and performance 
was verified. 
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Under the Advanced Extravehicular Activity program, the NASA Glenn 
Research Center is responsible for Communications, Avionics, and Informa-
tion subsystems for next-generation exploration space suits. As part of the 
communications subsystem, the audio signals to and from the space suit are 
critical to mission success, providing voice communications between astronauts 
and mission control, between astronauts, and potentially from astronauts to 
voice-commanded robots and computers. 

The space suit environment presents a unique challenge for capturing and 
transmitting speech. Inside the space suit, high levels of reverberation, flow 
noise, and machine noise exist together with very short direct-propagation 
paths. Static pressure levels can range from a fraction of an atmosphere 
during actual extravehicular activity operations to strong hyperbaric condi-
tions during terrestrial field testing. Because an astronaut is afforded a wide 
range of motion within the suit, the physical geometry between an astronaut’s 
mouth or ear and any particular fixed location on the inside of the suit varies 
significantly over time. In addition, problems were identified recently regard-
ing the proper function of existing communications caps over wide ranges of 
pressure and regarding flow noise. 

The resolution of technical issues surrounding speech audio capture and 
transmission systems—cap-based or otherwise—requires a testing facility 
that can support the development and evaluation of in-helmet audio solutions 
and that can provide a full complement of engineering data on the acoustic 
environment in a rigorous and repeatable fashion. The Space Audio Devel-
opment and Evaluation Laboratory (SPADEL) at Glenn fills this requirement 
by providing the ability to measure in-helmet acoustic characteristics as well 
as the ability to evaluate the speech quality associated with in-helmet audio 
production and sensing devices. 

The basic focus of 
SPADEL is to provide 
a means to assess 
the effects of the 
acoustic path on the 
speech communica-
tions channel to and 
from an astronaut. 
Current capabilities 
include traditional 
testing and evalu-
ation methods that 
focus on engineering 
quantities such as 
frequency response 
and distortion levels. 
SPADEL also can 
evaluate speech in 
terms of listening 
quality and listening 

effort. Speech quality testing is accom-
plished primarily through the use of a 
computerized device that implements 
International Telecommunication Union 
(ITU)-recommended speech-quality 
algorithms. 

In addition, SPADEL’s controlled acoustic 
environment, together with its sophisti-
cated sound production and recording 
capabilities, can be used to develop 
reference recordings for subsequent 
jury testing that produces true Mean 
Opinion Score (MOS) assessments of 
speech quality. SPADEL’s computerized 
speech-quality testing device produces 
estimates of the MOS that have been 
shown to be highly correlated with the 
actual MOS created using jury testing, 
but with significantly less time and cost. 
Note that SPADEL’s speech-quality 
testing tool can evaluate other portions 
of the speech channel such as speech 
coding and packetizing. Thus, in addi-
tion to measuring the speech quality of 
the acoustic paths within a space suit, 
SPADEL can measure the intelligibility 
of almost any part of the speech com-
munications channel. Speech quality 
testing can be extended to the complete, 
end-to-end speech channel.
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Audio Transmission to and From Space Suits

A NASA engineer tests sound-pressure levels on an 
anthropomorphic mannequin inside a space shuttle hard 
upper torso and helmet.
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This year, a bench-top technique was developed at the NASA 
Glenn Research Center to detect antigenic proteins in fluids. The 
detection of these proteins is a tremendous concern at NASA 
because of the importance of ensuring astronaut safety onboard 
the International Space Station, the space shuttles, and the Crew 
Exploration Vehicle and in human habitats for the upcoming Moon 
and Mars missions. The detection of these antigenic proteins is 
also of great importance in keeping terrestrial waterways, treatment 
plants, and food-processing centers safe from contamination. The 
technique involves the use of near infrared (NIR) fluorescent dyes 
conjugated to antibodies, centrifugation, nanofilters, and spectrom-
etry. The system used to detect the antigens utilizes a miniature 
spectrometer, fiber-optic cables, a tunable miniature NIR laser, and 
a laptop computer—making the system portable and ideally suited 
for desktop analysis (see the photograph). 

For this technique, antibody/fluorescent dye pairs that absorb in the NIR 
region and emit an offset emission at a longer wavelength in the NIR region 
are mixed into a solution containing antigens and are then centrifuged. Each 
antibody/dye pair is specific to one antigen and absorbs and emits at unique 
wavelengths, making the pairs distinguishable during analysis. 

Because of the size difference between the antibody/fluorescent dye pairs 
and the large protein antigens used in this experiment, antibody/fluorescent 
dye pairs can be filtered through the nanofilter, but pairs that have bound with 
antigens cannot. Consequently, antibody/fluorescent dye pairs that have not 
bound with any of the antigenic proteins can be filtered away from the fluid 
sample by centrifugation and nanofilters, leaving only antibody/fluorescent 
dye pairs that have combined with their specific antigen. 

After filtration, the fluid sample is excited with a tunable NIR laser that causes 
the fluorescent dyes to emit an offset wavelength. The different wave-

lengths are detected by spectrometry, 
thus revealing which antigens are pres-
ent in the fluid sample. In the proof-of- 
concept experiment, the IRDye 800 CW 
(Rockland Immunochemicals) conju-
gated to the primary antibody, anti-IgM, 
was combined to the antibody (used as 
our antigen) IgM. An offset emission of 
804 nm was detected when the antibody/
dye-antigen complexes were excited by 
the tunable laser at 778 nm and is shown 
in the graph on this page. To validate this 
concept, researchers mixed IRDye 800 
CW conjugated to the antibody anti-IgM 
with the nonspecific antigens β galactosi-
dase and thyroglobulin. For both nonspe-
cific antigens, no signal was observed, as 
illustrated in the graphs on the next page, 
thus proving that the anti-IgM did not bind 
to the nonspecific antigens, which were 
consequently filtered away.

This technique could potentially be used 
in fluids to detect multiple antigens from 
microorganisms onboard spacecraft and 
in human habitats on the Moon and Mars. 
Because of its portability, the technique 
is ideally suited for laboratory and clinical 
diagnostics as well as field testing. With 
further development, this novel technique 
could be used to detect antigenic micro-
organism cell proteins in more complex 
fluids, such as blood.

Bench-Top Antigen-Detection Technique Developed That Utilizes Nanofiltration 
and Fluorescent Dyes Which Emit and Absorb Light in the Near Infrared
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Emission of the anti-IgM + IgM complexes in 1×  phosphate 
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Bench-top antigen-detection system, including laptop 
computer, spectrometer, cuvette holder, NIR laser, 
and fiber-optic cables.
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The NASA Glenn Research Center used modern simulation tools to model a 
mass-gauging technique based on the electromagnetic radiofrequency (RF) 
resonance spectrum of closed cavities. Changing the quality or quantity of a 
dielectric, such as a propellant, from a cavity will shift the resonant frequen-
cies of that cavity. The measurement of those frequency shifts can be incor-
porated into an algorithm to determine the weight of the propellant inside a 
cryogenic tank.

RF mass gauging is a promising technique that was investigated by a num-
ber of NASA contracts from 1964 to 1988. Most notable was the 1988 NASA 
contract with Ball Aerospace. Using a solid wax to emulate low-gravity fluid 
configurations, Ball Aerospace demonstrated up to 1 percent of full-scale 
accuracy. In comparison to other methods, RF mass gauging showed the fol-
lowing advantages: fast measurement time; simple, rugged, low-weight, low-

Radiofrequency Mass Gauging of Propellants Simulated by Modern 
Computational Tools
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power electronics; and technology that 
is applicable to any dielectric liquid (e.g., 
hydrogen, oxygen, or methane). In pre-
vious attempts, analytical or numerical 
methods could only be used to predict the 
response of tanks with very simple struc-
tures and basic Earth gravity (1g) liquid 
configurations. Today, the combination 
of powerful, yet relatively inexpensive, 
computers and highly advanced three-
dimensional electromagnetic analysis 
software allows the simulation of arbitrary 
liquid configurations in cryogenic tanks 
containing baffles, struts, and many other 
internal devices and structures. 
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Glenn researchers validated the three-dimensional electromagnetic software 
by comparing simulated data with experimental data gathered on a 12-in.-
diameter, 24-in.-high tank (shown in the photograph), which was incrementally 
filled with liquid oxygen. The preceding graph shows excellent agreement 
between the experimental and simulated data. The excellent results assure us 
that we can use the software to predict the resonance spectrum of complex 
cryogenic tanks, create electromagnetic field plots to identify specific reso-
nance modes, and determine the optimum shape and location(s) of antenna 
to couple to specific resonance modes.

Ongoing work at Glenn includes performing extensive numerical simulations 
to predict resonance modes in various tanks that contain internal hardware, 
determining of the optimum shape and location of antenna for those tanks, 
simulating low-gravity fluid configurations, and developing a mass-gauging 
algorithm. We also plan to perform an in-flight validation of the algorithm. 

This work is part of a larger RF mass-gauging effort being performed 
in-house that is funded by Exploration Systems Research and Technology, 
and Propulsion and Cryogenics Advanced Development. 
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12- by 22-in. cryogenic tank being filled 
with liquid oxygen.
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Lunar surface navigation is an important area of research, with the need 
to define the architecture of how science rovers, manned sortie missions, 
manned outpost missions, and lunar surface operations will perform naviga-
tion. Decisions need to be made as to what navigation aids these vehicles 
will use to gain knowledge of their lunar surface position. One idea that was 
investigated at the NASA Glenn Research Center was the use of a constella-
tion of satellites around the Moon providing continuous global coverage. The 
Lunar-Based Lunar Surface Navigation Analysis characterized the performance 
of four types of satellite constellations that could be placed around the Moon. 
The constellations were designed to implement continuous communication 
and navigation over the entire lunar surface. Constellations included inclined 
Walker, inclined elliptical, Lang-Meyer, and polar orbit orientations. 

Two forms of navigation were investigated: one-way and two-way naviga-
tion. The Global Positioning System (GPS) is considered to be a one-way 

navigation system because signals are 
only broadcast in one direction. In the 
one-way navigation system, the user 
receives broadcast pseudorange sig- 
nals from satellites and determines 
their own position and time bias on the 
basis of pseudorange and range-rate 
measurements.

The two-way navigation method would 
eliminate the need to determine time bias, 
because the time-stamped signal would 
be retransmitted back to the source for 
processing. In the two-way system, the 
user retransmits broadcast range signals 
from satellites and determines their own 
position on the basis of range and range-
rate measurements.

Lunar-Based Lunar Surface Navigation Analyzed

r

rr

 .
r

 .
r  .

r

One-way navigation system; pr, pseudo- 
range; r, range rate.
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SA results for the Polar 6/2/1 satellite constellation. This figure is shown in color in 
the online version of this article (http://www.grc.nasa.gov/WWW/RT/2006/RC/RCI-
welch1.html).
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SL results for the Polar 6/2/1 satellite constellation. This figure is shown in color 
in the online version of this article (http://www.grc.nasa.gov/WWW/RT/2006/RC/
RCI-welch1.html). 

Two metrics used to characterize the navigation performance of the constel-
lations were system availability (SA) and system latency (SL), both of which 
utilize the Dilution of Precision (DoP) technique. DoP is a high-level geo-
metrical analysis of the view angles, from the user to the satellites in view, 
which is used to determine the effect of geometrical spacing on solution 
error. This can take several forms depending on the state variables being 
analyzed. One-way navigation methods, called Geometrical DoP (GDoP), 
require solving for a topocentric Cartesian position and time. In comparison, 
two-way navigation methods, called the Positional DoP (PDoP), only solve 
for a topocentric Cartesian position. 

The SA and SL metrics compared the DoP results with a threshold. In the SA 
analysis, the DoP results, with a given integration latency, were compared with 
a threshold of 10, and the number of instances where the DoP was less than 

the threshold was weighted spatially to 
determine the overall SA. In the SL analy-
sis, integration latency was increased 
until the SA was 90 percent of the DoP 
results, from which the integration latency 
was spatially weighted to determine the 
overall SL. These metrics were analyzed 
with 5°, 10°, and 15° minimum elevation 
angles from the lunar surface points.

The study concluded that the Polar 12/4/1 
constellation had the best performance, 
as it also had the most satellites in the 
constellation. The recommended con-
stellation was the Polar 8/2/1 because 
it could degrade to the Polar 6/2/1 if a 
failure was present. The Polar 6/2/1 was 
an acceptable constellation on the basis 
of performance and latency results.

The Lunar-Based Lunar Surface Navi-
gation Analysis effort is managed under 
the Space Communications and Data 
Systems Project at Glenn. The work 
was performed in-house by members of 
the Communications Systems Integra-
tion Branch in Glenn’s Communications 
Technology Division.

Find out more about the research of 
Glenn’s Communications Technology 
Division: 
http://ctd.grc.nasa.gov
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Lunar surface navigation is an important area of research that needs to address 
existing capabilities. Decisions need to be made in regards to how the cur-
rent communication and tracking infrastructure will be used for lunar surface 
navigation. One idea that was investigated at the NASA Glenn Research 
Center was the use of the Deep Space Network (DSN), geostationary orbit 
satellites (GEO), and combinations thereof (DSNGEO).

The Earth-Based Lunar Surface Navigation Analysis characterized the 
performance of various types of Earth-based tracking assets. Ground sta-
tions located at the DSN locations were analyzed with multiple minimum- 
elevation-angle requirements. Satellites located in GEO at the Tracking and 

Data Relay Satellite System (TDRSS) 
orbit locations were analyzed with vari-
ous nadir and zenith beam-width pat-
terns. Finally, combinations of the GEO 
satellite assets with the DSN ground 
stations were analyzed.

Two forms of navigation were investi-
gated: one-way and two-way naviga-
tion. One-way navigation systems use 
signals that are only broadcast in one 
direction. The user receives broadcast 
pseudorange signals from satellites and 
determines their own position and time 
bias on the basis of pseudorange and 
range-rate measurements. Two-way 
navigation systems use systems that 
are transponded back to the initiator. The 
user receives ranging signal measure-
ments from the initiator and determines 
their own position on the basis of range 
and range-rate measurements. 

Two metrics used to characterize the 
navigation performance of the Earth 
assets were system availability (SA) and 
system latency (SL), both of which utilize 
the Dilution of Precision (DoP) technique. 
DoP is a high-level geometrical analysis 
of the view angles from the user to the 
satellites in view, which is used to deter-
mine the effect of geometrical spacing 
on solution error. This can take several 
forms depending on the state variables 
being analyzed. One-way navigation 
methods, called the Geometrical DoP 
(GDoP), require solving for a topocentric 
Cartesian position and time. In compari-
son, two-way navigation methods, called 
Positional DoP (PDoP), only solve for a 
topocentric Cartesian position. 

Earth-Based Lunar Surface Navigation Analyzed

SA results for Earth assets for an integration period of 1 hr. This figure is shown in 
color in the online version of this article (http://www.grc.nasa.gov/WWW/RT/2006/
RC/RCI-welch2.html). 
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The SA and SL metrics compare the 
DoP results with a threshold. In the SA 
analysis, the DoP results, with a given 
integration latency, were compared with 
a threshold of 10, and the number of 
instances where the DoP was less than 
the threshold was weighted spatially to 
determine the overall SA. In the SL analy-
sis, integration latency was increased 
until the SA was 90 percent of the DoP 
results, from which the integration latency 
was spatially weighted to determine the 
overall SL. These metrics were analyzed 
with a 5° minimum elevation angle from 
the lunar surface points. Various dynamic 
integration time periods were used, rang-
ing from 15 min to 12 hr. 

Earth-based assets of any type can work 
well if long solution integration periods 
are acceptable, but only in the Apollo 
landing zone region on the lunar surface. 
Earth-based assets do not perform well 
for regions such as the lunar south pole 
or far side, and are not recommended 
for these regions. The study concluded 
that the system that worked best was 
the GEO constellation with the largest 
view angles (GEO 150/150). See refer-
ence 1 for an evaluation of lunar-based 
navigation.

The Earth-Based Lunar Surface Navi-
gation Analysis effort is managed under 
the Space Communications and Data 
Systems Project at Glenn. The work 
was performed in-house by members of 
the Communications Systems Integra-
tion Branch in Glenn’s Communications 
Technology Division.
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SA results for Earth assets for an integration period of 12 hr. This figure is shown 
in color in the online version of this article (http://www.grc.nasa.gov/WWW/
RT/2006/RC/RCI-welch2.html). 
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SL results for Earth assets for an integration period of 1 hr. This figure is shown 
in color in the online version of this article (http://www.grc.nasa.gov/WWW/
RT/2006/RC/RCI-welch2.html). 
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Lunar surface mobility autonomous navigation is becoming an important 
area of research again as the need arises to define the architecture of how 
science rovers and manned sortie missions will perform surface mobility 
navigation missions. Decisions need to be made as to what navigation aids 
and devices these vehicles will use to gain knowledge of their lunar surface 
position. During the Apollo era, surface mobility navigation missions utilized 
an autonomous navigation system consisting of an inertial measurement unit 
and star trackers. 

The Lunar Surface Mobility Autonomous 
Navigation Assessment, conducted at the 
NASA Glenn Research Center, charac-
terized the performance of two surface 
mobility profiles that could be used to 
traverse from the lunar module to the 
mission destination. The first of the sur-
face mobility profiles was a circular path 
with a constant velocity. The radius of 
the path was 15 km. Instead of stopping 
at the destination 30 km from the lunar 
module, the profile followed the circular 
path to return to base. The second of the 
surface mobility profiles was a straight 
path with a variable velocity. The path 
length was 30 km in one direction. This 
profile stopped at the endpoint before 
returning to the lunar module.

The navigation assessment was based 
on using an autonomous navigation 
system. The system would contain 
measurements from a gyroscope and 
an accelerometer. Sources of gaussian 
error in the gyroscope instruments that 
were modeled included bias drift, scale 
factor, and random walk. Two sources of 
error in the accelerometer instruments 
that were modeled included bias repeat-
ability and scale factor. Nonorthogonal-
ity in the gyroscope and accelerometer 
instruments were not modeled for this 
analysis. The performance of the sur-
face mobility profiles was assessed for 
20 different noise profiles to attempt to 
characterize the performance of the navi-
gation system. Results of the simulations 
were computed in terms of the error in 
the three local Cartesian dimensions 
from the location of the lunar module. 
Results show that maximum errors of up 
to 5 km in a single Cartesian dimension1 
could arise with this type of autonomous 
navigation system.

 

Lunar Surface Mobility Autonomous Navigation Assessed

Circular-track, constant-velocity profile.
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1This analysis examined results in each of the three local-topocentric Cartesian dimensions.
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The Lunar Surface Mobility Autonomous 
Navigation Assessment effort is man-
aged under the Space Communications 
and Data Systems Project at Glenn. The 
work was performed in-house by mem-
bers of the Communications Systems 
Integration Branch in Glenn’s Commu-
nications Technology Division.
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Circular-track, constant-velocity profile results, showing topocentric position errors 
for 20 cases. The three subplots correspond to local Cartesian coordinates x, y, and 
z (top to bottom).

Straight-track, variable-velocity profile results, showing topocentric position errors for 
20 cases. The three subplots correspond to local Cartesian coordinates x, y, and z 
(top to bottom).
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Satellite Laser-Ranging Benefits Assessed for Orbit Determination at 
Global Positioning System Orbit

Although navigation systems for determining the orbit of the Global Position-
ing System (GPS) have proven to be very effective, the current issues involve 
lowering the error in the GPS satellite ephemerides below their current level. 

An idea being discussed is incorpora- 
ting two-way laser-ranging measure-
ments into the operational methodology 
for determining the orbit of the GPS 
satellites.

The Satellite Laser Ranging Benefits 
for Orbit Determination at GPS Orbit 
Assessment, conducted at the NASA 
Glenn Research Center, characterized 
the performance of multiple ground sys-
tem scenarios. The first ground system 
consisted of pseudorange and integrated 
Doppler measurements from the six GPS 
monitor stations around the world. Addi-
tional ground system scenarios started 
with the same measurements from 
the current system and included laser-
ranging measurements from those same 
ground stations with additional laser-
ranging measurements from various 
numbers of additional ground stations. 
Five modified systems were analyzed 
with between 2 and 16 additional ground 
stations. 

The orbit determination assessment 
was based on an extended Kalman filter 
(EKF) covariance analysis for GPS orbit. 
State parameters included Cartesian 
position, velocity, clock bias, and clock 
drift. Nine different initial covariance 
studies were performed for two different 
initial longitude conditions for the loca-
tion of the GPS satellite at the start of 
the simulation. 

Measurements included pseudorange 
signals originating from the GPS satel-
lite, integrated Doppler measurements 
originating from the GPS satellite, and 
two-way laser-ranging measurements 
originating from the ground stations. The 
simulation was performed under discrete 
time and measurement conditions for a 
duration of 1 day and a step size of 1 sec. 
Ten noise profiles were used to compare 
the performance of the EKF since the 
covariance profile of the EKF depends 
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on real noise values. 
Results show that an 
increase in the num-
ber of ground stations 
reduced the steady-
state range covari-
ance when the initial 
covariance of the 
velocity components 
was not greater than 
that of the position 
components. Results 
also show that as 
the number of laser-
ranging ground sta-
tions was increased 
from 14 to 18, and 
then from 18 to 22, 
there were only small 
reductions in the 
range covariance. 

Most benefits (most percent reductions in range covariance) come from tran-
sitions from CS to MSys1, MSys1 to MSys2, and MSys2 to MSys3.  Further 
additions to the number of laser ranging ground stations as part of the simu-
lation do not reduce the range covariance by a percentage comparable to 
the number of stations being utilized.

The Satellite Laser Ranging Benefits 
for Orbit Determination at GPS Orbit 
Assessment effort is managed under 
the Space Communications and Data 
Systems Project at Glenn. The work 
was performed in-house by a member 
of the Communications Systems Integra-
tion Branch in Glenn’s Communications 
Technology Division.
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Range covariance results comparison by system. CS, 
current system; MSys1 to MSys5, modified system 1 to 
modified system 5.
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Reflector Antenna Surface Photogrammetry Studied

Inflatable reflector antennas offer low-mass, low-volume options when high-
gain antennas are required. While the antennas are inflating from their pack-
aged state, their geometrical properties change over the inflation time. It is 
desirable to characterize the radiofrequency performance of the antennas 
during inflation so that the solar effects can be emulated from the coefficient 
of thermal expansion and solar flux variation experienced by the antenna in 
the space environment, where the changes occur on time scales on the order 
of minutes. Changes in the solar effects will impact antenna performance over 
the lifetime of the antenna. These solar effects can only be emulated within 
a thermal-vacuum chamber. Although near-field and/or far-field laboratory 
equipment is not available in the vacuum chamber in which inflation takes 
place, antenna surface characteristics can be obtained by laser-ranging the 
antenna surface with mirrors from the outside of the vacuum chamber.

The Reflector Antenna Surface Photo- 
grammetry Study is the first part of an 
effort at the NASA Glenn Research Cen-
ter to characterize the radiofrequency 
secondary patterns of an inflatable 
antenna. Initial laser scans in combina-
tion with near-field antenna patterns of 
the antenna surface show that the com-
monly used Ruze theory, which estimates 
gain degradation from the wavelength 
and the root-mean-square surface error 
overstates the loss in gain for inflatable 
antennas. 
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The Ruze theory assumes that the surface errors are random gaussian- 
distributed errors. However, inflatable antennas experience non-gaussian- 
distributed surface errors that are correlated, for example, with a wrinkle. 
Ideally, reflector antennas have reflections that are in the direction that the 
antenna is pointing. However, when surface errors are introduced, the direc-
tion of the reflections can vary depending on the location of the surface error 
and the geometry of the error in comparison to the ideal antenna surface. 

The next phase in analyzing the secondary patterns of the inflatable anten-
nas is to examine the laser photogrammetry data and to compute not only 
the correct gain (and therefore the correct degradation from the ideal antenna 
surface), but also the secondary pattern. The second phase of the planned 
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analysis is not accounted for by the Ruze 
theory because the theory assumes 
random gaussian-distributed surface 
errors. The goal is to obtain the second-
ary patterns and the antenna gain from 
the photogrammetry data, such that 
vacuum chamber tests can be performed 
while photogrammetry data are obtained 
to characterize how the inflation of the 
inflatable antenna changes the antenna 
performance over time.

The Reflector Antenna Surface Pho-
togrammetry Study effort is managed 
under the Space Communications and 
Data Systems Project at Glenn. The 
work was performed in-house by a mem-
ber of the Communications Systems 
Integration Branch in Glenn’s Commu-
nications Technology Division.
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Extravehicular Activity Subsystems Being Developed: Communications 
Equipment and Crew Displays Demonstrated and Field Tested

As part of the Extravehicular Activity (EVA) Project, the NASA Glenn Research 
Center is responsible for Communications, Avionics, and Information (CAI) 
subsystems for next-generation exploration space suits. Part of this effort 
involves prototypical development and testing of various CAI subsystems. This 
particular effort included the development of an EVA audio laboratory and 
digital signal processor (DSP) voice interface, an EVA crew display subsystem, 
an EVA suit information subsystem, and an EVA sensor subsystem. 

Glenn’s Space Audio Development and Evaluation Laboratory (SPADEL) 
is useful for precise characterization of in-suit acoustics and the evaluation 
of forward and return speech channels for prospective and operational sys-
tems. Audio system technology development of headset and DSP-based 
voice interfaces (helmet-mounted microphones and speakers) may improve 
outbound speech quality, in-suit noise levels, and duplex channel feedback 
levels. The SPADEL supports evaluation of speech quality through creation 
of an utterance database for jury testing, as well as objective evaluation 
of speech quality using International Telecommunications Union- (ITU-) 
recommended algorithms. The portability of SPADEL’s test equipment allows 
for low-cost and low-risk environmental testing at various EVA operating 
pressures. A successful demonstration and field testing of suit-mounted 
microphones, speakers, and DSP-based noise suppression in the Mark III 
suit took place during the 2006 Desert Research and Technology Studies 
(D–RATS) outing. In addition, an improved headset concept is being devel-
oped to mitigate current EVA audio limitations.

Another effort at Glenn involved the 
development of EVA crew displays. 
EVA design constraints were evaluated 
for various display concepts. Optical 
characteristics were evaluated for both 
displays inside the EVA helmet and 
displays located on the crewmember’s 
arm. An optics analysis for a Glenn-
developed internal helmet mounted dis-
play concept yielded promising results. 
A detailed prototype design is currently 
in progress. System design must allow 
for the required low volume, power, and 
safety considerations for operating in a 
pure oxygen environment.

Development is underway of an EVA suit 
information system prototyping platform 
that integrates displays, voice interfaces, 
computers, sensor systems, and soft-
ware for evaluation of advanced EVA 
information system concepts. Candidate 
applications include using voice recog-
nition for command and control of an 
on-suit computer, tracking and monitor-
ing suit life support consumables such as 
oxygen and battery, displaying timeline 
procedures and checking off tasks, dis-
playing crew biomedical information such 
as heart rate and metabolic rate for pac-
ing of work activities, and navigating and 
tracking during surface operations. 

The fourth CAI effort at Glenn involves 
development of a sensor system that pro-
motes autonomous crew performance 
and health monitoring, such as heart 
rate and metabolic rate determination. 
Although Apollo-era metabolic rates 
were calculated on the ground, future 
EVA systems need to be able to operate 
autonomously. For the sensor system, 
CO2 sensors are being developed with 
reduced size, power, and mass. This 

SPADEL and DSP subsystem.
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activity also supports near-term ground-based integrated testing activities 
such as walk-back testing to determine safe EVA traverse requirements. This 
technology is also coupled with the system requirements definition of an EVA 
information system. 

Finally, the Portable Unit for Metabolic Analysis (PUMA) was upgraded to 
increase accuracy and portability to support EVA integrated testing. This 
technology development is also being evaluated for inclusion into the EVA 
system for real-time metabolic determination while astronauts are operating 
on the Moon.

Battery
life,

percent
remaining

90

60

30

Oxygen,
O2,

percent
remaining

15

10

5

Geological procedure 3A
1. Proceed northwest to waypoint 1
2. Dig trench 2-in. deep
3. Collect soil samples

Snapshot of EVA information system.

PUMA and integration testing.

Glenn contact: 
David A. Carek, 216–433–8396, 
David.A.Carek@nasa.gov

Authors: 
David A. Carek and David P. Irimies

Headquarters program office: 
Constellation, Exploration Technology 
Development Program, Human Research 
Program

Programs/projects: 
Exploration Systems



NASA GLENN RESEARCH CENTER          58                                              2006 RESEARCH AND TECHNOLOGY

RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

Future space networks will be a combination of private industry, govern-
ment, and academia that will be adaptable and extensible to accommodate 
dynamic nodes. The Communication Technology Division’s Network Emulation 
Laboratory (NEL) at the NASA Glenn Research Center is emulating different 
architectures, based on Space Communication Architecture Working Group 
studies, and technologies to determine how they will impact future net-centric 
architectures and communications. The emulations revolve around a dynamic 
channel emulator (CE), which provides dynamic space-based data link char-
acteristics during the execution of the scenarios.

The CE is a realistic, flexible platform that functions as a Level 2 link-layer 
802.3 bridge, which allows it to accommodate a number of protocols in addi-
tion to the Internet Protocol. To apply emulated network attributes, the CE 
configures the queuing discipline (qdisc) on the egress queue of each inter-
face, where packet delay, loss, corruption, and duplications are set. The CE 
also incorporates the 802.1q virtual (tag-based Virtual Local Area Network 
(VLAN)) interface, which creates virtual interfaces to permit the partitioning 
of a single pair of networking interfaces into many that represent physical 
devices on a satellite. The current version is distributed on a Knoppix LiveCD 
to simplify the installation and setup procedures.

The CE currently provides the following capabilities:

Delay: The quantity of time that a packet should be held at the CE before it 
is transmitted to the receiver; for each time interval, the delay represents a 
static quantity. The CE can also introduce a dynamic delay, which changes 
with respect to time (i.e., the delay is static at each time interval).  Dynamic 
delays permit the emulation of an object approaching or receding from another 
object, such as the Crew Exploration Vehicle approaching the Moon. Delays 
have been validated for the Moon (3.4-sec round trip) and Mars (20-min 
round trip).

Jitter: The CE supports jitter, which is a 
variable amount of time that the packet 
is held at the CE before it is transmit-
ted to the receiver; the additional delta 
time is added to the delay. Jitter can 
result in packet reordering, since each 
packet is held for a random amount of 
time; and conversely, when jitter is not 
implemented, the emulator should only 
produce a constant delay.

Stream mangling—packet corruption 
(bit errors), loss, and duplication: The 
CE can flip a random bit in a random 
packet at a configurable statistical rate 
that is sent to the receiver in that condi-
tion to force it to compensate for the error. 
The emulator must also be able to drop 
packets at a configurable rate, forcing the 
receiver to detect the missing packet by 
relying on packets already received.

Maximum throughput: Currently, the 
CE can support a maximum throughput 
of 622 Mbits/sec. Since potential through-
put is primarily a hardware limitation, the 
bandwidth delay product dictates how 
much memory will be required to achieve 
the maximum throughput.

Midscenario attribute changes: The 
CE can process dynamic midscenario 
changes, where objects are moving and 
getting closer or farther apart, gaining 
or losing visibility, or changing weather 
conditions, without disrupting active data 
streams. 

Remote configurability: The CE pro-
vides remote configuration through 
simple remote shell sessions and a pro-
grammatic interface. The CE supports 
SSH (Secure Shell) and Web access for 
direct user interaction and Simple Object 
Access Protocol (SOAP) and Web Ser-
vices Description Language (WSDL) for 
programmatic functions.

Data collection: The CE uses the Linux 
ulog facility to collect packet headers 
and counters for both real-time and post- 
scenario analysis and visualization. 

Dynamic Channel Emulator That Models Space Data Links Developed

Client A Channel emulator Client B

NIC
2

NIC802.3 Bridge 1

802.3 Bridge 2

Client C

NIC
NIC
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VLAN
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VLAN
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The channel emulator with two channels configured using virtual interfaces. NIC, 
network interface card.
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One-way communication: The CE can mimic one-way communications 
by ignoring packets that are directed to it from the receiver’s side. It is not 
uncommon for a receiver in space to be unable, by design, to reply back to 
a sender. 

Serial connections: The CE provides a unique ability to connect to a satellite 
modem via an RS–422 serial port rather than an Ethernet connection. 

Find out more about the research of Glenn’s Satellite Networks and 
Architectures Branch:
http://ctd.grc.nasa.gov/organization/branches/snab/snab.html
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The Airspace Concept Evaluation System (ACES) was developed by NASA’s 
Airspace System Program to simulate flights and National Airspace System 
(NAS) operations, as an event-based, simulation application that has proven 
to be very effective for conceptual air traffic studies. During  fiscal year 2006, 
an improvement to ACES was made at the NASA Glenn Research Center that 
involved implementing communication, navigation, and surveillance (CNS) 
system models into this application. Detailed system models were incorporated 
in three technology areas: (1) communications—voice communication and 
controller-pilot data link communications (CPDLC), (2) surveillance—second-
ary surveillance radar (SSR) and automatic dependent surveillance broadcast 
(ADS–B), and (3) navigation—Global Positioning System (GPS) and very 
high frequency (VHF) omnidirectional radar and digital measuring equipment 
(VOR/DME). These models were integrated into a version of ACES called 
ACES with CNS Models (AwCNS). 

Along with the nominal operation of these systems to provide communications, 
navigation, and surveillance systems, three additional features were added 
that more realistically simulate their air traffic control (ATC) implementation. 

Communication, Navigation, and Surveillance Models Integrated Into National 
Airspace System Simulation

These include 

(1) Communication-activated maneu-
vers, which provides a sequence 
of the ATC-to-pilot instruction 
and acknowledgment messages 
required to be delivered before an 
aircraft maneuver can be initiated

(2) Enhanced frequency and channel 
allocations—providing a more real-
istic distribution of VHF voice mes-
sages over multiple channels within 
the Terminal Radar Control Facility 
(TRACON) and airport airspace for 
specific airports

(3) A short sector transition time feature 
that mimics ATC of whether or not a 
new frequency is communicated to 
an aircraft when the length of time 
that the aircraft will reside in a por-
tion of a sector is limited
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To enhance the use of the flight physics model in ACES, closed-loop opera-
tion features were introduced using the navigation and surveillance models. 
With closed-loop operation for navigation, the system provides feedback of 
the navigation system model output to the aircraft. With closed-loop opera-
tion using the surveillance system, a simulation can provide feedback of the 
reported position to ATC agents in ACES. ACES NAS agents can use this 
information to generate new maneuvers for the aircraft or to identify traffic 
restriction violations due to the variation of the aircraft from its anticipated or 
desired position, leading to a more realistic and dynamic flight scenario.

AwCNS models developed in this effort offer a diverse array of experimentation 
possibilities for investigating the NAS infrastructure with a proven, NAS-wide 
simulation tool. With these new modeling capabilities, existing NAS operations 
and new concept simulations that target NAS operational improvements can 
include CNS infrastructure systems, and results can be used to evaluate their 
ability to support those operations and concept objectives. 

The project team consisted of in-house personnel from Glenn and contrac-
tors from Analex Corporation, Intelligent Automation, Inc., and Computer 
Networks and Software, Inc.

Section of the northern United States overlayed with the flight path of an aircraft that flies from Dulles Airport near Washington 
DC to Seattle International Airport in Washington State. At both the Dulles and Seattle airports, the TRACON airspace regions 
are indicated as well as all sector boundaries that the aircraft flies through along its flight path.
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Variable-Frequency Fluidic Actuator Developed, Fabricated, and Tested for 
Flow-Control Applications

INSTRUMENTATION AND CONTROLS

Aeropropulsion system performance improvements are becoming increasingly 
dependent on the use of control technologies. As aeropropulsion engines 
evolve from rigid mechanical designs to adaptable systems, the need for new, 
embeddable sensors and actuators becomes critical. The variable-frequency 
fluidic actuator is a new device developed at the NASA Glenn Research Cen-
ter that could be built into the components of an engine, thereby enabling 
advanced technologies known as active flow control.

Flow control is the technology of manipulating the aerodynamic flow over a 
surface, such as a wing, to enhance its ability to produce lift or to reduce the 
drag force, especially under severe operating conditions. This has been an 
area of basic research for many years. In an airframe, flow control is important 
because it affects the aircraft’s operability, maneuverability, and fuel consump-
tion. In a turbine engine, there are similar concerns because the many small 
airfoils in the engine must operate over a large range of flow conditions. Only 
in recent years have these flow-control concepts been extended to the internal 
workings of a turbine engine. 

Research on air-injection flow control in turbomachinery performed at Glenn 
has reduced loss dramatically because of the mitigation of flow separation 
on compressor stators. These results, while demonstrating effective means 
to enhance performance, have also pointed to the lack of suitable actua-
tion devices to effectively implement flow control in the hostile environment 
inside a jet engine. To further flow-control research and perhaps enable flow 
control in production engines, Glenn researchers developed the variable-
frequency fluidic actuator, an actuation device capable of pulsed injection at 
variable frequency and duty cycle.

The actuator produces two highly modu-
lated output flows from a single pressure 
source. The graph depicts the flow from 
one channel. The output of the second 
channel would appear similar but would 
be 90° out of phase. The device operates 
on the Coanda effect to switch the source 
flow to one of the two output channels, 
thereby forming a stable jet. By applying 
a very small and momentary force at the 
control point, as shown in the drawing 
on the next page, the input flow can be 
diverted to the opposite channel, where 
a stable jet is once more formed. Reap-
plying the momentary control force again 
results in a switching action at the output. 
This can be repeated at any frequency 
and duty cycle up to the acoustic limit of 
the fluidic channels. 

The device has been fabricated and 
tested using miniature, high-speed elec-
tromechanical operators to apply the 
control force as shown in the  photograph 
on the next page. An effort is underway 
to replace the electromechanical opera-
tors with an all-electronic operator that 
will enable further miniaturization and 
improved high-frequency performance. 

Find out more about research at the 
NASA Glenn Research Center:
http://www.grc.nasa.gov
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Functional description of the actuator.
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Control
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Control
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Actuator with miniature operators installed.

Novel Predictive Control Concept Developed for Improved Turbine 
Tip-Clearance Performance

Closed-loop active turbine tip clearance control methods are being sought by 
industry to improve the efficiency and longevity of modern-day gas turbine 
engines. Efforts are underway at the NASA Glenn Research Center to develop 
rapid-response actuation systems that regulate a segmented shroud ring that 
is free to move radially relative to the turbine blades. When used in conjunction 
with a tip clearance proximity sensor, the system enables tight clearances to 
be maintained throughout the operating envelope, even when rapid changes 
in the rotor diameter are experienced during power-up events. 

Targeted reductions in specific fuel consumption and peak exhaust gas tem-
peratures, which will negatively impact engine service life, are in excess of 
1 percent and 10 °C, respectively. As progress continues on developing fast 
tip-clearance actuators and high-temperature proximity sensors, there is a 
strong need to develop control laws that can protect the engine from damaging 
blade rubs at the tight clearances required to achieve the targeted reductions 
in fuel consumption and exhaust temperatures. NASA researchers have identi-
fied model predictive control (MPC) as offering the most promise for attaining 
this challenging objective. With this method, a model of the engine is used 
to compute a trajectory of the clearance evolution through time; the control-
ler uses this trajectory as a basis for optimizing future actuator commands. 
The advantage is that the controller can actively avoid operating limits, such 
as a minimum acceptable clearance to prevent the actuator from moving the 
shroud to within an unsafe proximity to the blades. MPC, therefore, improves 
the robustness of the system, allowing tighter clearance setpoints than those 
that are used with controllers designed with conventional methods. 

There are inherent limitations to MPC 
when it is applied to a highly nonlinear 
turbofan engine. Linear parameter- 
varying models used to describe 
such systems lose fidelity when high- 
magnitude transients occur, such as 
takeoff or reacceleration, resulting in 
degraded MPC performance and loss of 
robustness to blade rubs, and therefore, 
reduced tip-clearance performance. In 
this work, a rate-based linear parameter- 
varying model was used instead to 
greatly reduce the model’s dependence 
on statically derived parameters, thereby 
extending fidelity to rapid transients. As 
shown in the block diagram on the next 
page, this rate-based model was used 
in conjunction with standard quadratic 
programming optimizers to derive a 
new MPC with enhanced performance 
throughout the flight trajectory.

Extensive simulation studies of a tip-
clearance system and high-fidelity 
engine simulation were used to verify 
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the improved performance achievable with this novel MPC algorithm. In the 
evaluation, both thermal- and servohydraulic-type actuators were evaluated; 
the results for three transient event scenarios using the servohydraulic are 
shown in the following time traces and are summarized in the table. Note that a 
zero-clearance setpoint is used here for illustration; in actual systems, negative 
values would correspond to clearances smaller than the setpoint. It is shown 
that, using this MPC controller, the minimum clearances in response to takeoff, 
thrust reversal, and airplane stall events were significantly smaller than those 
generated by a conventional control with no constraints. Applying worst-case 
analysis on the results reveals that the achievable setpoint of an MPC-based 
controller may be 2.55 mils tighter than that of a conventional controller, 
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Rate-based MPC. The “Estimator” block reconstructs the model states at the current time 
step on the basis of sensed output data. The “QP solver” block (quadratic programming) 
uses the estimated states at the current step to generate a model-predicted trajectory and 
computes an optimal rate-based controller output, uk. In the rate-based framework, this 
output is integrated to form the actuator command, uk. The d/dt block represents signal 
differentiation.

.

Time histories of the high-pressure turbine clearance disturbance rejection with the rate-based MPC and a conven-
tional linear controller. Both controllers have zero-clearance setpoints, but the MPC imposes a lower limit (also set at 
zero clearance) in order to realize tight clearances without blade rubs.

improving engine efficiency by approxi-
mately 0.25 percent. This improvement 
is considerable when compared with the 
1.0-percent gain in efficiency realized by 
replacing open-loop thermally activated 
clearance control with a closed-loop 
mechanically actuated device. Efforts are 
underway to implement and evaluate the 
controller in a nonrotating turbine clear-
ance control test rig.
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Improved aviation safety and reliability can be achieved through enhanced 
in-flight diagnostic capabilities for aircraft gas turbine engines. Since faults in 
sensors, actuators, or components can lead the aircraft engine into undesir-
able operating conditions, it is critical to detect faults as early as possible so 
that the necessary corrective actions can be taken. A challenge in develop-
ing an in-flight fault-detection system is to make it adaptive to engine health 
degradation. Engine health degradation is a normal, expected process that 
all aircraft engines will undergo, whereas a fault is an abnormal, unexpected 
event. However, both health degradation and faults influence the engine out-
put, from which the existence of faults is detected. If an in-flight fault-detection 
system cannot adapt to health degradation, it will eventually lose its diagnostic 
effectiveness.

To address this issue, researchers 
at the NASA Glenn Research Center 
developed a hybrid Kalman filter (HKF). 
This new type of estimation technique 
combines the advantages of the linear 
and nonlinear Kalman filter approaches. 
The uniqueness of the HKF is its struc-
ture: a hybrid of a nonlinear onboard 
engine model (OBEM) and piecewise 
linear models. Because of this hybrid 
structure, the HKF possesses significant 
advantages that make this technique well 
suited for in-flight, real-time diagnostic 
applications.

The first advantage is that the refer-
ence health baseline of the HKF can 
be updated to the health condition of 
the degraded engine in a relatively 
simple manner. In-flight diagnostics is 
accomplished by processing the meas- 
ured information relative to an estab-
lished reference health baseline. As 
the aircraft engine degrades over time 
because of usage, its operating condi-
tion deviates from this baseline, causing 
health-degradation-induced shifts in the 
measurements. Such health degradation 

Hybrid Kalman Filter Developed for In-Flight Detection of
Aircraft Engine Faults

Control
system

Fault Degradation

OBEM

Kalman
filter
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Threshold  Fault
detection

Hybrid Kalman filter

WSSR

Aircraft engine

Structure of the in-flight fault-detection system:  y, measured engine out-
put; ucmd, control commands; WSSR (weighted sum of squared residu-
als), fault indicator signal.
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influences are compensated for by periodic updates to the reference health 
baseline. Although this baseline update is a necessary step, some diagnos-
tic techniques have a structure that makes this update highly complex and 
impractical. Therefore, the structure of the HKF, which lends itself to a simple 
health baseline update, is a significant advantage.

The second advantage is the HKF capability to capture nonlinear, off-design 
engine operations. Aircraft engines undergo such operations as the engine 
control system responds to faults or non-fault-related factors, such as bleed 
air or horsepower extractions for aircraft services. This HKF capability is due 
to the utilization of the OBEM in which the nonlinear relationships between 
the engine parameters are embedded.

The third advantage is the numerical robustness of the HKF. An OBEM can 
be a concern for numerical stability depending on how it is implemented and 
used in the diagnostics process. In the HKF approach, the OBEM runs as a 
standalone engine model; it generates expected engine output for given con-
trol command input. On the basis of the information provided by the OBEM, 
the HKF estimates engine variables. Therefore, the numerical stability of the 
OBEM is not influenced by the estimation performance of the HKF.

The HKF-based fault-detection system was developed, and its diagnostic capa-
bility was investigated in a simulation environment. Extensive study indicates 
that HKF is a promising technology for aircraft engine in-flight diagnostics.
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Model Predictive Control (MPC) utilizes a model of the system under control to 
simulate performance over a time horizon into the future, and then optimizes 
the current control input data to achieve a future goal. This necessitates that 
the algorithm run much faster than real time. Although MPC has been applied 
extensively in industrial process control where the processes tend to have 
relatively long time constants, its application to aerospace systems has been 
limited because the large computational effort required precludes real-time 
operation. The time necessary to calculate a solution is a function of several 
factors including the time horizons selected, the number of state variables, 
and the data that are input to the system. The NASA Glenn Research Center, 
in collaboration with the Cleveland State University, has utilized a modified 
approach to enable a real-time implementation of MPC to aerospace systems 
while maintaining closed-loop performance close to that obtained by using 
the original MPC implementation.

The control application considered for 
this study is a large commercial turbofan 
engine simulation, capable of running 
faster than real time. A non-real-time 
implementation of MPC incorporating 
this simulation had demonstrated the 
capability to achieve complex tradeoffs in 
engine control, such as minimizing turbine 
temperature to extend part life while still 
maintaining acceptable transient perfor-
mance during takeoff, and minimizing fuel 
consumption during cruise. This original 
MPC algorithm was not able to run in real 
time because of the number of variables 

Efficient Algorithm Developed To Enable Real-Time Implementation of 
Model Predictive Control for a Turbofan Engine Application
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Efficient Algorithm Developed To Enable Real-Time Implementation of 
Model Predictive Control for a Turbofan Engine Application

that had to be optimized at each control interval. Specifically, the simulation 
has three fast-acting control input variables: fuel flow, variable guide vanes, 
and variable stator vanes. To simplify the model and thus reduce the com-
putational load, the researchers used a multiplexed actuation approach. This 
multiplexed MPC (MMPC) technique computes a change in a single actuator 
at each control interval, holding the others constant. The algorithm rotates 
through each of the actuators over three time steps, thus significantly reduc-
ing the computational effort required.

The closed-loop system performance achieved with the multiplexed approach 
was similar to the original case where all actuators were updated together, 
whereas the computation time was reduced to about one-eighth. In addition, no 
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convergence problems were observed 
with the optimization algorithms. These 
results indicate that the MMPC approach 
can effectively enhance the control of 
complex aerospace systems. For the 
propulsion system used for this study, 
the faster-than-real-time execution of 
MMPC allows users to extend the con-
trol time horizon or to reduce the control 
interval, thus potentially further reducing 
the small performance gap between the 
original MPC and the MMPC.
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Given the requirements for autonomous control and human rating for the next 
generation of space exploration vehicles, control and diagnostic functions 
for these vehicles will require that data used by these functions be analyzed 
and qualified to represent the state of the system being measured. A Sen-
sor Data Qualification System (SDQS) is one approach for addressing data 
qualification requirements. Sensor data qualification is the development of a 
mathematical network of constraints using analytical redundancy to assess 
the health of a particular sensor in a suite of sensors that are measuring the 
condition of a given system. An SDQS for a power distribution unit (PDU) 
testbed was developed and evaluated at the NASA Glenn Research Center 
as part of a longer term activity to develop methodologies for assessing the 
health of Ares I upper-stage systems. 

Algorithmically, the SDQS has three primary functions: predict, detect, and 
decide. To predict the value of a given sensor in time, measurements from 
related sensors are used in conjunction with predefined mathematical equa-
tions (i.e., local models) that describe how each sensor relates to the other 
sensors measuring the system state. The residual, the difference between the 
measured value and predicted value, is then computed for each relationship. 
A relationship failure is detected when the residual exceeds a preset threshold 
for a specified number of consecutive cycles. The decision to declare a sensor 
failed is made when the frequency and number of failed relationships for that 
sensor reaches predefined limits over some sampling interval—said limits 
being determined by the use of sensor reliability information and the applica-
tion of Bayesian probability theory to the joint probability distributions.

As part of a feasibility demonstration to 
support the Avionics System Require-
ments Review for Ares I, SDQS networks 
were applied to a testbed developed by 
Glenn’s Advanced Electrical Systems 
Branch. The testbed was composed of 
a single power supply, a prototype PDU, 
and three load banks. A schematic of the 
testbed and a photograph of the PDU 
hardware are shown in the top figure on 
the next page. The system was oper-
ated in one of three modes depending 
on the number of active loads—one, 
two, or all three. The magnitude of each 
load was variable and unknown during 
operation. 

The active sensor network consisted of 
6, 9, or 12 active sensors, depending on 
the number of active loads. Relay states 
and output load requests were also avail-
able as discrete data. Three nominal 
runs provided data for determining the 
mathematical relationships between the 

Sensor Data Qualification System Developed and Evaluated for Assessing the 
Health of Ares I Upper-Stage Sensors
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PDU testbed and the PDU hardware used during testing. CANbus, Controller Area Network Bus 
(high-speed, high-integrity, serial data communications bus for real-time control applications, 
http://www.mjschofield.com); Vsense, voltage sensor; LEM, current sensor; CAN, port used to 
connect to the CANbus.
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Large-Scale Pulsejet-Driven Ejector System Investigated

sensors. Sensor failure data were obtained by superimposing simulated fault 
signatures on nominal data during data acquisition. Four primary sensor faults 
were identified as shown in the graphs on the preceding page: hard (high or 
low), drift (low, medium, or high), intermittent-binary, and intermittent-filtered. 
Using these faults in combination with various sensors, Glenn researchers 
simulated 13 different sensor failures for each mode. The SDQS correctly 
identified all 13 faults in each of the three operating modes, with no false 
alarms or missed detections. 

This study used data playback to investigate the failure of a single sensor in 
a network of sensors. Future research is planned for detecting multiple sen-
sor failures, identifying sensor failures in the presence of a failed component 
or in a closed-loop control system, and investigating issues associated with 
real-time implementation.
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Ejectors are passive devices that, when placed aft of a thrust-producing 
jet, entrain ambient air and increase thrust. In recent years there has been 
renewed interest in the concept of ejectors or thrust augmentors driven by 
periodic, unsteady propulsion devices (i.e., pulsed propulsion). The reason 
for this stems primarily from the interest in pulse detonation engines (PDEs), 
which are decidedly unsteady, and which therefore seem natural candidates 
on which to use an ejector. It has been demonstrated convincingly in recent 
experiments that, under the proper operating conditions, and with a well- 
designed ejector, thrust augmentation levels approaching or even exceeding 
2.0 can be achieved with unsteady thrust sources as drivers. Thrust augmen-
tation is defined as the total time-averaged thrust provided by the ejector and 
driver system divided by the thrust of the driver alone.
 
Studies have been conducted using a variety of unsteady thrust sources includ-
ing actual PDEs, simple pulsed valves, Hartmann-Sprenger resonance tubes, 
synthetic jets, and pulsejets. The results from each of these experiments have 
helped to identify the factors that optimize unsteady ejector systems. 

Despite the many unsteady ejector 
experiments performed to date and the 
growing body of understanding associ-
ated with them, some results could not be 
generalized because all the experiments 
shared a common small scale. The thrust 
levels were low (less than 15 lbf), and 
the driver diameters were between 1 and 
2 in. Thus, although rules have been 
suggested relating, for example, the 
optimal diameter of the ejector as a fixed 
ratio relative to that of the driver, they 
were not definitive because all the drivers 
tested were nearly the same size.

To address this issue, a pulsejet approxi-
mately an order of magnitude larger in 
exhaust cross-sectional area and thrust 
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than most recent tests was operated with a series of ejectors of varying diam-
eter, length, and shape (cylindrical and tapered). The ejector parameters were 
systematically varied to determine the configuration yielding the highest thrust 
augmentation. The installed rig is shown in the photograph.

Typical results are shown in the graph. A peak thrust augmentation value of 
1.71 was obtained using ejectors with parallel walls. The optimized ejector 
diameter was found to be 2.46 times the pulsejet driver diameter of 6.5 in. 
This ratio was consistent with the small-scale experiments and may, therefore, 
be considered a sizing rule. The optimal length was found to be 10 times the 
driver diameter. This result was found to be the same as for another small-
scale pulsejet experiment but to be somewhat different from those where 
another driving source was used, suggesting that other parameters, such 
as pulsing frequency, determine optimal ejector length. It was found that the 
tapered profile ejector yielded a higher thrust augmentation than the best 
of the straight profile series. The value obtained was 1.81. This result was 
consistent with numerous other unsteady thrust augmentation experiments. 
Additional research is needed to determine if there is an optimal ejector taper 
angle and if that angle can be related to parameters of the driver. The large-
scale ejector fabrication and testing were performed at the Air Force Research 
Laboratory in Dayton, Ohio.
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The Department of Energy and NASA are developing a high-efficiency 
Stirling radioisotope power system for potential use on NASA missions, 
including deep-space missions, Mars rovers, and lunar applications (refs. 1 
and 2). A key qualification criterion for flight hardware is long-term durability 
for the critical hot-section components of the power convertor. One such 
critical component is the power convertor heater head. The heater head is a 
high-temperature pressure vessel that transfers heat to and from the working 
gas of the convertor, which is typically helium. The efficiency of a success-
ful heater head design depends on balancing specific requirements, such 
as having thin walls for minimizing heat conduction losses between the hot 
and cold ends and having thick walls to lower the stresses and thus improve 
creep resistance for durability. In the current design of the Advanced Stirling 
Radioisotope Generator (ASRG), the heater head of the Advanced Stirling 
Convertor (ASC) is fabricated from the nickel-base superalloy INCONEL 718 
(Special Metals Welding Products Company). Another version of the ASC is 
being developed with a MAR–M 247 (Lockheed Martin) heater head, which 
allows increased hot-end temperatures and, thus, increased efficiency and 
specific power. The vessel walls are subjected to temperatures as high as 
650 °C (1200 °F) with INCONEL 718 and as high as 850 °C (1560 °F) with 
MAR–M 247, for lifetimes up to 17 years (refs. 3 and 4). 

Material behavior under complex stress states is often investigated using an 
in-plane biaxial loading approach. Utilizing this technique requires cruciform-
type specimens fabricated from plate material. The specimen is gripped at four 
locations and loaded along two orthogonal axes in servohydraulic systems. 
These testing capabilities currently exist at the NASA Glenn Research Center, 
where biaxial cruciform specimen testing is supporting the formulation and 
verification of an analytical life-prediction methodology for the flight-design 
heater head. 

This work is intended to continue the 
development of a specimen design that 
is fully compatible with the in-plane 
biaxial testing systems at Glenn (ref. 5). 
Details of the specimen design and its 
applicability to the ongoing experimental 
activities are reported and discussed in 
reference 5.
 
Analytical activities at Glenn led to a thor-
ough finite element analysis to optimize the 
geometry of a cruciform specimen made of 
a nickel-base superalloy, INCONEL 718, 
and evaluating the stress response under 
biaxial loading conditions (ref. 6). Results 
reported indicated that the specimen can 
be used to investigate deformation behav-
ior under general forms of biaxial loading, 
provided measurement and observation 
are limited to a 1-in.- (2.54-cm-) diameter 
circular region at the specimen’s center. 
However, the conditions could be more 
complex in experiments investigating 
strength and fracture behavior. 

This  figure shows a nearly uniform stress 
state in the test region under linear elas-
tic, equibiaxial loading, demonstrating 
the applicability of the specimen design 
for equibiaxial loading. A similar analysis 
was performed for nonequibiaxial load-
ing under linear elastic conditions. Addi-
tional analyses were carried out under 
steady-state creep to further validate 
the biaxial test loading conditions with a 
heater head test specimen called Bitec1. 
The figure on the left (next page) shows 
the x-component of creep strain within 
the test section. More details are noted 
in the figure on the right, where the 
x-component of creep strain is reported 
for different time intervals as a function 
of the axial distance. The analyses were 
carried out for 750 hr, and the results 
indicate that the creep strain, as expected, 
increases with time. The analytical activi-
ties are progressing as planned to sup- 
port ongoing benchmark tests on ASC 
heater heads and upcoming biaxial 
experiments on cruciform specimens. 

Cruciform Specimen Used To Assess Long-Term Creep for Characterizing 
Advanced Aerospace Materials Under In-Plane Biaxial Loading
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In fiscal year 2006, a Linux-based image-acquisition system was demon-
strated at the NASA Glenn Research Center. The system consists of an 
off-the-shelf industrial computer with a 100-GB hard drive, a Global Position- 
ing System (GPS) receiver, an orientation sensor, and a custom image- 
acquisition board, which was developed in Glenn’s Flight Electronics Lab to 
acquire “pushbroom” hyperspectral data as a part of the Great Lakes Environ- 
mental Monitoring project, which is a collaboration between Glenn and the 
National Oceanic and Atmospheric Administration.

The system is built around an industrial personal computer running Linux-
2.6.9 (Free Software Foundation, Incorporated, MA) with custom software. 
The software consists of a device driver for the image acquisition board, a 
GPS daemon, an orientation daemon, a memory management daemon, and 
application software, which transfers image data from the image acquisition 
board to the database. The application software and daemons communicate 
via a region of shared memory. Furthermore, there is a small server that 
implements a subset of the Hypertext Transfer Protocol (HTTP). The server 
provides live Portable Network Graphics (PNG) snapshots of the context cam-
era and hyperspectral imager, a histogram of hyperspectral data, and GPS 
and orientation data. It allows users to download the database. In addition, 
the software controls the camera exposure and gain and data bus timing.

The database is stored on an unformatted, 99-GB partition on the hard drive 
and is written via raw input/output: that is, there is no file system. It is orga-
nized as a series of up to approximately 160,000 records. Each record is of 
fixed size and contains image, position, and orientation information needed 
to reconstruct images from the hyperspectral data.

The device driver provides access to the image data and allows software to 
acquire snapshots. In order to maximize the data rate, the driver changes the 
clock speed of the PC–104 bus to 16.7 MHz upon initialization.

The GPS, orientation, and memory man-
agement daemons are small applications 
that continuously run in the background. 
Each daemon is responsible for a particu-
lar task. For example, the GPS daemon 
parses data from the GPS receiver and 
stores the position in shared memory. 
Shared memory usage allows several 
applications to have access to current 
data simultaneously.

The system was tested aboard a manned 
aircraft, and images were acquired at 
approximately 2 frames per second. The 
results are currently being analyzed. It is 
expected that the system will be demon-
strated in an unmanned-aerial-vehicle-
based experiment in the near future.

The system has been shown to oper-
ate in the field. It is a low-power system 
consuming approximately 13 W over a 
range of 6 to 40 V and is compact. The 
personal computer, with the power supply 
and acquisition board shock absorbers, is 
4.5 in. wide, 6.5 in. long, and approxi-
mately 4 in. high (see the photograph).

In the future, hardware changes will allow 
us to increase the frame rate and to acquire 
data from additional sensors, such as a 
point spectrometer. The combined oper-
ating system and application software can 
be reduced to under 16 MB by eliminating 
unused libraries and other files. The sys-
tem can also be adapted to other image-
acquisition applications where power and 
weight are a concern. 
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Image acquisition system: industrial computer (bottom board), 
power supply (middle), image acquisition board (top board 
and cabling). The 2.5-in. hard drive is not shown.
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Cratos—Tracked Test Rover Designed and Built at NASA Glenn

In Greek mythology Cratos was the personification of strength and power. His 
character typified the goals of the researchers at the NASA Glenn Research 
Center when they were designing a tracked test rover called Cratos (shown in 
the top photograph). A heavy-duty aluminum frame, two powerful direct-current 

motors, and a versa-
tile sensor-laden con-
trol system made this 
an ideal test vehicle 
for studying various 
track designs and 
control algorithms. 
Cratos will be tested 
in various terrains 
and with dif ferent 
track designs to help 
determine the feasi-
bility of using tracks to 
descend into a crater 
on the Moon. 

Cratos was a multi-
divisional effort led by 
the Flight Electronics 
Lab within Glenn’s 
Instrumentation and 
Controls Division. It 
was funded under the 
Exploration Science 
Mission Directorate 
at Glenn and was part 
of a rover codevel-
opment program with 
the Carnegie Mel-
lon University (CMU) 
Robotics Institute. 
CMU deve loped 
Highlander, a tracked 
rover to develop and 
test methods for lunar 
crater wall descent. 
As part of this effort, 

engineers at Glenn built and used Cratos to specify, develop, and test inertial 
measurement, tilt and odometry instruments, control algorithms with sensor 
fusion, and communications protocols for the CMU Highlander. As needs 
were determined at CMU, Glenn responded by developing and integrating 
new capabilities into Cratos. Once ready for use, these new components, 
techniques, and software downloads were delivered to CMU and were inte-
grated into Highlander. 

Because of cost and time constraints, 
off-the-shelf hardware and software 
components are often incorporated into 
test rigs such as Cratos. But in this case, 
many of the vehicle control components 
had to be customized to meet the design 
criteria. It proved to be more expedient 
to design a unique control system to 
implement Glenn’s customized data 
packet structure for telemetering the 
sensor data. This new Glenn design 
includes a flexible controller with 16 
pulse-width-modulated output ports, six 
relay output ports, two external inter-
rupts, a RS232 serial port, a radio-link 
serial port, and 16 analog-to-digital input/ 
output lines (see the bottom photograph). 
The radio link utilizes Maxstream’s 900-
MHz Extend-Radio with a maximum 
40-mi range when its full 1 W of power 
is used. Data and control packets are 
telemetered between the controller and 
either a hand-held remote or a personal 
computer with a LabView program that 
emulates the remote and records the 
sensor data (see the photograph and 
screen capture on the next page). 
 
In its current configuration Cratos has an 
electronic gyro, a two-axis accelerometer 
configured as tilt sensors, current sen-
sors, and optical encoders for both track 
motors and a battery voltage/ampere-
hour monitor (see the final photograph on 
the next page). Also included in Glenn’s 
design is a Global Positioning System 
(GPS) unit that will interface to the con-
troller through the RS232 serial line. 

At the heart of the controller are two 
8051 core processors from Silicon 
Laboratories. These processors use 
a pipelined architecture allowing the 
execution of 25 million instructions per 
second. One processor controls all of 
the communication, motor control, and 
battery monitoring, whereas the other 
controller is used to read the digital-to-
analog and interrupt input as well as to 

Cratos tracked rover.

Glenn controller.
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implement the user code. All the code is written in C and includes modules 
for easy input/output setup, motor control, and radio network (RNET) com-
munication between the controller and host. The Joint Test Action Group 
interface between the personal computer and microcontrollers allows for 
quick troubleshooting during debugging sessions. Furthermore, status indica-
tors for program fault, RNET fault, and low battery power give users a quick 
indication of the controller status. We hope to use this test rover to validate 
and/or improve various track designs as well as to test a variety of control 
algorithms for locomotion and navigation. 

Left: Hand-held remote. Right: LabView remote and data logger.

Gyro, tilt sensors, and current monitors.
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Model Developed To Assess a Vibration-Based Crack-Detection Approach for 
the In Situ Health Monitoring of Rotors 

Rotor health monitoring and online damage detection are increasingly gain-
ing the interest of aircraft engine manufacturers. This is due primarily to 
the need for improved safety during operation and for lower maintenance 
costs. Applied techniques for damage detection and health monitoring of 
rotors are essential for engine safety, reliability, and life prediction. NASA’s 
Aviation Safety Program provides research and technology products to 
help the aerospace industry improve aviation safety. The Nondestructive 
Evaluation (NDE) Group of the NASA Glenn Research Center’s Optical 
Instrumentation and NDE Branch is developing propulsion-system-specific 
technologies for detecting damage prior to catastrophe.

Currently, the NDE group is assessing the feasibility of utilizing real-time 
vibration data for detecting cracks in turbine disks. The data are obtained 
from radial blade tip clearances and shaft clearances measured by a variety 
of sensors. The spectrum of sensors ranges from capacitive, to eddy cur-

rent, to microwave-based technologies, 
all of which are designed for the extreme 
environments encountered within turbine 
engines. Damage can be detected in a 
rotating disk because the development of 
a disk crack distorts the strain field within 
the component. This causes a small 
deformation in the disk’s geometry as 
well as a possible change in the system’s 
center of mass. The geometric change 
and the center of mass shift are deter-
mined by monitoring the amplitude and 
phase of the first harmonic (i.e., the 13 
component) of the vibration data. Spin pit 
experiments and full-scale engine tests 
have been conducted while this vibration-
based crack-detection methodology was 
being used to monitor for crack growth. 
Even so, published data are extremely 
limited, and the basic foundation of the 
methodology has not been studied fully. 
To address these limitations, the NDE 
group developed a theoretical model 
that can assess the feasibility of this disk 
crack-detection approach. 

The vibration response obtained from 
the newly developed model provides a 
quantitative view of the method’s sen-
sitivity. The model was characterized 
using numerical and experimental data 
that emulated the Glenn spin rig that 
will be utilized for verification tests. For 
this setup, it appears that monitoring the 
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crack-induced shift in the center of mass is a feasible approach for identifying 
damage in a disk during operation. For the notched disk shown in the photo-
graph, the model predicted an amplitude deviation on the order of 0.0005 in. 
at 15,000 rpm. The plots show the predicted response for multiple notch ori-
entations. Further laboratory tests will be conducted to verify the data. The 
next steps involve modifying the vibration-based damage-detection method-
ologies to address more complex systems (e.g., multiple disks).

Lastly, localized approaches, where wireless sensors “ride on the spinning 
disk,” are also being developed and studied as a complement to the global, 
vibration-based methodologies. An example of the local approach includes 
using piezoelectric patches (actuators/sensors) attached to the disk for con-
ducting in situ ultrasonic and impedance-based measurements. 

Ohio Aerospace Institute (OAI) contact: 
Dr. Andrew L. Gyekenyesi, 
216–433–8155, 
Andrew.L.Gyekenyesi@nasa.gov

Glenn contact: 
Dr. George Y. Baaklini, 216–433–6016, 
George.Y.Baaklini@nasa.gov

Authors: 
Dr. Andrew L. Gyekenyesi, 
Prof. Jerzy T. Sawicki, 
Dr. Wayne C. Haase, and 
Dr. George Y. Baaklini

Headquarters program office: 
Aeronautics Research Mission Directorate

Programs/projects: 
Aviation Safety Program

In just 8 months, members of the Great Lakes Environmental Aerial Monitor-
ing (GLEAM) mission—consisting of a multidisciplinary team of researchers, 
scientists, engineers, and technicians from the NASA Glenn Research Cen-
ter, the National Oceanic and Atmospheric Administration (NOAA), and the 
Ohio Aerospace Institute (OAI)—designed, developed, integrated, and flight 
tested a highly specialized suite of instruments for the aerial measurement 
of water quality. During 2006, these instruments obtained spectral data of 
a sediment-laden river plume in Lake Michigan and an algal bloom in Lake 
Erie (shown in the photograph on the right). The suite of instruments consists 
of a Glenn-designed point spectrometer, a Glenn-designed hyperspectral 
imager, a commercial-off-the-shelf Global Positioning System (GPS) receiver, 
a commercial-off-the-shelf three-axis gyroscopic-stabilized inclinometer, and 
a Glenn-designed data-acquisition system (see the top photograph on the 
next page). 
 
The custom hyperspectral imager obtains wavelength-resolved images 
of a lake in narrow 2-nm-wide bands of light (see the sketch on the next 
page). The hyperspectral imager wavelength range is approximately 400 to 
900 nm, thus approximately 250 distinct spectral band two-dimensional 
slices of data constitute a single three-dimensional image cube as shown in 
the sketch. The point spectrometer significantly adds to the capability of the 

instrument suite because it can provide 
highly accurate measurements of the 
incident solar spectrum as well as of the  
atmospheric water vapor content. This 
combined sensor suite will allow for 
more accurate spectral radiometric 

Great Lakes Hyperspectral Water Quality Instrument Suite Designed, 
Developed, Integrated, and Flight Tested for the Airborne Monitoring 
of Algal Blooms 

Algal bloom in Lake Erie photographed on 
September 5, 2006. The algal bloom shown 
covers several square kilometers.
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measurements of lake constituents, allowing researchers to detect lower 
concentrations of pollutants or of harmful algal blooms. 

The entire suite of instruments weighs less than 2.3 kg and uses less 
than 15 W of power. This allows the package to be deployed on many 
types of aircraft. For example, the team was able to mount the instru-
ment on the avionics door of a T–34 aircraft to obtain the desired data 
in a very cost effective manner (see the final photograph). This instru-
mentation suite demonstrates Glenn’s ability to deliver custom-designed 
flight-capable optoelectronic instrumentation and hardware for Earth 
science and space missions in a short amount of time.

Hyperspectral image “cube” data set obtained using the Glenn-built hyperspec-
tral imager. The lower image is actual data from a slice of a near-infrared spec-
tral band centered at 723 nm that correlates with a spectral feature in chlorophyll. 
At this wavelength, the contrast of an algal bloom in Lake Erie on September 5, 
2006, is significantly enhanced in comparison to conventional imaging tech-
niques. The large area of white in the middle is a cloud, and the rest of the white 
is the algal bloom.

400 nm

723 nm

900 nm

1.7 km
10 km (direction of flight)

250- by 2-nm
spectral bands

Find out more about this research: 

Glenn’s Optical Instrumentation & NDE 
Branch:
http://www.grc.nasa.gov/WWW/OptInstr/

Glenn’s Combustion Branch:
http://www.grc.nasa.gov/WWW/ 
combustion/

Glenn’s combustion diagnostics 
research:
http://www.grc.nasa.gov/WWW/ 
combustion/zDiag.htm
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Team that developed and deployed the instrument suite along 
with the instrument mounted on the side of the T–34 aircraft.

Glenn-designed water quality sensor suite mounted 
on the T–34 aircraft.
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Candidate Thermal Protection System Materials Evaluated Following 
Simulated Space Environment and Reentry Conditions

In 2005 and 2006, NASA Glenn Research Center researchers tested and 
characterized thermal protection system candidate materials in support of 
the Lightweight Nonmetallic Thermal Protection Materials Technology Proj-
ect. Efforts at Glenn included a nondestructive evaluation (NDE) study of 
six different state-of-the-art ceramic matrix composite and carbon-carbon 
composite thermal protection system candidate materials (55 specimens 
total). The materials are applicable to space/hypersonic vehicle heat shields, 
control surfaces, and leading edges. 

A pulsed thermography study was designed and conducted by Glenn research-
ers to characterize 1- by 4-in. ceramic matrix composite and carbon-carbon 
specimens in the as-fabricated condition and following exposure to simulated 
space environments at the NASA Marshall Space Flight Center, which included 
micrometeoroid object damage, atomic oxygen exposure, or combined radiation 
effects conditioning. All samples were subsequently exposed to a simulated 
Earth entry from lunar return in NASA Langley Research Center’s Multipa-
rameter Mission Simulation Facility (MMSF), followed by pulsed thermography 
and surface and microstructure examination at Glenn. Pulsed thermography 
is a nondestructive evaluation method that involves the heating of a specimen 
with a short-duration pulse of energy and monitoring the transient thermal 
response of the surface of the specimen with an infrared camera (see the 
sketch). Anomalous subsurface areas can then be identified on the basis of 
deviations in cooling behavior at the surface.

The ability to use pulsed thermography to locate and monitor damage and 
material changes at and beneath the surface of the composites was demon-
strated (see the figure to the left). The collection of thermography data in the 
as-fabricated condition proved useful in providing baseline condition infor-
mation and in tracking material changes following environmental exposure. 
This NDE technique was shown to be particularly well-suited for assessing 
hidden material damage due to micrometeoroid object damage exposure 
and MMSF conditioning. Microstructural and chemical characterization of 
the sample surfaces, and sectioning and microscopy of samples at selected 
areas where thermography “indications” occurred, were performed to aid in 
understanding the source of changes in the NDE signals, and in an attempt to 
reduce the need for destructive evaluation of parts manufactured from these 
materials. The NDE results are documented and summarized in the NASA 
Marshall project report (Gubert et al.).
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Pulsed thermography setup. High- 
intensity flash lamps impart a short 
pulse of heat into the specimen. The 
thermal response to this input is moni-
tored using an infrared camera and is 
recorded and processed using a 
computer.

Top: Thermography results for a carbon-
carbon composite specimen in the 
as-received (undamaged) condition. 
Center: Thermography image obtained 
following simulated micrometeoroid 
damage. Subsurface damage is revealed 
by dark areas. Bottom: Optical image. 
Subsurface damage cannot be seen.



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          81                                              2006 RESEARCH AND TECHNOLOGY

Find out more about the research of Glenn’s Optical Instrumentation & NDE 
Branch:
http://www.grc.nasa.gov/WWW/OptInstr/

Cleveland State University contact: 
Richard E. Martin, 216–433–3684, Richard.E.Martin-1@nasa.gov 

Glenn contact: 
J. Douglas Kiser, 216–433–3247, James.D.Kiser@nasa.gov

Authors: 
Richard E. Martin, J. Douglas Kiser, and Dr. Frances I. Hurwitz

Headquarters program office: 
Exploration Systems Research and 
Development

Programs/projects: 
Crew Exploration Vehicle, Hypersonics

A nonintrusive optical point-wise measurement technique utilizing the prin-
ciples of molecular Rayleigh scattering was developed at the NASA Glenn 
Research Center to obtain turbulent temperature, velocity, and density fluc-
tuation measurements in unseeded gas flows. This type of information is 
necessary for validating computational fluid dynamics and computational 
aeroacoustic codes. Dynamic property measurements allow the calculation 
of statistical quantities such as power spectra and mean square fluctuations. 
These types of measurements are used for jet noise studies in which sound 
pressure fluctuations are correlated with flow property fluctuations to ascertain 
the sources of noise in free jet flows. 

Molecular Rayleigh scattering is the 
result of elastic light scattering from gas 
molecules. When light from a single- 
frequency laser beam passes through 
a gas, the scattered light is shifted in 
frequency by the Doppler effect because 
of the bulk motion of the molecules. The 
optical frequency spectrum of Rayleigh-
scattered light contains information about 
the gas density, bulk velocity, and temper-
ature. This graph shows a Rayleigh scat-
tering spectrum containing the narrow 
laser line and the broadened Rayleigh 
spectral peak. If the gas composition is 
known, the total intensity of the Rayleigh 
spectrum is directly proportional to the 
gas density. The frequency shift between 
the laser peak and the Rayleigh peak is 
proportional to the bulk flow velocity. The 
width of the spectral peak is broadened 
by thermal motion of the molecules and, 
hence, is related to gas temperature. 
The spectra of the laser light and the 
Rayleigh-scattered light are analyzed 
using a Fabry-Perot interferometer oper-
ated in the static imaging mode. The 
resulting circular fringe pattern contains 
spectral information about the light (see 
the illustration on the next page). 

Molecular Rayleigh Scattering Technique Developed To Measure 
Temperature, Velocity, and Density Fluctuations in Gas Flows
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The interference fringe pattern is divided 
into four concentric regions (see the illus-
tration) using a series of mirrors angled 
with respect to one another (see the 
photograph). Light from each of these 
regions is directed toward photomultiplier 
tubes and sampled at rates up to 16 kHz 
using photon-counting electronics. Moni-
toring the width of the spectrum allows 
for measurement of the gas temperature. 
Monitoring the spectral peak location 
provides a measure of a single compo-
nent of the flow velocity. Independently 
monitoring the total scattered intensity 
provides a measure of the gas density. 
Gas temperature, velocity, and density 
were measured in a low-speed heated air 
jet (left graph on the next page) as well 
as in an acoustically modulated nozzle 
flow (right graph on the next page). 

Upon completion of additional develop-
ment and validation tests, this measure-
ment system will be implemented in the 
Aero-Acoustic Propulsion Laboratory 
and other facilities at Glenn for use in jet 
noise research. These tests are related 
to milestones under the Supersonics and 
Subsonic Fixed Wing thrust areas. 
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Dissection of Fabry-Perot fringe pattern into four annular 
regions; PMT, photomultiplier tube.

Concentric angled mirror system used to dissect the Fabry-Perot 
fringe pattern as shown in the preceding figure.
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Communication Over Direct-Current Power Line Demonstrated for 
Distributed Engine Control Using High-Temperature Electronics

In the effort to lighten engine control systems, future engine control functions 
may be distributed throughout a network to different smart nodes, which may 
contain a sensor, an actuator, and signal conditioning. In addition to weight 
savings from lightening the central engine controller, significant weight sav-
ings might be achieved by decreasing the number of wires and the length of 
wiring in engine instrument/control wiring harnesses. Wireless smart nodes 
are one approach that could be developed, but the nodes would have to be 
constructed with currently available high-temperature electronics, which are 
limited in available components. In addition to requiring complex components, 
wireless nodes must be provided with power through at least two conductors 
(power and ground). 

Although energy harvesting may enable 
complete wireless sensing and actuation, 
state-of-the-art energy harvesting will not 
support the power budget required. One 
method that will decrease wiring weight 
and complexity, while taking advantage 
of the necessary power lines, is commu-
nication over the power lines. One type 
of distributed engine control involves 
smart nodes that can condition signals 
from the sensors and generate actua-
ting signals for the actuators, effectively 
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closing the loop internally while still communicating with a central controller. 
On-node sensor signal conditioning and actuation results in less bus bandwidth 
for the node, and less processing for the central controller. Many obstacles 
must be overcome to reach the goal of distributed engine control, including 
the insufficient availability of high-temperature electronic components and 
the complex parameters of the available components. 

The flight electronics laboratory team in the NASA Glenn Research Center’s 
Optical Instrumentation and NDE Branch is researching different approaches 
for enabling high-temperature smart nodes. One approach is to use com-
mercially available high-temperature components and a capacitive coupling 
communication technique to transmit data on the power bus. This tech- 
nique is being developed for a demonstration in Glenn’s distributed engine 
control testbed. 

The top figure demonstrates serial data 
being passed over a 10-V power line 
via a capacitive coupling technique and 
commercially available industrial tem-
perature components. The bottom fig- 
ure shows an analogous demonstration 
of the same technique using high- 
temperature electronic components, 
rated to 225 °C, or to 260 °C for short 
periods. This demonstration was 
done at room temperature using high- 
temperature semiconductors but with 
military temperature-range resistors 
and capacitors. The data are serial at 
1.2 kbaud, transmitted with an 18.5-kHz 
carrier. This technique is scalable to 
higher baud rates representative of 
A, B, C, and D band communications. 
Because this is a bit-recessive tech-
nique, it could be used to implement 
a Controller Area Network (CAN) bus-
based communication protocol.

The major advantage of this technique 
over commercially available power line 
transceiver systems is that it can be real-
ized immediately for high-temperature 
and radiation-rich environments. Plans 
call for this communication technique 
to continue to be developed and tested 
at high temperatures and to be incorpo-
rated into an engine simulator testbed.
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Flaw Resolution Improved by New Signal-Processing Approaches for 
Terahertz Data Obtained From Inspection of Space Shuttle External Tank 
Thermal Protection System Foam

Sprayed-on foam insulation covers the space shuttle external fuel tank and is 
necessary to prevent ice buildups as the shuttle sits awaiting liftoff with cryo-
genic propellants in the external tank. Flaws present in the foam can result in 
initiation sites for foam loss. Manually sprayed foam areas are especially prone 
to flaws. A major effort is underway at NASA to find and improve inspection 
methods to locate cracks, voids, delaminations (between the foam and the 
underlying tank, or between the foam and knitlines), and crushed areas of the 
foam in order to minimize foam debris release upon launch. 

The latest external tank for the July 2006 shuttle launch (STS–121) had 
the protuberance air load ramp windshield removed to minimize large foam 
debris release upon launch. As a result, the highest priority areas to inspect 
are now the ice frost ramps, which prevent ice from forming on underlying 
aluminum brackets used to fasten fuel-pressurization lines and on a tray of 
electrical cables to the tank’s exterior. It is impossible to completely prevent 
foam from coming off of the ramps during launch, but inspection methods can 
help locate damaged ramps prior to launch and also aid in the understanding 
of the conditions and flaws that cause foam release. (Future design changes 
also include possible removal of the ice frost ramp.) 
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Foam inspection methods in use and 
being researched for improvements at 
NASA include terahertz, microwave, 
shearography, and x-ray backscatter. 
Terahertz inspection in the reflection mode 
requiring access to only one side of a 
material has shown significant promise 
for the detection of voids and crushed 
foam. The schematic shows the overall 
operation of this method. Briefly, tera-
hertz waves are electromagnetic waves 
with wavelengths on the order of 200 to 
1000 µm (just shorter than those in the 
microwave domain). Electrically con-
ducting materials such as metals reflect 
terahertz waves, whereas dielectric 
(nonconducting) nonpolar liquids, non-
metallic solids, and gases are transpar-
ent to terahertz energy. Reflections also 
occur off of interfaces, such as between 
a solid and air, where a dielectric dis-
continuity (difference in the indices of 
refraction) occurs. Thus, small reflec-
tions will occur off of voids in foam and 
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the signal transmitted through the void 
will have reduced signal amplitude. 
Significant time- and frequency-domain 
information is available in these reflec-
tion signals. 

Currently applied signal-processing 
techniques for terahertz data are 
generally based on simple parameter 
extractions such as peak detection of 
the time-domain signal or the Fourier-
transformed signal. The focus of this 
research effort is to develop signal 
analysis techniques that capitalize on 
all the information that is available in the 
terahertz signal to improve the resolu-
tion of flaws and differentiation of flaws 
from normal foam variations such as 
knit lines. 

This past year, the multicenter effort 
focused particularly on the computation 
and image display of the centroid of the 
power spectral density for the reflections 
off of a metal substrate located beneath 
foam (the configuration of such a sample 
simulates the external tank configura-
tion) for foam samples containing seeded 
voids. The centroid images were com-
pared with those formed from traditional 
waveform parameters such as peak-
to-peak amplitude (time-domain) and 
peak magnitude (frequency-domain). 
The centroid is reasonably simple and 
rapid computationally, and proved to 
significantly enhance flaw resolvability in 
foam samples containing seeded voids 
of various sizes and depths as shown 
in this figure.

The product of this study is a 
commercial-grade software package 
that is being used both by Michoud 
Assembly Facility and NASA Glenn 
Research Center personnel to ana-
lyze data and visualize terahertz (and 
ultrasonic) images. The software was 
developed by Glenn in cooperation with 
the NASA Langley Research Center, 
Michoud Assembly Facility, NASA 
Marshall Space Flight Center, and 
Cleveland State University.
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Comparison of different terahertz images including line profiles (right 
side of figure) at the location of the bottom (smallest) row of voids. The 
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(a) Time-domain peak-to-peak amplitude. (b) Power spectral density 
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The standard approach in particle image velocimetry (PIV) data processing 
is to use fast Fourier transforms to obtain the cross correlation of two single-
exposure subregions, where the location of the cross-correlation peak is rep-
resentative of the most probable particle displacement across the subregion. 
This standard PIV processing technique is analogous to matched spatial fil- 
tering, a technique commonly used in optical correlators to perform the 
cross-correlation operation. Phase-only filtering is a well-known variation of 
matched spatial filtering which, when used to process PIV image data, yields 
correlation peaks that are narrower and up to an order of magnitude larger 
than those obtained using traditional PIV processing. Researchers at the 

NASA Glenn Research 
 Center recently used this 

technique to improve PIV 
image processing.

In addition to possessing 
desirable correlation plane 
features, phase-only filters 
provide superior perfor-
mance in the presence of 
direct-current (dc) noise (or 
flare light from surfaces) in 
the correlation subregion. 
When PIV image subregions 

contaminated with surface flare light 
or high background noise levels are 
processed using phase-only filters, the 
correlation peak pertaining only to the 
particle displacement is readily detected 
above any signal stemming from the dc 
objects. Many of the PIV data collected 
in the jet noise facilities at Glenn are 
contaminated with flare light from the 
model, see the photograph, which leads 
to a loss of data in these regions (see the 
top plot on the next page). Phase-only 
filtering techniques developed at Glenn 
minimize the effect of the flare light and 
recover the complete velocity field (see 
the bottom plot).
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Phase-Only Filtering Developed for Improved Particle Image Velocimetry 
Data Reduction

PIV data from a chevron nozzle flow experiment 
where the stereo PIV system is configured for 
cross-stream measurements. The left and right 
camera views are overlapped to illustrate the 
flare light scattered off of the chevron tips.
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The NASA Glenn Research Center has identified photonic control (optical 
micromanipulation using optical tweezers) as a nonintrusive tool for manipu-
lating nanoscopic and microscopic material, without contamination, into the 
required configurations for the fabrication of sensors that will be integrated 
into the intelligent engines of the future. A complete understanding of the 
forward-scattered light from optically trapped particles provides information 
about material in optical traps that is not directly observable. Such signatures 
measured from the forward-scattered light of a trapped particle can be used 
as a guide for particle manipulation and placement.

The NASA Glenn Research Center and Cleveland State University collabo-
rated to compare two theoretical models of the forward scattered light plus 

the trapping beam light from an optically 
trapped polystyrene microsphere. The 
theoretical models were formulated at 
Cleveland State University, and experi-
mental tests of those models were per-
formed at Glenn.  The predicted optical 
trapping properties of a gaussian beam 
in the liquid surrounding the particle were 
compared with that of a gaussian beam 
that was apertured and focused by a 
high-numerical-aperture oil-immersion 
microscope objective lens and aberrated 
by the interface between the coverslip 
and the water in the sample chamber 
(i.e., an apertured, focused, abbreviated 
(AFA) beam). 

In the Glenn experiment, a downward-
propagating laser beam was tightly 
focused by a 1003 microscope objective 
lens to form an optical trap. The forward-
scattered light from a 10-µm-diameter 
polystyrene latex sphere as it was drawn 
into the optical trap was projected onto a 
screen, recorded, and examined. It was 
found that before the sphere was drawn 
into the trap, the forward-scattered light 
initially showed a bright featureless spot. 
As the sphere was drawn into the trap, 
a series of concentric interference rings 
formed and appeared to propagate radi-
ally outward from the center of the pat-
tern as the sphere moved into the trap. 
The number of concentric rings in the 
pattern increased and became dimmer 
as the focal waist of the beam moved 
inside the sphere. The AFA beam model 

Improved Modeling of Forward-Scattered Light From an Optically Trapped 
Particle Demonstrated

2.615 sec
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1.426 sec

0.915 sec

2.305 sec

1.612 sec

1.213 sec

0.000 sec

Time-sequence series of eight photographs illustrating changes in the 
forward scattered light as a 10-µm-diameter particle is drawing into an 
optical trap, from 0.000 sec (before the sphere moves toward the trap) 
to 2.615 sec (when the sphere has come to rest in a stable trapping 
position).

Optically trapped 10-µm-
diameter polystyrene 
microsphere.
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correctly predicted that six or seven bright and dark fringes would form as 
the sphere was drawn into the trap. The initial beam before trapping can be 
seen at 0.000 sec. Some of the changes in the interference fringes are seen 
from 0.915 to 2.305 sec. The dim set of interference fringes from the optically 
trapped particle can be seen at 2.615 sec. 

Proper characterization and modeling of the forward-scattered light from 
an optically trapped object will greatly enhance NASA’s ability to create 
unobtrusive sensors out of new nanoscale and microscale materials. Proper 
understanding of the signature of forward-scattered light allows for automa-
tion of assembly processes even when objects that are manipulated in the 
optical trap are not directly observable. Knowledge of the signature of the 
forward-scattered light of optically trapped objects will aid in characterizing 
the unobtrusive sensors of the future.

Bibliography
Lock, James A.; Wrbanek, Susan Y.; and Weiland, Kenneth E.: Scattering of a Tightly 
Focused Beam by an Optically Trapped Particle. Applied Optics, vol. 45, no. 15, 
2006, pp. 3634–3645.

Find out more about the research of 
Glenn’s Optical Micromanipulation Lab:
http://www.grc.nasa.gov/WWW/OptInstr/
Nano_OpticalMicroManipulationLab.html

Glenn contact: 
Susan Y. Wrbanek, 216–433–2006, 
Susan.Y.Wrbanek@nasa.gov

Cleveland State University contact:
Dr. James A. Lock, 216–687–2420, 
J.LOCK@csuohio.edu

Authors: 
Susan Y. Wrbanek and Dr. James A. Lock

Headquarters program office: 
Aeronautics Research Mission Directorate

Programs/projects: 
Subsonic Fixed Wing

Silicon carbide (SiC) has properties that make it a nearly ideal material 
for the creation of harsh-environment electronics and microelectro-
mechanical systems (MEMS). The chemical inertness of SiC enhances 
its robust nature, but it makes it difficult to micromachine. The NASA 
Glenn Research Center has been investigating problems related to the 
bulk micromachining of single-crystal SiC by deep reactive ion etching 
(DRIE), including the formation of high-aspect-ratio structures (ref. 1) 
and the reduction of imperfections introduced by the DRIE process. 

This photograph illustrates typical defects introduced when a circular 
well is etched into a SiC wafer to produce a pressure-sensing dia-
phragm. Although this process, which represented the state of the art 
for SiC DRIE in 2005 (ref. 2), generally provides sufficiently smooth 
etched surfaces, it introduces other significant nonidealities such as 
nonvertical sidewalls and microtrenching at the base of the sidewall. 
Microtrenching is a particularly serious defect for pressure sensors 
because the trench serves as a stress concentrator that weakens the 
diaphragm. This research effort developed an improved DRIE process 
that provides the required characteristics of smooth etched surfaces, 
vertical sidewalls, and minimal microtrenching, together with a high 
etch rate for cost-effective manufacturing (ref. 3). 

Deep Reactive Ion Etching Process Optimized for Silicon Carbide 
Micromachining

Circular well (1 mm in diameter) etched to a depth 
of 245 µm using the prior state-of-the-art DRIE proc- 
ess. The structure shows typical defects for this 
process: that is, microtrenching at the base and the 
reentrant slope of the sidewalls (diameter of well 
increases with increasing depth).

166 µm
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A parametric study was used to optimize the DRIE recipe by varying four 
important parameters: the temperature of the wafer chuck, the pressure 
within the chamber, and the concentrations of oxygen (O2) and argon (Ar) in 
a mixture composed of O2, Ar, and sulfur hexafluoride (SF6). Sixteen etches 
were performed using all combinations of high and low values of each of the 
four parameters. This experiment was used to determine how microtrench 
depth, sidewall slope, surface roughness, and etch rate were affected by the 
key process parameters. Trenches and wells were etched to depths from 100 
to 150 µm in single-crystal SiC specimens, which were then cross sectioned 
and examined using optical microscopy, scanning electron microscopy (SEM), 
and surface profilometry to characterize the etched structures. 

The use of high radiofrequency powers (2500 W applied to the coil and 200 W 
applied to the platen) resulted in high etch rates (>0.5 µm/min) for all process 
conditions studied. Oxygen addition was found to be undesirable because it 
caused increased microtrenching, whereas high temperature was found to be 
beneficial because it reduced microtrenching. Sidewall slopes became more 
vertical, as desired, with increasing pressure; however, higher pressure was 
found to produce increased roughness. This roughness was reduced by using 
a gas mixture comprising Ar in addition to the principal etchant gas, SF6. 

This study enabled us to produce an optimized DRIE process that simul-
taneously provides minimal microtrenching, vertical sidewalls, and smooth 
etched surfaces. By using a high fraction of Ar (40 vol%) along with a high 
temperature (180 °C) and a high pressure (35 mT, or 4.67 Pa), we were able 
to optimize etch characteristics. The sidewall slope obtained was approxi-
mately 90°, with an etch rate of 0.7 µm/min and a surface roughness of 
40 Å. The following photograph shows the results achieved using the optimized 
process. This research is ongoing, with plans for further studies in process 
repeatability and the characterization of pressure sensors that will be fabri-
cated with this process. 

50.0 µm

Cross-sectional view of a portion of a 400-µm-wide 
ring-shaped well that was etched to a depth of 
150 µm using the optimized DRIE process. The 
etched well has minimal microtrenching and has 
vertical sidewalls and smooth surfaces.
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Small-Area, Fast-Response Heat Flux Sensor With Large 
Output Signal Developed

A small-area, thin-film heat flux sensor that has a large output signal and 
fast response in a flexible package has been developed at the NASA Glenn 
Research Center under a Technology Transfer Agreement with the Good-
year Tire & Rubber Company of Akron, Ohio. Heat flux is one of a number of 
parameters (in addition to pressure, temperature, flow, and others) of interest 
to engine designers and fluid dynamicists. All heat flux sensors operate by 
measuring the temperature difference across a thermal resistance. There are 
various designs of heat flux sensors, such as Gardon gauges, plug gauges, 
and thin-film thermocouple arrays. The thin-film designs have the advantage 
of high-frequency response and minimal flow disturbance.

Recently there has been a need for a sensor to measure the heat flux on the 
sidewalls and within the tread of a tire. These measurements would be on 
curved surfaces over an area that is smaller than the area of sensors currently 
available commercially. Thus, a design was developed that retains the fast 
response of the thin-film thermocouple sensors but that has a larger output 
and can be made smaller and in a flexible package. The photograph shows 
the sensor developed to fit in a tire tread.

The new sensor design consists of a resistor bridge fabricated onto a 
0.25-mm- (0.010-in.-) thick polyester film. The temperature-sensitive element 
is sputter-deposited platinum, patterned and applied using a photolithogra-
phy technique newly developed at Glenn, with line width and line spacing of 
approximately 60 µm. The variation of platinum’s electrical resistance with 
temperature is well characterized. 

Thus, the ability to measure heat flux 
magnitude and direction was incorpo-
rated into a resistance bridge design 
fabricated using thin-film techniques to 
allow fast response. The result is a sensor 
that does not need the large area and stiff 
packaging required for the old thermopile 
design, and that does not have the low 
output of the thermopile design, but that 
has a response that is nearly as fast. The 
development of this sensor offers a new 
laboratory procedure to establish heat 
transfer coefficients for different regions 
of a tire. Testing at the Goodyear Tire & 
Rubber Technical Center (shown in the 
photograph on the next page) generated 
measured heat transfer coefficients that 
were within the range of values obtained 
from thermal finite element tire models 
previously reported in the literature. The 
experimentally measured temperatures 
from these data also agree well with the 
numerically generated values, thus veri-
fying the models.

The new sensor can be used in com-
ponents for process control, modeling 
validation, determination of cooling 
requirements, and general calorimetry 
in rocketry, aerospace, and automotive 
environments. One specific application 
is to enable thermal control in advanced 
multiuse extravehicular activity (EVA) 
pressure suits for future lunar missions. 
The heat flux sensor is small enough to 
allow measurement of the heat load on 
the thermal cooling system as well as 
the heat flux from various parts of the 
suit. The correlation of these parameters 
will give a more accurate estimate of the 
astronaut’s metabolism and any external 
thermal loading and will permit a more 
rapid adjustment of the suit’s cooling 
system.

Heat flux sensor developed at Glenn to fit in a tire tread.
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Tests at the Goodyear Tire & Rubber Technical Center using the new heat flux 
sensor are validating numerical models of tire heat transfer. (Photograph courtesy 
of Goodyear Tire & Rubber Company; used with permission).

As NASA begins development of launch systems for space exploration, the 
need for space-ready technology that enables safe, automated, and autono-
mous operation is significant. One major safety system associated with the 
present space shuttle has been the leak-detection system that is meant to 
ensure that hazardous conditions do not occur. The space shuttle uses gases 
such as hydrogen and oxygen, and leaks of these gases can potentially result 
in explosive conditions. The present shuttle leak-detection system is based on 
mass spectrometers on the ground or sample bottles in flight. Although these 
shuttle systems provide significant information related to safety conditions, 
the shuttle systems have their limitations, especially in providing continuous, 
real-time information as the vehicle is launched. For a number of years, the 
NASA Glenn Research Center has been developing smart leak-detection 
systems (SLDSs) to augment ground systems and to provide real-time data 
for flight systems. This year, steps were taken to prepare these SLDSs for a 
possible Crew Launch Vehicle (CLV) application. 

SLDSs are based on microsystems 
technology; that is, they are miniatur-
ized systems fabricated using silicon 
semiconductor processing technology 
for minimal size, weight, and power 
consumption. The SLDS is composed 
of microsensors to detect leaks and 
supporting electronic hardware for data 
processing and temperature control. The 
approach has been to develop a smart 
“lick and stick” leak-detection system of 
near postage stamp size that could be 
applied wherever safety information is 
needed. 

Smart Leak-Detection Systems Being Matured for Crew Launch Vehicle
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One example of an SLDS microsensor is the hydrogen sensor. The left figure 
shows the microfabricated hydrogen sensor design, and the center photograph 
shows a packaged sensor. The structure includes two different hydrogen-
sensing elements (Schottky diode and resistor), a temperature detector, and a 
heater incorporated in the same silicon chip. The Schottky diode and resistor 
have different sensing mechanisms combining to allow hydrogen detection 
over a wide concentration range. Glenn has been involved in years of testing 
the sensor and developed the alloy used in the sensor structure. This hydro-
gen sensor has been demonstrated in the space shuttle, and it has qualified 
for an International Space Station criticality 1 function. 

The right photograph shows a prototype SLDS that uses hydrogen, oxygen, 
and hydrocarbon sensors. A range of capabilities were built into this lick-and-
stick system, including a microcontroller, signal conditioning and temperature 
control, wireless or wired communications, operation from a 3- to 5-V power 
source or battery, internal temperature and pressure measurement, and 
operation of up to three chemical sensors.

Glenn has led the efforts to turn this promising technology into a sensor system 
that can be integrated into the CLV. This year’s SLDS activities involved testing 
and documentation to verify that the existing system has the basic capabilities 
to meet CLV application needs, especially concentrating on hydrogen- and 
oxygen-sensing capabilities. These efforts included Glenn involvement in the 
maturation of the oxygen sensor technology. Other efforts included verifying 
that space-qualifiable parts are being used and performing fault analysis on 
component parts to understand failure mechanisms. 

Overall, this CLV work represents steps toward the implementation of “smart” 
system technology into NASA’s Exploration program. As with the introduc-
tion of any new technology, challenges exist in showing benefits and gaining 
acceptance. However, given the future needs of space exploration systems, 
the introduction of smart system technology could be a significant enabler of 
the Vision for Space Exploration.
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Left: Silicon-based hydrogen sensor. The palladium (Pd) alloy Schottky diode (rectangular regions) resides symmetrically on 
either side of a heater and temperature detector. The Pd alloy resistor is included for high-concentration measurements. Center: 
Packaged sensor. Right: Prototype version of a lick-and-stick SLDS with hydrogen, hydrocarbon, and oxygen detection capabili-
ties combined with supporting electronics.
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Nanosensor Technology Tools Being Explored—Tools Advanced To Overcome 
Three Technical Barriers

Hidden fires, which can originate on aircraft in areas out of sight of the crew, 
are a significant aviation safety concern. An aircraft fire can spread quickly, 
and the crew may not be aware of its existence or location until the fire poses 
a safety hazard. One approach to address this problem is to place a number 
of sensors in the closed, hidden compartments where these fires may occur. 
By correlating the signal from these multiple sensors, a smart fire-detection 
system could both detect a fire and determine its location, allowing the crew 
to apply fire suppressant. To minimize the penalty to the vehicle operation, 
the sensors should not use wires or power from the vehicle, should wirelessly 
transmit their information, and should be in operation for years without main-
tenance. A significant challenge in realizing this vision is developing sensor 
technology that can detect a range of chemical species with near zero power 
consumption. 

The approach being taken in this work 
at the NASA Glenn Research Center is 
to develop chemical sensors based on 
nanostructured oxide materials. Although 
layers of nanocrystals have shown sig-
nificant potential for chemical-sensing 
applications and are used in present 
NASA-developed fire-detection sensors, 
the advantages of nanostructured oxide 
sensors—such as nanorods, nanofibers, 
nanoribbons, and nanotubes—are just 
beginning to be explored. The use of 
these nanostructures in sensors has 
the potential to produce significant 
gains in sensor performance. However, 
these gains must be demonstrated, 
and significant technical challenges 
remain before nanostructured oxides 
can be implemented routinely in sensing 
applications. 

The major issues addressed in this work 
are associated with making workable 
sensors. Three technical barriers related 
to the application of nanostructures 
into sensor systems were addressed 
at Glenn: (1) improving contact of the 
nanostructured materials with electrodes 
in a microsensor structure, (2) control-
ling nanostructure crystallinity to allow 
control of the detection mechanism, 
and (3) widening the range of gases 
that can be detected by using different 
nanostructured materials. The major 
accomplishment of this year’s work was 
the advancement of some of the tools 
necessary to overcome these barriers.

This figure shows an example of control-
ling the contact between the nanostruc-
tured material and the microstructure, 
where tin oxide nanofibers have been 
electrospun across the electrodes of 
a microstructure. Electrospinning is a 
process whereby a charged solution 
that is drawn from a capillary retains a 
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Top: Bridging of electrospun tin oxide (SnO2) nanofibers across electrodes. 
Bottom: Current response at 23 °C and 2 V of electrospun palladium- (Pd-) 
doped SnO2 nanofibers to hydrogen (H2) and methane (CH4) in nitrogen (N2) 
at room temperature. 
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“threadlike” form while it is deposited on a grounded surface. The result is a 
nanofiber “spun” across electrode structures as seen in the photomicrograph 
on the preceding page. The resulting sensor, after treatment with a catalytic 
metal, is sensitive to hydrogen at room temperatures (as seen in the preced-
ing plot). When the different fabrication techniques of electrospinning and 
thermal evaporation-condensation (TEC) are used, very different nanostruc-
ture materials can be formed (as illustrated in the photomicrographs on this 
page). Electrospinning and TEC produce very different crystal structures. The 
research approach is to tailor the sensing element nanostructure to achieve 
optimal selectivity and sensitivity. 
 
Although this work demonstrates useful tools and techniques for further 
development, these are just the beginning steps toward the realization of 
repeatable, controlled sensor systems using oxide-based nanostructures 
and the realization of the range of new capabilities that these sensors might 
enable.

(a) (b) 

(c) (d) 

10.0 µm

20 nm 5 nm

1.00 µm

Control of SnO2 nanostructure fabrication. The different processing techniques 
result in very different crystal structures. (a) Scanning electron microscopy 
(SEM) of electrospun nanofibers. (b) SEM of TEC grown nanorods. (c) High- 
resolution transmission electron microscopy (HRTEM) of electrospun nanofibers. 
(d) HRTEM of TEC nanorods. 
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High-temperature semiconductor transistor electronics capable of prolonged 
500 °C operation would enable important advancements in the sensing and 
control of combustion in jet engines, making them cleaner, safer, and more 
fuel-efficient. In addition, such electronics are keys to the long-term opera-
tion of scientific probes on or near the scorching 460 °C surface of Venus. 
Although there have been reports of short-term (less than 10 hr) transistor 
operation at 500 °C or above, much longer operating times are needed for 
these and other beneficial high-temperature electronics applications. Toward 
this end, the NASA Glenn Research Center has been pioneering silicon 
carbide (SiC) semiconductor transistors and ceramic packaging technology 
targeted for greatly prolonged operational durability at 500 °C. These efforts 
previously demonstrated high-temperature chip- and board-level packages 
for prolonged 500 °C operation (refs. 1 and 2) and 2000 hr of 500 °C opera-
tion of an SiC metal-semiconductor field effect transistor (MESFET) (refs. 3 
and 4) based on high-temperature ohmic contact technology (ref. 5). 

Building on this foundation, civil servants and Ohio Aerospace Institute (OAI) 
researchers at Glenn designed, fabricated, and electrically operated continu-
ously at 500 °C for more than 600 hr a high-temperature amplifier circuit based 
on an SiC MESFET, epilayer resistors, and a ceramic packaging system. This 
is the first semiconductor-based amplifier to demonstrate stable continuous 
electrical operation in such a harsh high-temperature oxidizing air environ-
ment with excellent stability over such an extended period of time. 

The  circuit schematic diagram shows 
the simple common-source amplifier cir-  
cuit, which consists of an SiC MESFET, 
two SiC resistors, and a ceramic capaci-
tor. The components inside the dotted 
lines of the diagram were packaged 
onto the ceramic high-temperature 
circuit board (see the photograph on 
the next page), which was operated at 
500 °C inside an oven. The circuit board 
with components was subjected to 
656 hr of unbiased 500 °C heat soaking 
prior to initiation of the 500 °C continuous 
electrical operation. For this initial low-
frequency demonstration, an external 
(room temperature) coupling capacitor 
was used to obtain sufficient coupling 
of the input signal because the 500 °C 
onboard capacitor was not designed to 
support circuit operation at frequencies 
as low as ~100 Hz. 

The final figure shows the input (1-V 
peak-to-peak amplitude) and output (7-V 
peak-to-peak) sine voltage waveforms 
measured during the 430th hour of con-
tinuous electrical operation at 500 °C. 
Circuit power supply biases were not 
changed throughout the 500 °C electrical 
test duration. The amplifier gain remained 
stable (near 7) for over 600 hr of con-
tinuous 500 °C electrical operation (over 
1300 hr of total soak time at 500 °C). After 
this time period, amplifier gain degraded 
significantly because of thermal anneal-
ing of the MESFET gate contact (ref. 4). 
Modifying the design of the SiC transistor 
(changing from a metal-semiconductor 
gate junction to a p-type/n-type semicon-
ductor gate junction) should eliminate this 
gradual degradation mechanism. Never- 
theless, this demonstration of 500 °C dura-
bility of a transistor-based amplifier circuit 
represents an important step toward signifi-
cantly expanding the operational envelope 
of sensor signal-processing electronics 
for harsh environments such as the 
high-temperature regions of combustion 
engines and the surface of Venus.

High-Temperature Amplifier Based on a Silicon Carbide Metal-Semiconductor  
Field Effect Transistor and Ceramic Packaging Designed, Fabricated, and  
Electrically Operated at 500 °C

Circuit diagram of a common-source amplifier circuit operated 
for more than 600 hr at 500 °C. The elements within the dotted 
box were operated in the 500 °C air-ambient oven; drain bias, 
VDD = 120 V; gate bias voltage, Vgate bias = –9 V; substrate 
bias voltage, Vsubstrate bias = –20 V; external coupling capaci-
tor, Cext = 0.47 µF; gate resistance, RG = 150 kΩ; drain resis-
tance, RD = 340 kΩ; drain current, ID.
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Find out more about silicon carbide 
electronics research at Glenn: 
http://www.grc.nasa.gov/WWW/SiC/
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Circuit-board assembly used for the long-duration 500 °C demonstration of the 
SiC transistor-based amplifier circuit.
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Input (1-V peak-to-peak) and output (7-V peak-to-peak) sine waveforms 
recorded during the 430th hour of electrical operation of the amplifier stage at 
500 °C.
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Closed-Cycle Hydrogen-Oxygen Proton-Exchange-Membrane Regenerative 
Fuel Cell Demonstrated at the NASA Glenn Research Center

POWER AND ELECTRIC PROPULSION

The NASA Glenn Research Center has demonstrated the world’s first fully 
closed cycle hydrogen-oxygen regenerative fuel cell (RFC). The RFC is an 
electrochemical system that collects and stores solar energy during the day 
then releases that energy at night, thus making the Sun’s energy available all 
24 hours. It consists of a dedicated hydrogen-oxygen fuel cell stack and an 
electrolyzer stack, the interconnecting plumbing and valves, cooling pumps, 
water transfer pumps, gas recirculation pumps, phase separators, storage 
tanks for oxygen (O2) and hydrogen (H2), heat exchangers, isolation valves, 

pressure regulators, vent and purge 
provisions (emergency only), instru- 
mentation, and other components. It 
includes all the equipment required to 
(1) absorb electrical power from an out-
side source and store it as pressurized 
hydrogen and oxygen and (2) make elec-
trical power from the stored gases, saving 
the product water for reuse during the next 
cycle. The Glenn RFC is a “brassboard” 
built mainly from off-the-shelf hardware 
components. It is used to

(1) Test fuel cells and fuel cell compo-
nents under repeated closed-cycle 
operation (nothing escapes; every-
thing is used over and over again).

(2) Simulate diurnal charge-discharge 
cycles.

(3) Observe long-term system perfor-
mance and identify degradation and 
loss mechanisms.

(4) Develop safe and convenient oper- 
ation and control strategies lead-
ing to the successful development 
of mission-capable, flight-weight, 
closed-cycle RFCs for space solar 
power.

Construction was sponsored by the 
Environmental Research Aircraft and 
Sensor Technology (ERAST) project of 
the Flight Research Base Program. The 
ERAST charter included the development 
and demonstration of new technologies 
for unmanned aircraft that are suitable for 
Earth science, including RFC-equipped 
solar-electric aircraft with potentially 
unlimited endurance. Although ERAST 
was an aeronautics project, RFC energy 
storage is applicable to a wide variety of 
space and planetary surface missions 
in addition to high-altitude solar-electric 
flight; hence, there has been widespread 
interest throughout NASA to bring this 
technology to a flight demonstration. 
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Leading up to a flight demonstration are several laboratory and full-scale 
demonstrations of key components and subsystems, including the coordi-
nated operation of a hydrogen-oxygen fuel cell and electrolyzer as an energy 
storage system in a sealed, closed-loop environment (the venue provided by 
this brassboard RFC). 

The Glenn RFC was built up over calendar years 2002 to 2003 and was oper-
ated as an end-to-end energy storage system for the first time in September 
2003. Closed-cycle operation at full power operation was first demonstrated 
in June 2004. Multiple back-to-back contiguous cycles at full rated power, and 
round-trip efficiencies to 52 percent, were demonstrated in June 2005 (see 
the graphs on the preceding page). 

During fiscal year 2006, the system underwent numerous modifications 
and internal improvements aimed at reducing parasitic power, heat loss, and 
noise signature; increasing functionality as an unattended automated energy-
storage device, and increasing in-service reliability. Unattended operation 
was demonstrated in June 2006. 

The Glenn RFC is the first fully closed cycle RFC ever demonstrated (the entire 
system is sealed: nothing enters or escapes the system other than electrical 
power and heat). The Glenn tests have demonstrated the RFC’s potential as 
an energy-storage device for aerospace solar power systems such as solar 
electric aircraft, lunar and planetary surface installations, and system applica-
tions in any airless environment where minimum system weight is critical. Its 
development process has recently been slowed, but it continues on a path of 
risk reduction for the flight system NASA will eventually need for a manned 
lunar outpost.

The photograph shows the integrated 
equipment assembly at Glenn. The 
graphs on the preceding page show 
the electrolyser and fuel cell stack cur-
rents and voltages, reactant flows, and 
balances that were recorded during the 
June 2005, 5-day endurance run.

Find out more about research at Glenn: 
http://www.nasa.gov/glenn/

Glenn contact: 
David J. Bents, 216–433–6135, 
David.J.Bents@nasa.gov
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Bei-Jiann Chang, 216–433–5095, 
Beijiann.Chang-1@nasa.gov
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Donald W. Johnson, 216–433–5075, 
Donald.W.Johnson@nasa.gov

Christopher P. Garcia, 216–433–3933, 
Christopher.P.Garcia@nasa.gov

Analex Corporation contact:
Ian J. Jakupca, 216–433–3853, 
Ian.J.Jakupca@nasa.gov
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Special recognition: 
NASA group achievement award for first-
ever demonstration of hydrogen-oxygen 
regenerative fuel cell in a fully closed cycle 
operation

RFC-integrated equipment assembly, with fuel cell and electrolyser stacks shown 
in the foreground.
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Thermal Stability of Lithium Ion Cells Studied

The safety performance of lithium-ion (Li-ion) cells and batteries is critical to 
the successful implementation of this battery chemistry. The thermal abuse 
tolerance of the cells is a complex function of the interactions of the individual 
cell components at elevated temperatures. Complex reactions that generate 
heat, exothermic byproducts, and gas are the two main problems in Li-ion 
cells that lead to low abuse tolerance. Abuse conditions can result in uncon-
trollable chemical reactions that lead to thermal runaway. Cells should be 
designed so that, when they are exposed to extreme conditions (high tem-
perature, short circuit, and overcharge), the battery cell fails gracefully. The 
NASA Glenn Research Center is using a variety of thermal safety analysis 
techniques to identify the nature and source of thermal instability in Li-ion 
batteries under various operational and abusive conditions. One type of study 
is called accelerating rate calorimetry. 

An accelerating rate calorimeter (ARC, ref. 1) is an adiabatic calorimeter. 
Samples are loaded into titanium or hastelloy bombs suspended from the 
top of the calorimeter. A thermocouple is attached to the sample bomb to 
measure variation in temperature. A controller is programmed to increase 
the calorimeter’s temperature via a predetermined profile. The sample tem-
perature increases because of convection and conduction. If the sample 
undergoes chemical reactions that generate heat, the sample temperature 
will rise. If the self-heating rate is greater than the threshold level, then the 
ARC proceeds into the exotherm mode and the self-heating is followed until 
the rate falls below the detection limit or until the end-point temperature is 
reached. The adiabatic self-heating rate of the sample can be measured as 
a function of time and temperature. 

Glenn performs experiments on commercial Li-ion cells and the key electro-
chemical components using the ARC (see the photographs). Experiments 
evaluating exothermic behaviors of electrolyte materials and anode and 
cathode materials at different states-of-charge are conducted.

An initial test to determine when self- 
heating would be detected in the ARC was 
performed using a 2-g electrolyte sample. 
The electrolyte sample, consisting of 1-M 
lithium hexafluorophosphate (LiPF6) salt 
in 1:1 ethylene carbonate (EC):dimethyl 
carbonate (DMC) solvent, was contained 
in the sample bomb. A starting tempera-
ture of 40 °C, heating temperature of 
5 °C/min, waiting time of 15 min, and slope 
sensitivity of 0.020 °C/min were used. The 
top and bottom graphs on the next page 
show temperature and pressure data 
plotted against time, and self-heating data 
plotted against the temperature profile 
for the electrolyte sample, respectively. 
The exothermic onset temperature for the 
electrolyte was 180 °C. After the initial 
electrolyte reactions, the self-heating 
rate increased in an almost linear mode 
before reaching a maximum at 265 °C. 
The second exotherm was detected at 
around 332 °C, with a pressure increase 
in both cases.

The blast enclosure and control rack of the ARC.

Sample bomb suspended from the top of 
the ARC. A thermocouple is attached to 
the bomb.
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In order to improve the safety of Li-ion cells, it is necessary to understand the 
thermal stability and heat generation from the decomposition and exothermic 
reactions of these cells. There is a need to study the role of the components 
on the initialization temperature of thermal runaway and relative heat gen-
eration. The use of calorimetric methods, such as the ARC, can provide this 
information and, therefore, will help alleviate thermal runaway and will result 
in safer Li-ion cell designs.
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High-Altitude Long-Endurance (HALE) unmanned air vehicles have been 
the focus of significant research and development efforts for decades. The 
state of the art has been advanced to enable higher operational altitudes, 
longer durations with greater payloads, and increased autonomy. The desire 
to extend the endurance of these vehicles has led to research in solar- 
regenerative propulsion systems, which rely on a solar photovoltaic array 
coupled to an energy storage system. Solar-regenerative propulsion systems 
could theoretically propel air vehicles for many months. 

An intercenter NASA study was performed to benchmark the performance 
potential of solar regenerative propulsion for operationally useful HALE mis-
sions and to quantify the technology improvements required, if any, to enable 
these missions. The secondary purpose, given a near-term technology-level 
assumption, was to examine several nonregenerative propulsion options 
to identify a preferred system concept for the study missions. The NASA 
Langley Research Center led the team, with participation from the NASA 
Ames Research Center, the NASA Dryden Flight Research Center, and the 
NASA Glenn Research Center. 

An analysis of alternatives and a technol-
ogy requirements study were conducted 
for two mission areas utilizing various 
types of HALE unmanned air vehicles. 
A hurricane science mission and a com-
munications relay mission provided a set 
of vehicle requirements that were used 
to derive 16 potential HALE configura-
tions, including heavier-than-air (HTA) 
and lighter-than-air (LTA) concepts 
with both consumable fuel and solar-
regenerative propulsion systems. 

Analysis proceeded in two phases. Dur-
ing phase I, the 16 potential solutions 
were analyzed, and the two leading 
consumable fuel configurations (one 
each from the HTA and LTA alternatives) 
were selected for the second phase of the 
study. One of the HTA solar-regenerative 
power system configurations was also 

High-Altitude Long-Endurance Unmanned Air Vehicle 
Configurations Assessed

Wing-body-tail
Consumable fuel

All wing
Solar regenerative

Planform alternatives
Solar regenerative

Lighter than air
Consumable fuel

Lighter than air
Solar regenerative

Lighter than air
Hybrid

Lighter than air
Aeroship

Concept 1
LH2 intermittent

combustion engine

Concept 2
LH2 gas turbine

Concept 3
LH2 fuel cell

Concept 4
LH2 Stirling

Concept 5
Diesel intermittent

combustion engine

Concept 6
Solar-regenerative fuel cell

Concept 7
Solar-secondary battery

Concept 8
Trussed wing
Solar-secondary battery Solar-secondary battery Solar-secondary battery

Concept 9
Joined wing

Concept 10
Multisurface

Concept 11
LH2 intermittent
combustion engine

Concept 12
LH2 fuel cell

Concept 13
Solar-regenerative fuel cell

Concept 14
Solar-secondary battery

Concept 16
20-percent dynamic lift
Solar-regenerative fuel cell

Concept 15
LH2 fuel cell + solar

HALE configurations considered in the analysis of alternatives. LH2, liquid hydrogen.
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chosen for additional analysis. Phase II consisted of an operational analysis 
of the two consumable fuel configurations to derive the required fleet sizes 
and a life-cycle cost estimate for each potential fleet. An HTA diesel-fueled 
wing-body-tail configuration emerged as the preferred concept given near-
term technology constraints. The cost-effectiveness analysis showed that 
simply maximizing vehicle endurance can be a suboptimum system solution. 
In addition, the solar-regenerative power system configuration was utilized to 
perform both a missions requirements study and a technology development 
study. Given near-term technology constraints, the solar-regenerative-powered 
vehicle was limited to operations during the long days and short nights found 
at higher latitudes during the summer months. Technology improvements 
are required in the energy-storage-system specific energy and the solar cell 
efficiency, along with airframe drag and mass reductions, to enable the solar-
regenerative vehicle to meet the full mission requirements.

Glenn contact: 
Lisa L. Kohout, 216–433–8004, 
Lisa.L.Kohout@nasa.gov

Power Computing Solution, Inc., 
contact:
Paul C. Schmitz, 216–433–6174, 
Paul.C.Schmitz@nasa.gov 
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Mark D. Guynn

Headquarters program office: 
Aeronautics Research Mission Directorate

Programs/projects: 
Fundamental Aeronautics Program, 
Subsonic Fixed Wing Project

                                                                                                                         
                                                                                                                         
                                                                              
Recognizing the advantages of proton-exchange-membrane (PEM) fuel cell 
technology over existing alkaline fuel cell technology for space applications, 
NASA embarked on a 5-year PEM fuel cell powerplant development program 
in 2001. This program recently culminated with the delivery of a 7- to 10-kW 
engineering model (EM) to NASA for evaluation testing (see the photograph). 
NASA’s 5-year program was conducted by the three-center NASA team of 
Glenn Research Center (lead), Johnson Space Center, and Kennedy Space 
Center. It was initially aimed at developing PEM fuel cell hardware for a reus-

able launch vehicle application, but more 
recently it shifted to applications support-
ing the NASA Exploration Program.

The first step in demonstrating the suit-
ability of PEM fuel cell technology for 
space applications was evaluation testing 
of the 7- to 10-kW EM. The key require-
ments and goals for this powerplant are 
summarized in the table. As delivered 
to NASA, the EM powerplant met all of 
the program requirements and goals 
for power, voltage regulation, response 
time, operating temperature, operating 

NASA’s Proton Exchange Membrane Fuel Cell Engineering Model 
Powerplant Evaluated

PEM 7- to 10-kW EM fuel cell powerplant.
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pressure, and powerplant volume. The powerplant weight was 25 percent in 
excess of the goal. Schedule and cost constraints prevented further reduc-
tions in balance-of-plant weight surrounding the fuel cell stack, which was 
the major contributor to the excess.

Initial evaluation tests, which were performed in Glenn’s Fuel Cell Test Labo-
ratory, consisted of a calibration series test, a rapid startup test, and a perfor-
mance load profile. Mission profile, loss of coolant tests, and environmental 
performance tests are currently underway. The EM powerplant was tested 
in three different spatial orientations to evaluate gravitational effects on the 
overall performance of the fuel cell stack and supporting ancillaries.

Teledyne EM performance load profile test results.
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Initial analysis of the test results to date 
has shown the EM powerplant perfor-
mance to be largely independent of 
spatial orientation (see the graph to the 
left). The benchmark performance test 
also showed that the EM can achieve 
stable operation after experiencing large 
changes in the power load in less than a 
millisecond (see the following graphs). In 
addition, the EM powerplant’s response 
times were evaluated under the rapid 
startup test; results indicate that the 
powerplant can deliver 50 percent of its 
rated capacity 5 sec after coming online 
with no preheating (see the graph on the 
next page).

Vibration and thermal vacuum testing 
are underway at Johnson. The final tests 
to be performed at Glenn are the mission 
profile and the loss-of-coolant test. The 
mission profile measures the EM power- 
plant performance over a continuous 
240-hr power profile that is represen- 
tative of future missions, and the loss- 
of-coolant test is used to evaluate the 
powerplant performance when a second-
ary cooling system external to the power- 
plant is interrupted. Testing is scheduled 
for completion in early 2007.

Teledyne EM transient response to change in load. Left: Load increased from 51 to 357 A. Right: Load decreased from 357 
to 51 A.
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Teledyne EM rapid startup test results; 50-percent capability 5 sec after start.

A Lithium-Ion Cell Low-Earth-Orbit Verification Test Program is being conducted 
by the NASA Glenn Research Center to assess the performance of lithium-ion 
(Li-ion) cells over a wide range of low-Earth-orbit (LEO) conditions. The data 
generated will be used to build an empirical model for Li-ion batteries. The 
goal of the modeling will be to develop a tool to predict the performance and 
cycle life of Li-ion batteries operating at a specified set of mission conditions. 
Using this tool, mission planners will be able to design operation points of the 
battery system while factoring in mission requirements and the expected life 
and performance of the batteries.

Test conditions were selected via a statistical design of experiments to span 
a range of feasible operational conditions for LEO aerospace applications. 
The variables under evaluation are temperature, depth-of-discharge (DOD), 
and end-of-charge voltage (EOCV). Four cells from each vendor are being 
LEO tested at each of 10 sets of test conditions. The LEO profile consists of 
a 90-min cycle: 55 min of charging, and 35 min of discharging. The required 
discharge (and charge) currents are calculated on the basis of the actual 
capacity of the cells.

The table on the next page shows the 
test matrix. As reflected in the table, test 
conditions for individual cells may vary 
slightly from the baseline test matrix 
depending upon the cell manufacturer’s 
recommended operating conditions. 
In such instances, deviation from the 
baseline matrix to another controlled set 
of operating conditions will not perturb 
the statistical relationships because the 
alternate conditions fall within parameter 
ranges that are bounded by the baseline 
matrix. 

Currently, cells from four cell manu-
facturers are undergoing life-cycle 
tests. The program has the flexibility to 
accommodate additional test articles 

Lithium-Ion Cells From Multiple Vendors Demonstrated 10,000 
Low-Earth-Orbit Cycles at Various Conditions
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as it progresses, so the tests are at various stages. Life cycling on the first 
sets of cells began in September 2004. These cells consisted of Saft 40-A-hr 
cells and Lithion 30-A-hr cells. In the past year, the test program expanded 
to include the evaluation of Mine Safety Appliances (MSA) 50-A-hr cells and 
ABSL (Power Solutions, Inc.) battery modules. The ABSL battery modules 
consist of commercial Sony hard carbon 18650 lithium-ion cells configured in 
series and parallel combinations to create nominal 14.4-V, 6-A-hr packs (four 
cells in series and four cells in parallel). The modules contain individual cell 
voltage monitors for data collection purposes, but charging and discharging 
is controlled on the module level. One module (four strings) is being tested 
at each of the 10 conditions. The figure shows the results of capacity char-
acterization on cells from each vendor.

In fiscal year 2006, Saft and Lithion 
cells achieved over 10,000 cycles each, 
equivalent to about 20 months in LEO. 
Preliminary results were reported in 
references 1 and 2. Saft cells generally 
have a higher end-of-discharge voltage 
(EODV) than Lithion cells operating at 
the same conditions. Saft cells also have 
a lower EODV dispersion among cells 
operating at the same conditions. For 
both vendors, when cells are operating 
at the highest DOD, the EODV of the 
cells varies more than the EODV for the 
cells operating at the lower DODs. Also, 
as a cell’s EODV gets lower and lower, 
operational capacity checks tend to have 
a more profound reconditioning effect on 
the cell. Upon return to LEO cycling, the 
cell tends to have a much higher EODV 
in comparison to the EODV before the 
capacity test.

Also in fiscal year 2006, ABSL modules 
accumulated approximately 3000 cycles. 
All 16 cells within each module are per-
forming consistently and have shown very 
little EODV degradation. MSA cells will 
begin life cycling in October 2006. Actual 
capacity determination, open-circuit 
voltage stand, and capacity characteriza-
tion at different temperatures have been 
performed on these cells thus far. 

The life prediction and performance 
model for Li-ion cells in LEO will be built 
by analyzing the data statistically and per-
forming regression analysis. Cells must 
be cycled to failure so that differences in 
performance trends that occur at differ-
ent stages in the life of the cell can be 
observed and accurately modeled. 

For this test program, a cell is considered 
to have failed once its discharge voltage 
reaches 3.0 V. By the end of fiscal year 
2006, six cells had completed their life 
cycling by cycling to failure. All of these 
failures occurred in cells operating at the 
lowest EOCV and at the highest DOD for 
each vendor. Five of the six failures were 
in cells operating at 10 °C. The combina-
tion of the lowest EOCV, the highest DOD, 
and the lowest operating temperature 
(3.85-V EOCV, 35- or 40-percent DOD, 
and 10 °C) is considered to be the most 
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stressful set of conditions in the test matrix, therefore, it was not unexpected 
that these cells would fail the earliest. The sixth failed cell was operating at 
30 °C. Five of the cells were Yardney cells, including the cell cycling at 30 °C. 
The sixth cell was a Saft cell. These early failures will begin to provide input 
for the life prediction and performance modeling. 

Cell testing is being performed at the Naval Surface Warfare Center in Crane, 
Indiana, through an Interagency Agreement. Statistical analysis is being per-
formed by Harold S. Haller & Co. under contract. Additional background on 
the program, results of the initial characterization, and preliminary life-cycling 
results of the Lithion and Saft cells are discussed in more detail in references 
1 and 2. 
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During 2006, researchers at the NASA Glenn Research Center successfully 
improved the lifetime capability of an electric propulsion technology currently 
under development to expand NASA’s ability to conduct cost-capped deep-
space robotic science missions. This benefit is due to the high fuel efficiency 
that can be achieved using electric propulsion. Although electric propulsion 
thrusters can achieve high specific impulse, a measure of fuel efficiency, these 
thrusters are capable of doing so only at low thrust levels. Therefore, in order 
to reach distant destinations within the solar system, it is necessary for elec-
tric propulsion thrusters to operate for thousands of hours. This requires the 
development of long-lasting electric propulsion thruster technologies. 

These efforts are the responsibility of the In-Space Propulsion Technology 
Program, as part of NASA’s Science Mission Directorate. The High Voltage 
Hall Accelerator (HIVHAC) development project is one such advanced devel-
opment project that seeks to improve the lifetime capability of Hall thrusters, 
an electric propulsion technology currently used for stationkeeping of com-
mercial Earth orbital satellites to enable deep-space NASA missions. 

Hall Thruster Developed for Increased Mission Life

7500-hr flight prototype high-voltage Hall 
accelerator.
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Recently the HIVHAC project was responsible for the design and fabrication 
of two new Hall thrusters: a flight prototype thruster designed and fabricated 
by a team from Glenn and the Aerojet Corporation (Redmond, WA) and a 
laboratory-model thruster designed and fabricated in-house. The flight proto- 
type thruster was designed to enable operational lifetimes of greater than 
7500 hr at specific impulses up to 2800 sec at a maximum power of 3.5 kW. 
The laboratory-model thruster was designed to provide an operational life- 
time of greater than 15,000 hr at the same operating conditions as the 
flight prototype thruster. The twofold improvement in projected lifetime was 
achieved through the implementation of a breakthrough mechanical design 
innovation. Experimental validation of this innovation is planned for 2007.

Glenn contacts:
Dr. David H. Manzella, 216–977–7432, David.H.Manzella@nasa.gov

Dr. Hani Kamhawi, 216–977–7435, Hani.Kamhawi-1@nasa.gov

Author:
Dr. David H. Manzella

Headquarters program office:
In-Space Propulsion, Science Mission Directorate

Programs/projects:
Deep space robotic science exploration missions (Discovery, New Frontiers)

15,000-hr laboratory-model high-voltage 
Hall accelerator.

The NASA Glenn Research Center is responsible for the development of 
NASA’s Evolutionary Xenon Thruster (NEXT) ion propulsion system. The 
objective of the NEXT program is to advance next-generation ion propulsion 
technology to NASA Technology Readiness Level (TRL) 5, with significant 
progress towards TRL 6. This propulsion system design was selected to 
provide future NASA science missions with the greatest value in mission 
performance benefit at a low total development cost. Technology validation 
and mission analysis results earlier in this development program indicated 
that NEXT technologies could provide the expected benefits and that further 
development was warranted.

The NEXT ion propulsion system program accomplished a wide range of 
successful achievements in 2006. NASA’s contractor for the thruster, Aero-
jet, delivered the first prototype model thruster (PM1) to Glenn in January. 
Performance acceptance testing demonstrated that PM1 meets performance 
requirements. 

Thermal development testing of PM1 
was conducted at the Jet Propulsion 
Laboratory (JPL), providing data criti-
cal to completion of the thruster thermal 
model. Qualification-level environmental 
testing—vibration testing of the thruster/
gimbal assembly and thermal/vacuum 
testing of the thruster—is underway and 
planned to be completed by the end of 
the year. 

As of September, a long-duration test 
of the NEXT Engineering Model-3 
(EM–3) thruster had achieved over 
6000 hr of operation at the full 7-kW 
power level—processing over 125 kg of 

Next-Generation Ion Propulsion System Development Program Achieved 
Major Goals: Prototype and Engineering Model Thruster Tested
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xenon propellant and demonstrating over 5x106 N-sec of total impulse. All 
wear-related mechanisms remain within pretest projections. NASA’s contrac-
tor for the power processor unit, L3-Com, completed the NEXT EM Power 
Processing Unit, with functional testing on a NEXT thruster planned prior to 
2007. JPL performed vibration testing of the JPL/Swales Aerospace-produced 
NEXT gimbal with a thruster mass model, validating the structural design. In 
addition, a multithruster test was completed at the end of 2005, with an array 
of three active and one inactive NEXT EM thrusters, to address system and 
spacecraft integration questions. Analyses of the results indicate very little 
functional, operational, performance, and thermal interactions among the 
thrusters, providing confidence in modeling multithruster systems for future 
users. In addition, the test demonstrated multiple thruster operations off a single 
neutralizer, providing significant flexibility in system design and operation.

Find out more about Glenn’s electric 
propulsion and ion thruster research:
http://www.grc.nasa.gov/WWW/ep/

http://www.grc.nasa.gov/WWW/ion/

Glenn contacts: 
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NEXT PM1 thruster successfully completing performance acceptance test.

NEXT multithruster test operations, with 
illuminated diagnostics probes.



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          111                                              2006 RESEARCH AND TECHNOLOGY

High-Temperature Titanium-Water Heat Pipes Built and Tested

Power-conversion systems for space power use a thermodynamic cycle to 
convert thermal energy from a heat source to electrical power. Radiators con-
taining heat pipes are used to reject the waste heat from the thermodynamic 
cycle into space. The heat pipes serve two purposes. First, they transport and 
spread heat from the power-conversion system coolant loop into the radiator’s 
large radiating surface. Second, they improve system reliability by decreasing 
the effect of micrometeoroid strikes on radiator performance in comparison 
to radiators using a fluid loop throughout the panel. The following photograph 
shows an example of such a panel. This small subscale panel was produced 
as a demonstration unit for NASA’s Prometheus program and is currently 
undergoing thermal performance tests at the NASA Glenn Research Center. 
Full-size panels could be many square meters in size and utilize hundreds of 
heat pipes, depending on the size of the power-conversion system.

Although heat pipes using a copper envelope and water for the working fluid 
are commonly used for cooling low-temperature consumer electronics, large 
space-power-conversion systems require heat pipes capable of operating at 
much higher temperatures, between 350 and 500 K, for example. There had 
been little development of heat pipes in this temperature range. To determine 
the manufacturing capability and to gather operational data for heat pipes in 
this temperature range (often referred to as “intermediate temperature heat 
pipes”), Glenn tasked three heat pipe vendors to design, build, and deliver 
three heat pipes each of a design prototypic for a space-power-conversion 
system. Each vendor used heat pipe wicks of their own design. The heat pipes 
delivered to NASA use water as their working fluid and are constructed of 
commercially pure CP2 titanium tube, 1.27 cm in diameter by approximately 
120 cm long. 

The nine heat pipes are presently undergoing performance and life test-
ing in Glenn’s heat pipe laboratory as shown in the top right photograph. 
Power is supplied to the heat pipe through an electrically heated aluminum 
block clamped to the heat pipe’s evaporator section. Heat is removed from 
the heat pipe condenser section through a gas gap calorimeter cooled by a 
commercial chiller. Heat pipe performance is measured via thermocouples 
attached along its length as well as heater and calorimeter instrumentation. 
Data logging and experiment control is accomplished using a computer run-
ning LabVIEW software (National Instruments Corporation).

The tests will provide performance 
data for use in radiator and power- 
conversion system analytic models, will 
verify predicted performance capability 
at temperatures from 350 to 500 K, and 
will use life tests to assess the ability 
of the heat pipes to perform reliably in 
a multiyear mission without significant 
performance degradation. Tests to date 
indicate that, depending upon the wick 
configuration, the heat pipes transport 
between 250 and 500 W while operat-
ing at 500 K.

Find out more about the research of 
Glenn’s Thermal Energy Conversion 
Branch:
http://www.grc.nasa.gov/WWW/tmsb/

Glenn contacts: 
Duane E. Beach, 216–433–6285, 
Duane.E.Beach@nasa.gov

Lee S. Mason, 216–977–7106, 
Lee.S.Mason@nasa.gov 
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Radiator demonstration unit panel.

Glenn’s heat pipe laboratory.
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High-Power Alternator Testbed Results Reported

This year, the operating conditions of the Alternator Test Unit (ATU) were 
simulated, and its performance and interaction with various Lunar Surface 
Power System (LSPS) components were evaluated in the LSPS located at 
the NASA Glenn Research Center. Test results successfully demonstrated 
expected rectified user-load power quality during steady-state and transient 
conditions. They further demonstrated the ability of a high-power alterna-
tor control scheme based on parasitic loading of the alternator output to 

successfully regulate output bus voltage 
and alternator shaft speed. Information 
gained from this work could be used 
in the development and validation of 
analytical models used for performance 
prediction.

The two primary objectives of the LSPS 
were to obtain test data to influence the 
power-conversion design and to assist 
in developing primary-power-quality 
specifications for an actual lunar fission 
surface power system. The main ele-
ments of the LSPS are a 50-kWe ATU, 
an alternator controller using a parasitic 
load, a main power distribution unit, and 
eight user loads. These elements are 
made of breadboard/brassboard com-
ponents using readily available off-the-
shelf hardware.

The ATU is the power supply for the 
LSPS. It is representative of the style 
of high-speed permanent magnet alter-
nator that would be used on a Brayton 
power-conversion unit system. A 
variable-speed two-pole samarium 
cobalt permanent-magnet brushless 
motor drives the alternator in place of a 
Brayton cycle power system. The alter-
nator is a six-pole permanent magnet 
alternator utilizing a Halbach array of 
samarium cobalt magnets. The ATU 
was operated at 35,000 rpm to a maxi-
mum of 50-kW three-phase power at 
400-V rms line-to-line. A pressurized 
oil loop was used to lubricate and cool 
the individual shaft ball bearings and to 
cool the motor and alternator.

The alternator controller and parasitic 
load are designed to maintain a con-
stant bus voltage and ATU shaft speed 
regardless of user loading. They do this 
by applying a parasitic load to the alter-
nator output to maintain total load at the 
desired output voltage and speed. The 
alternator controller consists of two main 
circuits: (1) the power circuits including 

Alternator
test unit
(ATU)

Parasitic load
resistor (PLR)

Alternator
controller

Main power distribution unit (MPDU)

Remote power controller 1 25-kWe user load

Facility
controller

ATU
controller

Remote power controller 7 4.5-kWe user load

Remote power controller 2 18-kWe user load

Remote power controller 3 18-kWe user load

Remote power controller 4 12-kWe user load

Remote power controller 5 4.5-kWe user load

Remote power controller 6 4.5-kWe user load

Remote power controller 8 4.5-kWe user load

Overall schematic of the Lunar Power System Facility (LPSF).

View of the ATU as installed in the LPSF at Glenn.
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the parasitic load elements and (2) the sensing circuits and feedback control 
loops sending the control signals to the power circuits.

All user loads received direct-current (DC) power through transformers and 
12-pulse rectification of the main three-phase alternating-current (AC) bus 
power. The alternator operated at a power factor of 0.97. The rectified direct-
current voltage measured at the loads showed around 0.5-percent ripple. 
Switching user loads on and off had very minimal impact on the DC power 
quality at other user loads, the AC bus voltage, and alternator shaft speed.

Find out more about this research: 
Glenn’s Thermal Energy Conversion Branch:
http://www.grc.nasa.gov/WWW/tmsb/

Glenn’s Advanced Electrical Systems Branch:
http://www.grc.nasa.gov/WWW/5000/pep/electricsys/
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Arthur.G.Birchenough@nasa.gov

Lee S. Mason, 216–977–7106, 
Lee.S.Mason@nasa.gov

Analex Corporation contact: 
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David.S.Hervol@nasa.gov

Authors: 
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Headquarters program office: 
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Programs/projects: 
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NASA is evaluating various power-conversion technologies for future space 
nuclear power system applications. One potential option is the closed Bray-
ton cycle (CBC). CBC-based power conversion uses an inert gas working 
fluid (instead of air) and recirculates the fluid in a Brayton conversion loop. 
The Brayton loop consists of a heat source heat exchanger, turboalternator- 
compressor, recuperator, and gas cooler as shown in the top figure on the next 
page. The turbine and compressor are mounted on a single shaft with gas 
foil bearings. The heat source can be solar, fission, or radioisotope; however, 
this activity is focused on space fission power systems. The recuperator is 
a gas-to-gas heat exchanger that uses turbine exhaust to preheat the work-
ing fluid before it reenters the heat source. The gas cooler is a gas-to-liquid 
heat exchanger that transfers the Brayton waste heat to a radiator where it 
is rejected to space. The alternator provides three-phase alternating-current 
electrical power that can be modified as necessary via a power management 
and distribution subsystem.

A single heat source could serve multiple Brayton loops, precluding the pos-
sibility of single-point failures in the power-conversion subsystem. In the event 
that one of the Brayton units is shut down, the remaining units could continue 
to produce power. If the Brayton units share a common fluid-containment loop, 
there will be various interactions among the units that affect system operation 

and performance. Some of these inter-
actions had been evaluated analytically. 
However, there had been no previous 
means to experimentally evaluate the 
operation of a multi-Brayton system with 
a common gas-containment loop.

In April 2006, the NASA Glenn Research 
Center awarded a contract to Barber 
Nichols (Arvada, CO) for the design, fabri-
cation, and delivery of a dual-Brayton-unit 
power system with a common gas fluid 
loop coupled to an electrical resistance 
heater as shown in the bottom figure on 
the next page. The system is designed 
to produce approximately 30 kW with 
nitrogen working fluid at a turbine inlet 
temperature of 1000 K, a compressor 
inlet temperature of 315 K, and a com-
pressor inlet pressure of 110 kPa. Waste 
heat is removed with a pumped-water 

Closed Brayton Power System Prototype Developed for Future Space Nuclear 
Power Applications
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cooling system. The Brayton system is 
designed for full-power operation with 
both turboalternator-compressor units at 
design speed or for partial power opera-
tion with either unit at operating speed 
and the remaining unit in standby. The 
overall system utilizes existing commer-
cial components where available in order 
to reduce cost and minimize development 
schedule.

The system will be used as a laboratory 
testbed at Glenn to evaluate the perfor-
mance and operational characteristics of 
closed Brayton power systems for future 
space power applications. The techni-
cal objectives include the development 
of operational control strategies; the 
investigation of design, off-design, and 
transient performance; and the validation 
of Government computer models.

As of February 2007, the system was in 
the final stages of assembly at Barber 
Nichols. All of the components had been 
acquired or fabricated. Initial acceptance 
testing is planned in late March prior to 
NASA delivery in April. In parallel with 
the contract, NASA has developed a 
detailed transient system model that 
will be used for pretest predictions. As a 
result of the testing, the analytical code 
will be experimentally validated to provide 
a more accurate and reliable model for 
future space Brayton design studies.

Find out more about the research of 
Glenn’s Thermal Energy Conversion 
Branch:
http://www.grc.nasa.gov/WWW/tmsb/
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The NASA Glenn Research Center has been supporting development of a 
Stirling Radioisotope Generator (SRG) by the Department of Energy (DOE), 
with Lockheed Martin Civil Space Systems (Valley Forge, PA) as the system 
integrator under contract to the DOE. The generator will utilize free-piston 
Stirling power-conversion technology to produce electrical power from a 
plutonium-238 heat source and will be capable of operation in deep space 
or in gaseous atmospheres such as on Mars. The first generator version 
was designed to produce 110 W from two Infinia Corp. convertors and 
was titled SRG110. The project has been redirected to increase efficiency 
and specific power by using Advanced Stirling Convertors (ASCs) from 
Sunpower, Inc. After this redirection, the generator title was changed to 
Advanced Stirling Radioisotope Generator (ASRG). Both Stirling power 
convertor designs make use of noncontacting, moving parts to eliminate wear 
mechanisms and enable long life.

Glenn has been supporting Lockheed Martin and the ASRG project by provid-
ing key data in the areas of performance enhancement and risk mitigation. 
Glenn tasks include extended-duration convertor testing, heater head life 
assessment, structural dynamics testing and analysis, organics assessment, 
and reliability analysis. 

The purpose of extended testing is to provide independent validation and 
verification of the conversion technology as well as to demonstrate life and 
reliability. To accomplish this, several convertors have been put on extended, 
around-the-clock operation. The Stirling research lab at Glenn comprises six 
test stands for in-air operation and one for thermal vacuum operation. Each 
test stand can maintain a pair of convertors in unattended mode. Five of the 
stands can sample the convertor working fluid via a residual gas analyzer and 
ultra-high-vacuum system. The gas analysis capability allows for the detection 
of contaminants entering the convertor working fluid, either through pressure 
vessel flange o-rings or by outgassing of internal components. Three pairs 
of flight-prototype convertors, known as Technology Demonstration Conver-
tors (TDCs), have accumulated over 92,000 hr total of operation with no fail-
ures. These units, manufactured by Infinia Corp. are prototypes of the units 

intended for integration 
into the SRG110. TDCs 
#13 and #14 have accu-
mulated 24,000 hr of 
operation, and TDCs #15 
and #16 have accumulated 
10,000 hr. TDCs #5 and 
#6 were set up in a thermal 
vacuum environment to 
simulate operation in deep 
space and have accu- 
mulated over 10,000 hr.

Preparations have been 
made to begin extended 
operation of six Sunpower, 
Inc., ASC convertors in 

air and thermal vacuum environments. 
The ASC testing will support Lockheed 
Martin’s development of the ASRG. This 
effort is supported by NASA’s Science 
Mission Directorate, Radioisotope 
Power Systems.

Find out more about the research of 
Glenn’s Thermal Energy Conversion 
Branch:

http://www.grc.nasa.gov/WWW/tmsb/
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Stirling Power Convertors Continued Extended Operation

Test setup of TDCs #15 and #16.

TDCs #5 and #6 configured for thermal vacuum 
extended operation.
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An Advanced Stirling Radioisotope Generator using a pair of free-piston 
Stirling convertors is being developed to convert heat from a radioisotope 
source into electric power as a potential electric power source for NASA sci-
ence or exploration missions. The Stirling convertor System Dynamic Model 
(SDM), developed at the NASA Glenn Research Center, provided a model 
that includes the Stirling cycle thermodynamics, heat flow, gas dynamics, 
mechanical dynamics, mounting dynamics, linear alternator, and controller. 
SDM has been used to answer many engineering questions during develop-
ment of the power system.

The specification for the Stirling convertor power system being developed 
for NASA by the U.S. Department of Energy requires a pair of convertors 
to operate in synchronization at a power factor near unity. SDM simulations 
were performed to examine 10 candidate architectures and to determine 
which of the 10 could meet the operating requirements. All the configurations 
involved convertors in the dual-opposed configuration, controlled with active 
power factor correction (APFC) controller technology. The differences among 
the candidates included the number of controllers required (one or two), the 
electrical connections between the convertors (series, parallel, or isolated), 
and the thermodynamic configuration (isolated or combined working spaces). 
For the configurations involving isolated electrical output, different methods 
for synchronizing the two convertors were developed. Of the 10 configura-
tions studied, stable operating modes were found for four. Three of the four 
had a common expansion space. One stable configuration was found for the 
dual-opposed convertors with separate working spaces. That connection 
architecture is being pursued in Glenn’s controller development. 

SDM was used to evaluate two methods 
of implementing this architecture. One 
method uses a frequency-control loop 
to synchronize the two isolated conver-
tors. The other uses a phase control 
to accomplish the same result. The 
phase-control method is being imple-
mented in Glenn’s advanced controller. 
In August 2006, the phase-control loop 
implementation was used in the first suc-
cessful parallel operation of electrically 
isolated, free-piston Stirling convertors. 
Two of Glenn’s advanced controllers 
provided power factor correction of the 
convertors through the use of power 
electronics. The phase control kept the 
convertors synchronized, allowing the 
dynamic forces to be cancelled. SDM 
was an important tool in developing the 
controller systems being implemented 
in the advanced Stirling Radioisotope 
Generator and operating in Glenn’s 
Stirling convertor test cells today. The 
Glenn SDM uses the Ansoft Simplorer 
7.0 platform (Ansoft Corp.).

Find out more about the research of 
Glenn’s Thermal Energy Conversion 
Branch:
http://www.grc.nasa.gov/WWW/tmsb/
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Control Architecture Developed for Dual-Opposed Stirling Convertors With 
Active Power Factor Correction Controllers
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Active Power Factor Correction Controller Achieved High-Power Operation 
of Dual Stirling Convertors

The free-piston Stirling power convertor is being considered as an advanced 
power-conversion technology for future deep-space missions requiring long-
life radioisotope power systems. The NASA Glenn Research Center plays a 
critical role in developing advanced technologies to significantly improve the 

Stirling convertor. One of the key areas 
identified for technology development 
is the controller. The Glenn controller 
effort is focused on developing an active 
power factor correction (APFC) controller 
capable of dual-convertor operation. The 
APFC technology uses power electron-
ics, which eliminates the tuning capacitors 
required for other control approaches, 
such as Zener-diode controllers. These 
capacitors add significant size, mass, 
and parts count to the system. Elimina- 
ting them will minimize volume and mass, 
which are critical parameters for space 
applications.

Glenn’s in-house APFC controller 
development staff, in conjunction with 
engineers from Artic Slope Research 
Corporation (ASRC) and ZIN Technolo-
gies, began with a proof-of-concept unit 
designed to control a single Technology 
Demonstration Convertor from Infinia 
Corp. (Kennewick, WA). After successful 
operation of the APFC controller, modi-
fications were made to include features 
such as startup capability and overload 
protection. The controller hardware and 
software were later tailored to operate 
EE–35 convertors and Advanced Stirling 
Convertors (ASCs) from Sunpower, Inc. 
(Athens, OH). Present-day development 
is focused on a third-generation prototype 
unit to validate the APFC controller as a 
viable control technology. The top pho-
tograph shows two EE–35 convertors in 
the dual-opposed configuration used for 
testing the APFC controller. The bottom 
photograph shows the third-generation 
prototype APFC control system.

High-power, synchronized operation of 
dual EE–35 convertors was achieved 
this year, along with successful startup of 
the convertors with the third-generation 
prototype module. These are significant 
steps in proving the APFC technology. 
Work will continue on the development 
and testing of a planned thermal vacuum 
unit, to be tested with ASCs in a thermal 
vacuum chamber.

Dual-opposed SBIR EE–35 Stirling convertors.

Third-generation APFC controller prototype hardware.
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Change in Solar Array Orientation Successfully Reduced 
International Space Station Propellant Usage

Although the International Space Station (ISS) flies in “space,” it does not orbit 
completely outside the atmosphere. Even at 350-km altitude, the ISS passes 
through the tenuous upper reaches of the atmosphere, and this atmosphere in 
fact causes a minute amount of drag on the space station. In order to prevent 
the orbit from decaying, rocket engines on the ISS are used to “reboost” the 
station, maintaining its orbit. The solar arrays, which provide power for the 
ISS, are the largest elements causing this atmospheric drag on the ISS. 

In 1991, Geoffrey A. Landis and Cheng-Yi Lu at the NASA Glenn Research 
Center (known then as the NASA Lewis Research Center) proposed a new 
method to orient the solar arrays on the ISS to reduce the drag they produce 
and, consequently, decrease the amount of propellant required to maintain 

the orbit. The con-
cept was simple: ori-
ent the solar array to 
track the Sun while 
the ISS is in the illu-
minated part of the 
orbit (about 55 min 
per orbit), and then 
adjust the orientation 
so that the array is 
edge-on to the direc-
tion of flight (“feath-
ered”) during the 
eclipse period (about 
36 min per orbit). The 

researchers calculated that this would 
reduce the propellant required to com-
pensate for the drag of the solar arrays 
by 18.5 percent. They also suggested 
an operating mode, “beta-controlled,” to 
decrease the drag area yet further: track-
ing the Sun in one axis, while flying with 
the solar arrays edge-on to the direction of 
flight, in effect “slicing” through the atmos- 
phere like a knife. This mode of operation 
reduced the drag further, at the price of 
some decrease in power. Although the 
results were presented to the ISS power 
system group and published in the AIAA 
Journal of Propulsion and Power (ref. 1), 
the proposed fuel-saving orientation of 
the solar arrays was not implemented at 
the time because frequent shuttle flights 
to the ISS were anticipated to routinely 
supply drag makeup propellant, and the 
propellant savings were not expected 
to be worth the added complexity of 
operations.

This situation changed after the Space 
Shuttle Columbia disaster. Routine 
access to the ISS was interrupted 
until the space shuttle return-to-flight 

ISS in orbit in its configuration after the 2003 Columbia 
disaster and before the space shuttle return-to-flight mis-
sions of 2005 and 2006. The solar arrays can be seen as 
the largest drag area on the ISS.
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The proposed orientation would face the solar arrays toward the Sun during the 
illuminated portion of the orbit and would turn them edge-on during the night (or 
“eclipse”) portion of orbit.

missions in late 2005 and in 2006, and the propellant to maintain circular orbit 
suddenly became a critical factor. Consequently, the new orientation con- 
cept of the arrays was reconsidered. Renamed the “eclipse drag reduction 
configuration,” and tagged the “night-glider mode,” the new mode of opera-
tion was implemented following the interruption of shuttle service to the ISS 
(ref. 2). This mode of operation has now been demonstrated, along with the 
“Sun-slicer” mode (similar to the beta-control mode proposed earlier). The 
new orientation method has been successfully demonstrated in over 3 years of 
operation and is now being used routinely. The results have been exceptional, 
and the lower fuel requirement has been one of the key factors in the contin-
ued operation of the ISS without frequent space shuttle support. According to 
Fortenberry et al., “Use of these techniques can reduce the atmospheric drag 
on the ISS as much as 25 percent, resulting in up to 1000 kilograms per year 
savings of propellant and allowing this unused Progress vehicle up-mass to 
be reprioritized to carry research payloads” (ref. 3).
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Dust on Mars Solar Arrays Examined With Microscopic Imager

The Martian atmosphere contains a significant amount of suspended dust. 
Dust is known to settle out of the atmosphere onto exposed surfaces, caus-
ing surfaces to slowly turn a dusty yellow-orange. More disturbingly, as the 
dust settles, it coats the surface of solar arrays and reduces the amount of 
power produced on Mars. 

Up until now, the obscuration of the solar arrays by dust has been seen by 
the change in color of the arrays, and the effect has been measured from the 
current output of the arrays, but the dust and sand deposited on the arrays 

have not been examined 
directly. In this work, we 
used the Microscopic 
Imager (MI) to examine 
the surface of the solar 
array on the Mars Explo-
ration Rovers (MERs) 
Spirit and Opportunity. 

The solar cells on the 
MERs are mounted on 
panels approximately 
0.8 m above the ground. 
The MI is an instru-
ment on the extendable 
Instrument Deployment 
Device on the rover, 
mounted below the deck 
and the solar arrays. 
This was not designed to 
inspect the solar arrays, 
but ground testing on the 

engineering model showed that it had sufficient freedom of motion to reach 
portions of three solar cells on the front edge of the rover deck. During the 
extended mission, images of these cells at MI resolution were made on both 
the Spirit and Opportunity solar arrays. 

The preceding photograph shows an enlargement of a portion of one of the 
frames, taken after 350 Martian days (sols) on the surface of Mars. Dust-
related features are evident. Before launch, the solar arrays were specular 
glass surfaces, covering a solar cell featuring parallel lines of metallization 
spaced at 0.625 mm on a dark cell surface. (These metallization lines are 
useful to show scale on the images.) After 11 months of exposure, the surface 
reflection is markedly diffuse in both the Panoramic camera (Pancam) and 
MI views. No clearly evident structure can be seen at MI resolution, with no 
visible aggregation or “fairy castle” structure. The dust coverage appears to 
be roughly uniform across the cells.

The size of particles suspended in the atmosphere at the MER sites has been 
estimated from optical scattering measurements to be approximately 1.5 μm. 
Since the MI has a resolution of 31 µm/pixel, it was not expected that any fea-

tures would be visible at the resolution of 
the MI. Surprisingly, however, a distinct 
granularity is visible in the MI images. The 
top photograph on the next page shows 
an enlargement of one frame, with the 
contrast greatly enhanced to show detail. 
The fact that such details are visible is 
strong evidence that the deposits on the 
surface are significantly larger than the 
particles measured in the atmosphere by 
optical scattering. This could be either 
distinct larger particles, or conglomer-
ate particles formed by agglomeration 
of micrometer-scale particles. 

An additional feature of interest is the 
presence of dark streak marks on the 
surface, such as the one indicated with a 
circle in the photograph to the left. These 
marks vary in width from a few pixels for 
the smallest to roughly 0.25 mm for the 
larger marks, with lengths from 0.2 to 
0.9 mm. We interpret these as streak 
marks in the dust coating, made by the 
impact of saltating sand grains as they 
bounce off the dust-coated surface, 
removing dust to reveal the dark surface 
of the solar cell beneath the glass.

In addition to the surfaces of the solar 
cells, one frame was taken at the edge of 
the solar cell, with the exposed solar-cell 
wiring. A portion of one of these frames 
is shown in the bottom photograph on 
the next page after 350 sols on Mars. 
The pockets formed by the wiring have 
accumulated a load of sand-sized par-
ticles, evidently brought to the rover deck 
by wind in a process known as salta- 
tion. The largest of these particles has 
a radius of ~150 μm. The number of 
particles seen trapped in this region 
increased during the mission. On Mars, 
the particle size most easily lifted by 
wind has been calculated to be that of 
fine sand, 80 to 100 μm in radius, consis- 
tent with the sizes of the particles seen 
on the deck.

 

Enlarged portion of a frame from the microscopic 
imager view of the dust-covered solar array on Spirit 
on sol 350, with an arrow showing one of the dark 
marks on the panel. Light-colored diagonal lines are 
the metallization pattern on the surface of the solar cell.
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The solar-scattering properties of dust that settles on solar arrays differ from 
those for atmospheric dust. We see evidence for a three-component particle 
distribution: 

(1) Atmospheric dust: Primarily particles with a ~1- to 2-μm radius that 
stay suspended in the atmosphere for long periods

(2) Settled dust: Particles less than 10 μm in radius that are raised into 
the atmosphere by wind or dust-devil events but then settle out of the 
atmosphere

(3) Saltating particles: Particles with an 80- to 150-μm radius that move 
primarily by saltation

Enlarged MI view of the Spirit solar array surface, with the 
contrast greatly enhanced to show features.

MI image on sol 505 of the edge of one solar cell on 
Spirit with electrical wiring visible, showing sand grains 
accumulating at the edge of one panel on Spirit.

1.5 mm
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Integration of III–V materials and devices on silicon substrates has demon-
strated remarkable progress, due in large part to the development of low- 
dislocation-density (~106/cm2), fully relaxed germanium (Ge) epitaxial films 
deposited on silicon (Si) substrates by researchers from the Massachusetts 
Institute of Technology (MIT). Transitioning III–V materials to Si substrates 
offers tremendous improvements in the size, mass, strength, and cost of 
high-efficiency III–V photovoltaics. Using these “virtual” Ge substrate mate-
rials, researchers from MIT, the Ohio State University (OSU), and the NASA 
Glenn Research Center have demonstrated the highest reported open-circuit 
voltage values for gallium-arsenide (GaAs) cells on Si to date. In addition, 
single-junction GaAs cells with efficiencies greater than 17-percent air mass 
zero (AM0) have been demonstrated. 

This GaAs/Si technology was selected to participate in a flight experiment, 
Materials International Space Station 5 (MISSE5), developed by the Naval 
Research Laboratory and designed to test advanced photovoltaic technolo-
gies in the low-Earth-orbit (LEO) space environment. The MISSE5 payload 
was delivered to the International Space Station (ISS) on August 2005, and 
astronauts attached it to a handrail on the outer surface of the P6 truss 
(see the photograph). The test articles aboard MISSE5 were characterized 
along with their operating environment (temperature, Sun angle, etc.) each 
orbit, with the data telemetered to ground stations via the PCSAT2 portion 
of the MISSE5 spacecraft. MISSE5 was returned from the ISS to Earth in 
September 2006. 

The flight data were analyzed to extract temperature coefficients for the device 
voltage and current as a function of temperature, angle of incidence, and Earth-
Sun spacing, thereby allowing the flight data to be corrected back to ground 

measurement conditions. The analysis 
indicates that all test devices operated 
nominally and did not show any signs of 
degradation. Full postflight characteri-
zation is in progress. On-orbit tempera-
ture swings were lower than anticipated 
(~50 K) and were somewhat lower than 
those of the fully populated power panel 
(~80 K). The MISSE5 flight data confirm 
ground-based thermal cycling data, 
simulating 1 year in LEO (6000 thermal 
cycles of ±80 °C), which demonstrated 
that even though the GaAs/Si contained 
microcracks because of differences 
in thermal expansion coefficients, the 
device performance was stable.

Recently, this development activity was 
extended to the demonstration of both 
lattice-matched (i.e., the cell-structure 
lattice is matched to the Ge final epilayer) 
and lattice-mismatched (LMM) tandem 
III–V devices on Si substrates. The LMM 
devices lack the microcracks normally 
found in thick GaAs epitaxial structures 
deposited on Si. Thermal cycle testing 
of these devices demonstrated that 
this crack-“free” characteristic is stable 
under normal LEO and geosynchronous-
Earth-orbit thermal cycle environments. 
It appears that residual compressive 
strain resulting from the LMM structures 
being less than fully relaxed compen-
sates for the tensile strain introduced by 
differences in thermal expansion coeffi-
cients between III–V materials and Si.
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Spacecraft materials in low Earth orbit (LEO) can be subjected to oxidative 
erosion from both direct and scattered atomic oxygen (AO). Scattered atomic 
oxygen AO is important for the assessment of the durability of polymers 
and metals that are not directly exposed to AO but may receive AO through 
secondary reflection processes, such as when apertures in the spacecraft 
surface allow LEO AO to enter into the interior of a spacecraft. Materials that 
receive such scattered AO may be compromised if their function depends on 
their structural, optical, or surface conductivity properties. 

The Scattered Atomic Oxygen Characterization Experiment was proposed, 
designed, constructed, and analyzed by the NASA Glenn Research Center 
as part of our role as a world leader in understanding AO interactions with 

materials. The objective of this effort was 
to measure the scattered angular erosion 
characteristics of AO that is scattered 
from typical spacecraft surfaces. To make 
such measurements, a small AO scatter-
ing chamber was placed on the Materials 
International Space Station Experiment 
(MISSE) Passive Experiment Carrier 2 
and exposed to LEO AO for almost 
4 years as part of MISSE 1 and 2. The 
experiment (see the figure on this page) 
was flown in the Passive Experiment 
Carrier 2, tray 1, attached to the exterior 
of the International Space Station Quest 
Airlock. It consisted of a chamber with an 
aperture disk lid of Kapton H polyimide 
coated on the space-exposed surface 
with a thin, AO-durable, silicon dioxide 
(SiO2) film. The aperture lid had a small 
hole in its center to allow AO to enter into 
the chamber and impact a base disk of 
aluminum. The AO that scattered from 
the aluminum base could react with the 
underside of the aperture lid, which was 
coated sporadically with microscopic 
sodium chloride (NaCl) particles. 

The erosion of the underside of the 
Kapton lid was sufficient to be able to 
use profilometry to measure the height 
of the buttes that remained after the salt 
particles were washed off. The erosion 
pattern indicated that a highly peaked 
flux of scattered AO occurred at an angle 
of approximately 45° from the incoming 
normal incidence on the aluminum base 
unlike that expected for simple cosine or 
Lambertian scattering (see the figure on 
the next page). Thus, very little atomic 
oxygen actually scattered in a specu-
lar direction as one might expect. The 
atomic oxygen that scattered was meas- 
ured to have an effective erosion yield of 
6.42310–25 cm3/atom, which was a factor 
of 0.214 of that for direct impingement on 
Kapton H polyimide.

Results From Scattered Atomic Oxygen Characterization 
Experiment Evaluated

Scattering chamber in experiment tray after retrieval.

Section view of scattering chamber.
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The Hubble Space Telescope (HST) was launched on April 25, 1990, into 
low Earth orbit as the first mission of NASA’s Great Observatories program. 
The HST was designed to be serviced on orbit to upgrade scientific capabili-
ties. In December 1993, during the first servicing mission, the original power-
generating solar arrays (SA–I) were replaced with a second set of arrays 
(SA–II). In March of 2002, after 8.25 years of space exposure, the second set 
of arrays were replaced with a third set during the fourth servicing mission, 
and the second set of arrays were brought back to Earth. 

The majority of the HST is covered with thermal control materials, which 
passively control temperatures during orbit. These materials utilize back- 
surface-metallized Teflon FEP (i.e., DuPont, fluorinated ethylene propylene) 
as a space-facing layer because of the material’s excellent optical properties 
(low solar absorptance and high thermal emittance). A section of the retrieved 

SA–II solar array drive arm (SADA) 
multilayer insulation (MLI) blanket was 
provided to the NASA Glenn Research 
Center so that environmental dura- 
bility analyses of the top layer of silver- 
Teflon FEP (Ag-FEP, DuPont) could be 
conducted. 

The MLI was wrapped completely 
around the SADA and, therefore, had 
solar- and anti-solar-facing surfaces 
(see the top photograph on the next 
page). The circular configuration of 
the insulation, along with the long-term 

Solar Effects on Tensile and Optical Properties of Hubble Space Telescope 
Silver-Teflon Insulation Investigated



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          125                                              2006 RESEARCH AND TECHNOLOGY

and 90 percent of its elasticity, whereas 
the anti-solar-facing surface had ductility 
similar to that of pristine FEP. The solar 
absorptance α of both the solar-facing 
surface (0.155±0.032) and the anti- 
solar-facing surface (0.208±0.012) were 
found to be greater than that of pristine 
Ag-FEP (0.074). The figures on the next 
page are polar plots of elongation at 
failure and of solar absorptance versus 
solar angle.

A thermal model was developed to deter-
mine temperature versus solar angle 
for the insulation. Plotting elongation 
at failure versus temperature indicated 
a trend of increasing embrittlement for 
decreasing temperatures below –50 °C, 
appearing to correspond to a cold tran-
sition temperature, but this effect was 
not nearly as deteriorative as the solar-
facing higher temperature exposures. 
These results indicate a very strong 
dependence of embrittlement on solar 
exposure, and temperature appears to 
play an important role. 

Solar-facing and anti-solar-facing sur-
faces were microscopically textured, and 
locations of isolated contamination were 
present on the anti-solar surface, result-
ing in increased localized texturing. How-
ever, the overall texture was significantly 
more pronounced on the solar-facing 
surface, indicating a synergistic effect of 
combined solar exposure and increased 
heating with atomic oxygen erosion. The 
results indicate a very strong dependence 

space exposure, provided a unique opportunity to study solar radiation effects 
on the environmental degradation of Ag-FEP, a commonly used spacecraft 
thermal control material. Data obtained included tensile properties, solar 
absorptance, surface morphology, and chemistry. 

A retrieved SA–II SADA MLI sample was provided by the European Space 
Agency (ESA) for this study. The following photograph shows the 36.9- by 
9.1-cm sample. The sample’s top layer was approximately 10 mil (0.25 mm) 
thick, consisting of a space-exposed 5-mil (127-µm) Teflon FEP (DuPont) layer 
coated on the backside with vapor-deposited-Ag and INCONEL (1500-Å-thick 
Ag layer and 275-Å-thick INCONEL layer). The FEP/Ag/INCONEL layer was 
adhered with 40-µm-thick 966 acrylic adhesive to a fiberglass cloth impreg-
nated with polytetrafluoroethylene (PTFE). The MLI has 16 layers of double-
sided aluminized-Kapton (50 µm thick) separated by Dacron (Invista, Inc.) 
netting and a bottom layer of PTFE-impregnated fiberglass cloth. All analyses 
were obtained from the top layer of insulation (FEP/Ag/INCONEL/adhesive/
scrim), referred to as Ag-FEP. For this study, 0° was defined as the direct solar- 
facing surface (indicated as a line in the following photograph) and 180° was the 
anti-solar-facing surface, with 90° and 270° being solar-grazing surfaces.

The solar-facing surface of the SADA was found to be extremely embrittled 
and contained numerous through-the-thickness cracks. Tensile testing indi-
cated that the solar-facing surface lost 60 percent of its mechanical strength 

SADA

HST photographed in December 1999 during the third servicing mission. 
Left: HST with SA–II. Right: Closeup of an MLI-covered SADA.

The HST SADA MLI sample (the line indicates the solar-facing position, 0°).
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of degradation, particularly embrittlement, upon solar exposure, with orbital 
thermal cycling having a significant effect. These results provide valuable 
information on space environmental degradation of Ag-FEP, particularly with 
respect to solar radiation and temperature effects on embrittlement.

Find out more about the research of Glenn’s Electro-Physics Branch: 
http://www.grc.nasa.gov/WWW/epbranch/ephome.htm
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Polymer films used on spacecraft multilayer insulation, sunshields, and electri-
cal wiring insulation and those proposed for use on advanced inflatable and 
deployable spacecraft structures are particularly vulnerable to the degrading 
effects of the space environment. The NASA Glenn Research Center devel-
oped the Polymer Film Thermal Control (PFTC) Experiment and the Gos-
samer Materials Experiment, which collectively included 31 samples flown 
as part of the Materials International Space Station Experiment (MISSE) 

on two passive experiment carriers 
(PECs) referred to as MISSE 1 and 
MISSE 2. The MISSE 1 and MISSE 2 
PECs were deployed on the exterior of 
the International Space Station (ISS) on 
August 16, 2001, and were retrieved on 
July 30, 2005. Each of the suitcase-sized 
PECs contained two exposure faces, or 
“trays.” When the PECs were deployed 
on the ISS, each PEC had one tray 
that was nominally exposed in the ram- 
facing direction and received atomic 
oxygen (AO) exposure and one tray that 
was nominally facing the wake direction 
and was intended to receive no AO. 

The photograph shows the MISSE 1 and 
MISSE 2 PECs installed on the exter- 
ior of the ISS. Development of the PFTC 
and Gossamer Materials Experiments 
is described in detail in reference 1. 
Samples consisted of polymer films with 
or without front-side and/or back-side 
coatings. Polymers included polyimides 
Kapton HN (DuPont), Kapton H (DuPont), 
Kapton XC (DuPont), and Upilex-S (Ube 
Industries, Ltd.); fluorinated polyimide 
LaRC-CP1 (NASA); Teflon fluorinated 

Optical and Mechanical Properties Determined of Polymer Film Samples 
Exposed on the Materials International Space Station Experiment 
(MISSE) 1 and 2

MISSE

MISSE

MISSE 1 (upper left) and MISSE 2 (right) on the exterior of the ISS Quest Airlock.
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ethylene propylene (FEP, DuPont); poly-p-phenylene polybensoxazole 
(PBO); and polyarylene ether benzimidazole TOR–LM (Triton Systems, Inc.). 
Coatings are described in the preceding table. 

Following retrieval of MISSE 1 and MISSE 2, after approximately 4 years of 
space exposure, samples from the PFTC and Gossamer Materials Experi-
ments were analyzed for changes in optical properties, mechanical proper-
ties, atomic oxygen erosion, and contamination. The samples flown on the 
PFTC and Gossamer Materials Experiments were analyzed during fiscal year 
2006 both in-house at Glenn and through a contract with the University of 
Dayton Research Institute. Full details on the PFTC and Gossamer Materials 
Experiments exposure conditions, observations, and results are provided in 
reference 2, and results are briefly summarized here.

According to Kapton H erosion meas- 
urements, the AO-facing MISSE 2 
PFTC Experiment tray experienced an 
atomic oxygen fluence of approximately 
8.531021 atoms/cm2. The non-AO trays 
actually experienced some exposure to 
atomic oxygen because of maneuvers 
of the ISS during its mission. Erosion 
measurements of Kapton HN on the 
MISSE 2 non-AO-facing tray indicated 
an atomic oxygen fluence of approxi-
mately 231020 atoms/cm2. Contamina-
tion analysis of aluminum oxide witness 
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coupons indicated approximately 1-nm-thick silica contamination on the 
AO-facing MISSE 2 tray and greater than 10-nm-thick silica contamination 
(total contaminant thickness of 25 nm) on the non-AO-facing MISSE 2 tray. 

Mechanical properties data and optical properties data for these experiments 
are provided in the tables on the preceding page. Sample descriptions in the 
tables indicate coating and polymer layers separated by a slash (/) in order 
from closest to farthest from the front, or space-facing, surface. Thickness of 
the polymer (as-manufactured) is indicated in the sample description.

The most significant degradation observed was for PBO film samples, which 
were completely degraded following the 4-year mission. This material was 
observed to have significant surface stress in its pristine condition, which 
may have played a role in its degradation. Mechanical properties data indi-
cate that all exposed materials, except LaRC-CP1, experienced significantly 
reduced strength and elongation. The most significantly darkened polymer 
film was TOR–LM. Most other materials experienced low to moderate solar 
absorptance changes. Decreased emittance observed for the non-AO- 
facing polymer samples is evidence of the unplanned AO erosion. The results 
of the PFTC and Gossamer Materials Experiments are directly applicable to 
low-Earth-orbit spacecraft applications.
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NASA’s Vision for Space Exploration calls for a return of humans to the Moon 
by no later than 2020. Reducing risk to astronaut safety and mission success 
will require technology development in a wide variety of areas. The explora-
tion community is beginning to come to consensus with Apollo 17 astronaut 
Harrison Schmitt who recently declared, “Dust is the number one environmen-
tal problem on the Moon” (ref. 1). The Apollo record shows that dust caused 
a wide variety of problems for those missions including vision obscuration, 
false instrument readings, equipment clogging, radiator degradation, seal 
degradation, abrasion, and respiratory and eye irritation (ref. 2). Clearly, 
these are problems that must be understood and mitigated if humans are to 
establish a long-term presence on the Moon.

One source of the difficulties in understanding the interaction of lunar dust 
with sensitive surfaces (such as visors, radiators, and seals) in the lunar 
environment is that lunar dust has a structure unlike any dust on Earth, and 
the lunar environment is very different from any environment on Earth. This 
makes testing of components and systems that will be used on the Moon 
more difficult than one might suppose. For example, testing of radiator sur-
faces using real lunar dust in terrestrial lunar-simulation facilities suggested 
that a nylon bristle brush would be effective to remove dust from the Lunar 
Roving Vehicle battery radiators (ref. 3). However, in use on the actual lunar 
surface, the nylon bristle brushes were almost totally ineffective (ref. 4). This 
illustrates that there is more to accurately simulating the lunar environment 
than creating a good vacuum.

The Lunar Dust Adhesion Bell Jar (LDAB) was designed at the NASA Glenn 
Research Center to simulate the dusty lunar environment as accurately as 
possible. There are provisions to treat the dust by driving off absorbed water, 
thermal cycling the dust, exposing it to high-energy particles (simulating the 

solar wind) and ultraviolet light, and then 
applying a light coating of sieved dust to 
coupon-sized samples. These samples 
can then be further heated, cooled, and 
subjected to ultraviolet light. The LDAB 
also has a variety of diagnostic capabili-
ties including residual gas analysis by 
mass spectroscopy, calorimetric meas- 
urements, and microscopic sample 
imaging. Capabilities to quantify the 
adhesive forces, lower the temperature 
to 40 K, and test mitigation techniques 
will be added in the coming year. It is 
expected that the LDAB will be a major 
asset in unraveling the web of interactions 
among the dust, the lunar environment, 
and spacecraft and that it will help to 
verify the effectiveness of various dust-
mitigation strategies.
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Polymers exposed in the low-Earth-orbit (LEO) environment are subject to 
erosion by atomic oxygen that is present in the Earth’s upper atmosphere 
through photodissociation of molecular oxygen by ultraviolet radiation from 
the Sun. The polymers typically fail in their performance earlier than their 
desired mission lifetime because of this erosion. Thus, protective coatings are 
used to slow or prevent the erosion from taking place. In order to determine 
how well protective coating candidates perform, they are often exposed in 
ground-based atomic oxygen facilities, where the sample turnaround time 
is shorter and less expensive than for actual flight testing. The difficulty in 
performing these tests is that there are no ground-based facilities that can 
exactly duplicate the space environment. The energy of the atomic oxygen 
arriving and/or the directionality of the arrival are not the same. Therefore, 
the question arises when performing ground-based atomic oxygen testing 
as to how long a protected polymer should be exposed to provide equivalent 
damage as that which would be observed in LEO. To provide an answer to 
this question, an experiment developed at the NASA Glenn Research Cen-
ter was flown on the International Space Station as part of the Materials 
International Space Station Experiment (MISSE). Results of the experiment 
showed that for silicon-dioxide-coated Kapton, the erosion in ground-based 
atomic oxygen exposure facilities ranged from approximately 40 to 160 times 
greater than that observed in LEO, depending upon the type of ground facil-
ity exposure used. 

The experiment consisted of two samples of Kapton HN (DuPont) polyimide 
film coated with approximately 1300 Å of silicon dioxide on both sides. One 
sample was exposed in a ground-based isotropic atomic oxygen plasma, and 
the other was exposed to an atomic oxygen directed beam. Both samples 
were carefully weighed prior to and after exposure to determine the amount 
of erosion that took place. Both samples were then flown on MISSE as part 
of a group of samples on the atomic-oxygen-facing side of the passive experi-

ment carrier (PEC) 2 tray, which was 
mounted outside of the Quest Airlock. 
The  photograph shows an astronaut with 
a PEC tray. After nearly 4 years on orbit, 
the samples were returned to Earth and 
again carefully weighed. The samples 
were then exposed to atomic oxygen 
in the facilities to which they had been 
exposed prior to flight to determine if the 
same mass loss resulted as had prior to 
flight. This was performed to verify that no 
damage occurred during flight that could 
have changed the erosion rate. 

The graph plots the mass loss per unit 
area versus effective atomic oxygen flu-
ence (dose) for all three exposures for the 
atomic oxygen directed-beam-exposed 
sample. Results of the experiment show 
that the erosion for the directed-beam-
exposed sample was approximately 160 
times higher than that observed in LEO 
and that for the isotropic plasma was 
approximately 40 times higher than that 
observed in LEO, although the latter value 

International Space Station Experiment Used To Correlate Erosion 
Observed on Orbit for Coated Polymers to That Measured in 
Ground-Based Atomic Oxygen Facilities

Astronaut working with a MISSE PEC tray mounted on the 
International Space Station.
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is probably higher because the number of defects had increased between 
preflight and postflight exposure, as evidence indicates. This experiment 
provided validation that ground-based atomic oxygen exposure facilities can 
provide meaningful durability data for coated polymers without conducting 
experiments to full mission fluence. 
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Electronics in space exploration missions such as Mars exploration rovers, 
lunar outposts, the James Webb Space Telescope, the Europa Orbiter, and 
deep-space probes need to operate reliably and efficiently under extreme 
cryogenic temperature conditions. Low-temperature electronics are also 
needed in the aerospace industry and the commercial sector in a wide range 
of applications that encompass advanced satellites, medical instrumentation, 
magnetic levitation, superconducting energy management and distribution, 
particle confinement and acceleration, and Antarctic missions. Besides survi- 
ving the hostile space environments, electronics capable of low-temperature 
operation would contribute to enhancing circuit performance, improving system 
reliability, extending lifetime, and reducing development and launch costs.

The Low Temperature Electronics Pro-
gram at the NASA Glenn Research 
Center focuses on the development and 
space-qualification of electronic parts 
and circuits for deployment in space 
exploration missions. The operational 
temperature range of electronic parts 
and circuits is greatly extended beyond 
the present range for industrial- and 
military-grade devices through the utili- 
zation of advanced materials, the appli- 
cation of new design techniques, and the 
exploitation of emerging technologies. 
Extensive evaluation of the developed 
parts and circuits is performed in-house 
under extreme temperatures and ther- 
mal cycling to space qualify these compo-
nents and to establish their reliability. 

The photograph shows one of four 
L-Band Global Positioning System 
(GPS) preamplifiers that were space-
qualified at Glenn for use over an 
extended temperature range and thermal 
cycling between –85 and 93 °C. NASA 
planned to deploy these preamplifiers 
on the space shuttle, but there was a 
concern that these preamplifiers might 

L-Band Global Positioning System Preamplifiers Space-Qualified for 
Low-Temperature Use Onboard the Space Shuttle

Preamplifier unit with cover removed.
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exceed their operational temperature limits because of the mounting configu-
ration of the units on the shuttle’s structure. Testing at Glenn showed that the 
preamplifiers were robust, operated well in the extended temperature range, 
and maintained good operation during and after thermal cycling. On the basis 
of testing at Glenn, NASA approved flying the preamplifiers in the extended 
temperature range. The preamplifiers have flown successfully on all space 
shuttle flights beginning with STS–114.

The research and development efforts in Glenn’s Low Temperature Electron-
ics Program are being performed through support from the NASA Electronic 
Parts and Packaging (NEPP) Program, and through collaboration with other 
Government agencies, industrial and aerospace companies, and academia. 
The program supports missions as well as technology development efforts 
at the NASA Johnson Space Center, NASA Goddard Space Flight Center, 
and the Jet Propulsion Laboratory.
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PROPULSION SYSTEMS

Trailing Edge Blowing Tested for Fan Blade Wake Management

The Acoustics Branch at the NASA Glenn Research Center conducts research 
to understand the mechanisms responsible for noise generation and assem-
bles computational capability to predict and simulate the noise produced by 
aerospace systems. The results of these efforts are tools and technologies 
that allow products, such as aircraft, to have reduced noise emissions. Part 
of this effort involves the study of innovative noise-reduction technologies, at 
the fundamental level, to understand their effects on the entire system and to 
assess potential noise reductions. 

One technology being studied is wake management using trailing edge blow-
ing. When an airfoil, in this case a fan blade, slices through the air to generate 
the thrust that allows an aircraft to fly, wakes are created behind the airfoil 
much like those made by a boat in the water. These wakes travel downstream 
in the airflow and interact with downstream components, especially the down-
stream stationary airfoils called exit guide vanes. This wake-vane interaction 
generates one of the most significant noise sources in today’s aircraft, being 
rivaled only by the exhaust jet noise. 

A fan with internal passages to carry 
air to the trailing edge and fill in the 
wakes was tested in a wind tunnel at 
Glenn, and acoustic, aerodynamic, and 
flow-field velocity data were acquired. 
Some operating configurations of this 
technology showed 2 dB of overall noise 
reduction—a meaningful reduction. Data 
inspection revealed details of how the 
technology works and possibly allows 
optimization of the injected flow to mini-
mize system penalties. Computational 
aerodynamic and acoustic prediction 
tools were exercised using these data, 
and improvements in the codes may be 
implemented to better model advanced 
concepts.

The fan was designed using advanced 
three-dimensional computational tools to 
define the internal passages that carry 
air, efficiently and at specific flow rates, 
through the blade and to the trailing edge 
where it is injected into the flow stream. 
This fills the wake momentum deficit 
and reduces noise since the wake-vane 
interaction is lessened. The illustration 
shows the passages and injection at the 
trailing edge for wake filling. 

The model was tested in Glenn’s 9- by 
15-ft acoustic test section, where the 
acoustic performance was measured 
using a traversing microphone, and 
performance and flow velocity data 
were acquired to determine the impact 
on system efficiency and to gain insight 
into the mechanics of the wake filling. 
Foremost, the data will be used to assess 
the potential viability of wake filling as a 
noise-reduction concept and to deter-
mine system impacts. The dataset also 
can be used for validating and improv-
ing analysis codes used to predict the 

Cross section of model showing path for air (the arrows represent airflow) injected 
through the fan blade and exiting the trailing edge, resulting in wake filling. This 
reduces downstream wake strength and turbulence where the wake encounters 
the exit guide vane, reducing a major noise source in turbofan engines.



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          135                                              2006 RESEARCH AND TECHNOLOGY

performance of complex concepts. The data indicated reductions in tone noise 
(peaks), but more importantly, reductions were also observed at nearly all 
frequencies through 20 kHz for a substantial reduction in broadband noise. 
The graph shows the overall acoustic merit of the concept.

Together these tone and broadband reductions provide a 2-dB overall reduc-
tion, which is a significant reduction for the initial design iteration of the tech-
nology. In future efforts, NASA hopes to refine the concept and maximize the 
benefits while minimizing or eliminating overall system penalties.
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The data show noise reduction using 2 percent of the fan flow 
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Aligned three-signal coherence function autospectrum
   calculated using the two combustor pressure sensors
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 G33 =

G13(D = 0)||G23(D = 0)|

|G12(D = 6323)|

|G13(D = 6839)||G23(D = 6134)|

|G12(D = 0)|

Three-signal coherence technique using one far-field microphone at 100° and two internal combustor pressure sensors. 
Here D is the number of time steps that the signals are shifted to obtain alignment or misalignment. The time delay 
created by shifting the signal an amount D is τ = D/r, where r is the sample rate in samples per second (r = 48,000). 

NASA’s Aeronautics program is involved in engine test programs to identify 
dominate noise sources. Core noise is of interest since it becomes a significant 
contributor to the overall turbofan engine noise during takeoff or approach. 
A simple new procedure was created at the NASA Glenn Research Center 
that uses an aligned and unaligned coherence function to separate a mixture 
of “incoherent” noise, “coherent” noise, and tones so that noise components 
can be related to engine sources. The procedure provides a way to judge the 
significance of an aligned coherence-based function. Details are provided 
in references 1 to 3.

Data from a Pratt & Whitney PW4098 turbofan engine test are used to illustrate 
this technique. Instrumentation consisted of two pressure transducers in the 
combustor and four far-field microphones at 150 ft. Data were analyzed by 
using a periodogram averaging method to determine the amount of energy 
in a frequency band. The reciprocal of this band width is the sample segment 

length. If one calculates the coherence 
between a pressure transducer in the 
combustor and a far-field microphone, 
the two signals are completely out of 
synchronization since the analyzer only 
has the contents corresponding to the 
sample length, which is smaller than the 
propagation time for this test. The signals 
averaged do not include the combustor 
signal that was occurring when the noise 
left the engine.

This coherence is called the unaligned 
coherence. It measures the coherence 
of tones. Without tones, it has a value 

New Procedure Created for Studying Core Noise
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dependent on the number of segments averaged. An aligned far-field micro-
phone signal must be created by the well-known procedure of time shifting 
the far-field time history forward by the time lag. The new procedure involves 
comparing functions calculated with the aligned and unaligned coherence 
so that one may judge their significance.

The figures illustrate the technique. Three-signal coherent power aligned 
and unaligned coherence functions calculated using a far-field microphone 
and two combustor transducers are shown in the figure on the preceding 
page. The small blip near 100 Hz in the aligned coherence rising above the 
unaligned coherence represents the correlated part of the total noise due to 
combustion. This blip is 9 dB below the total noise. Also note the presence 
of tones buried in the total noise. The separation of tones and broadband 
noise is also shown in the three-signal coherent power aligned and unaligned 
coherence functions created using three far-field microphones (see the figure 
on this page). The figure on the next page illustrates the two-signal aligned 
and unaligned coherent output power calculated using a combustor sensor 
and a far-field microphone. The small peak near 100 Hz is attributed to the 
presence of an m = 0 circumferential mode (i.e., the plane wave mode). This 
method lets one observe phenomena as low as 18 dB below the ordinary 
measured autospectrum.

The method confirms the presence of 
a coherent mode propagating from the 
combustor to the far field. It is being 
applied to turbofan engine acoustic data 
from Honeywell.
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Technique Improved for Measuring Noise Sources in a Supersonic Jet Via 
Two-Point Space-Time Correlations

A large component of the noise radiated by civilian and military aircraft is 
from the exhaust plumes of the gas turbine engines. For more than half a 
century, researchers have studied how to predict this noise from fundamen-
tal, physics-based principles (instead of using empiricism). A critical element 
in this effort is modeling the space-time correlation of the turbulent Reynolds 
stresses. So far, it has not been possible to directly measure this critical ele-
ment from realistic high-velocity, high-temperature jets. In an effort to overcome 
this barrier, researchers at the NASA Glenn Research Center improved the 
molecular Rayleigh scattering technique to measure the space-time correla-
tion of air-density fluctuations. This is the first step toward measuring these 

fluctuations in terms of density × velocity 
× velocity, which makes the full Reynolds 
stress term. The technique has been 
applied to unheated free jets from mach 
0.9 to 1.8.

The optical setup consists of two laser 
beams crossing the jet plume in a verti-
cal and a horizontal plane. Laser light 
scattered from each 1.06-mm-long beam 
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was collected using two separate sets of 
lenses oriented 90° to the laser paths and 
was measured with photomultiplier tubes. 
The intensity of the scattered light was 
directly proportional to the air density. 
The beam path and the collection direc-
tion were designed for the next goal of 
simultaneously measuring density and 
velocity fluctuations from two different 
points in the jet.

The k-ω spectrum identifies the energy 
levels and the range of convective veloci-
ties associated with different frequency 
fluctuations. At any point, the ω/k ratio is 
a measure of this velocity. The turbulent 
fluctuations are convected by the jet flow; 
the overall inclination angle of each plot 
shows the average velocity. However, 
the spread at a given frequency ω shows 
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Rayleigh scattering setup around a single-stream supersonic jet facility. 
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supersonic (Mj = 1.8) jet. The magnitude of each spectrum was normalized by the square of 
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spectrum. The staircase-like appearance of the plots is reflective of the coarse wave number 
resolution achievable from the small jet. This figure is shown in color in the online version 
of this article (http://www.grc.nasa.gov/WWW/RT/2006/RT/RTA-panda.html). (a) Mj = 0.95; 
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the dispersion of convection velocities. For the density fluctuations in the jet 
to become sound waves, they need to reach a velocity equal to or above the 
ambient speed of sound c (shown by a diagonal line in each plot). Therefore, 
the component of the k-ω spectrum lying left of the diagonal line is capable 
of radiating sound at different observer angles. Although most of the fluctua-
tions in the subsonic mach 0.95 jet are incapable of radiating to the far field, 
the supersonic mach 1.8 jet shows a different scenario. With an average 
supersonic convective velocity, fluctuations in both the lip shear layer and 
the centerline of the jet are expected to radiate strongly, with peak radiation 
25° to the jet axis. The low-frequency part of the spectra, more prominently 
from around the centerline, is found to radiate at all mach numbers. These 
data are expected to be valuable in validating various computational aero-
acoustics codes.
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Planar Laser-Induced Fluorescence and Particle Imaging Velocimetry Used 
To Characterize a Baseline Nine-Point Lean Direct Injector for Comparison 
With National Combustor Code Results

Lean direct injection, conceived at the NASA Glenn Research Center, is rep-
resentative of a new generation of turbine engine combustor injector concepts 
designed to rapidly mix air and fuel to create a stable combustion zone within 
a short distance from the injector in order to reduce the emission of oxides 
of nitrogen (NOx). This injector concept was chosen as the primary test case 

for validating the National Combus-
tion Code (NCC). To begin building a 
validation database, Glenn research- 
ers tested a nine-point injector in an 
onsite flame tube combustor facility. 

76.2 mm

Air

Fuel

Air

76.2 mm

Left: Nine-point LDI configuration tested at Glenn. The viewpoint is aft looking upstream. Right: Relative spatial positioning of 
the air swirler, fuel nozzle, and converging-diverging venturi for each injector element.
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The experimental hardware was the baseline nine-injector array shown in 
the view looking upstream in the photograph on the preceding page. Each 
injector element was the lean direct injector (LDI) shown in the illustration on 
the preceding page. 

The nine-point injector was mounted in the optically accessible flame tube 
shown in the next illustration. A laser sheet passed through the top window. 
Cameras on each side imaged fluorescence (for planar laser-induced fluores-
cence (PLIF) measurements) or particle fields (for particle image velocimetry 
(PIV) or planar-light-scattering (PLS) measurements). The laser sheet and 
imaging apparatus were moved across the flow to gather data over the entire 
optically accessible volume. For PIV measurements, data also were gathered 
with the laser sheet passing through the side windows and the camera on top. 
Using appropriate laser wavelengths and filters, both hydroxyl radical (OH) 
and fuel PLIF were measured. For the PIV measurements, a high-pressure 
seeder seeded the flow with 0.3-µm-diameter aluminum oxide particles. Pairs 
of particle field images were used to determine the velocity field.

Three-dimensional species image maps showing the distribution of total fuel, 
OH, and liquid fuel were derived from PLIF and PLS data. Examples of these 
data are in the images at the top of the next page, which show views of fuel 
PLIF (left), OH PLIF (center), and PLS from fuel droplets (right) 7.5-mm down-
stream from the injector. The black circles indicate the position and diameter 
of each LDI venturi diffuser. The view is constrained by the window size so 
that only the central injector element is fully in view.

In these images, we can see ringlike 
structures, particularly in the OH images; 
these give an indication of the size and 
position of the flame front at this loca-
tion. Comparing the fuel PLIF (from 
liquid and vapor) and PLS (from liquid) 
images tells us whether the fuel is mostly 
liquid or vapor. In the top set of images, 
a significant portion of the fuel is in the 
liquid phase; whereas in the bottom set 
of images, which were acquired at a 
higher temperature, the fuel is almost 
completely vaporized.

As an example of the PIV results, the 
bottom figures on the next page com-
pare experimentally and computationally 
derived axial air velocities under non- 
fueled, nonreacting conditions 6-mm 
downstream from the injector. The com-
putations were obtained using a Reynolds 
averaged Navier-Stokes simulation. The 
square overlay on the computational 
result shows the region accessible by our 
PIV measurements. A comparison shows 
that the overall velocity field structure is 
similar. Finer experimental PIV grid spac-
ing would likely bring out the fine structure 
observed in the computational results 
and improve the comparison.
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sheet and intensified charge-coupled device (ICCD) cameras to the test rig 
for a vertically applied laser sheet.
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End views 7.5 mm from the injector exit plane showing the species pattern 
of total fuel (left), OH (center), and liquid fuel (right). The field of view is the 
central 46- by 46-mm area. Each species is scaled independently. This figure 
is shown in color in the online version of this article (http://www.grc.nasa.gov/
WWW/RT/2006/RT/RTB-anderson.html). Top: Inlet conditions: temperature, 
617 K; pressure, 1030 kPa; equivalence ratio, 0.38. Bottom: Inlet conditions: 
temperature, 822 K; pressure, 1723 kPa; equivalence ratio, 0.41.
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In conjunction with a program to develop low-emissions ground power and 
aircraft auxiliary power units, the NASA Glenn Research Center designed 
and built a facility to test fuel reformer concepts capable of providing 
10-kWe power. NASA is investigating jet and diesel fuel reforming as a viable 
mechanism to generate hydrogen for solid oxide fuel cell (SOFC) operation. 
Jet-A and diesel fuels are being considered for fuel cell applications because 
they are relatively safe to handle, have high energy density, and have exist-
ing infrastructure.

In fuel reformation, a hydrogen-rich flow of syngas necessary for SOFC oper- 
ation is created by catalytic reaction when a well-mixed, high-temperature 
flow of fuel, air, and sometimes steam impacts a catalyst. Three types of 
reforming processes are possible for fuels: catalytic partial oxidation (CPOX), 
autothermal reforming (ATR), and steam reforming (SR), depending on the 
amounts of steam and air used. Because reformer catalysts suffer degrada-
tion due to the buildup of carbon deposits and inadequate feed mixing and 
vaporization, nonuniform temperature distributions can result. A fuel injector 
system that fully vaporizes and mixes the reactants is critical to achieving 
optimal reforming performance.

A special feature of the NASA fuel 
reformer facility is an optically accessible 
test section (see the photograph), that 
allows researchers to obtain flow meas- 
urements to assess fuel injector mixing 
prior to entering the reformer. Diagnos-
tics include flow-field visualization and 
quantitative measurements of velocity, 
fuel, and species distribution. Two meth-
ods are (1) particle image velocimetry 
(PIV) to acquire two-dimensional veloc-
ity field measurements and (2) Raman 
spectroscopy to determine the chemical 
species distribution across the flow field. 
The schematic drawing shows the region 
within the quartz cylinder that is probed 
by these methods.

Fuel Injector-Mixer Concepts Examined for Kerosene and Diesel Fuel 
Reformer Applications Using Laser-Based Techniques

North-south

plane

East-westplane

37 mm

80 mm

Measurement
region

75-mm
diameter

Within-plane
image overlap
region

40 typ 

SVM diffuser
exit plane

Raman species 
sampling locations

Left: Optically accessible test section that includes the fuel injector-mixer concept being examined atop the 
quartz cylinder through which the mixing measurements are conducted. The fuel injector is mounted vertically 
with the flow downward. Right: Particle image velocimetry (PIV) laser sheet orientation and measurement 
region along with Raman sampling locations. Dimensions are in millimeters. SVM, swirl venturi mixer.
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This schematic drawing shows a NASA-
concept injector-mixer configuration. 
This swirl venturi mixer (SVM) concept 
provided a testbed for the parametric 
study of simple fluid elements whose 
combination leads to complex flow struc-
ture. These design elements include 
air/steam swirler angle, venturi throat 
size (diameter and length), and diffuser 
length and angle.

The final figures are examples of PIV and 
Raman results that show differences in 
species and velocity profiles. The Raman 
results show the differences between fuel 
loading for the same injector under two 
reforming processes and two flow rates. 
A flat, symmetric fuel profile is desired. 
The PIV results show distinct differences 
in velocity for different configurations of 
the SVM at the same flow conditions, with 
only one showing the desired uniform 
velocity profile across the flow field. This 
demonstrates that minor changes in fuel 
injector-mixer components can produce 
large differences in flow structure. These 
tests and others help to screen for the 
most suitable injector for a given reformer 
application and provide a database to 
help researchers understand the impor-
tant parameters in injector design.

In addition to NASA concepts, Glenn has 
investigated several fuel atomization and 
mixing concepts using the new test facil-
ity in conjunction with private industry 
and the Department of Energy. These 
concepts include a gas-assisted simplex, 
a fuel-siphoning impingement injector, 
fuel preheating injection, piezoelectric 
injection, and fuel spray and venturis.
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Glenn’s Combustion Branch:
http://www.grc.nasa.gov/WWW/combustion/

Advanced laser-based diagnostics for combustor research:
http://www.grc.nasa.gov/WWW/OptInstr/AdvancedLaserDiag.html
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Alternative Fuels Research Laboratory Being Designed and Constructed

Aircraft fuels will be changing in the near future, driven by a combination of 
environmental, operational, and safety-related concerns in an era of shrinking 
petroleum resources and growing air travel. The price of oil has increased dra-
matically from $30 per barrel in 2003 to over $70 per barrel in September 2006. 
As the price of oil remains high, other nonconventional fuels, such as those 
derived from coal or biomass may provide economically viable alternatives. 
Fuel composition can be tailored by the Fischer-Tropsch (F–T) synthesis and 
by operation conditions to improve engine combustor performance, improve 
fuel thermal stability, and reduce emissions. In phase I of the alternative fuels 
research at the NASA Glenn Research Center, we plan to test F–T synthesis 
processes with novel F–T catalysts and to study the effects of aircraft fuel 
composition on thermal stability and emissions.

Engineering design and construction 
of an alternative fuels research facil-
ity at Glenn was initiated in fiscal year 
2006 with expected completion in the 
first quarter of fiscal year 2007 (see the 
figure on this page). This facility design 
includes three parallel bench-scale 1-liter 
autoclave F–T synthesis reactors (see the 
figure on the next page), gas feeds and 
reaction products handling, and synthe-
sis product analysis. F–T catalyst perfor-
mance evaluation and kinetic mechanism 
studies will be conducted at Glenn.
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The compositions of alternative fuels differ from that of conventional 
petroleum-derived jet fuel because of the sources and processing of 
these fuels. Fuel composition differences affect emissions and chemical/ 
physical properties. A comprehensive thermal stability study for alternative 
fuels will be included in the research to determine both oxidative and 
pyrolytic stability properties. Oxidative thermal stability is important in 
conventional engine performance, and pyrolytic stability is critical for future 
high-pressure, high-bypass-ratio engines.

The combustion performance of alternative fuels will also be studied to cor-
relate emissions with fuel compositions. The overall program goal is to predict 
engine emissions according to fuel composition, combustor geometry, and 
operating conditions. Fundamental understanding of fuel composition effects 
on emissions and synthesis kinetics will guide future F–T catalyst development 
and F–T product upgrade technology to achieve more economical, efficient 
alternative fuels production.

Find out more about the research of Glenn’s Combustion Branch: 
http://www.grc.nasa.gov/WWW/combustion/

F–T autoclave reactor system. TC, thermocouple; PT, pressure transducer.
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The Vision for Space Exploration plans for eventual outposts on the lunar 
surface, requiring large amounts of mass launched from Earth. Each kilogram 
of oxygen or fuel produced on the Moon using lunar regolith or potential polar 
ice would reduce Earth launch mass by 5 to 8 kg. NASA is developing the 
architecture for lunar missions, and the benefits and requirements of a lunar-
based in situ resource utilization (ISRU) system need to be quantified. 

The interaction of components and subsystems will be critical to the overall 
design of this complex system. A team at the NASA Glenn Research Cen-
ter has created a system-modeling tool to capture these interactions and to 
help understand optimization at the system level. The initial effort focused 
on the baseline concept of lunar regolith ISRU, which requires an excavation 
subsystem, a reaction subsystem, and an oxygen liquefaction subsystem, as 
shown in the following figure.

The excavation subsystem excavates and transports regolith to the reaction 
site. The subsystem model evaluates either a single roverlike vehicle or a 
combination of specialized vehicles, and it sizes the vehicles to successfully 
navigate the lunar soil.

The reaction subsystem converts the metal oxides in the regolith to water 
within the reactor and then converts the water to oxygen using an electrolyzer. 
The initial model assumes a fluidized bed batch reactor at 600 to 1000 °C 
using hydrogen to both fluidize and convert the oxides to water. The reactor is 
sized according to fluid-mechanics and chemical-reaction-rate requirements. 
Multiple reactors can be used in parallel to allow more time for reaction and 
heat-up of the regolith. The electrolyzer converts the water to hydrogen and 
oxygen, accounting for the thermodynamics and the electrical characteristics. 
Then the hydrogen is recycled back to the reactor, and the oxygen is sent to 
the liquefaction subsystem. Other components in the model include pumps 
and compressors, heat exchangers, and condensers.

The liquefaction subsystem model analyzes the power required to liquefy 
and maintain the liquid oxygen as well as the volume and mass of the tanks 
and cryocoolers.

At the system level, users can select 
which components are in the system 
and how these components will be 
arranged. This allows for great flexibil-
ity in both updating individual modules 
as new data become available and in 
incorporating entirely new components, 
such as alternative reactor processes. 
The optimization feature converges on 
the user-specified production rate while 
solving for a user-specified goal (such 
as minimum system mass) within sets of 
equality and inequality constraints. 

The system model has produced both 
qualitative and quantitative results, and 
development continues. For example, the 
batch-based nature of the hydrogen reac-
tor results in highly variable flow rates 
for downstream components. Operating 
with parallel reactors increases the reac-
tor mass but reduces the overall system 
mass by 20 percent.

More quantitatively, parametric studies 
have been performed, such as varying 
the oxygen production level. The plot on 
the next page shows mass and power 
results for an equatorially located system 
where the regolith is heated via electrical 
power. Nuclear power has lower peak 
power demands because of 365-days-
per-year operation, whereas solar power 
can operate only during daylight hours 
(about half time). 

The system model is being refined with a 
focus on component and system valida-
tion. The goal is to be flexible in regards 
to other system approaches while main-
taining consistent assumptions and an 
overall framework. This will enable a 
tool that can be used for tradeoff studies 
and in preparation for future hardware 
development.

End-to-End System Analysis Tool Developed for Studying Lunar 
In Situ Resource Utilization
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Simplified lunar regolith ISRU system.
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Researchers from the Combustion Branch at the NASA Glenn Research 
Center and from the Ohio Aerospace Institute (OAI) have developed a novel 
optical technique for improved temperature measurements in high-pressure 
combustion environments. This new thermometry technique utilizes low-
spectral-resolution pure-rotational spontaneous Raman scattering of nitrogen 
(N2) and oxygen (O2) to improve the accuracy of single-shot temperature 
measurements in turbulent combustion. This approach is especially useful in 
cases where the vibrational Raman signals are inadequate for a conventional 
temperature analysis. 

According to spectral simulations (see the top graph on the next page) of 
low-resolution, pure rotational Raman scattering based on the theory from 
references 1 and 2, it is clear that the shape of the rotational N2 spectrum 
becomes wider with an increase in temperature. This increase in width results 
from the fact that more rotational states with higher energies (longer wave-
length at the Stokes side, shorter wavelength at the anti-Stokes side) are 
populated at higher temperatures as a result of the Boltzmann distribution. 
Thus, a measurement of the envelope bandwidth of the rotational spectrum 
can provide temperature information. The use of the low-resolution rotational 

bands permits an enhancement in the 
overall signal amplitude (because of a 
larger Raman cross section of rotational 
versus vibrational lines, and higher opti-
cal throughput resulting from the use of 
a wider optical slit), thereby decreas-
ing the statistical uncertainty through a 
significant increase in the signal-to- 
noise ratio.
 
However, a challenge needs to be met 
for this strategy to be successful: the 
effects of spectral interferences from the 
rotational O2 Raman spectrum must be 
compensated for. Since the rotational fre-
quency of O2 is very close to that of N2, 
the rotational spectral band of N2 and O2 
appears only as a single band combining 
the two spectra. This O2 interference is 

Alternative Rotational Raman Thermometry Developed for 
Turbulent Combustion
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unavoidable since any practical air-breathing combustion system essentially 
contains nitrogen and oxygen as the oxidizer. From the top graph, it is known 
that the overlapping causes a “narrowing” effect, in which the spectrum of 
the N2/O2 mixture shows a narrower envelope than that of the pure N2 at the 
same temperature. To conveniently and effectively compensate for this spectral 
band narrowing because of the O2 overlapping, we developed an algorithm 
based on the theoretically predicted spectral blending of the two individual 
species, adjusted by the relative concentrations of N2 and O2 obtained from 
the simultaneous vibrational Raman spectra (see the following graph).

An experimental verification of our method is given in the graph on the next 
page. For this test, a typical Raman-scattering spectroscopy apparatus 
(refs. 3 to 6) was used in a high-pressure gaseous calibration burner (refs. 7 
to 9), which provided a steady flame that can be predicted using the assump-
tion of chemical equilibrium. In this final graph, the flame temperatures derived 
from the present method are compared with the calculated adiabatic tempera-
tures. An excellent agreement between the two over a range of equivalence 
ratios shows that the present flame thermometry is promising.

By using this new frequency-domain 
rotational Raman technique together 
with conventional vibrational scatter-
ing, we have demonstrated quantitative, 
spatially resolved, single-shot multi- 
scalar measurements of temperature and 
fuel/oxidizer concentrations in a high-
pressure turbulent methane-air flame. 
The technology described has been 
disclosed as a NASA New Invention 
and Technology (ref. 10). For a descrip-
tion of the application of this technique 
in flames, see reference 11. 
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Understanding the physics of turbulence-chemistry interactions in practical 
low-emissions aircraft engine combustors, as well as accurately modeling 
and predicting their performance, is critical to the successful development 
of a new generation of aircraft engines that will have a low environmental 
impact on global air quality and climate change. With the increasing complex-
ity of modern aircraft engines and their combustors, the traditional process of 
“cut-and-try” hardware testing is becoming prohibitively expensive. Thus, the 
development of aircraft engine computer simulations with predictive capabili-
ties has become an economically driven need. 

Before these predictive simulations can be used, they must be validated with 
careful comparisons with experiments. Researchers from the Combustion 
Branch of the NASA Glenn Research Center and from the Ohio Aerospace 
Institute (OAI) have made significant progress toward this goal by providing a 
data set for validating high-pressure turbulent flames. This data set is the first 
of its kind and provides a set of quantitative multiscalar data in a high-pressure, 
swirl-stabilized gaseous combustion using a time-resolved laser Raman diag-
nostics technique that was developed over the past 5 years (refs. 1 to 5).

The preceding figure shows typical single-shot Raman spectral data acquired 
at a 10-Hz repetition rate by the Raman apparatus. Note the shot-to-shot varia-
tions in the Raman signal for each species—oxygen (O2), nitrogen (N2), and 
methane (CH4)—indicating that the flame is highly turbulent and unsteady. 
From this single-shot data, we successfully determined the instantaneous 
temperatures of this turbulent flame with a precision of better than 3 percent by 
using a newly developed rotational bandwidth thermometry technique (which 
was also developed by the authors, ref. 6). The species concentrations were 
also determined from the vibrational bands in the same spectra with the aid 
of a quantitative calibration (ref. 7). 

The results are shown in the  figure on the next page—a histogram of the tem-
perature measured in two regions of a turbulent flame. In the highly turbulent 
region of the flame, the data vary in temperature from 500 to 2500 K, whereas 

in the less-turbulent postflame region, the 
data have a smaller temperature varia-
tion and a lower averaged temperature. 
The figure also shows the scatter plots 
of O2 and CH4 concentrations versus 
temperature in the two different loca-
tions. This scatter-plot data of fuel and 
oxidizer mixing shows the profound effect 
of unsteadiness on turbulence-chemistry 
interactions. 

These results are the first-ever quantita-
tive multiscalar measurements that show 
details of the nature of turbulent mixing 
and its impact on chemical reactions in a 
realistic swirl-stabilized flame at elevated 
pressure. The data presented here per-
mit comparison with models for code 
validation and provide critical insight 
into the performance of the fuel injector 
and the subsequent combustion proc- 
ess. For example, a significant amount 
of unmixed and unburned pockets of 
fuel (i.e., data points with temperatures 
lower than the ignition temperature and 
with higher concentrations of fuel) can 
be seen in the wide scatter of the data 
points, which indicates that incomplete 
combustion occurred locally around the 
edge of the flame.

Through spectroscopic data reductions 
and subsequent statistical analyses, the 
probability density functions of all the 
species and the temperatures can be 
derived as a function of mixture fraction, 
and this can be used to characterize the 
scalar structure of the turbulent flame. 
Such information from the multiscalar 
measurements will validate reacting 
computational fluid dynamics codes such 
as NASA’s National Combustor Code 
(NCC) (ref. 8). 

References
1. Kojima, Jun; and Nguyen, Quang-Viet: 

Disclosure of Invention and New Tech-
nology (Including Software), Laser-
Raman Spectral Analysis Software 
for Combustion Diagnostics. LEW–
17769–1, 2004.

Quantitative, Single-Shot, Multiscalar Measurements Demonstrated in a 
High-Pressure, Swirl-Stabilized Turbulent Flame

Raman shift, cm–1

O2
N2

CH4

In
te

ns
ity

,
co

un
t

0

0

2
2

Ti
m

e,
 s

ec

4 4

6×102

N2/O2
(rotational)

–500 500 1000 1500 2000 2500 3000
0

A shot-to-shot (temporal) variation of spontaneous laser 
Raman-scattering spectra measured in a high-pressure (5-atm) 
swirl-flow methane-air non-premixed flame at a global equiva-
lence ratio φ of 0.5.



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          153                                              2006 RESEARCH AND TECHNOLOGY

2. Kojima, J.; and Nguyen, Q.-V.: Quantitative Analysis on Spectral Interference 
of Spontaneous Raman Scattering in High-Pressure Fuel-Rich Hydrogen-Air 
Combustion. J. Quant. Spectrosc. Radiat. Transf., vol. 94, nos. 3–4, 2005, 
pp. 439–466.

3. Nguyen, Quang-Viet: Spontaneous Raman Scattering (SRS) System for Cali-
brating High-Pressure Flames Became Operational. Research & Technology 
2002, NASA/TM—2003-211990, 2003, pp. 117–118. http://www.grc.nasa.gov/
WWW/RT2002/5000/5830nguyen2.html 

4. Kojima, J.; and Nguyen, Q.V.: Measurement and Simulation of Spontaneous 
Raman Scattering Spectra in High-Pressure, Fuel-Rich H2-Air Flames. Meas. 
Sci. Tech., vol. 15, no. 3, 2004, pp. 565–580. 

5. Nguyen, Quang-Viet; and Kojima, Jun: Transferable Calibration Standard 
Developed for Quantitative Raman Scattering Diagnostics in High-Pressure 
Flames. Research & Technology 2004, NASA/TM—2005-213419, 2005, 
pp. 170–172. http://www.grc.nasa.gov/WWW/RT/2004/RT/RTB-nguyen.html

6. Nguyen, Quang-Viet; and Kojima, Jun N.: Alternative Rotational Raman Ther-
mometry Developed for Turbulent Combustion. Research & Technology 2006, 

NASA/TM—2007-214479, 2007, 
pp. 149–151. http://www.grc.nasa.gov/
WWW/RT/2006/RT/RTB-nguyen1.html

7. Kojima, Jun; and Nguyen, Quang-Viet: 
Strategy for Multiscalar Raman Diagnos-
tics in High-Pressure Hydrogen Flames. 
New Developments in Combustion 
Research, William J. Carey, ed., NOVA 
Science Publishers, New York, NY, 2006, 
pp. 227–256.

8. Iannetti, A.: National Combustion Code 
Validated Against Lean Direct Injection 
Flow Field Data. Research & Technology 
2002, NASA/TM—2003-211990, 2003, 
pp. 114–116. http://www.grc.nasa.gov/
WWW/RT2002/5000/5830iannetti.html

         Find out more about 
Glenn’s combustion 
diagnostics research:
http://www.grc.nasa.gov/
WWW/combustion/ 
zDiag.html

Glenn contact: 
Dr. Quang-Viet Nguyen, 
216–433–3574, Quang-Viet.
Nguyen-1@nasa.gov

Ohio Aerospace Institute 
(OAI) contact: 
Dr. Jun Kojima, 
440–962–3095, 
Jun.N.Kojima@nasa.gov

Authors: 
Dr. Quang-Viet Nguyen and 
Dr. Jun N. Kojima

Headquarters program 
office: 
Aeronautics Research 
Mission Directorate

Programs/projects: 
Fundamental 
Aeronautics, Subsonic 
Fixed Wing; Supersonics

Special recognition: 
The data presented in this 
article were obtained with the 
aid of a technology devel-
oped by Dr. Nguyen (U.S. 
Patent 6,937,331, “High-
speed electromechanical 
shutter for imaging spectro-
graphs”) that received an 
Exceptional Invention Award 
by the NASA Contributions 
and Inventions Board.

Air

35

30

25

20

15

10

5

60° counter-
clockwise
LDI swirler

CH4 fuel

CH4, molecules/cm3

P
ro

ba
bi

lit
y

Temperature, K

O
2,

 m
ol

ec
ul

es
/c

m
3

Radial distance, y

A
xi

al
 d

is
ta

nc
e,

 z

2

0.0

1000 20001500500 2500

0.0

0

0.2

0.2

0.4

0.4

0.6

0.6

0.8

0.8

1.0×1019

1.0×1019
CH4, molecules/cm3

P
ro

ba
bi

lit
y

Temperature, K

O
2,

 m
ol

ec
ul

es
/c

m
3

0.0

1000 20001500500 2500

0.0

0

0.2

0.2

0.4

0.4

0.6

0.6

0.8

0.8

1.0×1019

1.0×1019

6 10 14

2300
1900
1500
1100
700
300

Temperature,
K

Quantitative multiscalar data (fuel-oxidizer-temperature correlation) analyzed for single-shot 
measurement data in a high-pressure turbulent flame provided by a lean direct-injection (LDI) 
burner. This figure is shown in color in the online version of this article (http://www.grc.nasa.gov/ 
WWW/RT/2006/RT/RTB-nguyen2.html).



NASA GLENN RESEARCH CENTER          154                                              2006 RESEARCH AND TECHNOLOGY

RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

High-Throughput Triple-Grating Spectrograph Developed for Nonintrusive 
Measurements of Combustion-Generated Plasmas 
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Researchers from the Combustion Branch of the NASA Glenn Research 
Center and from the Ohio Aerospace Institute (OAI) have developed and 
tested a novel high-throughput triple-grating spectrograph (TGS) for high-
resolution, high-sensitivity, pure-rotational Raman and/or Thomson scattering 
spectroscopic studies. Rotational Raman scattering is the inelastic scattering 
of light from a molecule corresponding to the molecule’s rotational quantum 
state and number density, and Thomson scattering is the inelastic scattering 
of light from electrons corresponding to the electron’s translational temperature 
and density. By combining pure-rotational Raman and Thomson scattering 
with the gas-phase temperature, we can simultaneously measure the electron 
temperature and electron number density in aerospace engine combustion 
environments that contain low-temperature combustion plasmas.

In order to see the faint rotational-Raman and Thomson scattering over the 
intense background scattered stray light at the laser wavelength, we use 
a double-subtractive imaging spectrograph as a narrow-band (0.5-nm) 
notch filter with a 109 optical rejection of the laser wavelength. In a double-
subtractive imaging spectrograph, the first grating spectrograph disperses 
the light according to wavelength along a focal plane. An optical mask (an 
opaque strip), placed at the focal plane at a location corresponding to the 
excitation laser wavelength blocks the laser line; then a second grating spec-
trograph, arranged in mirrored geometry with respect to the first one, recom-
bines the wavelength-dispersed light back to a single beam minus the laser 
wavelength. The width of the mask strip determines the notch filter width. 
The light from the double-subtractive spectrograph is then imaged into a third 
spectrograph to resolve and record the Raman/Thomson spectrum. Previ-
ous designs of double-subtractive spectrographs for studying Thomson scat- 
tering were described by van de Sande (ref. 1) and the references therein. 

We have improved upon the relatively 
low throughput (optical aperture ratio 
of f/6) and bulky design in (ref. 1) with 
the compact (portable), all-transmissive 
design shown in the following figure. Our 
design utilizes custom-made volume- 
phase holographic (VPH) gratings and 
compact 35-mm camera lenses to  
realize a compact TGS with superlative 
optical throughput (f/2), high-resolution, 
and excellent imaging properties. The 
figure shows the current TGS design 
used with a linear 18-by-1 fiber-optic 
array that collects the Raman/Thomson 
signal scattered from an injection-seeded 
Q-switched Nd:YAG1 laser. The spec-
trum is dispersed with a grating-prism 
(GRISM) spectrograph, and the signal 
is recorded using an intensified charge-
coupled device (ICCD) camera.

The photograph on the next page shows  
the TGS setup. As can be seen from the 
optical breadboard with the 1-in. bolt- 
hole center, the TGS occupies less than 
18 by 18 in. of space. The graph shows 
the pure-rotational Raman scattering 

�	
1Neodymium: yttrium aluminum garnet.
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data of pure nitrogen (N2) obtained with the TGS system (averaged over 200 
laser shots). The individual rotational lines of N2 starting from J = 0 (12-cm–1 
shift) can clearly be seen (here, J is the rotational quantum number). The 
graph also shows the optical notch filter function (obtained using white light), 
which has a measured 0.52-nm (16-cm–1) full-width at half-max (FWHM) 
notch. This permits spectral features as close as 8 cm–1 to be observed and 
recorded. To the author’s knowledge, this is the highest optical throughput 
f/2 imaging TGS system ever described.

TGS system as mounted on an optical breadboard with 1-in. bolt hole center 
spacing. Note that, on the lower left of the photograph, a translation stage for the 
mask permits wavelength tuning of the notch filter central wavelength.
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with the transmission function from a white light source.
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Outer Planet Mining Vehicle Design Issues Identified and Analyzed 

At the NASA Glenn Research Center, concepts and scenarios for the 
atmospheric mining of the outer planets were investigated (ref. 1). In 2006, 
atmospheric mining concepts first identified in 2005 were further refined to 
determine which concepts were the most promising. Although helium 3 (3He) 
is a primary product to be wrested from the atmosphere, hydrogen and other 
gases are also of great interest. These gases would be liquefied and used 
as fuels for either chemical rockets or other advanced propulsion concepts 
(rockets using fission or fusion energy, etc.). Three mining concepts were 
analyzed: atmospheric scoopers, cruisers, and balloons. The system com-
plexity for these mining facilities in the atmospheres of Uranus and Neptune 
were assessed. 

One sizing issue is balloon system mass and radius. Balloon-borne mining 
vehicles will likely require very large payloads. The preceding graph shows 
the overall size of the balloons. The balloon initial mass range is from 1000 
to 100,000 kg. This initial mass includes the payload, balloon envelope, sup-
porting onboard subsystems, and buoyancy gas. For payloads of 100,000 kg, 
the balloon radius is approximately 44 to 50 m. The graph on the next 
page shows the payload mass that can be supported. At very high gas tem-
peratures—over 600 K—the balloon payload can be very high. At a buoy-
ancy gas temperature of 600 K and an initial mass of 100,000 kg, the balloon 
payload can be 70,000 kg. 

For outer planet mining, the follow-
ing vehicles and facilities would be 
needed:

(1) Nuclear electric propulsion (NEP) 
interplanetary transfer vehicles 

(2) Atmospheric mining vehicles 
(3) Atmospheric to outer planet moon 

transfer vehicles (aerospacecraft)
(4) Outer planet orbital transfer vehicles 

(traveling between the moons, etc.) 
(5) Factories to refurbish aerospace-

craft and fuel capsules
(6) Storage facilities on the outer planet 

moon

For lunar mining, the following vehicles 
would be needed:

(1) Earth-to-Moon transfer vehicles
(2) Lunar landing and ascent vehicles
(3) Lunar surface mining vehicles
(4) Storage facilities on the Moon

In the near term for 3He mining, lunar 
regolith (dust and rock) mining might 
be more effective than outer planet 
atmospheric mining. However, from 
the number of maneuvers discussed in 
earlier research (ref. 2) and the number 
of spacecraft needed to allow the return 
of the 3He to Earth, it is not clear which 
option would be more effective. Even 
though the 3He reserves on Earth’s Moon 
may be in the parts per billion range per 
ton of mined material, the deciding factor 
will likely be the effectiveness and reli-
ability of factories for processing rego-
lith versus that for factories processing 
atmospheric gases. 

Mining outer planet atmospheres will 
require a small fleet of space and aero-
dynamic vehicles (or “aerospacecraft”). 
Options for balloons and atmospheric 
cruisers were assessed and found to 
be feasible for small and large mining 
missions. The technologies needed for 
quick trips to the outer solar systems may 
be 100-MWe-class nuclear-electric-
propulsion interplanetary vehicles, 
lightweight mining systems, and highly 

Mining balloon radius versus buoyancy gas temperature. Temperature = 
70 K in hydrogen environment with helium buoyancy gas.
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reliable autonomous aircraft, aerospacecraft, and balloon systems. On the 
basis of past estimates of 3He production from the outer planets and the appar-
ent complexity of the mining systems, it seems that relatively small amounts 
of 3He will likely to be returned to Earth with such mining techniques. Using 
3He at the factory’s outer planet location might be the best use of the fuel. 
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Mining balloon effective payload mass versus buoyancy gas tempera-
ture. Temperature = 70 K in hydrogen environment with helium buoy-
ancy gas.

Aerospace Fuels Assessed for Future Aerospace Vehicles 

From 2001 to 2006, as part of the Revolutionary Aeropropulsion Concepts 
project, gelled fuels and their derivatives were assessed for future aerospace 
vehicles at the NASA Glenn Research Center. Future fuels with higher energy 
may be needed for larger, more capable vehicle flying at supersonic and 
hypersonic speeds. 

In 2006, studies were conducted of gelled 
fuels for a series of aerospace missions, 
including lunar, Mars, and missile propul-
sion. A matrix (see the table) was gener-
ated to illustrate the areas of application 
for gelled fuels. Both ungelled and gelled 
fuels would have broad applications over 
the full set of speed regimes: from sub-
sonic flight to space flight. 

Because they use metal particles, met-
allized gelled fuels would likely be used 
only in specialized subsonic and super-
sonic applications. For example, use in 
a small fleet of aircraft would be more 
likely than use in large fleets of com-
mercial aircraft. 
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In addition, both hypersonic and space flight vehicles are excellent candidates 
for metallized gelled fuels. These vehicles are usually limited to smaller vol-
umes, and the higher density of the metallized fuels will likely make a good 
performance match with these very high speed applications. The more the 
dense the fuel is, the easier it is to package the fuel tanks in the aerospace 
vehicle. 

Historical reviews of the work with methane-fueled aircraft have been enlight-
ening. The gelling of methane required a small fraction, about 1 wt%, of water 
to be added to the fuel. At liquid methane’s cryogenic temperatures, the water 
becomes frozen particles in the fuel. Extensive design studies were conducted 
for using liquid methane on future airliners. The density of the fuel is lower than 
that of a liquid hydrocarbon such as jet fuel. Additional volume is generally 
needed for the cryogenic liquid fuels. Thus, typically the methane fuel tanks 
were integrated into a large fraction of the main aircraft fuselage rather than 
simply placing the fuel in the wing tanks. The advanced airliner was able to 
deliver performance that was very comparable to that of aircraft using tradition 
jet fuel (JP). These studies were used to direct new NASA studies of aerospace 
vehicles and led to a better direction for new gelled methane research. 

Hypersonic and space flight vehicles also benefit from higher density cryogenic 
fuels. The use of gelled fuel could reduce the overall volume of a hypersonic 
vehicle, making room for added payload or allowing a smaller more compact 
vehicle to be created. Human Mars missions, in particular, would benefit 
from metallized gelled hydrogen fuel. An increase of payload mass of 20 to 
33 percent over that of traditional oxygen/hydrogen-fueled rocket engines 
would be possible. 
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The NASA Glenn Research Center’s Fuel Reformer Injector Test facil-
ity (shown in the photograph) provides the means to perform catalytic 
fuel-reforming research, including the evaluation of feed-delivery systems 
and reforming catalysts. Fuel reforming converts hydrocarbon fuels into a 
hydrogen-rich syngas, also called reformate, which contains hydrogen (H2), 
carbon monoxide (CO), carbon dioxide (CO2), and traces of unreacted feeds. 
Reformate is an acceptable feed for a solid oxide fuel cell (SOFC) to produce 
electrical power. Fuel reforming requires steam and air co-feeds with the 
hydrocarbon fuels where feed-mixing characteristics are critical in achieving 
optimal reforming efficiency. Our research at Glenn focused on evaluating 
advanced fuel injector/mixer designs by measuring velocity and composi-
tional profiles using nondestructive laser diagnostics. Various injector/mixer 
concepts have been ranked according to flow field uniformity and fuel dis- 
tribution. Future plans are to conduct reforming experiments correlating 
injector/mixer designs with reforming catalysts under a set of protocol oper-
ating conditions, which will provide a better understanding of injector mixing 
and catalyst performance.

 
The injector test facility can operate with 
liquid and vaporized hydrocarbon fuels 
and gaseous fuels, such as methane. We 
have tested injectors using commercial 
aviation Jet-A fuel, diesel, and gaseous 
methane. Liquid fuel was atomized and 
mixed with steam and/or air before being 
directed into a downstream quartz win-
dow or reformer. 

This test facility was designed with the 
flexibility to operate in various reforming 
configurations including steam reforming 
(SR), autothermal reforming (ATR), and 
catalytic partial oxidation (CPOX), and 
to accommodate different catalyst types 
such as monolith, microlith, and catalyst 
pellets. The facility can handle reformate 
pressures up to 25 psig and a maximum 
outlet temperature of 1400 °F. 

Characterization of reformer feed mix-
tures was accomplished by utilizing 
advanced laser diagnostic techniques 
including Raman spectroscopy and 
particle imaging velocimetry (PIV). 
These techniques revealed injector pat-
ternization, flow visualization, velocity 
contours, and fuel-air-steam mixing 
characteristics.

Fuel-Injector Concepts Investigated in the Fuel-Reforming Injector Test Facility   

Hardware setup of the Reformer Injector Test Rig containing a 
quartz window for laser diagnostics. This quartz window may 
be replaced with a reformer to produce syngas.

x z

y

Top: Three-dimensional model of the 
NASA-Goodrich impingement syphon 
injector. Center: Precision Combustion’s 
ATR microlith reformer.
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The reformer test facility evaluated the following fuel-injector concepts:

•	 Goodrich impingement jet syphon (shown in the illustration on the preced-
ing page) (fiscal year 2005, FY05)

•	 Goodrich gas-assisted simplex (FY05)
•	 Department of Energy multipoint impingement jet (FY05)
•	 Sun Valley cone mixer (FY05)
•	 NASA in-house swirl-venturi mixer (FY06) 

The Goodrich gas-assisted simplex and NASA swirl-venturi mixer were ranked 
the best concepts with the most uniform velocity field and fuel distribution 
profile. 

This test facility was also used in collaboration with Catacel Corp. (small busi-
ness), the Department of Energy’s Solid Energy Conversion Alliance program, 
and the Ohio Third Frontier Action Program with SOFC. For additional infor-
mation on reforming catalysts and laser techniques used in Glenn’s Injector 
Test Facility, please refer to the referenced articles.
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The NASA Glenn Research Center is currently engaged in characterizing the 
solid and volatile aerosol emissions from gas turbine combustors. A pressure-
reduction chamber was fabricated at Glenn as a part of the aerosol sampling 
system, and a computational fluid dynamics code developed at Glenn was 
used to predict the evolution of the aerosol in the device.

To understand the impact of aircraft emissions on the environment, it is nec-
essary to understand the formation and subsequent development of gaseous 
and aerosol emissions in the exhaust gas of jet engines. For gas and particle 
emissions to be measured accurately, the elevated pressure of the exhaust 
gas from the aircraft combustor must be brought down to the applicable range 
of the measuring devices.

 
A pressure reducer is a cylinderlike 
device that has an inlet tube at the top 
and an exit tube at the bottom. The sche-
matic on the next page shows a typical 
pressure-reduction device. The portion of 
the inlet tube inside the pressure reducer 
may be expanded up to 5° to slow down 
the drop of the incoming pressure and 
temperature. In this study, the inter-
nal diameter (ID) of the inlet tube was 
0.09 in., and the diameter at the exit of 
the inlet tube was 0.2646 in. because of 

Aerosol Microphysics in a Pressure-Reduction Chamber Predicted by 
Numerical Simulations
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a 5° expansion. The gap distance was 2 in., the ID of the sample extrac-
tion tube was 0.34 in., and the diameter of the reducer was 3 in. The overall 
length of the domain that includes the inlet tube, the chamber, and the sample 
extraction tube was 35 in. (0.889 m). A chemistry mechanism having 29 spe-
cies and 73 reactions was used, and the aerosol size distribution was divided 
into 12 bins. The size distribution of the soot particle was prescribed to be 
log-normal, with a median radius of 40 nm, modal widths of 1.5, and a total 
number density of 1013 particles/m3. 

Two cases are presented to show the chemical conversion and particle 
evolution in the device. The total pressures of the incoming gas were 65 and 
255 psi, respectively. The total temperature was set to be 485 K for both 
cases. The exit pressure was set at 19.7 psi, and the pressure at the bleed-
ing location was 14.7 psi. The wall temperature of the inlet tube entering the 
chamber was set to 477 K (400 °F); the rest of the wall was either at 450 K or 
was insulated. For the 65-psi case, the temperature was above 450 K from the  

inlet to the exit, hence the H2SO4-H2O 
droplets1 could not be nucleated. For the 
255-psi case, the temperature dropped 
to near 250 K at the end of the inlet tube. 
The distributions of H2SO4 mass fraction 
along the 0.018-in. line are shown in the 
following graph, which shows that the 
mass fraction increased in the straight 
portion of the inlet tube outside of the 
chamber region. This graph also indicates 
that the chamber had little influence on 
the evolution of H2SO4. 

Pressure-reduction chamber. OD, outside diameter of tube.
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The top graph shows the number density 
distribution, in log10 scale, of the soot par-
ticles for the 255-psi case. The influence 
of the chamber on the size distribution of 
the soot particles is noticeable. 

The bottom graph shows that the nucle- 
ation of H2SO4-H2O droplets is signifi- 
cant for the 255-psi case, so is the 
coagulation of droplets. Work to imple-
ment more aerosol microphysics models 
is in progress.
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Jet engine compressors normally increase the pressure of the incoming air to 
high levels where combustion can occur efficiently. Occasionally disturbances 
in the incoming air can cause the compressor to lose pressure or stall, which 
can cause serious problems for the aircraft. Compressor stability, the abil-
ity of the compressor to resist stall, is very difficult to predict. In this work, a 
three-dimensional unsteady computer code called CSTALL was developed 
and used to investigate the stability of a transonic compressor stage.

CSTALL solves the unsteady inviscid (Euler) flow equations for the entire 
compressor, but rotor and stator blades are modeled using body force terms. 
This makes the code much faster than unsteady viscous (Navier-Stokes) 
codes but requires calibration of the body force model. A new formulation 
was developed at the NASA Glenn Research Center that allows the body 
force information to be calculated easily using a steady viscous code. Here, 
the SWIFT turbomachinery analysis code was used to analyze a transonic 
inlet stage for a core compressor called NASA stage 35 and to calculate 
calibration data for CSTALL.

CSTALL was first used in a two-dimensional throughflow mode to calculate 
the operating map for stage 35 and to estimate the stall point. The calculated 
operating map, stall point, and blade exit profiles agreed well with the original 
SWIFT calculations and experimental data. Calculated results with inlet radial 
distortion showed the expected loss of range. 

CSTALL was then used in a three-dimensional mode to investigate inlet circum-
ferential distortion over a 120° segment ahead of stage 35. The calculated oper-
ating map in the graph shows a loss in static pressure ratio that is comparable to 

experimental measurements. The bottom 
figure shows contours of computed axial 
velocity on a blade-to-blade surface near 
the tip of the compressor. To the right of 
the contour maps, the computational grid 
shows the locations of the rotor and stator. 
Steady calculations (top) show the low-
velocity distorted flow ahead of the rotor. 
Stalled calculations (bottom) show unsteady 
rotating stall with two stall cells in the rotor 
and shock waves running upstream. The 
calculations predict recovery from stall when 
the exit pressure is reduced sufficiently.
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Baseline Inlet Tests Conducted for Supersonic Inlet Flow Control in a 
Partial Isentropic External Compression Inlet

Bleed has traditionally been used to improve the health of the boundary layer 
in supersonic aircraft engine inlets. However, the use of bleed adds mechani-
cal complexity and increases the size of the inlet needed for a given engine 
mass flow requirement. Computational fluid dynamics (CFD) simulations in 
mixed compression inlets and small-scale shock-boundary layer interaction 
experimental and CFD results have shown that arrays of microdevices have 
the potential to reduce or eliminate the need for bleed. However, an inlet with 
microdevice arrays has not been tested in a wind tunnel. To provide baseline 
inlet data for a future inlet test with microdevices, researchers at the NASA 
Glenn Research Center tested a family of five external compression inlets 
in Glenn’s 1- by 1-Foot Supersonic Wind Tunnel. These inlets had neither 
bleed nor microdevices. The tests were performed under the Fundamental 
Aeronautics program and a partially reimbursable Space Act Agreement with 
Gulfstream Aerospace Corporation.

The inlets tested, which were based on a design developed by Gulfstream 
Aerospace Corporation, included a partially isentropic compression surface. 
The external compression surface was the same for all five inlets; they dif-
fered only in the subsonic diffuser length and in the centerbody diameter at the 
aerodynamic interface plane (AIP). Two subsonic diffuser lengths and three 
centerbody diameters were studied. The three inlets with the long subsonic 
diffuser were made with all three AIP centerbody diameters; the two inlets 
with the short subsonic diffuser were made with only the largest and smallest 
AIP centerbody diameters.

All inlet testing was done at a tunnel 
mach number of 1.97. The experimental 
test results were compared with CFD 
calculations done by Glenn and Gulf-
stream Aerospace Corporation. The 
Wind code was used for Glenn’s CFD 
calculations, and the Overflow code was 
used for Gulfstream’s calculations. NASA 
and Gulfstream CFD results compared 
well with each other and with the experi-
mental results.

The CFD and experimental results from 
Glenn’s 1- by 1-Foot Supersonic Wind 
Tunnel will be used to determine which 
inlet design will be chosen for possible 
further study. In addition, a CFD study 
of this inlet may be done to determine 
the optimal location for an array of 
microramps. Then, a larger scale wind 
tunnel model may be tested in coop-
eration with Gulfstream Aerospace 
Corporation.
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Wind-US Code Updated

In October 2004, the NPARC (National Program for Application-Oriented 
Research in CFD) Alliance released Wind-US 1.0, the latest in its line of 
general-purpose, multizone, compressible flow solvers. Since then, several 
new features have been added, and existing capabilities have been improved, 
in preparation for the release of Wind-US 2.0 in 2007.

The unstructured grid solver, initially added in Wind-US 1.0, has been com-
pletely rewritten and has been incorporated at a lower level in the code struc-
ture. This allows more commonality between the structured and unstructured 
solvers, making the resulting code easier to maintain. More importantly, it is 
now easier to add new features that will apply to both types of grids. As a 
result, many of the capabilities that could only be used with structured grids 
in Wind-US 1.0 can now also be used with unstructured grids.

An empirical model that simulates the effects of an array of vortex generators 
was incorporated into Wind-US for applications on structured grids. The model 
enables the effects of vortex generators to be simulated without defining the 
details of the geometry within the grid, making it practical for researchers to 
evaluate multiple combinations of vortex generator arrangements.

The model determines the strength of each vortex on the basis of the gener- 
ator chord length, height, and angle of incidence with the incoming flow, as 
well as on the incoming flow velocity and boundary layer thickness. The gen-
erators must be located at a coupled interface boundary between two zones. 

A discontinuous change in secondary 
velocity is applied across the interface 
to simulate the vortices produced by the 
generators. Computed mach contours for 
flow in a circular duct with vortex genera-
tors are shown in the figure.

Work is also ongoing to improve the 
turbulence models available for use 
with the structured solver in Wind-US. 
Modifications have been made to the two-
equation shear stress transport model to 
incorporate laminar-turbulent transition 
capability. For high-speed flows, a new 
compressible flow solution procedure has 
been formulated for the explicit algebraic 
Reynolds stress model. Both models are 
currently being evaluated for benchmark 
flow problems.

Enhancements have been made to the 
postprocessing tool, CFPOST, to allow 
users to more readily extract turbulence 
information from the solution file. The 
new output variables include the indi-
vidual turbulent stresses and the ability 
to normalize values using appropriate 
near-wall scaling.

The NPARC Alliance is a formal part- 
nership between the NASA Glenn 
Research Center and the Air Force 
Arnold Engineering Development Center, 
with additional significant involvement by 
the Boeing Company’s Phantom Works 
Group, whose mission is to provide an 
applications-oriented computational 
fluid dynamics (CFD) system primarily 
for aerospace flow simulation. 

All NPARC Alliance software is available 
free to U.S.-owned companies, public 
and private universities, and government 
agencies, for use by U.S. citizens and 
resident aliens. Instructions for obtain-
ing the code are available at the NPARC 
Alliance homepage, or from the NPARC 
Alliance User Support team.

Comparison of results for fully resolved and modeled vortex generators at 1, 5, 10, 
and 15 chord lengths downstream of the generator tip.

Gridded
vane

Vortex
generator
model

x/c = 1 x/c = 5 x/c = 10 x/c = 15
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Stricter regulations on aircraft noise have led to numerous studies addressing 
jet noise reduction. One technique, developed at the University of California, 
Irvine, during research supported in part by a NASA grant, involves the use 
of a “wedge” to deflect and redistribute the flow from an engine exhaust. The 
wedge deflects the bypass (fan) stream sideways and downward so that a 
thick low-speed layer is formed underneath. When this is achieved, less noise 
is heard on the ground. In-house experiments at the NASA Glenn Research 
Center with larger scale nozzles confirmed the noise reduction, and compu-
tational studies indicated that the thrust penalty was modest. 

The present experiment was conducted to further study the effect. It was done 
in collaboration with Rebecca Shupe of University of California, Irvine, who 
was at Glenn under a Graduate Student Researcher Program fellowship. The 
objectives were to (1) investigate the effect of the shape and placement of the 
wedge, (2) obtain detailed flow-field data including turbulent stresses, and (3) 
study the effect in the presence of a pylon structure. 

The nozzle used in the study is shown in the photograph. Two crossed 
hot-wire probes, used for the measurements, can be seen on the right. The 
results pertain to cold flow with a primary jet velocity Up of 215 ft/sec and 
a secondary-to-primary velocity ratio Us/Up of 0.7. The fan nozzle diameter 
Df is 2.1 in. A wedge placed in the fan stream is shown in the left schematic 
drawing on the next page. The wedge could be placed externally as shown 
or internally within the fan nozzle. The right schematic drawing shows the 
nozzle together with an internal wedge and a pylon structure. Flow fields for 
various configurations were surveyed in detail.

A key result is shown in the final figure 
(bottom of the next page), which com-
pares the effects of two internal wedges, 
without the pylon. The contours on the 
left show the mean velocity distribution 
on a cross-sectional plane located four 
fan diameters downstream from the end 
of the center plug. Without the wedge, 
the contours are circular and concentric. 
Both wedges deflected the flow down-
ward, resulting in a “pear-shaped” distri-
bution, but wedge 2 produced a stronger 

Effect of Wedge-Shaped Deflectors on the Flow Field of a High-Bypass-Ratio 
Nozzle Studied

Nozzle and hot-wire probes.



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          167                                              2006 RESEARCH AND TECHNOLOGY

effect. Corresponding turbulence intensity distributions on the axial plane 
are shown on the right. In either case, turbulence is low on the underside, 
commensurate with lower noise heard on that side. Clearly, turbulence was 
suppressed more by wedge 2, which, therefore, has promise for better noise 
reduction. Compared with wedge 1, wedge 2 has the same base width but 
is shorter in length. The sidewalls are different. These differences produced 
significantly different effects on the flow field. Therefore, the geometry of the 
internal wedge, which is an integral part of the pylon structure in practice, might 
play a key role in fan flow deflection and the resultant noise reduction.
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Flow-field survey results for two internal wedge configurations. On the left are mean-velocity distributions 
on a cross-sectional plane at four fan diameters downstream from the end of the center plug (x = 4Df). On 
the right are turbulence-intensity distributions on an axial plane (y = 0). This figure is shown in color in the 
online version of this article (http://www.grc.nasa.gov/WWW/RT/2006/RT/RTE-zaman.html).
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SmaggIce 2D Version 2.0: Capabilities Added for the Interactive 
Grid Generation of Iced Airfoils

The Surface Modeling and Grid Generation for Iced Airfoils (SmaggIce) tool-
kit was recently expanded with additional capabilities. Version 2.0, the latest 
release, now accommodates multi-element as well as single-element airfoils 
for computational studies of icing effects. This suite of tools developed at the 
NASA Glenn Research Center is designed to help researchers and engineers 
study the effects of ice accretion on airfoil performance, which is difficult to 
do with other software packages because of the complexity of ice shapes. 
Using SmaggIce to simulate flow over an iced airfoil will also help to reduce 
the cost of performing flight and wind-tunnel tests for certifying aircraft in 
natural and simulated icing conditions. The graphical interface of SmaggIce 
is shown in the following figure, with an example grid created for a multi- 
element iced airfoil. 

Ice shapes pose difficulty in generating the good-quality grids that are essential 
for predicting ice-induced complex flow. SmaggIce is used to prepare two-
dimensional cross sections of iced airfoils for computational fluid dynamics 
analysis. This includes three broad phases of study—ice shape characteriza-
tion, grid generation, and aerodynamic flow solution. Many tools are uniquely 
tailored for ice, including dividing the flow domain into blocks to set up the 
grid structure prior to grid generation, making changes to the grid-density 
distribution, and merging and smoothing multiblock grids. The use of a thin, 
tightly controlled block that wraps around the iced airfoil is an example of a 
unique feature available for handling difficult ice geometries. This feature is 
shown in the figure on the next page.

SmaggIce also provides tools to rapidly 
quantify ice-shape characteristics (such 
as horn height, angle, and location) and 
calculate integrated ice area, allowing 
researchers to examine their effect on 
aerodynamic performance. SmaggIce 
allows users to specify the size and 
location of simple, primitive ice shapes 
for parametric study. It includes tools that 
examine input data for possible errors 
(such as tangling introduced during 
data acquisition) and allows the user 
to smooth ice shapes to desired lev-
els for computational fluid dynamics 
analysis. The shapes of block edges 
can be changed with control points by 
representing the edges as nonuniform 
rational B-spline curves. The density 
and distribution of points over the iced 
airfoil can be controlled to streamline the 
interactive grid-generation process.

Blocking and grid generation for multi-
element airfoils required a number of 
additional supporting capabilities. Ver-
sion 2.0 automatically creates blocks 
that connect and fill in the space between 
elements of a multi-element airfoil. In 
addition, the capability to divide blocks 
arbitrarily between opposite edges and 
to merge blocks was added to the block- 
modification tools. SmaggIce provides 
the tools needed to create high-quality 
grids for aerodynamic simulation of iced 
airfoils.

SmaggIce main window. This figure is shown in color in the online version of 
this article (http://www.grc.nasa.gov/WWW/RT/2006/RT/RTI-kreeger.html).
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Unique features for handling ice geometries. This figure is shown in 
color in the online version of this article (http://www.grc.nasa.gov/ 
WWW/RT/2006/RT/RTI.kreeger.html).

Propellant management devices can be utilized within a propellant tank in 
space to deliver single-phase fluid to an engine in low gravity. One type of 
propellant management device, a liquid acquisition device (LAD) uses capil-
lary flow and surface tension for acquiring liquid. 

Capillary-flow LADs have been well characterized for storable (noncryogenic) 
propellants. More recently, there has been an interest in developing LADs 
for a variety of cryogenic applications. A screen-channel capillary flow LAD 
(see the figure to the right) consisting of multiple channels located close to 
the tank wall is of interest because it can perform in a variety of gravitational 
environments. The portion of the channel facing the tank wall is covered with 
a tightly woven screen. Propellant surface tension and wicking in screen pores 
ensures vapor-free propellant delivery. 

A number of screen weaves can be used in LAD channels. The weave pat-
tern and number of wires per inch in each direction determine the geometry 
of the screen pores. For example, a 200 by 1400 mesh Dutch twill screen has 
200 shute and 1400 warp wires per square inch, and each shute wire travels 
over two warp wires before going under a warp wire. The geometry of the 
pore and the surface tension of the fluid determine the “bubble point”—the 
differential pressure across the screen that overcomes the surface tension 

Liquid Acquisition Devices Evaluated

Notional view of four screen-channel LADs 
installed inside a propellant tank. The open 
area on the screen channels is covered 
with a tight mesh screen.
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Observed bubble-point values for IPA, LN2, and LO2 were consistent with 
pretest predictions. The pressure drop across the screen during outflow tests 
correlated well with predicted values. Data were consistent, repeatable, and 
predictable for the fluids tested. Predictions were valid for saturated liquid 
at its normal boiling point. In the simple model used to predict bubble point, 
surface tension scaling fairly accurately predicted experimental bubble-point 
values.

Sample 200-by-1400 mesh screen.

In addition to continuing to analyze 
the collected data, we plan to collect 
more fundamental data on various flu-
ids (including liquid methane) and to 
evaluate LAD screens under varying 
levels of system pressure and degrees 
of liquid subcooling. Further analytical 
model development is planned, as well 
as evaluating the effects of heat trapped 
within LAD channels to ensure that fluid 
stored within the LAD channel remains 
in a single phase. 
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of the liquid on the screen. A high bubble point (fine screen mesh) is desir-
able to ensure single-phase liquid delivery and good wicking of fluid into the 
screen pores. Fine-mesh screens, however, exhibit a larger pressure drop 
during outflow. The total pressure loss in the system must be less than the 
bubble-point pressure to prevent vapor ingestion.  

Recently completed research yielded data for LAD bubble-point values in 
isopropyl alcohol (IPA), liquid nitrogen (LN2), and liquid oxygen (LO2) for 
stainless steel Dutch twill screens with mesh sizes of 325 by 2300 and 200 
by 1400. Screen channel outflow data also are reported for the screen with 
a mesh size of 200 by 1400. 

The scanning electron micrograph to the right shows a 325-by-2300 mesh 
screen. Testing was conducted over a 2-year period in NASA Glenn Research 
Center’s Cryogenic Components Lab in a small-scale fuel test stand designed 
for component screening. IPA and LN2 testing was completed in 2004. During 
2005, LO2-compatible piping was installed at the facility, and LO2 LAD testing 
was completed in 2006. The following photograph shows the LAD screen test 
hardware installed in the cryogenic dewar in the test facility.

100 µm

LAD test article installed inside the cryogenic dewar.

LAD screen Fiber-optic light

Mirror



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          171                                              2006 RESEARCH AND TECHNOLOGY

Catalytic Reforming Technologies Investigated for Hydrogen Production and 
Onboard Aerospace Power Generation 

Catalytic reforming technologies are being studied by the NASA Glenn 
Research Center for future commercial aerospace implementation. The fuel-
processing application supports the onboard generation of auxiliary power, 
combustor emissions reduction, and propulsive thrust in more-electric aircraft 
architectures. For simplicity, an aviation fuel-cell-based power system utilizes 
Jet-A fuel as the feed to the fuel processor. The reformer catalytically con-
verts the liquid Jet-A hydrocarbon into a synthesis gas rich in hydrogen (H2) 
and carbon monoxide (CO); when integrated with solid oxide fuel cell (SOFC) 
power systems, electrical power is generated at high conversion efficiencies 
(exceeding 50 percent). 

The high-temperature synthesis gas 
can directly feed the SOFC stack where 
onboard electrical power and waste 
heat are produced. The reformer reactor 
technology for deployment with onboard 
aircraft systems must be compact and 
lightweight with long-term durability. 
Monolithic reforming catalysts offer high 
surface-to-volume ratios, are known to 
have high relative activity, are durable at 
extreme temperatures, are resistant to 
vibration affects, and produce very low 
pressure drop. 

During one series of fuel-processing 
experiments, the autothermal reform-
ing (ATR) of Jet-A fuel was examined 
in a small (0.05-kWe) microreactor test 
apparatus. Six monolith catalyst mate-
rials were selected to assess relative 
catalyst performance under atmospheric 
pressure ATR conditions. The reforming 
of Jet-A fuel occurred at a steam-to- 
carbon (H2O:C) ratio of 3.5 and an 
oxygen-to-carbon (O2:C) ratio of 0.36 
provided from the reactant air feed. 
The average reformer efficiencies for 
the six test catalysts ranged from 75 to 
83 percent at a constant gas-hourly 
space velocity (GHSV) of 12,000 hr–1. 
The corresponding hydrocarbon con-
version efficiency data varied from 86 to 
95 percent at reformer reaction temper-
atures between 750 and 830 °C. 

As a follow-on investigation, the two ATR 
catalysts that had demonstrated the best 
performance were tested for durability 
during a 1000-hr life study at similar 
reactor conditions. Test results showed 
that the first catalyst stopped working 
prematurely after 570 hr time on-stream 
(TOS) via a rapid deactivation decline. 
The second catalyst survived the target 
durability test period of 1030 hr TOS. 
However, its performance efficiency was 
observed to slowly decay from 81 per-
cent initially to 54 percent at end-of-run. 
During all reforming test protocols, the 

Reformer reactor test equipment installation.
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composition of the product gas, the volumetric flow rate of the product gas at 
standard conditions, and the temperatures of the catalyst were determined 
as a function of the control operating variables.

Similar experimental fuel reforming studies were conducted under catalytic 
partial oxidation conditions, where the reforming reaction was run exothermi-
cally, resulting in excess heat generated by the combustion of air. Attempts 
were made during these experiments to differentiate the effects on reformer 
catalyst performance that were due to the sulfur content of the Jet-A fuel. 
The maximum sulfur content was 1500 ppmw; fuel blends with sulfur content 
below 300 ppmw significantly improved catalyst performance. 

Consequently, fuel desulfurization processes were investigated during the 
program year for potential onboard use. For example, the high-temperature 
desulfurization adsorption of reformate gas with mixed oxide adsorbents was 
evaluated and tested by Tufts University under a NASA Research Grant. 
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Further catalyst development work and 
long-term testing will be necessary 
to more thoroughly understand the 
observed catalyst deactivation mecha-
nisms and to identify more robust formu-
lations for the efficient ATR of jet fuels. 
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The pressure, volume, temperature (PVT) method of liquid quantity gauging 
in low gravity is based on calculations assuming conservation of pressur-
ant gas within the propellant tank and the pressurant supply bottle (such as 
depicted in the figure to the right). This method is currently used to gauge 
the remaining amounts of storable propellants onboard the space shuttle’s 
orbital maneuvering system and on Earth-orbiting communications satellites. 
There is interest in applying this method to cryogenic propellant tanks since 
it requires minimal additional hardware or instrumentation. An initial in-house 
study of PVT gauging of cryogenic propellants was completed at the NASA 
Glenn Research Center.

To use PVT with cryogenic fluids, a noncondensable pressurant gas (helium) 
is required. With cryogens, there will be a significant amount of propellant 
vapor mixed with the pressurant gas in the tank ullage. This condition, along 
with the high sensitivity of a cryogenic propellant’s vapor pressure to tempera-
ture, makes the PVT method susceptible to substantially greater measure-
ment uncertainty than is the case with less volatile propellants. A preliminary 
uncertainty analysis was applied to example cases of liquid hydrogen and 
liquid oxygen tanks. Calculations indicate that the PVT method will be fea-
sible for liquid oxygen. Acceptable accuracy will be more difficult to obtain 
with liquid hydrogen.

PVT gauging experiments were con-
ducted in a 0.16-m3 liquid nitrogen tank 
(shown in the photograph) pressurized 
with ambient temperature helium in 
a normal-gravity environment. Liquid 
nitrogen was used as a simulant fluid 
for liquid oxygen. Gauging data were 
collected at nominal tank fill levels of 80, 
50, and 20 percent and at nominal tank 
pressures of 0.3, 1.0, and 1.7 MPa. The 
test tank was equipped with a liquid pump 
and spray manifold to circulate and mix 
the fluid contents and therefore create 
near-isothermal conditions throughout 
the tank. Silicon-diode sensors were 
distributed throughout the tank to moni-
tor temperatures. Close-spaced arrays of 
silicon-diode point sensors were utilized 
to precisely detect the liquid level at the 
nominal 80-, 50-, and 20-percent fill lev-
els. The tests simulated the cryogenic 
tank-side conditions only; helium mass 
added to the tank was measured by gas 
flowmeters instead of using pressure 
and temperature measurements from a 
dedicated helium supply bottle. 

Low-Gravity Gauging Concept Extended to Cryogenic Propellants

Basic PVT gauging hardware configuration 
with instrumentation.
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Results show that helium solubility in the liquid propellant should be accounted 
for in PVT gauging calculations. Gauging results from the PVT method agreed 
with the reference liquid level measurements to within 3 percent and were in 
excellent agreement with predicted results from the uncertainty analysis. Work 
is underway at Glenn to conduct larger-scale PVT tests with liquid oxygen 
and liquid hydrogen in a 1.6-m3 tank pressurized by a cryogenic temperature 
helium supply bottle.
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A workhorse liquid-oxygen/liquid-methane (LOX/LCH4) ignition system was 
recently tested in NASA Glenn Research Center’s Research Combustion 
Laboratory. The igniter was an in-house design used to evaluate the ignition 
processes for LOX/LCH4. The tests examined the flammability of LOX/LCH4 
over a range of oxidizer-to-fuel mixture ratios. In addition, ignition pulses were 
accumulated to examine hardware durability: 1377 individual ignition pulses 
were successfully demonstrated. 

Glenn’s Workhorse igniter was designed 
around a bluff-body-tipped sparkplug 
(see the drawing). The exciter unit for 
the spark plug delivered 200 sparks/sec 
at 20 kV and 70 to 150 mJ. Design flow 
rates were in the 10-lbf thrust class. The 
igniter used three separate propellant 
feed lines, two for the fuel and one for 
the oxidizer. LOX was injected with four 
doublets in the annulus behind the bluff 
body on the spark plug tip and was excited 
by the spark. One fuel line injected fuel 
with four doublets just downstream of 
the spark plug tip to provide an oxidizer-
rich core flow, while the second fuel 
line injected fuel with tangential swirl to 
supply film-cooling flow to the chamber 
wall and an overall fuel-rich torch. The 
core mixture ratio ranged between 10 
and 22, and the overall mixture ratio 
was between 1.1 and 2.0. Both mixture 
ratios were selected because their flame 
temperatures are compatible with con-
ventional materials. Propellant mass flow 
was controlled by cavitating venturis. 

Liquid Oxygen-Liquid Methane Ignition Demonstrated for Application to 
Reaction Control Engines

Workhorse igniter design.
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Injector element pressure drops were designed to accommodate the desired 
propellant mass flows as saturated vapor as well as saturated liquid. 

The LOX/LCH4 igniter was tested in Glenn’s RCL–21, a rocket test stand that 
can simulate an altitude of 100,000 ft (10 torr, or 0.2 psia).  A liquid nitrogen 
cooling system was used to condense gaseous oxygen and gaseous meth-
ane in small propellant tanks. The cooling lines extended from the tanks to 
the igniter inlet valves to help ensure that the propellants remained in a liquid 
state up to the igniter manifold. An additional cooling line was used to cool the 
igniter body to simulate operating conditions in the cold soak of space. 

Performance testing was designed to evaluate the effect of mixture ratio 
variations on the ignition process. A typical ignition reproduced from the video 
monitor is shown in the photograph. Single-pulse, 0.5-sec tests were con-
ducted. Results indicated that ignition was possible across the entire range 
of mixture ratios tested with the igniter body at ambient temperatures. 

Another objective was to accumulate ignition pulses to gauge the expected 
lifetime of the igniter components and valves as well as the repeatability of 
the ignition pulses. A 0.25-sec pulse was used so that a large number of 
pulses could be put on the igniter. During these tests, the igniter was oper-
ated in multiple pulse strings at a 10-percent duty cycle. The graph is a typical 
chamber pressure trace showing 10 pulses. The ignition pulse repeatability 
varied slightly over the course of testing because fluctuations in propellant 
inlet conditions led to slight variations in the propellant flow rates. This series 
of tests was halted after the igniter spark plug ceramic insulator failed. 

Ignition plume shown in the video monitor.
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Noninvasive Laser Doppler Flowmetry Used To Measure In Vivo Blood Flow in 
Distal Fingertips

MICROGRAVITY

Extravehicular activity (EVA) suits are designed to protect astronauts exposed 
to the low temperatures, low pressures, and lack of oxygen in space. Astro-
nauts engaged in extravehicular activities have reported discomfort in their 
fingertips. The precise cause of this discomfort is not known, but is speculated 
to be reduced blood flow to the fingertips. Therefore, there is a critical need 
for monitoring blood circulation in astronaut extremities during missions. The 
data collected could be used to develop better countermeasures to help the 
astronauts avoid further discomfort and perhaps injury to their fingers during 
EVA. One way to quantify blood circulation is to measure the hemodynamics 
of the capillaries in the fingertips. Laser Doppler flowmetry (LDF) technology 
has significant potential for this purpose.

LDF is a noninvasive technique that allows the flux of moving red blood cells 
(RBCs) to be measured in the microvasculature of a tissue (e.g., in a fingertip). 
The technique is based on the Doppler effect, which describes the frequency 
shift that a wave undergoes when emitted from an object that is moving away 
from or toward an observer. Laser light scattered by moving particles, such 
as RBCs, is shifted in frequency by amounts proportional to the speeds of the 
particles. This scattered light is optically mixed with a reference signal and is 
detected by a photodetector. The detected signal is then analyzed to obtain 
the LDF parameters (speed, volume, and flow). 

The goal of this work is to develop a miniaturized LDF system for portable use 
during EVAs, with a fiber-optic probe that could be outfitted in an astronaut’s 
glove. As a first step, a prototype LDF system (see the photograph) for the 
measurement of blood flow in the capillaries of the distal fingertip was devel-
oped. A laser source with a wavelength of 780 nm and an output power of 
5 mW is used to transmit the light through an optical fiber to the fingertip 
probe. Scattered light is collected into a second fiber that transmits the light 
to the detector. The detected light signal is acquired with an NI–DAQ card 

(National Instruments Corporation data-
acquisition card), and the LDF calcula-
tions are made with a LabVIEW (National 
Instruments Corporation’s Laboratory 
Virtual Instrumentation Engineering 
Workbench) program.

Ground-based experiments were per-
formed on volunteer subjects by meas- 
uring the blood flow while increasing 
the pressure in the arm using a pres-
sure cuff or by cooling the fingertip.1 
The results showed good linearity in all 
measured parameters. A typical data 
set is shown in the graphs. When the 
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Ground-based experiment results.

1This work was done under an approved NASA 
Johnson Space Center institutional review 
board.
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pressure in the arm was increased from 0- to 80-mm mercury, the LDF vol-
ume increased by 11.6 percent, the LDF speed decreased by 50.4 percent, 
and the LDF flow decreased by 44.3 percent. When the fingertip was cooled 
from 43 to 20 °C, the LDF volume increased by 9 percent, the LDF speed 
decreased by 68.1 percent, and the LDF flow decreased by 65.7 percent. 
Further work is being done to integrate the probe into an astronaut’s glove 
and to miniaturize the LDF instrument to the size of a wrist watch, as shown 
in the following photographs.

Laser/detector module
Wireless transceiver

Find out more about Glenn’s micrograv-
ity combustion science research: 
http://microgravity.grc.nasa.gov/ 
combustion/
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Future design of miniaturized LDF system.

With the advent of the Vision for Space Exploration, there is an immediate 
need for sensitive biosensors that can be used for spacecraft environmen-
tal monitoring (air and water). Optical biosensors have significant potential 
in this regard, since a given target species (antigen) can be captured by a 
bound antibody and this capture event can be detected via fluorescence 
emission. Recent efforts at the NASA Glenn Research Center have focused 
on increasing the sensitivity of a certain class of optical biosensors, namely 
enzyme-linked immunosorbent assay (ELISA)-based biosensors, for space 
exploration applications.

ELISA-based biosensors have proven to be accurate in detecting a wide vari-
ety of antigens (ref. 1). In the sandwich ELISA biosensor (see the sketch), a 
given antibody (the capture antibody) is bound to the substrate. In the pres-
ence of an antigen, a complex is formed. If a second fluorescently labeled 
antigen-specific antibody is introduced and binds to the antigen, the sandwich 

is complete and the target antigen can 
be identified by fluorescence detection. 
The sensitivity of such capture-based 
biosensors can be dramatically improved 
by increasing the substrate surface-area-
to-volume ratio (ref. 2). 

Enzyme-Linked Immunosorbent-Assay-Based Optical Biosensors Investigated 
for Exploration Applications

Fluorescent
antibody (tag)

Antigen

Capture
antibody

ELISA sensing mechanism.
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Because of their high surface-area-to-volume ratio, porous glasses are prime 
candidates as biosensor substrates. Two particular candidate materials are 
Vycor porous glass (Corning Incorporated, Vycor glass code 7930), which 
has a 4-nm pore size and a surface-area-to-volume ratio of 375 m–1, and 
controlled-porosity glass (CPG), which has surface-area-to-volume ratios of 
16 and 8 m–1, respectively, for 50-nm and 100-nm pore-size samples. Before 
these substrates can be utilized effectively, however, the effect of the nano- 
scale pore structure on molecular diffusion needs to be understood.

Accordingly, two-photon excitation fluo-
rescence correlation spectroscopy was 
used to examine the microscale diffusion 
of biomolecules within the candidate 
materials. The experimental correlation 
data were fit to theoretical functional 
forms, and the diffusion timescales 
were calculated. These results within 
the substrate were then compared with 
those in bulk solution to determine the 
effect of the confining geometry on the 
diffusion timescales.

To quantify the effects of confinement, 
we examined the diffusion of a simple 
fluorophore, Rhodamine 6G, in the Vycor 
sample. Results are illustrated in the top 
graph for the diffusion of Rhodamine 
6G in both Vycor and bulk solution. The 
correlation data fit the three-dimensional 
diffusion model very well. From the 
data, it was determined that the diffu-
sion timescale within Vycor is 13 to 14 
times slower than in the bulk solution. 
In addition, the diffusion of fluorescein 
isothiocyanate (FITC)-labeled antibod- 
ies (a complex molecule) was also stud-
ied. Studies were only performed in the 
CPG, since the pore size (4 nm) of the 
Vycor substrate was prohibitively small. 
In this case, the diffusion timescale Dt 
in the 50-nm CPG was determined to be 
16 times slower than in the bulk solution 
(bottom graph), whereas the timescale 
in the 100-nm CPG was roughly 8 times 
slower than in the bulk solution.

These studies have examined the diffu-
sion of simple and complex molecules 
in nanoporous substrate materials, dem-
onstrating that the confined geometry 
results in longer diffusion times (slower 
diffusion) in comparison to that in bulk 
solution. However, the reduction in dif-
fusion speed is not so great that the 
throughput of an operational sensor 
would be compromised. Considering the 
significant increase in sensing surface 
area (and the resulting increase in detec-
tion sensitivity), ELISA-based biosensors 
utilizing nanoporous glass substrates 
hold great promise for exploration. 
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Protecting astronaut health in the harsh microgravity space environment is 
fundamental to the NASA Vision for Space Exploration. Many health risks, 
including numerous cardiovascular alterations (CVAs) worsen as space flight 
is prolonged. Major Earth-based pathologies, such as impaired wound heal-
ing, cancer, blindness in diabetes, and certain types of heart disease are 
also characterized by important microvascular changes or remodeling. Our 
overall goal is to use research on Earth-based microvascular physiology and 
pathologies to develop new, improved quantitative measures for assessing 
and mitigating bioastronautic risk factors. To survive, every cell in the human 
body must reside in close proximity (≤200 µm) to a (microvascular) capillary 
blood vessel for necessary oxygen, metabolic, and fluid exchange. Because 
of this metabolic complexity, microgravity CVAs include highly networked 
risk factors such as adverse fluid shifts to the upper body, hematologic 
and wound-healing impairments, immunosuppression, and orthostatic 
intolerance (ref. 1). 

In collaboration with the Cole Eye Institute and Department of Cell Biol-
ogy, Lerner Research Institute, Cleveland Clinic Foundation (CCF), current 
research goals at the NASA Glenn Research Center include (1) intravital 
particle imaging velocimetry (PIV) of blood flow as illustrated in the left figure 
on the next page, (2) application of novel fractal-based methods for improved 
microvascular analysis and diagnosis of human retinal disease, (3) evaluation 
of new therapeutics to regulate pathological vascular/lymphatic remodeling 
and fluid leakage, and (4) development of the Glenn fractal-based VESGEN 
(VESsel GENeration for blood vessel images) software analysis of micro-
vascular remodeling. 

Microvascular remodeling is difficult 
to analyze because the human cardio-
vascular system is a complex, three-
dimensional, treelike structure embedded 
in opaque tissue. Imaging technologies 
such as magnetic resonance imaging 
(MRI) and Doppler ultrasound are cur-
rently unable to visualize small blood 
vessels such as arterioles and capillaries. 
We use the two-dimensional, optically 
accessible microvasculature of an avian 
experimental model (quail embryos) as 
an experimental testbed to develop new 
methods for analyzing microvascular 
remodeling and blood flow. Methods 
developed in this experimental testbed 
have been extended successfully to the 
analysis of human retinal disease (see 
the figure on the last page of this article 
and ref. 2) and the critical microvascular 
remodeling component of tumor progres-
sion in genetically engineered murine 
cancer models (ref. 3). 

Microvascular Remodeling Analysis Developed for Advances in Human Health
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PIV of multigenerational microvascular blood flow in vivo. 
Top: A representative vector plot illustrates the velocity flow field 
produced by PIV analysis of blood flow in the collecting veins of 
an avian embryonic model. By the color scale, blood flows slowly 
through the smallest vessels (capillaries, the site of oxygen and 
other gaseous exchanges). Blood flow increases considerably as 
blood is collected into successively larger, converging venules and 
veins. Two solid (white) lines in the veins display streamlines cal-
culated for red blood cells, which serve as the tracking particles. 
This figure is shown in color in the online version of this document 
(http://www.grc.nasa.gov/WWW/RT/2006/RU/RUB-parsons.html).
Bottom left: Velocity profile. In the larger blood vessels, velocity 
profiles of the three cross-sectional cuts in the top plot are lami-
nar and approximately parabolic. Bottom right: Spatial average 
of velocity versus time. Pulsatility of the blood flow results from 
the pumping cycles of the beating heart. The average blood flow 
velocity is therefore cyclic.

VESGEN software development. Digitized 
images of blood vessels are analyzed by 
computerized fractal-based mathematics to 
quantify morphological changes in vessel 
branching generations G1 to G≥5.
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Novel euclidean distance mapping (EDM) of micro-
vascular networks. Lymphatic vessels with pseudo- 
colored skeletons that are proportional to vessel 
thickness as shown by color scale bar are overlaid 
onto the confocal fluorescence image (ref. 4). This 
figure is shown in color in the online version of this 
document (http://www.grc.nasa.gov/WWW/RT/2006/
RU/RUB-parsons.html). 
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Fractal analysis of pathological remodeling in the human 
retina. Using fractal-based methods first developed in the 
avian chorioallantoic membrane (CAM), we extract and 
quantify vascular patterns from ophthalmic clinical images of 
normal retinas (a), as linearized in (b), compared with retinas 
diagnosed with diabetic retinopathy, (c) and (d), as now 
funded by the National Institutes of Health (NIH). Note the 
loss of blood vessels in the central boxed region of the
diabetic retina (d) in comparison with the normal retina (b). 

(a) (b)
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Smoke-Detection Model Developed for the Destiny Laboratory on the 
International Space Station

As part of NASA Glenn Research Center’s program in spacecraft fire preven-
tion, detection, and suppression, a numerical model of the ventilation flows 
in the Destiny laboratory (U.S. segment) of the International Space Station 
(ISS) was developed. This model facilitates the evaluation of smoke-detector 
performance, location options, and fire-suppression strategies. The ISS has 
the means to detect, isolate, and extinguish fires in all locations where this 
capability may be needed. Fire is detected by smoke detectors in the racks 
with internal airflow, smoke detectors at the ventilation return air ducts, and 
by the crew’s sense of smell or other senses. The open area of Destiny is 
covered by two smoke detectors—one forward-port, the other aft-starboard; 
both are situated near ventilation return ducts.

The Fire Dynamics Simulator (FDS) is a computational fluid dynamics model 
of thermally induced fluid flow that focuses on smoke and heat transport from 
fires. Smokeview is a three-dimensional visualization program that displays 
the results of an FDS simulation. These programs were used to determine 
the smoke density and smoke-detector alarm time for a smoke source in 
Destiny. The preceding figure shows a Smokeview snapshot of Destiny with 
an aft-starboard smoke source.

The cabin dimensions, vent locations, and flow rates were obtained from ISS 
documentation and from conversations with ISS Environmental Control and Life 
Support System personnel. The smoke source was located along the center 
of an integrated standard payload rack within the cabin. An aft circumferential 
profile was constructed by moving the smoke source around the cabin along 
the four walls. The six air-supply diffusers and ventilation return ducts within 
the cabin are positioned such that the flow is across the ceiling and down 
the port wall, establishing a rotational flow pattern (counterclockwise facing 
forward). Two intermodule ventilation (IMV) diffusers (one aft-port, the other 
forward-starboard) direct flow along the floor in the forward and aft direc-
tions. Three different conditions were investigated: (1) cabin ventilation with 

aft and forward IMV flow and no cabin 
obstructions, (2) cabin ventilation with aft 
IMV flow and no cabin obstructions, and 
(3) cabin ventilation with aft IMV flow 
and cabin obstructions (estimated using 
ISS photographs and located in the aft 
area of the lab). Condition 1 produced the 
most symmetric flow, having both IMV 
diffusers active: one blowing forward, the 
other aft, in addition to the rotational flow 
from the supply diffusers. Deactivating 
the forward IMV produced a fast stream 
on the port floor, directing flow toward the 
forward smoke detector. Adding obstruc-
tions disturbed the flow field and made 
the model more realistic.

The bar chart (next page) displays 
smoke-detector alarm time and loca-
tion for an aft radial profile. For a smoke 
source located on the starboard wall, 
eliminating forward IMV flow increased 
the detection time by 89 percent and 
changed the detection location. Add-
ing obstructions increased the time 
34 percent more. Moving the source 
to the ceiling displayed similar trends. 
Removing forward IMV flow increased 
detection time by 133 percent, and 
adding obstructions an additional 9 per-
cent. A smoke source on the port wall 
had the overall lowest detection time. A 
31-percent decrease resulted from turn-
ing off the forward IMV flow, and adding 
obstructions increased the detection 
time by 21 percent. The lowest detection 
time (15.3 sec) was obtained when both 
aft and forward IMV were used and the 
source was on the floor. It also had the 
largest increase (414 percent) with just 
aft IMV flow. Detection time decreased 
44 percent when obstructions were 
added. Overall, the addition of obstruc-
tions or moderate changes in the venti-
lation flow can have significant effects 
on the time required to detect a fire. 
Careful modeling of the flow in future 
spacecraft is needed to ensure rapid 
fire detection.

Aft-starboard smoke detector

Aft 
hatch

Supply diffuser

Return registerAft IMV diffuser

Smokeview program showing smoke source on the aft-starboard wall 
of Destiny (condition 2).
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The objective of the Portable Unit for Metabolic Analysis (PUMA) project is 
to develop a prototype portable device that will measure human metabolic 
activity. PUMA provides highly time resolved measurements (relative to human 
respiration rate) of temperature, pressure, flow rate, and oxygen and carbon 
dioxide partial pressure. The pressure, temperature, and flow measurements 
use existing commercial off-the-shelf (COTS) technology repackaged into a 
device suitable for measuring human metabolic activity. The oxygen partial 
pressure (O2) measurement system is a modification of a COTS technology 
that uses the fluorescence quenching properties of oxygen. The carbon dioxide 
partial pressure (CO2) measurement system utilizes the strong and relatively 
unique infrared absorption characteristics of the carbon dioxide molecule to 
measure its concentration. The latter two measurements do not involve COTS 
technology, but rely on well-established physical principles for their measure-
ment. All measurements occur at the mask (close to the mouth) and are time 
resolved so that both an instantaneous and integrated signal history is possible 
during inhalation and exhalation. This time resolution enables not only highly 
accurate breath-by-breath analysis but also within-breath analysis. 

The photograph (next page) shows the 
most recent PUMA unit (PUMA3). The 
PUMA3 avionics box fits into a small 
backpack for use during varied exercise 
activities. PUMA3 connects wirelessly 
(via Bluetooth) to a laptop computer for 
data storage and analysis. The power 
source for the unit is a COTS camcorder 
battery. 

The graph shows carbon dioxide (CO2) 
and oxygen (O2) partial pressures and 
volumetric flow rate for a brief period 
of time. The remote computer integrates 
these data to determine metabolic 
quantities such as the volumetric con-
sumption of O2 and the volumetric pro-
duction of CO2.

Portable Unit for Metabolic Analysis Benchmarked for Measuring Human 
Metabolic Activity
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The PUMA team (which is composed of 
NASA Glenn Research Center research-
ers) conducted human subject tests 
in May 2004 and November 2005 at 
Glenn’s fitness center. Subsequent tests 
at the University Hospital Health System 
pediatric cardiology lab and the NASA 
Johnson Space Center exercise physiol-
ogy lab benchmarked the performance 
against commercial metabolic carts. 
Future testing will further verify the per-
formance to make accurate metabolic 
measurements and will include utilizing 
PUMA to measure the metabolic costs 
of varied crew functions during simulated 
extravehicular activities. 
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PUMA3 unit. The avionics box fits into a small backpack and is 
suitable for use in varied activities. The data transfer wirelessly to a 
laptop computer for analysis and storage via Bluetooth. 

Typical raw data output of CO2 (top) and O2 (middle) partial pressure and 
volumetric flow rate (positive flow rate corresponds to exhalation, nega-
tive flow rate to inhalation) from PUMA. The vertical lines correspond to 
the beginning of an inhalation, tbi, the beginning of an exhalation, tbe, and 
the end of an exhalation, tee.
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The first quantitative measurements of the fine (20 µm to 200 nm) and ultra-
fine (200 to 10 nm) components of lunar regolith (refs. 1 and 2) were made 
by the NASA Glenn Research Center and Professor Da-Ren Chen at the 
University of Washington (St. Louis, MO) under grant NAG3–2625. The size 
distributions were measured by gas-phase dispersal and analysis with aero-
sol measurement techniques. This provided direct evaluation of the transport 
diameters, in contrast to indirect sizing by light-scattering or two-dimensional 
projections of high-magnification images. The results demonstrate consider-
able particle populations in these size regimes, of significant importance to 
continued lunar exploration.

Concerns over the particulate environment emerged early in Apollo, and 
a variety of problems were observed. These included the degradation of 
spacesuit materials, compromised performance of sample return box vacuum 
seals, off-nominal performance of thermal emissive surfaces, and crew obser- 
vations of ocular and respiratory irritation (ref. 3). 

Numerous approaches are available to measure small particulates. Here, 
aerodynamic diameters were measured directly, utilizing a differential mobil-
ity analyzer (SMPS, TSI, Inc., ref. 4) with a Condensate Particle Counter 
(CPC) for the ultrafines and an Aerodynamic Particle Sizer (APS, TSI, Inc., 
ref. 4) for the fines.

Two samples of surface regolith were 
analyzed: the first was manually col-
lected by Neil Armstrong (Apollo 11); the 
second deposited on the surface of the 
lunar rover and was subsequently col-
lected by Harrison Schmitt (Apollo 17). 
Both samples were mechanically sieved 
at 20-µm before analysis. The schematic 
diagram shows the apparatus used for 
these measurements. A Small Sample 
Particle Disperser (SSPD, TSI. Inc.) 
using a high shear orifice aerosolized 
and deagglomerated the sample. The 
sample stream was directed in paral-
lel to an Electrostatic Aerosol Sampler 
(EAS) to validate deagglomeration and 
to elucidate shape factors using electron 
microscopy.

Because the SMPS and APS instruments 
performed different physical measure-
ments and afforded differing sensitivities 
and bin widths, merging the data as a sin-
gle, continuous particle size distribution 
required careful calibration and matching 
at the boundaries between measurement 
ranges. Numerous reference materials 
were examined to ensure that this was 
implemented properly.

The most notable observation (see the 
graphs on the next page) was the con-
siderable submicrometer population, the 
first reported quantitative measurement 
of ultrafine content in lunar regolith. The 
observed bimodal distributions displayed 
peaks at approximately 1.1 to 1.2 µm and 
85 to 90 nm. The maxima occurred at 
slightly larger sizes in the first sample, 
which also exhibited more fines. The error 
bars for each size bin were calculated 
directly from the data. The comparatively 
larger fluctuations in the ultrafines are 
attributable to the small sample sizes 
involved (order of 100 mg) and to the 
scanned nature of the SMPS.

Distribution of Micrometer and Submicrometer Content of the 
Lunar Regolith Measured

SSPD

APS

EAS Pump

Over-
pressure
filter

Data acquisition
and control

CPCSMPS

Experimental configuration for particle size distribution measurements.
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Electron microscopy analysis of the EAS grids demonstrated that a random 
sample with several hundred particles had only two agglomerate structures. 
It is not known whether the structures were fused together by lunar surface 
processes or from insufficient shear forces in the SSPD, but the infrequency 
of these chains tends to rule out the latter.

Electron microscopy was also used to relate the aerodynamic diameters to the 
true particle dimensions, since shape factors influence aerodynamic proper-
ties. The images do not reveal complex or rodlike features that would result in 
significant departures between the aerodynamic and physical dimensions. 
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Experimental Rig Built and Used To Investigate Supercritical Water Oxidation 
for Solid Waste Management and Water Reclamation Systems

Future space exploration missions will require advanced systems to efficiently 
handle and recycle a variety of waste streams. Super Critical Water Oxidation 
(SCWO)—one technology under consideration—processes waste materials 
mixed in a water slurry at temperatures and pressures above the critical point 
of water (374 °C and 22.1 MPa). At these conditions, there are no distinctions 
between the liquid and vapor phases, and most gases and organic contami-
nants in the waste stream become completely miscible in water. Reaction rates 
are no longer limited by the slow diffusion rates of reactants across phase 
boundaries, and the overall oxidation efficiency increases substantially. 

In one waste-management system envisioned by NASA for extended space 
missions, organic materials in the waste stream (e.g., biowastes, papers, 
and plastics) would serve as the fuel source for the SCWO reactions. This 
technology converts all carbon-based wastes to carbon dioxide (CO2) and 
can efficiently remove small organic molecules (e.g., methanol and acetic 
acid) from waste streams, which often proves to be difficult with conventional 
methods. 

Successfully used in many commercial applications, SCWO (1) has very high 
conversion rates (e.g., residence times of seconds or less); (2) requires mini-
mal preprocessing of waste feed streams; (3) has conversion efficiencies that 
can approach 99.999 percent; and (4) has clean, well-characterized product 
streams of CO2, N2, water, and to the extent inorganic material is included in 
the feed stream, residual precipitates (salts) and metal oxides. 

Traditionally, SCWO reactions have been considered to be “flameless,” low-
temperature oxidation reactions; however, it has been shown that, under 
certain conditions, hydrothermal flames can develop suddenly. The inception 
of flames and their stability are highly dependent on the presence of gravita-
tionally induced buoyant forces. Without proper control, excessive tempera-
tures from these flames would damage unprotected surfaces, such as reactor 
walls and fluid injection nozzles, and could result in undesirable combustion 
products. Consequently, a comprehensive approach to environmental testing 
and evaluation will be required for any SCWO-based system. At the NASA 
Glenn Research Center, this technology is being advanced through a series of 
normal-gravity and reduced-gravity tests to identify potential problems, offer 
mitigating design solutions, and assist in identifying and assessing advanced 
SCWO design concepts. 

In fiscal year 2006, an experimental test rig was built at Glenn for investigating 
a number of these problems. In addition to operating in normal gravity, the rig 
can be operated in Glenn’s Zero Gravity Research Facility (which provides 
5.2 sec of 0g, refs. 1 and 2). This facility comprises a 480-ml high-pressure 
reactor vessel and supporting equipment for studying a wide range of SCWO 
reactions in either a constant-pressure (continuous-flow reactor) or constant-
volume (batch reactor) mode. 

Results from two tests in the new rig, using 
an aqueous mixture of 10 vol% methanol 
(CH3OH) oxidized by air, have shown a 
total conversion of 98 percent in approx- 
imately 24 sec. These tests showed that 
without normal-gravity buoyant forces, 
significant differences in temperature 
uniformity and temperature transients 
occurred during and immediately follow-
ing the reaction (ref. 2).

The SCWO test facility is designed to be 
operated in Glenn’s 5.2-sec drop tower to 
study buoyancy effects on “spontaneous 
flaming” and injector design.
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The SCWO reactor is constructed from Hastelloy C–276 and has an internal volume of 480 cm3. The vessel has been 
ASME certified for a maximum allowable working pressure of 40.7 MPa at 550 °C. Four thermocouples and a Raman probe 
are inserted into the reactor to provide near real-time measurements of reactant concentrations. In this test configuration, 
the oxidizer is injected axially into the reactor vessel once the supercritical conditions are attained.
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One of the most distinguishing characteristics of flames or fires in normal 
gravity is the strong upward buoyant convection that carries away both heat 
and combustion products and brings fresh air to the flame. In partial (e.g., 
lunar) gravity or microgravity, these flows are reduced. Thus on a spacecraft, 
the ventilation system or crew movement is often the dominant driver of the 
flow. This slow-flow regime of combustion, which is difficult to study in normal 
gravity, can be dangerous to the crew and spacecraft. As anyone who has 
fanned or blown on an incipient fire knows, airflow can have a huge impact 
on whether a fire erupts or not.

A new apparatus was developed at the NASA Glenn Research Center to try 
to mimic the flow conditions found in partial-gravity or microgravity to allow 
flammability screening of materials to be used in space. This is especially rele- 
vant as NASA prepares to return to the Moon, since much remains unknown 
about fire dangers in partial gravity or the lower pressure, higher oxygen level 
atmospheres being planned for these missions.

The apparatus consists of a narrow channel, approximately 1 cm tall by 
36 cm wide by 46 cm long, with the sample material to be tested held parallel 
between the metal bottom and the quartz top. The quartz top plate serves 
as a window to observe the flame and also dramatically reduces the buoyant 
convection by eliminating a path for hot gases to rise. After passing through 
an inlet plenum, a slow flow of air is directed across the sample at velocities 
typical of spacecraft ventilation systems (~10 cm/sec). Ignition of the material 
is achieved at one end using a hot wire energized for a few seconds. A video 
camera is used to record the flame as it spreads across the sample. Gas 
mass-flow controllers vary the flow velocity in the channel, allowing research-
ers to find the flow conditions where the flame can no longer propagate.

Experiments using filter paper as the 
fuel were conducted in the apparatus 
to determine the flame spread rate for 
various flow velocities and channel 
heights. A few comparison tests were 
performed in true microgravity in Glenn’s 
Zero Gravity Research Facility using a 
similar apparatus. Though more tests are 
needed, the preliminary results showed 
good agreement between the Narrow 
Channel Apparatus and the Zero Gravity 
Research Facility results. Flames in the 
Narrow Channel Apparatus were mostly 
or all blue, like microgravity flames, and 
were unlike the traditional yellow, sooty 
flames found when paper burns in normal 
gravity. In addition, the rate at which the 
paper was consumed was similar in both 
the Narrow Channel Apparatus and the 
Zero Gravity Research Facility.

These results show that narrow channel 
testing, with further refinements, may 
become one of the tests NASA conducts 
to determine a material’s suitability for use 
in space. The current NASA screening 
test does not consider the effect of grav-
ity or provide quantitative data that can 
be used to assess actual fire dangers. 
Narrow channel testing can mimic in 
normal gravity some important aspects 
of microgravity combustion without the 
expense and/or short time durations of 
flight experiments or drop facilities.

Narrow Channel Apparatus Used To Simulate Low-Gravity Flames on Earth

Forced
flow

Side view

Gap 
thickness,

H
Flame
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Test section

Outlet

A flame in Glenn’s Narrow Channel 
Apparatus. This figure is shown in color 
in the online version of this article (http://
www.grc.nasa.gov/WWW/RT/2006/RU/
RUC-olson1.html).

Narrow Channel Apparatus used to simulate partial-gravity or microgravity 
flame conditions for material flammability screening.
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Equivalent Low Stretch Apparatus Developed for Testing Flammability

NASA is working to develop (or extend) a normal-gravity test (or set of tests) 
that can be used to screen materials for use in space exploration environ-
ments. One candidate test method uses the Equivalent Low Stretch Apparatus 
(ELSA). In this test, gravity effects are minimized by burning the material in a 
ceiling fire configuration, so the hot air cannot rise. The “stretch”—the velocity 
gradient near the fuel surface—is created by an air jet blowing up toward the 
fuel surface. Stretch is varied by varying the air jet velocity. 

Developed at the NASA Glenn Research Center, ELSA is a modified version 
of the standard cone calorimeter test method. It uses an oven coil wound into 
an open-tipped cone shape to radiatively heat a fuel sample up to its ignition 
temperature. In ELSA, the cone is underneath the sample, with the air jet 
blowing through the center of the cone. 

Because ignition delay times are shorter at lower stretch (or lower g), the 
normal cone calorimeter test overestimates the ignition time in microgravity, 
lunar gravity, and Martian gravity. To date, ELSA data with multiple fuels have 
confirmed that ELSA can simulate key features of the flammability behavior of 
low-stretch materials. Comparison with available low-gravity data is good. 

The critical heat flux necessary for ignition decreases with stretch rate (or 
g level). At zero stretch, any heat flux that is just slightly more than the exper-
imental heat losses, such as radiation from the surface, is sufficient to ignite 
the material. The heat flux needed for ignition is lowest in microgravity. 

Regression rates (burning rates) for 
polymethyl methacrylate (PMMA, or 
Plexiglas—Rohm and Haas Company) 
increase with heat flux and stretch rate, 
but the low-stretch flame with external 
radiation is very fuel rich, and nearly an 
order of magnitude more CO is produced 
(1000 ppm) than in the normal cone 
configuration. 

These results suggest that the cur-
rent standard cone calorimeter test 
used to evaluate materials for use in 
spacecraft (NASA–STD–6001, test 2) 
overestimates the ignition times and 
underestimates the toxic products in a 
reduced-gravity environment.

Flame shortly after ignition of a fuel sample 
in ELSA. The flame is beneath the fuel 
sample. This figure is shown in color in the 
online version of this article (http://www.grc.
nasa.gov/WWW/RT/2006/RU/RUC-olson2.
html).
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A fluidized bed reactor was developed in-house at the NASA Glenn Research 
Center for use in reduced-gravity environments for space exploration applica-
tions such as life support and in situ resource utilization. On Earth, fluidized 
particle beds are established through the balance of an upward fluid flow (and 
its resultant drag force) and gravity’s downward pull on the bed particles. In 
the novel reactor concept, a swirling flow was used to stabilize a radial fluid-
ized bed in microgravity experiments conducted in Glenn’s 2.2 Second Drop 
Tower. Specifically, the fluidized bed was formed through a balance of the 
radial drag (from an inward flow) and apparent centrifugal forces acting on 
the bed particles. Gravitational settling dominated the particle behavior in 
comparison normal-gravity tests.

Fluidized bed reactors are advantageous in chemical processing for reasons 
including rapid mixing, liquidlike behavior, resistance to temperature fluctua-
tions, and high heat and mass transfer rates. Given these benefits, NASA had 
begun evaluating such reactors for filtration, the reduction of lunar regolith to 
produce oxygen, and the pyrolysis or incineration of solid waste to recover 

valuable resources during long-duration 
outpost missions. However, the function 
of these reactors in reduced-gravity 
environments had generally not been 
evaluated.

In the cylindrical reactor concept devel-
oped at Glenn, the air (or other fluid) is 
tangentially injected at the reactor wall 
and is exhausted through a porous tube 
out the ends of the reactor. This configu-
ration creates an inwardly swirling flow 
with a zone of low axial and radial veloc-
ity along the reactor wall between the 
injection ports. In the experiments con-
ducted, two injection ports were sym-
metrically located at each end of the 

Gravitational Effects Evaluated in Swirl-Stabilized Fluidized Bed
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reactor vessel (which was internally 9.2 cm in length and 10 cm in diameter). 
A fluidized bed of zirconium silicate particles (which were nominally 0.2 to 
0.3 mm) was stabilized in microgravity experiments. The same airflow con-
ditions, where the apparent centrifugal and gravitational accelerations were 
of similar order, were insufficient to maintain the radial bed in normal Earth 
gravity. As expected from the numerical simulation of the gas flow, the micro-
gravity particle bed formed at the middle of the reactor length because of 
the stagnation region at the symmetry plane. With increasing particle loads, 
the bed was observed to spread axially toward the ends of the reactor. The 
exploratory study of this reactor concept has been completed.
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Numerical simulation of the flow field within the reactor, illustrating the region of 
low axial and radial velocity along the reactor wall and between the two injection 
ports (top center of figure), where the particle bed is stabilized in microgravity. 

Microgravity end-view photograph showing 
the white swirl-fluidized particle bed along 
the reactor wall, while the center of the 
reactor is nearly particle free.
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Special coatings are being developed and tested by the NASA Glenn Research 
Center in collaboration with the Cleveland State University to contend with 
the effects of dust on the lunar surface. These coatings potentially have wide 
applicability ranging from the prevention of dust buildup on solar arrays and 
radiator surfaces to the protection of extravehicular activity space suit fabrics 
and visors. They need to be durable and functional based on the application. 

One particular initial focus is on transpar-
ent coatings. Conventional transparent 
coatings are specialized for transmission 
(antireflective) or are made scratch resis-
tant. The current coating development 
also aims at making transparent coatings 
that are slightly conductive to reduce the 
electrostatic attraction of dust particles, 
in particular lunar dust particles.

We have started preparing coatings 
approximately 80 nm thick on room-
temperature glass and polycarbonate 
substrates using the radiofrequency mag-
netron sputtering technique shown in the 
sketch (ref. 1). The film material consists 
of a mixture of titanium dioxide (TiO2) and 
excess titanium (Ti). The TiO2 produces 
a hard transparent film, whereas the Ti 
makes the film slightly conductive. The 
photograph shows representative coated 
and uncoated samples. The coating pro-
duces a slightly bluish tint but provides 
adequate transparency. A coating with 
high conductivity is not desirable since it 
can produce electrical shorting problems. 
Other standard and exotic coating materi-
als are being investigated to provide the 
best compromise between transparency, 
conductivity, and durability. 

The lunar environment includes exposure 
to ultraviolet solar radiation and abrasive 
dust that can be harsh on materials. The 
coatings will be checked for changes in 
electrical properties under prolonged 
ultraviolet light exposure. We have also 
started conducting a series of environ-
mental tests that simulate the exposure 
of coated samples to dust under relevant 
conditions, beginning with abrasion tests 
using lunar stimulant materials (a close 
lunar dust reproduction). 

Durable Coating Technology Tested for Lunar Dust Protection and Mitigation
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Planview of two-source radiofrequency magnetron sputter system 
for fast prototyping of mixed or doped coatings. QCM, quartz- 
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Coated and uncoated polycarbonate sample coupons. This figure is shown in 
color in the online version of this article (http://www.grc.nasa.gov/WWW/RT/2006/
RU/RUF-agui.html).
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A custom abrasion testing device (shown in this photograph) was developed 
for this purpose. The device was designed for small sample coupons, 1-in.-
square coupons in this case, and allowed for a range of frictional contact 
pressures, from very low contact pressures. It also provided a way to control 
and quantify the total amount of abrasion. Also importantly, a lunar stimulant 
known as JSC–1 was used to prepare an abrasive medium substrate for 
these tests. A series of abrasion tests at light contact pressures showed that 
these coatings can tolerate this degree of dust abrasion and that the coatings 
attracted less dust during the abrasion process than did the corresponding 
uncoated samples. In addition, we expect that these coatings can be com-
mercialized for applications in harsh environments such as desert and cold 
weather operations. 
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Porous-Media-Based Condensing Heat Exchanger Investigated for 
Space Systems

Temperature and humidity control using condensing heat exchangers in 
microgravity requires condensation and separation of liquid from the air-
stream. Current technology employs a fin-and-plate heat exchanger followed 
by a centrifugal separator. A layered porous media-based condensing heat 
exchanger where capillary suction is used to imbibe and selectively remove 
the condensed water from a flowing airstream provides an attractive alterna-
tive to current designs. A conceptual design of such a system using a porous 
flat-plate with embedded cooling tubes proposed by researchers at the NASA 
Glenn Research Center is presented in reference 1. The critical elements of a 
concept are (1) condensation of vapor from the airstream on the chilled porous 
substrate, (2) absorption and retention of the condensate in the porous sub-
strate, and (3) selective removal of the condensate from the porous substrate 
in the presence of air under reduced-gravity to microgravity conditions. The 
basic feasibility issues associated with the three elements were successfully 
resolved in laboratory tests at Glenn, and they are summarized here.

Initial tests with an untreated porous 
graphite as the condensing substrate 
showed that condensate tends to bead 
up on the surface and does not imbibe 
immediately into the unsaturated porous 
medium as shown in the top photograph. 
To overcome this problem, we devel- 
oped a clay-based treatment to enhance 
the wettability of graphite with water. 
The treated material was completely 
wetting, and the condensate imbibed 
into the pores immediately (bottom 
photograph). 

In tests in which condensate removal 
was turned off, the condensate did not 
drip until the overall saturation reached 
approximately 45 percent in the graph-
ite substrate (see the graph on the next 
page). When condensate was removed 
at a steady rate, liquid saturation levels 
as high as 80 percent were observed 
without dripping or liquid layer forma-
tion. Details of heat transfer analysis and 
experimental measurements of moisture 
condensation are presented in refer-
ences 2 and 3. Further tests were con-
ducted with a composite porous system 
composed of porous graphite block and 
porous ceramic tubes to demonstrate the 
selective phase separation aspect of the 
design under controlled saturation of the 
porous substrate in a terrestrial environ-
ment. It was demonstrated that the liquid 
phase could be preferentially separated 
from the unsaturated porous graphite 
block as proposed (ref. 4).

The results of this investigation should 
help in the design of a passive, porous 
media-based condensing heat exchanger 
capable of gravity-independent opera-
tion. It applies to the International Space 
Station and all advanced manned mis-
sions, a lunar habitat, Mars habitat, and 
Mars transit vehicle for temperature and 
humidity control.Top: Condensation on a nonwetting porous graphite substrate: Condensate beads 

up. Bottom: Condensation on a treated wetting porous graphite substrate: Conden-
sate is imbibed immediately.
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Long-Term Creep Resistance of a Cast Superalloy Investigated

MATERIALS AND STRUCTURES

Nickel-based superalloys represent the current state-of-the-art for many 
high-temperature, nonnuclear, power-generation applications. However, 
these superalloys have not been tested in creep at the combination of high 
temperatures and very long service times anticipated in space nuclear power 
generation. A baseline Brayton power-generation cycle would employ a 
superalloy impeller having significant centrifugal stresses at temperatures 
up to 1200 K for durations exceeding several years in a working environment 
of a helium-xenon inert gas mixture (refs. 1 and 2). Designers of this impeller 
need to know the creep resistance of potential impeller materials at realistic 
temperatures, stresses, and environments. 

MAR–M 247LC is a representative of the cast superalloys currently used in 
impellers and rotors where the hub and blades are cast as a single unit, and 
was selected for the present evaluations at the NASA Glenn Research Center. 
Most creep tests were performed in air using conventional, uniaxial-
lever-arm constant-load creep frames with resistance-heating furn- 
aces and shoulder-mounted extensometers. However, two tests were 
run in a specialized creep-testing machine, where the specimens were 
sealed within environmental chambers containing inert helium gas of 
99.999-percent purity held slightly above atmospheric pressure. All 
creep tests were performed according to the ASTM E139 standard.

The cast MAR–M 247LC had irregular, very coarse grains with widths 
near 700 µm and lengths near 800 to 12,000 µm. The grains were 
often longer in the direction of primary dendrite growth (see the 
photomicrographs). The microstructure was predominated by about 
65 to 70 vol% of Ni3Al-type ordered intermetallic γ′ precipitates in a 
face-centered cubic γ matrix, with minor MC and M23C6 carbides. 
The sizes of the γ′ precipitates varied from about 0.4 µm at dendrite 
cores to 3.0 µm between dendrites, because of dendritic growth 
within grains. 

Creep tests in air were designed to 
determine allowable creep stresses for 
980, 1090, and 1200 K that would give 
1-percent creep in 10 years of service, a 
typical goal for this application. This ser-
vice goal represented a target strain rate 
of 0.1 percent/year. Creep strain rate to 
0.2-percent creep is shown versus stress 
in the following graph. Stresses of about 
475, 150, and 70 MPa were estimated 
to achieve the target strain rate at 980, 
1090, and 1200 K, respectively. Addi-
tional creep tests and analyses are nec-
essary, but a preliminary creep analysis 
using current test results indicates quite 
good potential for an impeller fabricated 
of MAR–M 247LC to meet Brayton-cycle 
requirements, for maximum tempera-
tures to 1200 K (ref. 3).

Tests to estimate the effects of air versus 
inert environments on creep resistance 
were also initiated. The results of single 
tests in air at 1-atm pressure and in 
helium at slightly above 1 atm at 1090 
and 1200 K are compared in the graphs 
on the next page. Creep progressed as 
fast or even faster in helium than in air 
at 1090 and 1200 K. The creep tests in 
air reasonably approximate response 
in helium to low creep strain levels near 

1000 µm 10 µm

MAR–M 247LC microstructure. Left: Coarse grain size. Right: Varying y’ size.

Creep stress versus strain rate for MAR–M 247LC, 
showing estimated stresses necessary to achieve a 
maximum strain rate of 0.1 percent per year.
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0.1 percent, but not at high strains. More tests are needed for confirmation, 
but this suggests that there may be no improvement in creep resistance due 
to the inert environment (ref. 4). 
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The most demanding conditions in an aircraft turbine engine are in the high-
pressure turbine rotor, and a stringent set of requirements are placed on the 
materials used in that application. The requirements include a balance of creep 
resistance, temperature capability, environmental resistance, and damage 
tolerance. In today’s engines, blade performance and durability are achieved 
through advanced nickel-base superalloys combined with sophisticated inter-
nal cooling schemes and thermal barrier coatings. 

The NASA Glenn Research Center undertook a program to further improve 
the turbine engine thrust-to-weight ratio by developing new turbine blade alloys 
with higher creep resistance and reduced densities in comparison to those of 
current production superalloys. Alloy density has a significant impact because 
reducing the turbine blade weight through lower alloy densities enables reduc-
tions in the design weight of other parts throughout the turbine rotor, including 
the disk, hub, and shaft, as well as supporting structures in the engine. This 
cascading effect traditionally results in a total engine weight savings of 8 to 
10 times the blade weight savings, translating into reduced fuel consumption 
and reduced emissions. 

The new nickel-base alloys represent a major departure from previous alloy 
design practices used in industry for single-crystal superalloys. Advances 
in past superalloy development for turbine blade applications have been 
accomplished with continued increases in the refractory metal content, which 
significantly increase alloy density. High alloy densities have limited the use 
of the advanced superalloys to specialized applications. 

The technical challenge in this new effort was to identify specific alloying 
additions to the nickel base that would provide both high-temperature creep 
strength and density reductions. Engineering judgment was first used to identify 
three new superalloy compositions and four key elements to vary over a new 

range of concentrations. A design-of-
experiments methodology was adopted 
to minimize the number of alloys that 
would need to be cast, yet still produce 
models with good predictive capabilities 
over the full range of compositions for 
subsequent optimization and balance-
of-property tradeoffs.

Based on the computational analysis, 
12 alloys were cast for initial screening 
tests, which included the determination 
of density, microstructural stability, and 
oxidation resistance. The measured 
densities of 11 of the 12 alloys in the 
design space were significantly lower 
than those of superalloys previously 
developed by industry. A range of micro-
structural stability was observed over 
the design space, which was a desirable 
outcome for optimization and property 
tradeoffs in subsequent casting rounds. 
A range of cyclic oxidation behavior was 
observed over the design space, with 
several alloys approaching or exceed-
ing the excellent oxidation resistance 
of second-generation superalloys after 
200 cycles at 2012 °F. 

Regression analyses of the alloy 
responses were then performed to deter-
mine the influence of specific elements 
on the measured properties and to pre-
dict compositions optimized for density, 
stability, and oxidation resistance for sub-
sequent casting rounds. These regres-
sion models were used to downselect the 
alloys for casting into single crystals to 
characterize the high-temperature creep 
resistance at 1800 and 2000 °F. The 
elevated-temperature creep resistance 
of the new alloys was demonstrated to 
significantly exceed those of second-
generation superalloys that are currently 
used in production. Furthermore, the 
low-density alloys had specific creep 
strengths that met or exceeded those of 
third- and fourth-generation alloys. The 
strongest new alloys also had low densi-
ties, stable microstructures, good oxida-
tion resistance, and damage tolerance.

Low-Density, Creep-Resistant Superalloys Developed for Turbine Blades
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Compatibility of Titanium With Liquid-Metal NaK (78 wt% Potassium/ 
22 wt% Sodium) Evaluated

Future plans include fatigue testing, burner rig testing, castability checks, 
and coating compatibility tests to further develop the commercialization 
potential of these new superalloys. Further optimization of alloy compo-
sitions is being pursued with additional castings to produce a suite of 
alloys for tailoring to specific applications. 
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Designs of space nuclear power systems under consideration specify 
liquid-metal cooling for the nuclear reactor and heat-rejection loops. NaK— 
a high-thermal-conductivity eutectic mixture of 78 wt% potassium (K) with the 
balance sodium (Na)—is one candidate under consideration for use as the 
heat transfer fluid. As part of the Prometheus Nuclear Power and Propulsion 
project, the NASA Glenn Research Center initiated an experimental program 
to examine the compatibility of titanium with NaK. Candidate materials for the 

ducting were identified, and a literature 
review indicated that stainless steel and 
titanium may have very good resistance 
to NaK. A reasonable understanding of 
the compatibility for stainless steel has 
been done in support of land-based 
nuclear systems, but relatively little 
compatibility information is available for 
titanium. Titanium would be the preferred 
material for space applications because 
of its lower density. This study developed 
test techniques and determined the com-
patibility of NaK with commercial-purity 
(CP2) titanium.
 
Sealed capsules containing a small ten-
sile specimen, both made of titanium, 
were filled with about 12 g of NaK, suf-
ficient to completely immerse the titanium 
tensile specimen. The BASF Company 
(Evans City, PA), a major supplier of NaK 
alkali metals in the United States, filled Typical capsule design and tensile specimen used to evaluate the compatibility of 

NaK with titanium.

The new low-density alloys significantly improved 
creep resistance and metal temperature capability 
in comparison to a current-production superalloy 
(René N5). The data are plotted using a Larson-
Miller parameter, which allows test data generated 
at different temperatures to be compared on a 
single plot.
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and emptied the capsules and reacted 
and quenched the NaK. The capsule 
components were assembled by elec-
tron beam welding since this method is 
performed in a vacuum, which minimizes 
the possibility of contamination and pro-
duces very consistent welds. Evaluations 
were conducted at 550 and 650 K (277 
and 377 °C) for up to 1000 hr. Additional 
capsules were evacuated and filled with 
argon, sealed, and then exposed to 
650 K for various times to differentiate 
whether temperature or NaK exposure 
was responsible should any strength loss 
occur. Longer exposures, up to 15,000 hr, 
are in progress. 

After the various exposures, the changes 
in weight of the immersed tensile speci-
men, the tensile strength, the amount of 
titanium dissolution into the NaK, and 
any evidence of chemical attack of the 
exposed capsule surfaces by optical 
and scanning electron microscopy were 
determined. CP2 titanium exposed to 
NaK at temperatures to either 550 or 
650 K for up to 1000 hr showed no signi- 
ficant differences in weight, mechanical 
properties, or dissolved titanium levels.

Metallography showed surfaces that 
were largely similar to the as-machined 
condition, and cross-sectional observa-
tions did not show any signs of pitting or 
crevice corrosion after the 1000-hr expo-
sure at either 550 or 650 K. The 1000-hr 
results indicated that CP2 is a suitable 
ducting material candidate for NaK heat-
exchanger systems, but longer exposure 
times, which are in progress, need to be 
evaluated to confirm this conclusion. 
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argon for 1000 hr at 650 K show no signs of pitting or crevice corrosion. 
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GRCop-84 Tubing Produced Using Optimized Production Methods
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Tubular main combustion chambers (MCCs) have been used for many years as 
an alternative to milled wall liners, such as the one used in the Space Shuttle 
Main Engine. Examples of prior and current engines to use tubular designs 
are the Douglas PGM–17 “Thor” missile (ref. 1) first deployed in September 
1958, the Pratt & Whitney RL–60 engine (ref. 2), and the Pratt & Whitney 
Advanced Expander Combustor developed under the Integrated High Payoff 
Rocket Propulsion Technology initiative (ref. 3). Tubular liner designs, such as 
the one shown in this photograph, offer the potential for considerable increases 
in rocket engine life over conventional milled channel liners (ref. 4). Additional 
benefits in tubular liner performance and life could be gained from utilizing the 
advanced copper alloy GRCop-84, recently developed by the NASA Glenn 
Research Center, which has a balance of improved strength and temperature 
capability combined with high thermal conductivity in comparison to competing 
alloys. Prior efforts to draw GRCop-84 into tubing successfully demonstrated 
feasibility, but the manufacturing methods were not suitable for large-scale 
production. Therefore, Glenn undertook an effort with LeFiell Manufacturing 
of Sante Fe Springs, California, to improve the production.

The first step was to eliminate gun drilling of small-diameter solid bars to 
make the starting stock. Instead, 300 lb of powder were consolidated into 
a large solid cylinder, a small hole was gun drilled into the cylinder, and the 
cylinder was extruded through a die and over a mandrel to produce 15 m 
(45 ft) of tubular starting stock. This change increased the yield by approximately 
50 percent. The second step was to maximize the amount of reduction prior 

Example of tubular combustion chamber 
liner, which consists of multiple, contoured 
tubes running along the length of the liner. 
(Courtesy of Pratt & Whitney Rocketdyne.)
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to annealing and to minimize the required annealing temperature. A design of 
experiments was conducted with three drawing reductions and three anneal-
ing temperatures as the independent variables. Room-temperature tensile 
properties were used to establish any difference in tubing after drawing to 
9.5-mm (0.375-in.) outside diameter (OD) by 1.0-mm (0.040-in.) wall. The 
results indicated that GRCop-84 exhibits a wide processing window with all 
three annealing temperatures and two of the drawing reductions resulting in 
tubing with statistically identical tensile properties. The third and most aggres-
sive drawing reduction resulted in failure of the tubes during drawing because 
of tensile overload and was abandoned. From the remaining conditions, the 
optimum processing parameters were selected.

To validate the optimized production parameters, over 330 m (1100 ft) of 
9.5-mm OD by 1.0-mm wall GRCop-84 tubing was produced. A portion of 
the finished tubing is shown in the preceding photograph. The optimized 
conditions required approximately one-third fewer drawing steps than the 
original drawing conditions did and reduced the annealing temperature by 
200 °C (360 °F). Along with the improved starting stock, these changes will 
result in large cost and time savings for GRCop-84 tubing. Further details 
can be found in reference 5.
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Nickel Chromium Aluminum Yttrium (NiCrAlY) Overlay Coatings Successfully 
Deposited on GRCop-84 Subscale Combustion Chamber Liners 

GRCop-84 (Cu-8 at.% Cr-4 at.% Nb)1 advanced copper alloy is a candidate 
for combustion chamber liners and nozzles in reusable launch vehicles. Many 
of the properties of this alloy have been shown to be far superior to those 
of conventional copper alloys, such as NARloy-Z (ref. 1). Despite this con-
siderable advantage, GRCop-84 will suffer from environmental degradation 
depending on the rocket fuel utilized. In a liquid-hydrogen (LH2)/liquid-oxygen 
(LO2) rocket engine, copper alloys undergo repeated cycles of oxidation of 
the copper matrix and subsequent reduction of the copper oxide resulting in 
“blanching” (ref. 2). Blanching results in increased surface roughness and poor 
heat-transfer capabilities, local hot spots, decreased engine performance, 
and premature failure of the liner material. This environmental degradation, 
coupled with thermomechanical stresses, creep, and high thermal gradients, 
can severely distort the cooling channels, leading to liner failure (ref. 3). 

Protective coatings on a GRCop-84 substrate can minimize or eliminate many 
of these problems and extend the life of the combustion liner (ref. 3). Therefore, 
the NASA Glenn Research Center is developing advanced overlay coatings 
technology for GRCop-84 liners.

Four techniques were considered: (1) vacuum plasma spray (VPS), (2) Kinetic 
Metallization (KM) spray, (3) cold spray (CS), and (4) ionic fusion (IF). Coat-
ings deposited by IF spalled during thermal cyclic furnace tests, and IF was 
dropped from consideration. Although CuCrAl top coats2 were successfully 
deposited by CS, insufficient funds were available to advance the process. 
VPS and KM were optimized for depositing NiCrAlY top coats3 on GRCop-84 
substrates using suitable bond coats with the final objective of proof-of- 
concept demonstration trials on subscale liners. 

VPS involves melting coating powders in a low-pressure plasma flame, then 
splat cooling the molten droplets as they hit the substrate. KM is a near-room-
temperature process conducted in an open environment using a helium carrier 
gas to transport powder particles (accelerated to very high subsonic 
velocities) to the substrate surface, where they are welded to each 
other and the substrate by adiabatic deformation. 

NiCrAlY coating deposition of GRCop-84 substrates by VPS is dif-
ficult since GRCop-84 has high thermal conductivity, has a lower 
melting point than NiCrAlY, and is reactive to residual oxygen in the 
spray chamber. These factors influence the coating-to-substrate 
bond strength. In addition, differences in the thermophysical and 
mechanical properties of the top and bond coats and GRCop-84 
lead to residual stresses that can debond the coating.

 

 

The process was scaled up in stages, 
starting with test coupons 12.5 mm in 
diameter for thermal cyclic testing in 
furnaces. Next, specially designed 
GRCop-84 specimens (152 by 102 mm) 
with machined water-cooling chan- 
nels were sprayed with a NiCrAlY top 
coat using either a Cu-8%Cr or a 
Cu-8%Cr-1%Al bond coat. The coatings 
were exposed to a hydrogen-oxygen 
combustion flame with a heat flux of 
~3.4 MW/m2 to evaluate their ability to 
remain on the substrates (see the fol-
lowing photograph). These coatings 
performed very well after forty 180-sec 
cycles, for a total cumulative time of 
2 hr. 

The third stage consisted of coating sub-
scale liners that had a ~90-mm throat 
diameter, ~155-mm end diameters, 
and ~228-mm length. The photographs 
on the next page show subscale liners 
coated with a NiCrAlY top coat by VPS 
and KM. These studies demonstrate 
that overlay NiCrAlY coatings can be 
successfully deposited by either tech-
nique. The coated subscale liners were 
successfully machined by a commercial 
vendor without coating spallation.

Quick Access Rocket Exhaust (QARE) rig testing of a 
NiCrAlY-coated GRCop-84 water-cooled specimen at a 
heat flux of about 3.4 MW/m2.

1Copper chromium niobium.
2Copper chromium aluminum top coats.
3Nickel chromium aluminum yttrium top coats.
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KM and VPS NiCrAlY-coated GRCop-84 subscale 
liners showing the machined inner coated surfaces 
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Fiber Architecture Used To Increase the Matrix Cracking Stress of 
Silicon Carbide (SiC)/SiC Ceramic Composites for Propulsion and 
Power Applications

NASA Glenn Research Center-developed silicon carbide (SiC)/SiC ceramic 
matrix composites (CMCs) reinforced by two-dimensional woven fabrics of 
Sylramic-iBN SiC fiber tows are considered to be state-of-the-art structural 
materials for reusable propulsion and power components operating for long 
times in high-temperature (1200 to 1500 °C) oxidizing environments (ref. 1). 
Recently, under a Glenn Independent Research and Development program, 
the use of alternate fiber architectures was investigated with the goals of 
understanding and increasing the matrix cracking stress (MCS) of these 
Si-based CMCs. The MCS is an important design parameter because life- 
limiting oxidation mechanisms occur when through-the-thickness matrix cracks 
allow oxygen ingress into the CMC microstructure. In addition, matrix cracks 
degrade the high thermal conductivity of these CMCs, which is needed to 
reduce thermal stresses. Thus, improving MCS can increase material design 
allowables and/or safety margins. 

The two concepts behind using alternate fiber architectures to increase MCS 
are (1) to reduce intrinsic stresses on the matrix by increasing the volume 
fraction of fiber tows in the key high-stress direction, for example, in the 
radial direction of a rotating turbine blade, and (2) to reduce the effective 
stress concentration of those matrix flaws that are related to the size of fiber 
tows that are perpendicular to the high-stress direction. Thus, as part of this 
research effort at Glenn, a variety of SiC/SiC flat panels were fabricated with 
slurry-cast melt-infiltrated matrices and with architectures that would take 
advantage of these two concepts. To compare against the standard NASA 
two-dimensional woven melt-infiltrated SiC/SiC system (N24A system in 
ref. 1), these panels were fabricated with two-dimensional woven (ref. 2), 

two-dimensional triaxially braided, 
three-dimensional orthogonal (ref. 3), 
and angle-interlock architectures with 
lower and higher fiber fractions fx along 
the in-plane test direction x, and with 
smaller and larger effective tow areas 
Ayz perpendicular to that direction. 

The graph shows the MCS for the vari-
ous panels as a function of parameter 
P = fx/Ayz

½, which is a combined meas-
ure of both improvement concepts. These 
stresses were measured by the occur-
rence of acoustic emission, which has 
been shown to be an excellent method 
for determining matrix cracking in melt-
infiltrated SiC/SiC CMC (ref. 2). It is evi-
dent that as the parameter P increased, 
the onset of through-the-thickness matrix 
cracking occurred at an increased stress 
level. The MCS for the two-dimensional 
N24A SiC/SiC composite system was 
approximately 175 MPa (solid data point). 
However, composites with higher fiber 
volume fractions and smaller tow areas 
exhibited improvements in MCS rang-
ing from 30 to over 100 percent. The 
relationships that govern matrix cracking 
for these different architectures are cur-
rently being refined at Glenn. However, 
this general result gives designers of 
CMC propulsion and power components 
a good sense of what is feasible and 
what tradeoffs in stress allowables would 
have to be made if one uses alternate 
fiber architectures. 
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The N24A ceramic composite system, which was developed at the NASA 
Glenn Research Center, has a silicon-containing silicon carbon (SiC) matrix 
reinforced by boron nitride (BN) -coated Sylramic-iBN SiC fibers (also developed 
at Glenn). It is considered to be one of the state-of-the-art SiC/SiC structural 
materials for reusable propulsion and power components operating for long 
times in oxidizing environments up to 1315 °C, or 2400 °F (ref. 1). Recently 

Glenn also developed SiC/SiC systems 
(N26 series) with improved silicon-free 
matrices and BN-based fiber coatings 
that increase the SiC/SiC temperature 
capability to 1450 °C, or 2640 °F (ref. 2). 
Even so, all of these systems display 
measurable creep within their upper-use 
temperature ranges and at stresses well 
below the levels where matrix cracks 
occur. Since this creep behavior can 
cause adverse residual stress develop-
ment in an SiC/SiC component, in-house 
studies were recently initiated under a 
Glenn Internal Research and Develop-
ment program to develop physics-based 
analytical and finite element models that 
can predict the effects of creep on impor-
tant composite design properties, such 
as matrix cracking strength.

The initial creep modeling approach 
assumes that (1) physics-based creep 
mechanisms in the SiC/SiC composites 
are generally the same as those observed 
at NASA within the SiC fibers as well as 
in other Si-based monolithic ceramics: 
that is, a combination of time-dependent 

Physics-Based Models Developed for Predicting Creep Effects in 
Silicon Carbide (SiC)/SiC Composite Components
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Thermal- and Environmental-Barrier-Coated Silicon Nitride Vanes Tested in 
NASA Glenn’s High Pressure Burner Rig

anelastic (recoverable) and viscoelastic (nonrecoverable) creep strain com-
ponents; (2) below the matrix cracking stress, both creep strain components 
vary linearly with stress (tension and compression); (3) temperature effects 
(activation energies) on the creep strain components are the same as those 
measured for SiC fibers; and (4) composite creep strain with a primary and 
secondary stage (see the graph on the preceding page) can be analytically 
fit to a four-parameter mechanical analog model (ref. 3). 

Although little, if any, composite creep data exist for stresses off the primary 
fiber direction, one can make initial assumptions for the directional behavior 
using composite and monolithic SiC creep theories. Then for finite element 
analyses, directional four-parameter models can be developed to generate 
stress-relaxation Prony series for input into commercial design codes such 
as ANSYS. This, in turn, should allow prediction of creep effects in SiC/SiC 
components that will be subjected to stress and temperature gradients. Glenn 
is currently working to develop these capabilities by generating the missing 
creep data and by doing preliminary finite element analyses to evaluate the 
degree of residual stress development in highly stressed sections of potential 
SiC/SiC components, such as within the leading edge of an internally cooled 
SiC/SiC turbine airfoil. 
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An advanced multicomponent hafnia (HfO2) and rare-earth-doped mullite/ 
silicate thermal- and environmental-barrier coating (T/EBC) system was devel-
oped for high-temperature silicon nitride (Si3N4) turbine vane applications (refs. 
1 to 3). The coating systems, along with a 2600 °F (1427 °C) -capable ceramic 
bond coat, showed improved water-vapor resistance and high-temperature 
dynamic rupture strength for AS800 and SN282 Si3N4 substrates (refs. 2 and 3). 
The current research effort at the NASA Glenn Research Center was focused 
on testing and demonstrating the T/EBC-coated Si3N4 vane durability, improv-
ing the robustness of the coating processing of complex-shaped components, 
and providing vital design data for coating technology development.

The coating systems for the component demonstration consisted of a low-
expansion HfO2 top coat, a rare-earth-doped mullite and/or ytterbium silicate 
(Yb2SiO5) environmental barrier coating system, and a multicomponent HfO2-

based bondcoat. Two types of coated 
nozzle vanes (Honeywell Engines of 
Phoenix, Arizona) were used for the High 
Pressure Burner Rig demonstrations at 
temperatures up to 2700 °F (1482 °C). 
The coating systems were deposited 
onto AS 800 Si3N4 nozzle vanes using 
room-temperature plasma spray. The 
total T/EBC thickness was about 127 to 
180 µm (0.005 to 0.007 in.). 

The top photograph on the next page 
shows the High Pressure Burner Rig 
and the AS800 Si3N4 vane testing 
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configurations. Single- and triple-vane test fixtures were designed and fabri-
cated for the larger-sized and miniature-sized vanes for the burner rig tests, 
respectively, as shown in center and bottom photographs. The burner rig 
temperature conditions were characterized for the vane test fixture configura-
tions. The following graph illustrates the flame gas temperatures as a function 
of fuel/air ratio and the location for the triple-vane test configuration. All vane 
tests were conducted under 6-atm pressure and 30-m/sec combustion gas 
velocity for up to 50 hot hours at the maximum gas temperature of 1632 °C 
(2970 °F). The vane temperature was monitored using a pyrometer and then 
fully modeled for the temperature distributions using finite element analysis 
(FEA) methods.

The three-dimensional plot on the next page shows the FEA-modeled 
temperature distribution for a vane test at the gas temperature of 1632 °C 
(2970 °F). It can be seen that the nozzle vane leading-edge temperature 
reached approximately 2700 °F (1482 °C). The vane leading-edge, which 
experienced the highest temperature and gas velocity (and thus also the 
highest stresses), generally showed more coating recession and damage 
accumulations. A tested vane is shown in the photograph on the next page. 
Durability of the coated-ceramic vane has been demonstrated for 50 hr at 
temperatures up to 2700 °F (1482 °C), providing essential coating design 
experience for silicon-based ceramic component systems. The advanced 
T/EBCs show great promise toward achieving the component performance 
goals for future advanced turbine engines.
 

Combustor

Test section

High Pressure Burner Rig and test 
configurations for Si3N4 nozzle vane 
demonstrations. Top: High Pressure 
Burner Rig at Glenn. Center: Single-
vane testing configuration for the 
larger-sized Si3N4 vane components. 
Bottom: A triple-vane testing configura-
tion for the miniature-sized Si3N4 vane 
components.
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One of the most effective ways to increase the performance, reduce the noise 
and emissions, and improve the overall efficiency of subsonic to hypersonic 
aircraft is to replace various static structures with adaptive or reconfigurable 
components. Designs for everything from adaptive inlets, nozzles, flaps, 
and other control surfaces, to variable-geometry chevrons, reconfigurable 
blades, and active hinges for the operation of various doors and panels have 
been developed. However, enabling such dramatic design changes requires 
the use of high-energy-density functional materials such as shape-memory 
alloys (SMAs). 

The most viable SMAs have been based on binary nickel titanium (NiTi), but 
this class of SMA has a very low temperature capability, generally in the range 
of –100 to 80 °C. Many of the envisioned applications in aeronautics require 
SMAs that have temperature capability far in excess of this level but that can 
still generate significant work output. Alloying additions including palladium 
(Pd), platinum (Pt), gold (Au), halfnium (Hf), and zirconium (Zr) have been 
shown to increase the transformation temperatures for NiTiX alloys, but to 
date, almost all research on high-temperature SMA (HTSMA) behavior has 
been performed under stress-free conditions. The mere exhibition of shape-
memory behavior at elevated temperature is not sufficient for evaluating the 
potential of these materials, especially when the primary application calls 
for integration of the HTSMA within adaptive structures or as a component 
in a solid-state actuator (ref. 1). Instead, work output (or the ability of the 
material to recover strain against some biasing force) is the most important 
property for screening the viability of different alloys. Because such data do 
not exist in the open literature, load-bias testing was performed at the NASA 

Glenn Research Center to quantify the 
work output of several HTSMA systems 
(e.g., NiTiPd, NiTiPt, and NiTiAu) over a 
wide range of temperatures. The load-
bias testing consisted of constant-load, 
strain-temperature tests, where the 
load was applied to the sample at room 
temperature and then held constant 
as the sample was heated and cooled 
through the transformation regime (for 
details, see ref. 1).

The graph summarizes the data gener-
ated during this survey. Each data point 
represents a unique alloy composition 
with the maximum work output plotted 
(for details on many individual alloys 
in the figure, see ref. 2). The bars sur-
rounding each data point indicate the full 
temperature range of the transformation 
from the martensite finish temperature Mf 
to the austenite finish temperature Af for 
each alloy. For active control of a com-
ponent using SMAs, the environmental 
temperature must be below this trans-
formation temperature range, whereas 
passive control of an actuator would 
require the environmental temperature 
to pass through this temperature range. 
Consistent work output of between 8 and 
11 J/cm3 was achieved for alloys with 
potential operating capability between 
100 and approximately 300 °C. To put 
this level of work output into perspec- 
tive, 10 J/cm3 is roughly equivalent to 
the work performed by a piece of wire 
0.04 in. in diameter by 25 in. long lifting 
an attached 110-lb weight a distance 
of 0.5 in. 

For alloys with transformation tempera-
tures above 300 °C, the work output drops 
off appreciably. To address this issue, 
Glenn researchers are currently develop-
ing a new generation of advanced SMAs 
with significantly improved properties for 
use at higher temperatures. 

Current Limits for High-Temperature Nickel-Titanium-Based 
Shape-Memory Alloys Defined
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Electrical and Piezoelectric Properties of Piezoelectric Ceramics Measured at 
High Temperatures
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Absolute impedance Z versus frequency for Pb(ZrxTi1–x)O3–δ (Navy Type II; 
Pb, lead; Zr, zirconium; Ti, titanium; O, oxygen). All communication and 
control programs between the computer and its peripherals were written in 
the LabVIEW 7.1 language. The controller receives the temperature set-
points from the personal computer using the iTools program (Object Linking 
and Embedding for Process Control) server option. The frequencies were 
detected by a network analyzer within the frequency range of 10 kHz to 
10 MHz. 

A smart-structure system can be defined 
as a system that can sense the external 
stimulus and respond to that stimulus 
quickly through a control system. Unique 
features of these systems will provide 
innovative capabilities and improvements 
in future aeronautics and space vehicle 
systems. NASA has been interested 
in piezoelectric materials as actua-
tors and sensors for vibration control, 
shape control of aeronautical structures, 
noise reduction, adaptive flow control, 
and active combustion control. One 
emerging need is for high-temperature 
piezoelectric materials that function 
above 200 °C. There are techniques 
to measure the dielectric properties of 
piezoceramic materials to determine 
the Curie point. However, there are no 
existing test capabilities for measuring 
piezoelectric coupling coefficients at 
high temperatures. To assess the high-
temperature performance of piezoelec-
tric materials, researchers at the NASA 
Glenn Research Center designed and 
fabricated an experimental apparatus 
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Pb(ZrxTi1–x)O3–δ (Navy Type II). The resonance frequency shift was meas- 
ured at 4 °C increments for wide range of Pb(ZrxTi1–x)O3–δ samples that 
were engineered at the morphotropic phase boundary.

to measure piezoelectric properties. We 
also developed a benchmark test proce-
dure using resonant analysis that is not 
addressed in an IEEE standard, and we 
measured the piezoelectric properties 
of a commercial lead zirconate titanate 
(PZT) piezoelectric disc as a function of 
temperature. 

The elastic properties ,E
ijklC piezoelectric 

coefficients ,and S
ikkije ε dielectric prop-

erties, and electromechanical coupling 
factors were determined as a function 
of temperature. These coefficients of 
the constitutive equations define the 
operating envelope in a temperature and 
frequency paradigm for radial and thick-
ness mode vibrations. The graph on the 
preceding page shows the location of 
resonant and antiresonant frequencies for 
PZT at room temperature. The measured 
resonant fs and antiresonant frequency 
fp pairs correspond to different vibration 
modes, ,,,,,, )1()1()2()2()1()1( t
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where the superscript r(i) refers to the first 
and second (i = 1, 2) resonant frequencies 
of the radial mode and the superscript 
t(1) refers to the first thickness mode 
resonant frequency. 

A representative spectrum for the shifts 
in resonant frequencies as a function of 
temperature is shown in the top graph. 
The trend between antiresonant and 
resonant frequencies of a vibration 
mode with temperature helps to predict 
the behavior of the coupling factors and 
permittivity. The temperature-dependent 
piezoelectric coefficient d33 decreased 
with temperature. The coupling factor 
k33 was found to be relatively constant to 
200 °C and to exhibit slight temperature 
dependence above 200 °C. The tempera-
ture sensitivity for both the piezoelectric 
coefficient and the electromechanical 
coupling factor were very small; the 
slopes                  and                  were 
found to be 0.01 and –0.07, respectively, 
in the range of 120 to 200 °C. 

Planar coupling factor, kp, effective coupling factor, keff, and thickness- 
extensional mode coupling factor       , determined using a combination of 
Newton’s Law, constitutive equations, and Maxwell equations, as a function of 
temperature.
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Glenn researchers developed a high-temperature measurement system to 
measure piezoelectric properties. In the present investigation, commercial 
PZT ceramics were examined under weak alternating electric fields. Then, an 
exact temperature use of these materials could be estimated by the current 
measurement system. This technique will organize and populate databases 
that describe the piezoelectric properties and facilitate the assessment of 
new piezoelectric materials that are currently being developed for higher 
temperature applications. 

Thickness extensional mode piezoelectric constant,       , and exten-
sional mode piezoelectric constant,      , as a function of temperature.
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The NASA Glenn Research Center has developed a family of ceramic com-
posite sandwich materials composed of a ceramic foam core between two 
ceramic composite face sheets. These materials are being investigated as 
multifunctional, integrated structures (see the top photograph on the next 
page). The face sheet reinforcement may be a ceramic fiber or a hybridized 
fabric woven with a ceramic and a carbon fiber. Choice of fibers and weave 
architectures permits the thermal expansion of the face sheet to be tailored 
to that of the core. Selection of fiber reinforcements enables a large design 
space within which thermal and elastic properties of the face sheet can be 
varied. Control of core properties—including strut thicknesses and pore sizes 
and spacings—and control of the face-sheet-to-core thickness determine the 
elastic and thermal properties of the integrated structure. 

The core can serve as thermal insulation, 
as a cooling path, or as an acoustic insu-
lator. High-thermal-conductivity fibers 
can be incorporated in the face sheet to 
enhance heat transfer and dissipation. 
Thus, the core can provide thermal insu-
lation (see the graph on the next page) 
as well as impact absorption capabilities 
(see the bottom photograph). Analytical 
modeling of constituents and structural 
response has been complemented by 
empirical measurements of face sheet 

Multifunctional, Foam Core, Ceramic Matrix Composite 
Integrated Structures Developed
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and foam core structure properties. Dur-
ing fiscal year 2006, Glenn demonstrated 
thermal protection capabilities and impact 
resistance using a baseline geometry and 
set of constituents. Additional analysis, 
fabrication, and testing are expected to 
optimize the structure for a variety of multi- 
functional applications. Recent analysis 
has shown the advantage of the choice 
of ceramic fiber in increasing stiffness, 
minimizing matrix cracking, and increas-
ing proportional limit.
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Thermal response to a heat flux of 150 W/cm2 illustrates thermal insulation capability.

Impact response to a 0.4-mm test particle fired at 7 km/sec illustrates 
only a small impact on the face sheet with no delamination and no 
damage to the back structure. 
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Moisture-Induced Hydrogen Embrittlement of the Alumina-Metal 
Interface Demonstrated

Alumina scales are widely used in high-temperature aerospace material sys-
tems for their slow-growing and adherent protective behavior on MCrAl-based 
alloys.1 Although their performance is optimized for alloys with reactive element 
dopants (Y, Zr, Hf)2 and/or extremely low (<1 ppmw)3 levels of sulfur impurity, 
additional secondary spallation phenomena have been occasionally observed. 
Tremendous thermal expansion mismatch stresses up to 4 GPa are developed 
immediately upon cooldown from oxidation at 1100 °C. But delayed spallation 
under ambient constant stress conditions is often observed. The same is true 
for the technologically important thermal barrier coating (TBC). Here delayed 
failure is often referred to as the “weekend effect,” “cold spallation,” or “desktop 
spallation.” These effects are believed to be caused by exposure to moisture, 
or moisture-induced delayed spallation (MIDS), see the following figure. How-
ever, the atomistics of the process have remained elusive. 

 

Initial theories have related this phenom-
enon to moisture-assisted crack growth 
in bulk ceramics, including alumina 
(Al2O3). Here H2O reacts chemically 
with the oxide at the highly stressed 
region of the crack tip, causing only slow 
crack growth under a static load, referred 
to as “corrosion fatigue.” Another 
intriguing possibility is analogous to 
moisture-induced hydrogen embrittle-
ment of intermetallic compounds, most 
notably Ni3Al and FeAl. Indeed, earlier 
work using standard cathodic hydrogen 
charging had embrittled Ni3Al. Accord-
ingly, researchers at the NASA Glenn 
Research Center used the same elec-
trolytic recipe for cathodic charging a 
preoxidized René N5+Y superalloy for 
interfacial embrittlement. We found that, 
by monitoring current for every 0.1-V 
increment, a relatively intact scale could 
be cathodically removed at –2.0 V and 
at less than 1 mA (see the top figure on 
the next page). 

We conclude that cathodic hydrogen 
embrit tlement of the scale-metal 
interface occurred. By analogy to the 
intermetallics case, we propose that 
moisture-induced delayed spallation 
arises from hydrogen embrittlement of 
the scale metal interface (see the bottom 
figure on the next page). Here reaction 
of water with aluminum from the alloy 
produces aluminum hydroxide and frees 
hydrogen to diffuse down the oxide-metal 
interface, encouraged by the biaxial 
tensile stress state under the scale. 
This interfacial weakening is consistent 
with fundamental studies that predict 
decreased Al2O3–Ni bond strengths due 
to hydrogen, with a negative synergy in 
the presence of sulfur.

Effect of water immersion on alumina scale spallation for René N5+Y that had 
been oxidized at 1150 °C for 1000 1-hr cycles. The right side was hydrogen 
annealed at 1250 °C for 100 hr to remove sulfur and carbon before oxidation; the 
left side was not. 

As-received H2-annealed

No spalling Bare metal  spalling 

As-cooled

After immersion

1Alloys containing chromium and aluminum.
2Yttrium, zirconium, or halfnium.
3Parts per million by weight.
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Exposed bare metal surface after cathodic descaling of René N5. Montage of 
scanning electron microscope, backscattered electron, and secondary electron 
imaging micrographs showing oxide grain imprints in metal, residual alumina 
particles and plates, internal tantalum carbide (TaC), and external halfnium 
dioxide (HfO2) (polarized at –2.0 V and <1 mA in 1N sulfuric acid (H2SO4) for 
1 hr, preoxidized at 1150 °C for 1000 cycles). 
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MIDS of alumina scales due to interfacial hydrogen embrittlement. Moisture from 
ambient air reacts with aluminum in the alloy to form Al(OH)3 and H, which is then 
attracted by biaxial tension to diffuse into the alloy. After sufficient incubation time 
for hydrogen diffusion, a scale segment (and TBC) may detach under the large 
counterbalanced biaxial compressive stress; σCTE, thermal expansion mismatch 
stress; YSZ, yttria stabilized zirconia; τ, event duration.
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New Burner-Rig-Based Erosion Test With High-Temperature (>2200 °F) 
Capability Developed

Particulate erosion of high-temperature gas engine turbine materials may 
now be studied at the NASA Glenn Research Center using a new burner-rig-
based erosion rig developed and built by researchers in Glenn’s Materials and 
Structures Division. This is one of very few available systems in the country 
with the capability to study high-temperature turbine section material as well 
as lower temperature compressor section materials. The heart of the rig is a 
burner rig torch with a mach-1-capable nozzle of 19.05-mm (0.75-in.) internal 
diameter, whose design was based on American Society of Mechanical Engi-
neers (ASME) flow nozzle guidelines. Powders are injected into the combustor 
section of the erosion rig through an injection port fed from a commercial pow-
der feeder. A dust-collection system and a powerful room exhauster capture 
and remove the particles after they strike the test specimen. To date, testing 
has focused on either 25.4-mm- (1.0-in.-) or 50.8-mm- (2-in.-) diameter test 
specimens, oriented perpendicular to the burner axis, although many other 
specimen geometries and orientations are feasible. The photographs show 
the rig and closeup front and back views of a specimen in test.

The need for high temperature requires that test specimens be located within 
the hottest region of the gas jet, a region close to the nozzle exit called the 
potential core. Since the potential core is only a few inches long, the erodent 
particles fed into the burner combustor section must accelerate to high velocity 
in a distance of just a few inches. To ensure that high particle velocities could 
be achieved, researchers used a commercial computational fluid dynamics 
code to calculate gas and particle velocities for erosion rig temperatures and 

pressures of interest. It was determined 
that spherical alumina particles 50 µm 
in diameter (a typical laboratory ero-
dent) injected into the erosion rig could 
achieve the high velocities required for 
meaningful testing. Specifically, the pre-
dicted centerline particle velocities were 
over 200 m/sec at 3 in. from the nozzle 
at mach 0.7 and were over 100 m/sec 
at 3 in. from the nozzle at mach 0.3. In 
either case, a representative degradation 
mode with sufficient damage would be 
expected, thereby providing an excellent 
testing capability for evaluating the ero-
sion resistance of materials. The model 
will be backed by experimental verifica-
tion and adjusted accordingly. 
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Glenn’s new high-temperature erosion rig. Left: Erosion rig. Right: Closeup 
front (top) and back (bottom) views of a specimen being tested in the rig.
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Diels-Alder cycloadditions have often been utilized in polymer synthesis as 
an alternative to condensation reactions. These methods are attractive for 
use in the preparation of high-performance polymers, such as polyimides, 
because they utilize monomers that have less environmental, health, and 
safety risks. In addition, they have the potential to be adapted to low-cost 
processing techniques. Future NASA human and robotic exploration mis-
sions will require polymers and adhesives that can be cured in ambient space 
environments for in-space repairs; large deployable, rigidizable arrays; and 
inflatable habitats and rovers. On Earth, lower cure temperatures are desir-
able to reduce tooling costs and processing-induced thermal stresses. In 
addition, thermal processing conditions may be too severe to use with certain 
functional groups, such as nonlinear optically active or antimicrobial units. 
For these reasons, researchers from the NASA Glenn Research Center and 
the Ohio Aerospace Institute (OAI) have been pursuing the development 
of high-performance polymers that can be cured at low temperatures with 
ultraviolet radiation.

Our approach to exploiting Diels-Alder 
cycloaddition reactions has focused on 
bis(o-quinodimethanes), which are gen-
erated in situ by a classical photochemical 
reaction: the photoenolization of o-methyl- 
phenyl ketones. Recently, we designed 
and synthesized a new system based on 
the results of our previous work. Here, 
a bis(o-methylbenzophenone) diene (1) 
was prepared with an ethylene oxide 
subunit to increase the flexibility of the 
resulting polymer. The dienophile (2) was 
chosen to include maleimide units to limit 
competing reactions and an ethylene 
oxide chain to improve solubility. Interest-
ingly, (1) is a viscous oil at room tempera-
ture, allowing the photoactive blend to be 
film cast with or without solvent. The latter 
makes use of (1) to dissolve (2), creating 
a photoactive gel. Initial studies indicate 
that the resulting polyimide thin films 
have high glass-transition temperatures 
Tg’s and are fairly strong, flexible, and 
elastometric. In addition, polymerization 
was complete in the presence of oxygen, 
suggesting improved reaction rates. This 
is likely due to the inherently high con-
centration of a solventless system.

Additional studies on the properties and 
applications of the photoactive monomer 
solution were carried out by Advanced 
Coatings International (ACI). ACI suc-
cessfully prepared polyimide coatings, 
bulk polymer materials, and compos-
ite materials. Initial tests in rigidizable 
arrays indicated that photocurable poly-
mers based on the photoenolization of 
o-methylphenyl ketones have significant 
potential for this application.

Photocured Polyimides Developed
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Structures of novel o-methylbenzophenone (1) and dienophile (2).

Photocured polyimide composite.
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High Glass Transition Temperature, Low-Melt Viscosity Polyimides Developed 
for Resin Transfer Molding

Find out more about the research of Glenn’s Polymer Branch:
http://www.grc.nasa.gov/WWW/5000/MaterialsStructures/polymers/
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Polyimide/carbon-fiber composites have been used as lightweight materials in 
high-service-temperature aerospace components for decades. Most notably, 
the PMR–15 polyimide was successfully utilized as a replacement for titanium 
in composite ducts for military aircraft engines, resulting in a 30-percent cost 
savings and 12-percent weight savings. Processing of PMR–15 into aerospace 
components is costly because of a combination of labor-intensive manufac-
turing methods and the need to employ engineering controls to protect those 
working with PMR–15 prepregs from exposure to methylene dianiline, a known 

mutagen. To address safety concerns 
and to reduce manufacturing labor and 
costs, researchers in the NASA Glenn 
Research Center’s Polymers Branch 
are focusing current research efforts on 
developing low-melt viscosity polyimide 
resins that are adaptable to low-cost 
resin transfer molding (RTM) or resin 
infusion (RI) processes. The RTM proc- 
ess can be easily automated to lower 
the processing labor and costs, and it 
is commonly used in industry for fab-
ricating epoxy and bismaleimide (BMI) 
composites for applications seeing tem-
peratures as high as 177 and 232 °C, 
respectively.

Two new polyimide resins with low-melt 
viscosities (10 to 30 poise) and high glass 
transition temperatures (Tg = 330 to 
370 °C) were recently developed for RTM 
applications. These two polyimide resins 
are based on asymmetrical 2,3,3’,4’-
biphenyl dianhydride (a-BPDA) and 3,4’-
oxydianiline (designated as RTM370) 
and 3,3’-methylene dianiline (designated 
as RTM330) and are both endcapped 
with 4-phenylethynylphthalic anhydride. 
Carbon fiber (T–650–35) composites 
were prepared from these resins using 
the RTM process by injecting the resin 
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at 260 to 280 °C (30-60 min pot life) and 
curing the resin-infused preform at 370 °C. 
RTM370 and RTM330 composites both 
displayed very good property retention at 
temperatures up to 315 °C, well exceed-
ing the performance of commercially 
available RTM resins, such as 5270–1 
BMI. RTM370 and RTM330 exhibited 
excellent open-hole compressive strength 
and retained 73 and 87 percent (see the 
figure on the preceding page) of their 
room temperature properties at 288 °C 
while maintaining most of their com-
pressive modulus (see the top figure on 
this page). Furthermore, RTM370 and 
RTM330 also retained 69 and 67 percent 
of their initial short-beam shear strength 
at 288 °C, respectively (see the final fig-
ure). These results suggest that both of 
these resins hold promise for use in the 
production of cost-effective aerospace 
components for use at temperatures as 
high as 288 °C.
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Reaction Zones Associated With Joining Nickel-Based Superalloys 
to Titanium Investigated

Future power systems for spacecraft and lunar surface systems will 
likely have a strong dependence on nuclear power. The design of a 
space nuclear powerplant involves integrating the major subsystems 
of the reactor, the power-conversion system, and the heat-rejection 
system. Optimum material choices for subsystems and between 
subsystems can vary significantly depending on the design. A 
heat-rejection system made of titanium could be integrated to a 
power-conversion system made of superalloys or stainless steels. 
The transition and stability of the joined dissimilar materials are 
critical points in the overall system and key factors in determining 
life and performance. This work describes preliminary investiga-
tions by researchers from the NASA Glenn Research Center and 
the University of Toledo to join a commercial, wrought superalloy, 
HASTELLOY X (HX), to a widely used titanium alloy, Ti-6Al-4V 
(titanium-6 wt% aluminum-4 wt% vanadium).

Titanium alloys, a lightweight alternative to stainless steels, are used exten-
sively in aeronautic applications. In space power applications, replacing some 
stainless steel components with titanium alloys could reduce the overall mass 
of the spacecraft. However, the use of titanium alloys in a space power sys-
tem requires understanding the limitations of joint formation and temperature 
stability. Fusion welding can be problematic because of the reactive nature 
of titanium and the increased potential formation of brittle intermetallic com-
pounds. A few previous attempts to join Ti or Ti-alloys to superalloys through 
explosive bonding, brazing, and diffusion welding (with or without thin interlay-
ers of other metals to minimize the formation of deleterious brittle intermetallic 
phases) have been reported in the literature (refs. 1 to 3).

In this investigation, joints between the superalloy and titanium alloy were 
produced by hot pressing small coupons of each material for 4 hr at 1150 K 
(877 °C). An exploratory 70-µm-thick V foil interlayer was inserted between 
the two dissimilar alloys in one of the couples prior to hot pressing. After the 
initial bond was formed, the “diffusion couple” was annealed in an ultra-high-
purity argon atmosphere for 100 and 300 hr at 1150 K to accelerate the dif-
fusion process. The table shows the diffusion couples that were formed as 
well as the temperatures and anneal times. The diffusion-affected region of 
the bond was subsequently examined by scanning electron microscopy, and 
the couples were also examined for compositional variations.

For the HX/V/Ti-6Al-4V system, the reaction zone was narrower than for the 
couple without the V interlayer.

A single diffusion layer formed at the 
HX/V interface in the reaction zone of 
the HX/V/Ti-6V-4Al couple. Conversely, 
multiple phase layers developed in the 
reaction zone of the HX/Ti-6V-4Al cou-
ple. Elemental maps (next page) show 
the distribution of Ti and Ni in the two 
diffusion couples after annealing 300 hr 
at 1150 K. At this accelerated exposure 
temperature, minimal elemental inter-
mixing occurred in the HX/V/Ti-6Al-4V 
system, but extensive diffusion of Ti 
and Ni occurred in the HX/Ti-6Al-4V 
system.

In summary, although traditional welding 
of nickel to titanium alloys is problematic, 
nickel-based alloys can be joined to Ti 
alloys by nonfusion techniques, and the 
addition of a V interlayer may minimize 
the formation of deleterious, brittle inter-
metallic phases in a superalloy/Ti-alloy 
dissimilar metal joint.
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Diffusion Bonding of Silicon Carbide to Silicon Carbide Developed for a 
Lean Direct Injector Application 

Silicon carbide (SiC)-based ceramics are enabling materials for a number of 
high-temperature and high-performance technical applications. Monolithic 
SiC-based ceramics are being used as heating elements, ceramic armor, and 
mirror and optical components for space applications. In addition, SiC-based 
composites are being developed for aerospace and ground-based propulsion 
and hot-structure airframe systems and for hot-structure fusion reactor applica-
tions. SiC offers favorable properties such as high strength, high-temperature 
capability, and corrosion resistance. However, many of the potential applica-
tions require complex-shaped components that are difficult and expensive 
to manufacture. Joining of simple-shaped ceramics offers a cost-effective 
method for manufacturing large, complex-shaped components.

For specific applications, some joint fabrication methods may be more suitable 
than others depending on the application requirements and the properties 
of the materials used to form the joints. In many of the processing methods, 
high temperatures and applied stresses are required to form the joint. Some 
starting materials and designs cannot take such conditions. Other joining 
approaches, which do not require high stresses and high temperatures, 
often result in joints that are brittle, have low strength, or are unstable at high 
temperatures. However, one such application that is well suited for high- 
temperature, high-stress processing is a lean direct injector that is formed by 
joining flat SiC laminate disks. In this application, etched SiC laminates can 
be used to create intricate, interlaced passages that speed up fuel-air mixing 
to allow for lean-burning and ultralow emissions. The joining requirements for 
such an application are the ability to bond relatively large geometries (i.e., 
4-in.-diameter disks), leak-free operation, high strength, and chemical stabil-
ity. To develop joining technology that could meet these requirements, NASA 
and U.S. Army researchers at the NASA Glenn Research Center used hot 
pressing to investigate the diffusion bonding of SiC to SiC.

SiC joining technology was developed in 
the Fundamental Aeronautics Program. 
Titanium (Ti) interlayers were used to 
form diffusion bonds between chemically 
vapor deposited (CVD) SiC substrates. 
The titanium interlayers consisted of 
either physically vapor deposited (PVD) 
Ti interlayers or alloyed Ti foil. Micro-
structural analysis revealed that the dif-
fusion bonds were well adhered to the 
SiC substrates. No delaminations were 
observed between the SiC layers. The 
best diffusion bonds were obtained when 
PVD Ti coatings were used as inter-
layers between the SiC laminates (see 
the photomicrograph). The bonds were 
uniform, they formed preferred phases, 
and they did not contain microcracking. 
Preliminary tensile tests show that the 
bond strength is well beyond the require-
ments of a proposed injector application. 
The initial results suggest that diffusion 
bonding is a good process for fabricating 
a laminated injector component. Future 
analysis and subcomponent tests are 
planned to confirm that the diffusion 
bonds are leak free, strong, and stable 
at elevated temperatures. 
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Adhesive Joining of Titanium to Carbon-Carbon Composite and 
Foam Structures Demonstrated

Robust brazing and integration technologies are critically needed for the assem-
bly of heat-rejection system components for lunar and other space exploration 
systems. Under the auspices of the Prometheus program, over 20 adhesive 
candidate materials were explored by researchers from the NASA Glenn 
Research Center and the Ohio Aerospace Institute (OAI) to ascertain their 
viability for joining titanium (Ti) tubes to carbon-fiber-reinforced carbon (C–C) 
composite and/or carbon foam structures. On the basis of the initial bonding 
strength of Ti to C–C composites and microstructural analysis to assess the 
effectiveness of the bonding, nine adhesives were selected for mechanical 
testing of joints. Mechanical tests were performed using a butt-strap ten-
sile (BST) lap shear test. Two coupons of Ti were joined to a P120 (carbon 
fiber produced by Cytec Industries) two-dimensional woven C–C composite 
strap section as shown in the sketch. Shear failure tests were performed on 
as-bonded specimens, specimens that were subjected to a liquid nitrogen soak 
for 15 min, and specimens that were subjected to a heat treatment of 530 K for 
24 hr. Specimens that showed the best promise were then tested to failure at 
an elevated temperature (270 °C). The graph shows the tensile results.

The failure location dictated the shear strength (see the graph). In other words, 
if failure occurred within the outer ply of the C–C, the shear strengths were 
high. However, if failure occurred between the epoxy and Ti or C–C, indica- 
ting poor adhesion, then shear strengths were low. Failure within the epoxy fell 
between the above two extremes. The three adhesives that showed the best 
strengths for all three room-temperature test conditions were chosen for test-
ing at 270 °C. We found that all three systems showed that strength at 270 °C 
was significantly less than at room temperature. The best systems, with shear 
strengths of approximately 2 MPa, were the two adhesives with aluminum 
nitride (AlN) as a filler material: CM–122 and EP45HTAN (epoxy made by 

Master Bond Inc.). However, 270 °C-tested 
specimens failed at the interface between 
the Ti and epoxy or C–C and epoxy. 

So that the feasibility of joining structures 
similar to that envisioned for the heat- 
rejection application could be demon-
strated, Ti tube, POCO foam (POCO 
Graphite), and C–C composite sandwich 
structures were fabricated (see the photo-
graph on the next page). The specimens 
were tested in tension and in shear. In all 
cases, failure occurred within the POCO 
foam—not at either of the epoxy joints. 
The failure loads were commensurate 
with the shear strengths of the foam itself, 
which indicates that the weak point in the 
structure is the foam and not the adhe-
sive, thus demonstrating the viability of 
the adhesive joining approach. The loads 
applied to the structure indicate that the 
Ti-tube, POCO foam joint could withstand 
stresses greater than 3.6 MPa in shear 
and 2.2 MPa in tension. This is based on 
the simple force over area. The joint itself 
showed no indication of failing at those 
applied loads. 

0

4

8

12

16

S
he

ar
 s

tr
en

gt
h,

 M
P

a

As-produced

~9 mm

LN2-treated Heat-treated 270 °C FF

Failure usually
in outer ply
of C–C

Failure usually
in adhesive

Failure usually at
interface between
C–C and adhesive
or Ti and adhesive

25.4 mm

Ti
C–C

Aremco 805
D124
SS–26

EP45HTAN
Pyro Duct 597
SS–35

CM–122–39
Trabond 813J01
R931c

BST test. Left: Schematic. Right: Results from BST test on different adhesively joined systems. Aremco 
805 and Pyro Duct 597 are epoxies made by Aremco Products, Inc.; D124 and R931C are epoxies made 
by TRA–CON, Inc.; SS–26 and SS–35 are epoxies made by Silicone Solutions; TRA–BOND 813J01 is an 
epoxy made by TRA–CON, Inc.; FF is fast fracture; LN2 is liquid nitrogen.



NASA GLENN RESEARCH CENTER          226                                              2006 RESEARCH AND TECHNOLOGY

RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

Effect of Processing Conditions on Chemical Makeup of Di-Isocyanate 
Crosslinked Silica Aerogels Studied
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Ti tube, POCO foam, K1100 2D 5HS plate structure 
(Amoco/Cytec Industries K1100 fiber, two-dimensional, 
five-harness satin fiber) joined with CM–122 epoxy after 
shear failure. Failure occurred in the foam and not at 
the joint.

Because of their low density and high 
mesoporosity, sol-gel-derived silica 
aerogels are attractive candidates for 
many unique thermal, optical, catalytic, 
and chemical applications (ref. 1). How-
ever, their inherent fragility has restricted 
their use. Researchers at the NASA 
Glenn Research Center previously 
reported crosslinking the mesoporous 
silica structure of an aerogel with poly-
mers such as polyureas (refs. 2 to 4) and 
epoxies (ref. 5). These materials have 
very high specific strength in comparison 
to that of uncrosslinked aerogels with only 
a small effect on density. Thus, they may 
be enabling for future space exploration 
missions as well as advanced aeropro-
pulsion systems that demand lighter 
weight, robust, dual-purpose materials 
for insulation, radiation protection, and/or 
the structural elements of habitats, rov-
ers, astronaut suits, and cryotanks. 

Although density is a prime predictor of 
the strength and thermal conductivity 

100 nm 100 nm

100 nm100 nm(a)

(c)

(b)

(d)

Scanning electron micrographs of aerogels comparing no washings, (a) and (c); 
four washings, (b) and (d); low concentrations of silane, water, and polymer, 
(a) and (b); and low concentration of silane but high concentrations of water 
and polymer, (c) and (d). 



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          227                                             2006 RESEARCH AND TECHNOLOGY

of aerogels, previous studies indicated that varying the silica backbone and 
size of the polymer crosslink independently can give rise to combinations 
of properties unpredictable from density alone. For use as a multifunctional 
insulation/structural material, such as in a cryotank, Glenn researchers wished 
to optimize the strength of aerogels while reducing density and thermal con-
ductivity as much as possible. The effects of four processing parameters for 
producing di-isocyanate crosslinked aerogel were examined using statistical 
experimental design methodology to reduce the number of experiments and 
to allow computation of empirical models describing the relationship between 
the four variables and resulting properties. 

The photomicrographs on the preceding page show aerogel monoliths from 
the study at some of the extreme values of the four variables. It is evident, 
by comparing an aerogel with no washings (a) to that with four washings 
(b), that the number of washings is less critical when low values of polymer 
and water are employed: (a) and (b) are very similar. Other properties of the 
monoliths in (a) and (b) are also very similar (8 to 10 repeat units of isocya-
nate in the crosslink, porosity of >94 percent, and mechanical properties). 
However, at high values of water and polymer, no washings (c) produced a 

monolith with very low porosity, whereas 
four washings (d) resulted in a porosity 
of 90 percent. Note that the difference 
in properties and morphology of (b) and 
(d) are due entirely to the increased size 
of the crosslink in (d) (7 times as many 
repeat units) since both start with the 
same silane concentration. 

Some of the properties measured and 
modeled in this study are plotted in the 
preceding graphs, where di-isocyanate 
concentration is held constant at the low-
est value studied. In general, mechanical 
properties, such as offset yield strength 
at 0.2-percent strain (d) increase as den-
sity (a) increases. Other properties, such 
as size of the crosslink (b) or mean pore 
size (c), are at a maximum when density 
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nate held constant at the lowest concentration. (a) Density. (b) Polymer repeat units. (c) Average pore 
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is minimized. These types of models provide the ability to dial in a property 
for a particular application, for example, the minimum density aerogel with a 
desired mechanical strength. 

To assess the validity of the models and test their ability to accurately predict 
aerogel properties, seven additional monoliths were produced, corresponding 
to model-generated optima for certain responses, and their properties were 
measured and compared with the predicted values. Some of these are shown 
in the bar charts for the same properties as in the preceding graphs. More of 
the results from this study are reported in reference 6.
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X-Aerogel Processing Time Reduced by One-Pot Synthesis

Polymer crosslinked aerogels have generated tremendous interest as multi-
functional materials because of their superior mechanical properties in com-
parison to traditional silica aerogels (refs. 1 to 3). The high degree of porosity 
makes them attractive candidates as insulation for extreme environments, 
whereas their ability to bear load makes the materials amenable to applica-
tions requiring insulation as part of a load-bearing structure. One significant 
drawback to these materials is their method of production, a lengthy process 
requiring multiple steps and about 15 days to fully complete. Despite their 
promising properties, application of the polymer crosslinked aerogels in future 
space missions depends on simplification of this process.

The top figure demonstrates the tra-
ditional manner in which crosslinked 
aerogels are prepared. The gel is pro-
duced after the hydrolysis and con-
densation of common silica precursors 
tetramethyl orthosilicate and 3-amino- 
propyltriethoxysilane (TMOS and APTES) 
and is subject to several washing steps. 
Polymer crosslinking is introduced as 
a secondary step, requiring a nonstoi-
chiometrically controlled soaking proc- 
ess where polymer precursors diffuse 
through the aerogels’ porous network and 
await reaction with heat. This is largely 
dependent on the cross-sectional area 
of the monolith, making larger pieces 
somewhat more difficult to crosslink in this 
manner. Finally, the crosslinked aerogel 
is washed four more times in prepara-
tion for supercritical fluid extraction of 
the solvent. The overall process is very 
effective for making reproducible polymer 
crosslinked aerogel monoliths; however, 
it is not very efficient.

An alternative reaction scheme is 
under development at the NASA Glenn 
Research Center in which the precursors 
for crosslinking are included in the sol at 
the start (see the next figure). This sim-
plifies the process to only a few steps, 
eliminating most of the time-consuming 
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Traditional method to prepare crosslinked aerogels. Each wash step takes 
24 hr, and heating to crosslink can take as long as 72 hr. It takes approxi-
mately 1 liter of solvent to prepare one ~20-ml cylindrical monolith.

Crosslinked aerogelCrosslinked gelGelSol

200 nm

~15
min

Heat
or light 1 wash

Super-
critical
drying

One-pot synthesis of crosslinked aerogels. Gray constituents indicate prepolymers in the 
sol that are inert to gelation. Once the gel is formed, it can be reacted to initiate crosslink-
ing. After one wash, which removes any unreacted components, the monolith, whose 
scanning electron microscopy (SEM) image is shown here, was supercritically dried and 
demonstrated nanoscale morphology similar to that of the well-characterized multistep-
prepared crosslinked aerogels.
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wash steps and totally eliminating diffusion-driven crosslinking. When the 
polymer precursors are added in this manner, the gelation continues as nor-
mal. After a brief aging period, the gel is ready to be crosslinked. Depending 
on the type of crosslinking mechanism, the monoliths might be heated to start 
a chain growth reaction or be exposed to ultraviolet light to begin a radical 
polymerization reaction. In either case, not only does the one-pot method 
produce crosslinked aerogels in many fewer steps, but more control of stoi-
chiometry and uniformity of the crosslinked gels is possible since diffusion-
driven crosslinking is eliminated. 

For this one-pot synthesis to proceed effectively, the polymer precursors must 
remain inert to gelation by either being introduced as a co-reacting agent with 
the oxide gel like an acrylate-modified siliane, or as a soluble monomer or 
oligomer that does not interfere with gelation, such as a bismaleimide; both 
of which we have demonstrated. As seen in this photograph, the one-pot-
created isocyanate crosslinked aerogels look very similar to the traditionally 
prepared monoliths. 

Ongoing work involves full development of the factors contributing to the one-pot 
process, such as aging time, reaction times, optimal stoichiometric conditions, 
and optimum combinations of reaction initiator in cases where appropriate. A 
patent application for this new technology has been filed.
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Visual comparison of aerogels, show-
ing similar diameters and moderate 
transparency. Left: One-pot-processed 
isocyanate crosslinked aerogel. Right: 
Traditionally processed version.
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Computer Simulation Developed for Modeling the Thermal Conductivity of 
Silica Aerogels

Aerogels are low-density materials whose low thermal conductivity 
make them of interest for aerospace applications where lightweight 
insulation is needed. Aerogels typically consist of nanoscale par-
ticles of porous amorphous silica, connected by “bridges” to form 
“pearl necklace” structures. The gels are highly porous and appear 
to exhibit a fractal structure, so that conventional methods for mod-
eling the thermal conductivity are of limited utility. The NASA Glenn 
Research Center has developed, in-house, a model for predicting 
gel thermal conductivity that incorporates a model for the structure 
of gel clusters and a means for computing thermal conduction on 
such a cluster.

Gel structure was modeled using a modified version of the Diffu-
sion Limited Cluster Aggregation (DLCA) scheme, which produced 
clusters that appear qualitatively similar to observed gels, as shown 
in the graph to the right. Quantitatively, the low-density model gels 
exhibited a fractal dimensionality of about 1.8, consistent with experi-
mental observation. Higher-density model gels exhibited a larger 
fractal dimension and a fractal-to-compact transition at larger length 
scales, again as observed experimentally.

The thermal conductivity of model DLCA clusters was computed 
by noting the formal similarity of the equations governing thermal 
and electrical conduction in source-free regions and by adapting methodology developed to compute 

the electrical conductivity of a random 
resistor network. In this model, each 
particle is represented by a node at its 
center and is connected to other nodes 
via thermal conductances that represent 
the combined conductance of the par-
ticle and an interconnecting bridge. The 
functional form of the conductance was 
computed analytically, with a prefactor 
representing the thermal conductivity of 
the particle material. Node temperatures 
were computed under Dirichlet boundary 
conditions, and the thermal conductiv-
ity was computed using the electrical 
analog mentioned earlier. The thermal 
conductivity of the model gels was found 
to depend strongly on the density (and 
therefore on the fractal dimensional-
ity), exhibiting a power-law scaling (see 
ref. 1 for details). 

The model was extended to include gas-
eous thermal conduction across the gel 
pores. A grid of “gas nodes” was super-
imposed on the cluster of gel particle 
nodes, and conductances between gas 
nodes and between a gas node and a 

Low-density aerogel model cluster from the DLCA 
computer simulation. Fractal dimension is approxi-
mately 1.75.
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gel node were defined. Typically, the thermal conductivity of the gel particle 
material is about two orders of magnitude larger than that of air in the pores, 
for example. With gel-to-gas conductivity ratios in this range, the combined 
gel/gas thermal conductivity was found to exhibit a scaling exponent in the 
experimentally observed range of 1.2 to 1.8 (see the bottom figure on the 
preceding page). Details are given in reference 2. 
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Silica aerogels are attractive candidates for a variety of NASA applica-
tions because of their lightweight structure, high surface area, and low 
thermal conductivity. Because silica aerogels are fragile, their use has 
been limited to protected, temperature-extreme environments, such 
as battery insulation for Mars surface rovers. However, advances over 
the last several years at the NASA Glenn Research Center have led to 
significant enhancements in mechanical durability as a result of poly-
mer crosslinking the silica aerogel network (refs. 1 to 3). Recently, the 
incorporation of nanoscale fillers, such as carbon nanofibers, into the 
crosslinked aerogel matrix was demonstrated. The addition of these fill- 
ers can be advantageous since they may enhance not only the mechan- 
ical properties of the aerogel but other material properties, such as 
electrical conductivity or catalytic activity. 

The Pyrograf-III (Applied Sciences, Inc.) nanofiber (top micrograph) was 
chosen for several reasons, primarily because the surface functionaliza-
tion with alcohol provided good chemical compatibility with the existing 
processes. In addition, other properties unique to carbon nanotubes can 
be realized by substituting nanofibers that are easier to produce and are 
more cost effective. For certain applications, nanofiber-integrated cross-
linked aerogels can simultaneously enhance the electrical conductivity 
and the mechanical reinforcement of the silica matrix. Other benefits 
include improved high-energy storage and decreased radiative heat 
transfer (due to the black color), both of which are desirable properties 
for efficient solar energy collection material.

Using a statistical design methodology, Glenn researchers produced 
19 samples, with approximately two-thirds containing fiber in varying 
amounts according to the total silane component of the gel mixture. The 

500 nm

1 µm

Scanning electron micrographs of carbon nano-
fibers. Top: As-received. Bottom: As integrated 
into the crosslinked aerogel matrix.
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bottom micrograph on the preceding page shows the successful integration 
of carbon fiber into the silica-polymer matrix on the nanoscale. Empirical 
models were derived for several macroscopic properties from data from the 
19 samples using multiple linear regression and incorporating only highly 
statistically significant terms. Interestingly, the response surface model for 
density shown in the left plot demonstrates that the addition of carbon fiber 
has no significant effect. In fact, the only drivers for density at the levels stud-
ied are total silane and polymer concentrations. The lack of effect on density 
with fiber addition could be ideal, since properties may be changed without 
the addition of weight, a premium for most NASA missions. 

The effect of carbon fiber incorporation on the mechanical properties of the 
crosslinked aerogels is still under investigation; however, initial results show 
that it has little effect on the yield stress. The right plot shows the model for 
the load at 0.2-percent strain for both the low and high polymer cases, not-
ing that the other significant variables are fiber content (percent) and total 
silane. The load values through the fiber range studied are very similar. 
However, before crosslinking, the fiber-containing gels are easier to handle 
without damaging them, especially at low density, indicating that the materi-
als’ green strength is improved by the fiber addition. Further tests of this new 
material are being developed to accurately capture the perceived improve-
ments. We also plan to look in greater detail at the dispersion of the fibers 
into the matrix, as this is a common problem with carbon nanotubes (ref. 4) 
and with nanofibers by extension. This problem often requires purification 
and functionalization to avoid fiber agglomeration. Other properties being 
examined are specific compressive strength, Young’s modulus, and electri-
cal and thermal conductivities. 
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Expanded graphite has attracted considerable attention as a nanoscale filler 
in composite materials. This interest stems from a combination of factors 
including high aspect ratio, nanometer scale, organic compatibility, and low 
cost. In addition, the conjugated structure of the graphene sheet imparts both 
thermal and electrical conductivity to the matrix resin.

However, although numerous publications cite improvements in the modu-
lus and electrical conductivity of expanded graphite-filled composites, there 
are often reports of poor mechanical properties. This primarily results from 
incomplete exfoliation of expanded graphite in a polymer matrix and, thus, 
poor dispersion of the filler. Improved results were observed by using graph-
ite that had been oxidized to produce graphite oxide (GO). The GO was 
then split into individual graphene sheets through a rapid expansion process 
(ref. 1). Most of the particles were smaller than 1 µm in the lateral dimen- 
sions. Because of the presence of residual epoxide and hydroxide sites, this 
material was referred to as a functionalized graphene sheet (FGS). The FGS 
used in this study was prepared by researchers at Princeton University.

The FGS dispersed well in an epoxy matrix without the need for additional 
functionalization, as evidenced by the uniform dispersion displayed in the 
transmission electron microscopy image. This was attributed to the presence 
of residual epoxy and hydroxy sites on the graphene sheets. 

Despite some of the mechanical property improvements expected by the 
incorporation of nanoscale fillers, dispersion of a rigid nanoparticle in a resin 
matrix often reduces the toughness of the system, as has been observed 
with phyllosilicate-reinforced nanocomposites (ref. 2). The toughness of the 
FGS-epoxy nanocomposites was measured as the energy required to break 
the tensile specimens (see the table). This value was calculated by the area 
under the load displacement curve following tensile tests. 

Nanocomposites prepared with 10-percent excess amine in the epoxy dis-
played a significant increase in toughness over that of the comparable neat 
resin, also containing excess amine. This is due to two possible mechanisms: 
better interfacial bonding and optimized epoxy amine ratios in the compos-
ite formulation. Covalent bonding between excess amine and the graphene 
would strengthen the filler-matrix interface. In addition, without excess amine 

the surface epoxides on the FGS unbal-
ance the optimum stoichiometry of the 
epoxy reactions. Addition of excess 
amines actually contributes to return-
ing the epoxy matrix properties to their 
optimal values; however, 10-percent 
excess amine may not be the appropri-
ate amount. 
 
The FGS-reinforced resin nanocom- 
posites displayed up to a 40-percent 
reduction in the coefficient of thermal 
expansion. Addition of the rigid particles 
resulted in restricted polymer chain 
motion near the particle interface and, 
therefore, an enhanced dimensional 
stability (ref. 3).
 
These results suggest that FGS-epoxy 
nanocomposites could be suitable 
materials for use in cryogenic propel- 
lant tanks. Reduced resin CTE and 
improved toughness are desirable for 
this application since they can help 
to mitigate thermal-cycling-induced 
microcracking, which has been a major 
impediment to the use of composites in 
cryotanks.

Mechanical Strength and Physical Properties of Functionalized 
Graphene-Epoxy Nanocomposites Studied

200 nm

Transmission electron microscopy image 
of epoxy composite with 0.50-wt% 
as-received FGS.
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Photo-Oxidation of Single-Walled Carbon Nanotubes Examined

This work was performed by the NASA Glenn Research Center in col-
laboration with Professors Ilhan Aksay and Robert Prud’homme, as well as 
Dr. Douglas Adamson at Princeton University, supported from the NASA 
University Research, Engineering, and Technology Institute on BioInspired 
Materials (BIMat) under Award No. NCC–1–02037. 
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The addition of functional groups to single-wall carbon nanotubes (SWNTs) 
has been a topic of investigation because it makes the tubes easy to disperse 
and, in some cases, partially soluble in organic solvents (refs. 1 to 8). Oxygen 
groups have been observed on the SWNTs after treatment in acidic solutions 
such as nitric acid, hydrochloric acid, or sulfuric acid (refs. 9 to 12). These 
reagents are used mainly to remove metal impurities left on the SWNTs after 
synthesis. Carbon nanotubes are functionalized with oxygen groups dur-
ing purification, but afterward, most of these functional groups are removed 

at the last step—heating the tubes to 
higher than 500 °C. To restore the oxy-
gen groups, the SWNTs must be treated 
once again with acid, but the continued 
exposure of SWNTs to acid may affect 
their properties. 

Photo-oxidation is a convenient way to 
induce the attachment of oxygen groups 
on the surface of SWNTs. This technique 
was reported by Savage and others using 
multiwalled carbon nanotube (MWNT) 
films. They demonstrated by thermo-
power measurements that when MWNT 
films are exposed to ultraviolet light and 
oxygen at the same time, the tubes oxi-
dize (ref. 13). In the current effort at the 
NASA Glenn Research Center, SWNTs 
in an oxygenated solution of dimethyl- 
formamide (DMF) were exposed to a Scanning electron micrographs of SWNTs. Left: Before photo-oxidation. Right: After 

photo-oxidation.

1 µm 1 µm
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source of ultraviolet light (450 W) over-
night. The process involved continuous 
oxygenation of the DMF solution of the 
SWNTs. Researchers characterized 
the SWNTs after the oxygenation. The 
scanning electron micrographs on the 
preceding page show the SWNTs before 
and after photo-oxidation, indicating that 
the quality of the SWNTs was conserved 
after treatment.

Analytical characterizations of the 
SWNTs indicated the presence of 
oxygen groups. Fourier-transform infra-
red (FTIR) spectra show the SWNTs 
before and after photo-oxidation. The 
dispersion of the SWNTs in polar sol-
vents was enhanced because of the 
additional oxygen groups on the tubes. 
The FTIR spectra of the photo-oxidized 
SWNTs show increases in the bands 
characteristic of carboxylic, carboxylate, 
and ester groups. 

The oxygen functional groups can be 
removed from the carbon nanotubes 
by annealing the tubes. This was con-
firmed by Raman spectroscopy, where 
the intensity of the characteristic bands 
of SWNTs tends to decrease in the pres-
ence of oxygen groups. However, the 
intensity is recovered after the tubes 
are annealed. This recovery indicates 
that the functional groups on the tubes 
are substantially reduced or completely 
eliminated. This behavior is another 
essential confirmation of the theoretical 
studies of Savage et al., suggesting that 
the mechanism that takes place during 
the photo-induced oxidation of carbon 
nanotubes is chemisorption (ref. 13). 

Oxygen-functionalized SWNTs can 
serve as anchor precursors for SWNTs 
with further functionalization, especially 
when the reaction needs to be carried 
out in polar solvent media. By taking 
advantage of the capacity for carbon 
nanotubes to be functionalized by photo-
oxidation, Glenn researchers have elimi-
nated the use of strong acids and have 
significantly minimized further damage 
to the tubes.
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Boron Nitride Nanotubes Demonstrated as Solid-State 
Hydrogen Storage Media

Fuel cell systems with accompanying hydrogen storage requirements may be 
critical for several of NASA’s anticipated space missions, such as lunar and 
Mars bases. Solid-state storage mechanisms offer a greater degree of safety 
for human-tended missions or even Earth-based consumer products. Nano-
tubes based on graphene sheets (carbon nanotubes, CNTs, and boron nitride 
nanotubes, BNNTs) are attractive as hydrogen storage materials because 
of their low weight, potential for high degree of hydrogen adsorption, and 
high strength. In-house research funded by NASA Glenn Research Center’s 
Independent Research and Development program was aimed at developing 
hydrogen storage systems based on BNNTs. Hydrogen sorption characteristics 
were evaluated by thermogravimetric analysis techniques. Results indicated 
that, even in an unrefined state, BNNT demonstrated hydrogen sorption simi-
lar to that for other promising solid-state storage candidates of about 3 wt%. 
However, these results were obtained for much more reasonable pressure-
temperature combinations than for many other competing systems.

Adsorption results (shown in this graph) with as-produced BNNT and CNT 
materials indicate nearly 3.0 mass% for BNNT versus 1.0 mass% for CNT. 
Although not fully optimized or even cleaned of catalyst material and debris, 
the hydrogen mass adsorbed for mixed-phase BNNT was similar to that found 
for lithium borohydride (LiBH4), a promising current candidate for hydrogen 
storage. The complex metal hydride class of materials required high opera- 
ting temperatures and pressures to perform similarly. Commercial solid-state 
hydrogen storage units utilizing nickel hydrides also operate in this adsorp-
tion range but have problems with reversibility. Finally, the BNNT hydrogen 
uptake was fully reversible, an important consideration for storage. The CNT 
material was not fully reversible.

Desorption began at only 70 °C, barely 
warm water temperatures, and continued 
more rapidly with increasing tempera-
ture to 500 °C. These are very modest 
temperatures in comparison with those 
of complex metal hydrides, which must 
adsorb hydrogen at cryogenic tempera-
tures and desorb at temperatures in 
excess of 700 °C. For the case of BNNT, 
desorption rates can be “tuned” for a 
variable draw rate by altering desorp-
tion temperatures. In addition, adsorp-
tion in BNNT could be accomplished at 
room temperatures rather than requiring 
cryogenic temperatures. Finally, it was 
noted that hexagonal BN did not adsorb 
hydrogen. Significantly, 50 vol% of the 
starting material examined in the Higen 
unit was hexagonal BN by volume. The 
remaining 50 vol% was BNNT, which did 
adsorb hydrogen. Because BNNT has 
only one-half the density of hexagonal 
BN, BNNT was actually a minority phase 
by weight and yet the material performed 
equal to the state-of-the-art commercial 
product. This suggests that significant 
improvements in hydrogen adsorption 
are possible through a combination of 
improving the purity of the BNNT product 
and extending the temperature range into 
cryogenic temperatures.
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Hydrogen desorption data for BNNT.
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Water Electrolysis and Regenerative Tests Conducted on NASA Glenn 
Solid Oxide Cell Demonstrated High Efficiency

Because of their high energy efficiency, solid oxide fuel cells (SOFCs) are 
expected to impact both terrestrial and aerospace industries. NASA has 
recently been investigating reversible SOFCs or regenerative fuel cells (RFCs) 
for their many applications, including UAVs and for water electrolysis for lunar 
missions.
 
RFCs can operate over temperatures from 600 to 1000 °C. Higher temperatures 
favor regenerative operation, requiring less energy to perform electrolysis, 
resulting in higher electrochemical efficiency. Most SOFC designs use a metal 
plate with gas channels to connect the ceramic cells in series. The metal/
ceramic bond makes them difficult to seal, and the metal limits operation to 
lower temperatures. This prevents conventional SOFCs from meeting NASA’s 
challenging specific power density (kilowatts per kilogram) requirements. 

To achieve a fourfold to fivefold increase in specific power density of 1.0 kW/kg, 
the NASA Glenn Research Center developed a novel cell design by adapting 
a special ceramic fabrication technique. The Glenn design, called a 
bielectrode supported cell (BSC), see the illustration, has low volume and 
low weight. The metal interconnects are removed, replaced by a thin ceramic 
interconnect, and gas flow channels are incorporated into the yttria-stabilized 
zirconia (YSZ) electrode supports. The use of all ceramic materials enables 
operation at high temperatures and makes hermetic ceramic-to-ceramic seals 
possible. 

The BSC fuel cell design is particularly suited to regenerative (reversible) 
operation. The photomicrograph shows a “unitized” block of cells fabricated 
with a single firing step. The graph on the next page shows regenerative test 
results for a single BSC cell with excellent efficiency. The cell was operated 
from 0.4 to 1.0 V in fuel cell (FC) mode and then from 1.0 to 1.6 V in electrolysis 
(EL) mode. A smooth transition from FC mode on the right side (positive cur-

rent density) to the EL mode on the left 
(negative current density) is evident. The 
cell was tested with three levels of H2O in 
the hydrogen (H2) feed gas: 11, 25, and 
50 vol%. The voltage increases sharply 
and current is limited at 11 and 25 vol% 
H2O because the cell has consumed 
the available H2O and it is starved. The 
regenerative efficiency is the ratio of the 
power generated in fuel cell mode to the 
power required to perform electrolysis 
(PFC/PEL). The majority of the testing 
was performed at 850 °C to compare 
Glenn’s data with data in the literature 
at similar conditions. Recently published 
data report efficiencies from 83 to 85 
percent (refs. 1 and 2), comparable to 
but lower than Glenn’s efficiencies of 
89 to 93 percent.

RFCs are being considered for immedi-
ate applications to extend the missions 
of UAVs from 2 to 3 days to 90 days.  
Using a single tank of water, they would 
operate in EL mode using solar power 
during the day and operate in FC mode 
during the night.

BSC cross-flow stack. LaCrO3, lanthanum chromite. This figure is shown 
in color in the online version of this article (http://www.grc.nasa.gov/WWW/
RT/2006/RX/RX26C-cable.html).

Fuel

FuelAirLaCrO3
interconnect

Air

Thin YSZ
electrolyte

Multilayer, unitized BSC stack of two com-
plete repeat units. The gray layers are 
the YSZ cells with the thin, lighter colored 
electrolyte in the center; the LaCrO3 inter-
connect layers are black. This figure is 
shown in color in the online version of this 
article (http://www.grc.nasa.gov/WWW/
RT/2006/RX/RX26C-cable.html).
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Achieving high protonic conductivity with thermodynamic stability is consid-
ered to be a key problem for high-temperature protonic-conducting (HTPC) 
materials for electrochemical applications. Applications include fuel cells, gas 
sensors, gas purification systems, and steam electrolyzers that will provide 
economic and ecological benefits. HTPC materials for hydrogen separation 
at high temperatures are −++ 2

3
42 OBA materials that have the Perovskite 

structure. A trivalent cation (M3+) substitution is needed at the B4+ site to 
introduce oxygen vacancies to promote proton transport. An example of such 
a material is BaCe0.85Y0.15O3.1 There are considerable technological chal-
lenges related to the processing of HTPC materials. The high melting point 
and multi-cation chemistry of HTPC ceramics create difficulties in material 
processing. The presence of secondary phases and grain-boundary inter-
faces are detrimental to the protonic conduction and environmental stability 
of polycrystalline HTPC materials.

The hydrogen permeation rate for HTPC 
materials is inversely proportional to 
membrane thickness. Thus, reducing 
HTPC membrane thickness is a practi-
cal way to enhance the hydrogen per-
meation rate or reduce the operating 
temperature. For the fabrication of thin 
HTPC membranes (≥25-µm-thick), the 
membranes have to be supported with 
porous structures that provide mechani-
cal strength. Successful fabrication 
of inexpensive membranes by solid-
state sintering methods is hindered by 
processing temperatures, exceeding 
1500 °C, which cause a reaction 

Protonic-Conducting Ceramic Films Fabricated Using Pulsed Laser Deposition

1Ba, barium; Ce, cesium (0.85 percent); Y, yttrium (0.15 mol%); O, oxygen.
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between the substrate and HTPC 
membrane. This study at the NASA 
Glenn Research Center investigated 
the feasibility of using pulsed laser 
deposition (PLD) to deposit thin films of 
HTPC material on porous substrates.

Thin films of BaCe0.85Y0.15O3 were 
deposited onto porous alumina (Al2O3) 
and barium zirconate (BaZrO3) sub-
strates at temperatures of 600 to 
1000 °C, as shown in the transmis-
sion electron micrographs. The trans-
mission electron microscopy (TEM) 
reveals oriented nanocrystalline films 
with columnar growth morphology. 
Results show that physical vapor depo-
sition can be used to fabricate dense 
films at low temperatures. Dense films 
are formed by the impingement of 
growing columnar BaCe0.85Y0.15O3 
grains. Results show direct nucleation 
and growth of BaCe0.85Y0.15O3 on 
Al2O3 particles. Expected epitaxial 
growth between BaCe0.85Y0.15O3 and 
BaZrO3 did not occur. The columnar 
BaCe0.85Y0.15O3 grains originate from 
nucleated BaCe0.85Y0.15O3 nanopar-
ticles; BaCe0.85Y0.15O3 nanopar-
ticles coated the BaZrO3 particles. 
Because of crystal symmetry mismatch, 
BaCe0.85Y0.15O3 films grown on Al2O3 
substrate exhibit a high concentration 
of growth defects that affect protonic 
conduction.

2 µm 0.5 µm

BaCe0.85Y0.15O3

BaCe0.85Y0.15O3

Al2O3

Al2O3

Microstructure of BaCe0.85Y0.15O3 film deposited at 800 °C on porous Al2O3 
substrate.
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BaCe0.85Y0.15O3
nanoparticles

200 nm

Microstructure of BaCe0.85Y0.15O3 film deposited at 600 °C on porous BaZrO3 
substrate.
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Protonic conduction for both substrates was measured parallel to the sub-
strate surface by impedance spectroscopy: protonic conductivity of a sintered 
2-mm-thick BaCe0.85Y0.15O3 specimen was used as a reference sample (see 
the Arrhenius plots on the preceding page). BaCe0.85Y0.15O3 films fabricated 
on BaZrO3 exhibit a high protonic conductance that is greater than the refer-
ence sample and exhibit a small dependence on processing conditions. In 
contrast, BaCe0.85Y0.15O3 films fabricated on Al2O3 have a large dependence 
on processing conditions and exhibit protonic conduction that is generally less 
than in the reference sample. Matching the crystal symmetry between the 
substrate and film is important for achieving high conducting films.

Low-temperature fabrication of thin-film HTPC membranes on porous substrates 
can be achieved by physical vapor deposition. Crystal symmetry between the 
film and substrate is important in achieving highly protonic conducting films. 

Find out more about Glenn’s ceramics 
research:
http://www.grc.nasa.gov/WWW/5000/ 
MaterialsStructures/ceramics/
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Proton exchange membrane (PEM) fuel cells have been the focus of consid-
erable research to find efficient low-emission power-generation devices for 
stationary uninterruptible power sources, residential power, portable devices, 
and alternatives to internal combustion engines. Furthermore, NASA has 
an interest in fuel cells for space exploration, space suits, and unmanned 
air vehicles. The current state-of-the-art membranes used in fuel cells are 
perfluorinated sulfonic acid membranes, such as Nafion, made by DuPont. 
Nafion shows excellent thermal and mechanical stability, as well as high proton 
conductivity when hydrated. The good low-temperature proton conductivity 
of Nafion is believed to be due to phase separation between the hydrophobic 
perfluorinated backbone and the hydrophilic sulfonic acid groups, with protons 
being carried by water between the hydrophilic regions. The hydrated sulfonic 
acid aggregates form channels through which water carries protons. However, 
Nafion membranes become much less conductive above 80 °C because the 
membrane is dehydrated. 

It would be advantageous to operate PEM fuel cells at temperatures above  
100 °C for several reasons, such as enhancement of electrode reaction kinetics, 
higher tolerance toward carbon monoxide poisoning of the catalyst, reduced 
electrode flooding, and greater system efficiency. However, at these higher 
temperatures the fuel cell would have to be operated under high pressure, or 

water would have to be replaced with a 
less volatile proton carrier. Protic ionic 
liquids (ILs) are one potential replace-
ment for water in fuel cell membranes. 
ILs are nonvolatile and nonflammable, 
making them an ideal candidate for use 
in high-temperature operations.

The NASA Glenn Research Center 
recently synthesized a series of poly-
mers that contain rigid sulfonated aro-
matic backbones that are crosslinked 
with diamine-terminated poly(ethylene 
oxide) (PEO) oligomers as potential host 
materials for IL-doped membranes. The 
purpose of the aromatic backbone is 
to provide mechanical strength to the 
polymer film, which is further reinforced 
by crosslinking. The PEO oligomers 
enable the film to swell in the pres-
ence of solvent to aid the IL imbibing 

Novel Polymers Synthesized for High-Temperature Use in Proton Exchange 
Membrane Fuel Cells
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process. The volatile solvent can then 
be removed so that the film can shrink 
and trap the IL. In addition, to better 
suit humidified conditions, researchers 
from Glenn and the Ohio Aerospace 
Institute (OAI) designed a hydrophobic 
aromatic polymer backbone with a high 
affinity for ILs. Poly(pyridinium triflate)s 
were chosen for this purpose since, 
like imidazolium-based ionic liquids, 
the polymer contains charged hetero-
cyclic rings with perfluorinated sulfonate 
counterions. The photograph shows 
films made from these polymers.

This bar chart shows that, when imbibed 
with IL, the hydrophilic polymer has 
a conductivity almost two orders of 
magnitude higher than that of Nafion 
imbibed with the same IL at 150 °C. 
When the hydrophilic unit was replaced 
with a hydrophobic one, the water uptake 
decreased from 187 to 10 percent, while 
the conductivity was still higher than 
that of Nafion at 150 °C. 
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Rechargeable lithium-polymer batteries offer several advantages over their 
liquid and gel electrolyte counterparts, particularly in terms of safety. Typical 
lithium ion batteries contain volatile and flammable solvents in the conducting 
medium. A short circuit can cause localized heating that can create a fire. This is 
a particular concern for batteries that are used for human-rated space applica-
tions. One way to avoid this problem is to replace the liquid with a solid polymer 
that can conduct lithium ions. The polymer used most often is poly(ethylene 
oxide) (PEO). The use of PEO would also be advantageous because lithium 
metal anodes could be used instead of the normally used graphite intercala-
tion anodes, increasing the potential power density. Unfortunately, PEO and 
its derivatives have yet to reach a lithium ion conductivity sufficient for practi-
cal use. Polymer electrolytes appear to have reached an upper conductivity 
limit1 of 10–4 S/cm, but at least 10–3 S/cm is needed. Furthermore, PEO has 
poor mechanical properties at higher operating temperatures.  

 

The NASA Glenn Research Center 
had previously synthesized a series of 
hyperbranched polymer electrolytes that 
contain PEO-based oligomers that were 
connected via a triazine linkage. The 
polymers were crosslinked via a sol-gel 
technique to improve their dimensional 
stability. When doped with lithium salts, 
these polymers were strong, flexible, 
thermally and mechanically stable up 
to high temperatures, and completely 
amorphous over the required tempera-
ture range. These polymers have room-
temperature conductivities up to 4×10–5 
S/cm, which is still too low for practical 

Bibliography
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Novel Polymer Membranes Synthesized for Lithium Batteries Doped With 
Ionic Liquids

1Limit of 10–4 siemens per container.
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use. Recently, researchers from Glenn and the Ohio Aerospace Institute (OAI) 
greatly increased the conductivity by adding room-temperature ionic liquids 
(ILs). ILs are made from an asymmetric organic cation and a bulky anion 
with a highly delocalized charge to minimize packing. ILs are both nonvolatile 
and nonflammable, thereby maintaining the safety advantages of the solid 
polymer electrolyte while adding a conductive liquid component.

The addition of only 30 wt% IL increased the conductivity by over an order 
of magnitude. Conductivity further increased as more IL was added. The 
hyperbranched polymer films are now capable of holding over 150 wt% IL, 
with the highest conductivity being 8.8×10–4 S/cm at ambient temperatures. 
Furthermore, these films maintain their mechanical properties even at such 
high IL loadings.

Find out more about the research of Glenn’s Polymers Branch:
http://www.grc.nasa.gov/WWW/5000/MaterialsStructures/polymers/
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The Department of Energy (DOE) and NASA have identified Stirling Radio- 
isotope Generators (SRGs) as a candidate power system for use on long- 
duration, deep-space science missions and Mars rovers (ref. 1). One 
development planned for an upgraded SRG (known as the ASRG) is to 
increase efficiency by increasing the overall operating temperature of the 
system. However, increasing the operating temperature of the convertor puts 
increased demands on all hot-end parts, including the regenerator. To meet 
these needs, researchers at the NASA Glenn Research Center developed 
and demonstrated a high-temperature regenerator.

The regenerator consists of a sintered compact of very fine random fibers that 
form a structure which is approximately 90-vol% porous. The purpose of the 
regenerator is to increase the efficiency of the convertor by storing and releas-
ing thermal energy to the working gas during the Stirling cycle. Two problems 
have historically plagued sintered-fiber-type regenerators: surface contami-
nation and fiber shedding. Any compromise of the surface (by oxidation for 
example) degrades the performance of the regenerator. The other major failure 
mode is from release of the fibers into the convertor. These fibers can shed 
for a number of reasons, but the primary cause is from improper processing. 
The release of fibers can be catastrophic if they find their way into one of the 
many tight clearances between the moving parts of the convertor.

Historically, the regenerator has been fabricated from stainless steel. Shed-
ding has always been an issue with the sintered fiber design, but surface 
degradation was of secondary concern because of the relatively low tem-
peratures (650 °C or lower). However, with the higher temperatures used in 
the advanced Stirling designs, both shedding and oxidation have become 
serious concerns. 

An extensive examination of Stirling 
convertors that had been in operation 
for extended periods of time revealed 
that oxidation had indeed occurred. A 
material selection program identified 
Fecralloy as an alternative regenerator 
material. Stainless steel regenerators 
are consumed in just a few hundred 
hours at 850 °C, but Fecralloy regen-
erators show a stable structure even 
after 5000 hr. 

A comprehensive process development 
study also was performed, with the pri-
mary goal of producing a regenerator 
with increased resistance to fiber shed-
ding. The processing method that was 
eventually developed included both 
optimized thermomechanical process-
ing as well as postmachining cleaning 
methods to remove any liberated fibers. 
In the end, the new material and tech-
niques have all but eliminated the fiber-
shedding problem that plagued past 
designs of both stainless and Fecralloy 
regenerators. 

High-Temperature Regenerator Developed and Demonstrated for a 
High-Temperature Stirling Convertor

25 mm

Fecralloy (UKEA) regenerator 
developed for the Advanced 
Stirling Convertor Program.

25 µm

Micrograph showing the fiber structure of the regenerator.
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Success of this program was confirmed by the adoption of these regenerators 
by members of the industry team, which included the Department of Energy, 
Lockheed Martin, Rocketdyne, and Sunpower Inc. To date, Glenn has sup-
plied over 50 regenerators to the advanced Stirling development effort. The 
regenerator design and fabrication procedure have proven to be so success- 
ful that Sunpower has decided to incorporate them into their commercial 
systems. Glenn recently hosted representatives of Sunpower for a 2-day 
training course. Glenn continues to provide technical support to Sunpower 
as they develop in-house capabilities to produce these regenerators and 
incorporate them into both present and future Government and commercial 
applications.
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A year-long final phase of structural benchmark testing was completed at the 
NASA Glenn Research Center for a critical component of the 110-W Stirling 
Radioisotope Generator (SRG110). Durability testing of this heater head 
concluded for two test articles under prototypical environmental conditions: 
Glenn’s special-purpose test rigs subjected the specimens to design operating 
temperatures and pressure. Under these conditions, creep deformation was 
the primary life-limiting damage mechanism. The experimental data supported 
the development of an analytical life-prediction methodology (ref. 1).

The SRG110 was developed to provide electric power for multimission uses, 
including possible future long-duration deep-space missions, Mars rovers, 
or lunar applications (refs. 2 and 3). For these applications, the heater head 
component must endure high temperature at low stress for a long time. It is 
designed to minimize the effects of material creep—a gradual increase over 
time in the pressure vessel diameter that could result in reduced system 
performance if the heater head is not properly designed.
 
Because the heater head is subjected to a biaxial stress state, Glenn 
researchers developed a benchmark test setup (see the top photograph 
on the next page) to experimentally evaluate the response to this spe-
cific stress condition. The final test phase was performed at prototypi- 
cal stresses and temperatures, and the high scatter of very small magnitude 

creep strains was integrated over time 
to produce high-quality averaged creep 
strains and rates. For the two test articles, 
results showed median creep behavior at 
or near the predictions based on extrapo-
lation of earlier uniaxial creep tests on 
the Inconel 718 material of construction. 
However, unexpected moderate to high 
anisotropy in creep rates was measured 
around the circumference of the test 
article gauge area. This observation is 
the subject for future investigation.

The heater head test rigs are located 
at the Mechanics and Life Prediction 
Branch’s Structural Benchmark Test 
Facility. The test stand (see the bottom 
photograph) includes two independ- 
ently operated test rigs with argon pres-
surization systems, induction power 
supplies, and a data-acquisition and 
control system to safely conduct tests 
and record results.

Structural Benchmark Testing Completed for 110-W Stirling Radioisotope 
Generator Heater Head Life Prediction
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The benchmark testing was performed in collaboration with Glenn’s Thermal 
Energy Conversion Branch as part of a Glenn in-house project supporting 
the development of the SRG110. NASA’s Science Mission Directorate pro-
vided funding for this effort. The overall SRG110 project was managed by the 
Department of Energy. Lockheed Martin and Infinia Corporation developed 
the SRG110 for the Department of Energy. Glenn provided supporting tech-
nology development for the SRG110, independent verification and validation 
testing, and advanced technology efforts.

A 12-month test of a heater head test article at 650 °C 
(1200 °F); the induction heater and diametral exten-
someters are visible.
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The heater head structural benchmark test stand includes two inde-
pendent test rigs on one bench.
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A Stirling radioisotope power system is being developed for potential use 
on NASA missions, including deep-space missions, Mars rovers, and lunar 
applications (ref. 1). Advanced Stirling convertors would provide substantial 
performance and mass benefits for these long-duration missions of up to 
17 years. In the current design of the Advanced Stirling Radioisotope Gen-
erator, the heater head component of the Advanced Stirling Convertor (ASC) 
is fabricated from INCONEL 718, whereas another version is being devel-
oped with a MAR–M 247 (Lockheed Martin) heater head (refs. 2 and 3). The 
MAR–M 247 material allows increased hot-end temperatures of up to 850 °C 
(1560 °F), thus increasing efficiency and specific power.

For the long life required, a structurally significant limit for the ASC heater 
head is creep deformation induced under low stress levels at high material 
temperatures. Conventional investigations of creep rely on experimental 
results from uniaxial specimens, and much creep information is available for 
both materials. However, very little experimental data is available that directly 
applies to the atypical thin walls, specific microstructures, and low stress 
levels. In addition, the geometry and loading conditions apply a multiaxial 
stress state on the part, far from the conditions of uniaxial testing. For these 
reasons, benchmark testing was developed to accurately assess durability of 
the heater head. Because testing at prototypical stress requires many months 
to obtain creep data, initial accelerated creep testing is planned. The results 
will be used to calibrate deterministic and probabilistic analytical creep mod-
els of the heater head.

Previous short-term heater head creep tests relied on increased internal 
pressure to accelerate creep deformation (ref. 4). Safety considerations lim-
ited the maximum acceleration because of hazards associated with potential 
rupture under high pneumatic pressures. In addition, the method produced 
only one experimental stress-temperature condition for each test. Addressing 
these issues, the NASA Glenn Research Center developed a “cascade” test 

procedure. Cascade testing is so called 
because of the cascade of experimental 
creep rates produced by a single test 
article over a wide range of stresses at 
the temperature of interest. It subjects 
a large volume of material amenable to 
creep measurement by using an induc-
tively heated susceptor to create uniform 
temperature over a major portion of the 
test article tapered wall (see the follow-
ing figure). In this way, internal pressure 
creates a large multiaxial stress range 
at the desired temperature.

The cascade test rig is currently being 
assembled, with the first test results 
expected in early 2007. The rig (see the  
figure on the next page), which is located 
at the Structural Benchmark Test Facility, 
includes an argon pressurization system, 
the induction power supply, diametral 
extensometers and laser micrometers 
for strain measurement, and a data-
acquisition and control system to safely 
conduct tests and record results.

Under NASA’s Science/Nuclear Power 
Radioisotope System Development 
project, the Department of Energy is 
developing high-efficiency Stirling power 
systems with Glenn and the Lockheed 
Martin Corporation (Valley Forge, PA). 
Sunpower Inc. (Athens, OH) is develop-
ing the ASC under a NASA Research 
Announcement (NRA) award. Glenn 
manages the NRA project and is provid-
ing supporting technology development 
for the Stirling convertor and the overall 
generator. The benchmark testing is 
being performed in collaboration with 
Glenn’s Thermal Energy Conversion 
Branch as part of this effort.

Novel Cascade Technique Developed for Accelerated Testing of Advanced 
Stirling Convertor Heater Heads
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Organics Evaluated for Advanced Stirling Convertor

Organic materials are an essential part of Stirling Radioisotope Generator 
(SRG) convertor construction as adhesives, potting compounds, wire insulation, 
lubrication coatings, bobbins, bumpers, insulators, thread lockers, or fasteners. 
Most space mission applications that can utilize SRGs (Mars rovers, deep-
space, and lunar surface power) will have long lifetime requirements—in some 
cases more than 14 years. Thus, the performance, durability, and reliability 
of those organics should be critically evaluated in every possible material- 
process-fabrication-service environment relation. As in earlier efforts (refs. 1 
to 5), a systematic and extensive evaluation was conducted for various organic 
materials used in Advanced Stirling Convertors (ASC) that are being developed 
by Sunpower under NASA Research Announcement funding as highly efficient 
and lower mass convertors. The key objective of this study was to evaluate, 
validate, and recommend organics for use in Sunpower’s ASC. 

Initially, this effort focused on the primary epoxy, Hysol EA9394 (Loctite, 
Henkel Co.), currently used in the ASC for bonding magnets and lamination 
stacks and for potting the linear alternator coil. This epoxy can be cured at 
room temperature and maintains good bond strength at temperatures up to 
177 °C, thereby meeting mission requirements. However, its cure kinetics 
and their effects on bonding—which are needed for optimizing cure condi- 
tions and evaluating long-term thermal-mechanical stability and outgassing 
behavior—were not well understood. Cure kinetics studies were completed 
on this resin and a time-temperature-transformation (TTT) diagram was con-
structed (see the graph) using samples cured in folded aluminum foil to simulate 
the actual magnet bonding conditions. A two-step cure cycle was suggested on 

the basis of the TTT diagram: for exam- 
ple, an initial cure at a lower tempera-
ture, such as 24 hr at either 25 or 66 °C, 
followed by treatment at a higher tem-
perature, preferably 85 °C, to drive the 
cure to completion. However, input from 
the outgassing and bond strength evalu-
ations should be factored into the final 
selection of the cure cycle.

The outgassing potential of these 
organic materials was evaluated using 
a methodology based on weight loss 
measurements by thermogravimetric 
analysis (TGA) in both temperature ramp 
and isothermal modes. This method is 
indirect and involves semiquantitative 
properties, but it is practical and has the 
potential to be standardized. The accu-
racy and reproducibility of this technique 
were improved by normalizing the weight 
changes to the total amount of potential 
outgassing phase in the material. Various 
processing variables, such as degree of 
cure, volume/thickness and sealing, cure 
temperature, and mixing ratio are being 
investigated.

Long-term aging studies on other candi-
date epoxies, including high-temperature 
epoxy, Supreme 10HT (Master Bond 
Inc.), and room-temperature epoxy, 
Scotch-Weld 2216 B/A Gray (3M), had 
been initiated (see the photograph on 
the next page) under the SRG110 proj-
ect. These tests will continue, and the 
Hysol EA9394 will be added to the test. 
Aging tests are being run in high-purity 
helium at the convertor design pressure 
and maximum expected temperature. 
Tests of 1/3, 1, and 3 years are planned, 
to enable the projection of bond life. 
Samples will be characterized after 
each test period. Other key milestones 
include (1) determining component- 
scale bond strength, mechanical integ-
rity, and thermal stability of magnet 
epoxy bonding in collaboration with 
Cincinnati Testing Laboratories, (2) com-
pleting a long-term aging test on Hysol 
EA9394, and (3) completing evaluation 
of organics radiation resistance.
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Sublimation Suppression Coatings Evaluated for Advanced 
Thermoelectric Materials
Skutterudite-based thermoelectrics are currently being considered for use in 
the next-generation Radioisotope Thermoelectric Generators (RTGs). Compo-
sitions1 of interest include CeFe3RuSb11 (p-type) and CoSb3. The goal for the 
segmented multicouple design is to achieve a conversion efficiency of greater 
than 10 percent to increase specific power for future science missions. The 
antimony present in the skutterudite-based materials is vulnerable to subli-
mation during the mission life of over 10 years at elevated temperatures, and 
this antimony loss will degrade RTG efficiency over the mission life. In a joint 
program between the NASA Glenn Research Center and the Jet Propulsion 
Laboratory, collaborative work was initiated to develop oxide-based coatings 
for deposition directly onto skutterudite. 

Thermal expansion coefficients measured at Glenn were 13×10–6/K and 
11×10–6/K for p-type (CeFe3RuSb11) and n-type (CoSb3) legs, respectively. 
Oxides that exhibit similar thermal expansion behavior to the n- and p-type skut-
terudite legs were chosen as candidate coating materials. Ion-beam-assisted 
deposition, magnetron sputtering, and pulse laser deposition were evaluated 
as potential coating techniques. Coatings were deposited on substrates that 
were heated from room temperature to 750 °C, with thicknesses ranging 
from 0.5 to 2 µm. Coated coupons were tested under severe conditions of 
700 °C for 1 week in an argon/5 vol% hydrogen environment. The micro-
structures of the coupons were evaluated for coating failure and antimony 
loss. The photograph shows a successful magnesium aluminum oxide 
(MgAl2O4) coating on an n-type leg. The coated surface shows no sig-
nificant depletion of antimony, whereas the uncoated surfaces show sig-
nificant antimony depletion. This study identified both alumina (Al2O3) and 
MgAl2O4 as promising candidate materials to suppress antimony sublima-
tion at 700 °C for the n-legs and at 600 °C for the p-legs. The sublimation 
suppression coating development program is continuing for other advanced 
thermoelectric materials that contain volatile components.
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Reliable Manufacturing Process Developed for Magnetic Materials Used in 
Hall Thrusters

grains producing better magnetic proper-
ties (ref. 1). Tracing the processing history 
of different materials disclosed that the 
initial Hiperco 50A, with the optimum 
magnetic properties, had undergone both 
forging and rolling, whereas the under-
performing material was only forged. It 
was theorized that the forged and rolled 
material was more extensively worked, 
enabling easier recrystallization and grain 
growth during heat treatment. 

To confirm this hypothesis plus determine 
the appropriate processing window for 
future components, a deformation study 
was undertaken to determine the effect 
of processing parameters on the micro-
structure of Hiperco 50A after annealing. 
Using the results of the study, process-
ing parameters were determined that 
produced a microstructure similar to that 
of the initial Hiperco 50A rings. Extru-
sion was selected as the manufacturing 
method to both produce the required 
shape and impart sufficient deformation 
into the material. Several bars of Hiperco 
50A were manufactured by extrusion 
with the new processing parameters, 

 200 µm 100 µm

150 wt% iron, 48% cobalt, 2 wt% vanadium.

Left: Optical micrograph of annealed magnetic rings. Right: Scanning electron micrograph of underperforming 
Hiperco 50A.

An advanced soft magnetic material, Hiperco 50A (Carpenter Technology 
Corp.), was selected for use in the fabrication of the magnetic circuit for a 
Hall thruster developed under the High Voltage Hall Accelerator (HIVHAC) 
development project. Hiperco 50A is an ordered Fe-48Co-2V alloy1 that has 
a high magnetic saturation limit and permeability, which are derived from a 
plot of the magnetic induction output (B) as a function of the magnetic field 
strength input (H). Weight and size reduction, critical for space applications, 
can be achieved by utilizing high magnetic saturation materials since the 
required magnetic force can be achieved with a lower weight component. 

Initial magnetic testing on Hiperco 50A test rings produced excellent magnetic 
properties that were used for the design and construction of a prototype Hall 
thruster. However, the prototype thruster’s magnetic circuit did not perform as 
predicted, and it was determined that the Hiperco 50A material did not have 
the same magnetic properties as the initial test rings. Similar poor magnetic 
performance was noted in a parallel program at a NASA contractor. There-
fore, an in-house study at the NASA Glenn Research Center was undertaken 
to understand the sources for the disparity between the initial magnetic test 
rings and the underperforming material used in the components. 

Metallographic examination of the initial Hiperco 50A magnetic test rings 
showed small, irregular grains, on the order of 20 µm in diameter, in the 
unannealed condition. Upon annealing, the grains recrystallized and grew to 
an average diameter of 90 µm. Grain growth also occurred in the underper-
forming material during the anneal; however, scanning electron microscopy 
revealed both very small grains and subgrains in the structure, indicative 
of incomplete recrystallization. It is known that the magnetic properties of 
FeCo-2V depend on the grain size after heat treatment, with large, stress-free 
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and the magnetic properties of the extruded and heat-treated material were 
equivalent to those of the initial rings. Utilizing the new manufacturing method, 
Glenn has fabricated two thruster pole pieces from extruded and annealed 
Hiperco 50A. 

Magnetic field strength input, H, A/m
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The optical micrograph of the annealed 
magnetic rings (left on the preceding 
page) shows large, stress-free grains, 
which gave optimum magnetic proper-
ties. Small grains and/or subgrains were 
visible by scanning electron microscopy 
(right) in the underperfoming Hiperco 
50A. These resulted in poor magnetic 
properties. The new processing method 
utilizing extrusion has consistently pro-
duced large, stress-free grains with good 
magnetic properties. 
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The primary purpose of the foam on the space shuttle’s external tank (ET) is 
to provide thermal insulation. Although the foam has been successful in this 
function, it has not been without problems. Since the beginning of the shuttle 
program, bits of foam have been released during ascent. Early in the program, 
this was deemed only a minimal problem. However, since the catastrophic 
loss of the Space Shuttle Columbia, which was determined to be caused by a 
piece of foam debris, understanding foam shedding mechanisms has become 
of paramount importance. A considerable amount of money and effort have 
been expended in characterizing the structural properties of the foam, improv-
ing analysis methods for predicting foam stresses, and improving methods 
for predicting foam cracking. As part of this effort, the Mechanics and Lifing 
Branch at the NASA Glenn Research Center has been requested by the ET 
Program Office at the NASA Marshall Space Flight Center to help improve 
the thermostructural models for the foam. 

Foam cracking has been modeled using 
linear elastic fracture mechanics (LEFM). 
However, LEFM was developed for use 
on monolithic materials. Since foam is a 
cellular structure, it is not known if LEFM 
is applicable to this material. To better 
understand this issue, a series of frac-
ture studies were conducted on foam. 
A commercially available polystyrene 
foam was used since large amounts of 
the ET foams were not available. The 
polystyrene is a closed-cell foam hav-
ing a density and cell dimensions very 
similar to those of the polyurethane ET 

Applicability of Fracture Mechanics to Foams Examined
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foams. Fracture tests were conducted on notched samples of various sizes 
with the goal being to see if there is a size affect on the fracture stress. Fol-
lowing the approach of Bazant (ref. 1), fracture tests were performed for two 
different ratios of crack length to width a/W. The results showed that there is 
a specimen size below which LEFM no longer applies (see the graph). This 
agrees with the results shown by Bazant. In addition, the damage zone rp in 
front of the crack tip was measured and found to be large (several millimeters 
in diameter). On the basis of general fracture mechanics guidelines, the criti-
cal specimen dimensions would have to be large (>25rp), much larger than 
the specimens used in this study.

We conclude that LEFM does not apply to polystyrene foams below certain 
critical dimensions and that foam samples need to be much larger than one 
would originally think. Future work will determine whether similar statements 
can be made for the polyurethane foams used on the ET.
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Framework Developed for Performing Multiscale Stochastic Progressive 
Failure Analysis of Composite Structures

The Integrated Multiscale Micromechanics Analysis Code (ImMAC) Soft-
ware Suite developed by the NASA Glenn Research Center and the Ohio 
Aerospace Institute (OAI) consists of three components for the design and 
analysis of composite structures: (1) the Micromechanics Analysis Code 
with Generalized Method of Cells (MAC/GMC) performs rapid, standalone 
analysis of composite materials and laminates based on non-finite-element 
analysis (non-FEA) micromechanics methods (ref. 1); (2) the Finite Element 
Analysis—Micromechanics Analysis Code (FEAMAC) couples the efficient 
micromechanics capabilities of MAC/GMC with the ABAQUS finite element 
code (ABAQUS, Inc.) for multiscale analysis of composite structures; and 
(3) HyperMAC couples the MAC/GMC micromechanics capabilities with the 
HyperSizer stiffened structural optimization software (ref. 2). 

FEAMAC has enabled multiscale stochastic progressive failure analysis of 
composite structures. It uses the generalized method of cells (GMC) micro-
mechanics approach to model the local composite material behavior at the 
integration points within each finite element of a composite structure via the 
ABAQUS user-definable subroutines. GMC localizes to the level of the fiber 
and matrix constituent materials and thus enables the use of arbitrary non-
linear constitutive, damage, and life models (many of which are provided by 
MAC/GMC) for each monolithic constituent phase throughout the composite 
structure. This circumvents the need for the development and characterization 
of effective anisotropic constitutive models for the composite materials within 
the structure, which can be difficult in the presence of material nonlinearity. 
Furthermore, GMC provides access to the constituent-level stresses and 
strains throughout the structure, enabling the use of fiber- and matrix-scale 
failure and damage-evolution criteria. The well-documented computational 
efficiency of the GMC micromechanics approach (as compared with the finite 
element micromechanics approach, for example; refs. 3 and 4) permits the 
tractability of coupled structural FEA-micromechanics problems.

The figures show an application of the 
developed modeling framework to the 
stochastic progressive failure analysis 
of a longitudinally reinforced SiC/Ti-21S 
composite1 dogbone specimen. A stan-
dard finite element mesh was employed, 
but the MAC/GMC micromechanics 
repeating unit cell was operative at 
each integration point in each element. 
The material input data thus became 
the material properties of the SiC fiber 
and Ti-21S matrix constituents. In this 
example, a deterministic viscoplastic 
model was employed to represent the 
Ti-21S matrix and a stochastic strength 
model was employed for the SiC fibers. 
The statistical strength properties for the 
fibers within each element were assigned 
randomly over the mesh geometry such 
that they sum to the vendor-supplied fiber 
strength histogram. 

This process enables the failure initiation 
location, as well as the failure progres-
sion, to be random, rather than occur-
ring at the highest stress riser. This is 
illustrated in the figure on the next page, 
which plots the fiber damage at different 
times during a simulated tensile test on 
the composite specimen. Fiber failure 
initiated within the specimen gauge 
section and then arrested. Fiber failure 
then initiated at another location in the 
gauge section and also arrested. Finally, 
failure progressed through the specimen 
(indicating final failure) at the first failure 
initiation location. 

Deterministic simulations, and those 
that do not randomize the fiber failure 
properties over the specimen geometry, 
predict failure to initiate at the highest 
stress riser in the specimen, which is 
at the bottom of the transition region to 
the gauge section (above the predicted 

ABAQUS  finite element mesh
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matrix

ABAQUS finite-element mesh of a dogbone specimen and MAC/GMC 
repeating unit cell (RUC) operating at each integration point. 

1Silicon carbide, 15-wt% molybdenum, 2.7-wt% 

niobium, 3-wt% aluminum, 0.2-wt% silicon.
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failure location shown). Correctly accounting for the stochastic nature of the 
failure initiation location is important because real structures fail in this man-
ner. For example, in experimental tensile tests, SiC/Ti-21S specimens, like 
those modeled, repeatedly failed within the gauge section, not at the bottom 
of the transition region.
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Level of Risk in an Optimal Design Solution Quantified by a 
Stochastic Calculation

A stochastic design methodology was developed by researchers from the 
NASA Glenn Research Center and the Ohio Aerospace Institute (OAI) to opti-
mize components of an airframe structure. Uncertainties were accommodated 
as distribution functions for the design load, strength, and elastic property 
of the material, whereas failure mode was specified as a function of the risk 
level p. The Monte Carlo technique and the fast probability integrator (FPI) of 
the Numerical Evaluation of Stochastic Structures Under Stress (NESSUS) 
code were used as the probabilistic analysis tools, and Glenn’s design test-
bed CometBoards was used as the optimizer. The stochastic design method 
generated the optimum solution and weight of an airframe component as a 
function of risk level p (see the following graph). The center (corresponding 
to a 50-percent probability of success, or p = 0.5) of this inverted S-shaped 
graph corresponded to the deterministic solution. Weight increased for reli-
ability that exceeded 50 percent. Weight decreased when the reliability was 
compromised. In other words, a design can be selected depending on the 
level of risk acceptable to the situation. Performance was satisfactory for the 
Monte Carlo technique and the FPI as well as for normal, lognormal, and 
Weibull distribution functions. 

Stochastic optimization was illustrated considering the ninth web or rib of an 
airframe stabilizer as an example. The web was about 100 in. long, 12 in. wide, 
and 0.072 in. thick. It was discretized by a finite-element model with quadrilat-
eral and triangular elements. The magnitude of the applied loads had a mean 

value of 33 lbf with a wide variation of 
400 lbf. The maximum von Mises stress 
for the initial design was 3227 psi, with 
a maximum displacement of 0.0415 in. 
Stochastic optimum solutions are depic-
ted in the graph. The weight was reduced 
to 3.2 lbf from the initial weight of 9 lbf 
for a 50-percent risk level (p =0.50). The 
weight was increased by 12 percent when 
probability of success was increased by 
20 percent, from p = 0.5 to p = 0.7, and 
vice versa. The figures on the next page 
depict the von Mises stresses for p = 0.5 
and p = 0.7, respectively. The designs 
were limited by the active displacement 
constraint. The stress was reduced by 
12 percent when the probability of risk 
of failure was increased to 70 percent 
from its nominal 50-percent value. 
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Stress distribution for deterministic design (p = 0.5). This figure is shown in color in the online version of this 
article (http://www.grc.nasa.gov/WWW/RT/2006/RX/RX38S-patnaik.html).

Stress distribution with reduced probability of failure (p = 0.7). This figure is shown in color in the online ver-
sion of this article (http://www.grc.nasa.gov/WWW/RT/2006/RX/RX38S-patnaik.html).
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Multiaxial Failure Response of Nuclear Grade Graphite Predicted 
With Ceramics Analysis Reliability Evaluation of Structures/Life 
(CARES/Life) Software

There is a renewed interest in nuclear energy because nuclear powerplants 
generate zero greenhouse gas emissions and new reactor technologies 
may enable hydrogen co-generation (for the hydrogen economy). At present, 
10 countries have agreed to cooperate on the development of the fourth-
generation (Gen IV) nuclear energy system in order to help meet the world’s 
growing energy needs. The expectation is that these Gen IV reactors will be 
gas cooled and run at high temperature (up to 950 °C) using graphite (instead 
of water) as the moderator material. The ultimate goal of the initiative is to 
develop a system that is sustainable, economical, safe, reliable, and resistant 
to proliferation (ref. 1). NASA has complementary interest in this endeavor with 
regards to the development of lunar surface power generation and nuclear 
propulsion for interplanetary missions.

One important area of investigation and subsequent design standards devel-
opment (ASME Boiler and Pressure Vessel Code) for graphite core structures 
involves the testing, qualifying, and design methodology for new material 
grades of nuclear graphite. Graphite is a brittle material or quasi-brittle mate-
rial, and brittle materials require a design methodology that is different from 
ductile materials (such as metals). Brittle materials do not exhibit plastic defor-
mation and show wide scatter in strength because of the variable nature of 
intrinsic microscopic flaws. The Ceramics Analysis and Reliability Evaluation 
of Structures/Life (CARES/Life) software was developed at the NASA Glenn 
Research Center to predict the statistical reliability of brittle materials. 

The figures show CARES/Life results 
predicting the multiaxial strength (the 
strength from various combinations of 
applied loads) of the IG–110 grade of 
graphite specimens originally tested at 
Oak Ridge National Laboratory. The 
photograph shows a graphite specimen 
outside of its loading rig. The specimen is 
loaded to fracture with various combina-
tions of axial loading (tensile or compres-
sive) and internal pressurization. 

The plot to the left shows the first princi-
pal stress from an ANSYS (ANSYS, Inc.) 
finite-element analysis of the specimen 
under a combined axial tensile load 
and pressurization load. The graphs on 
the next page show CARES/Life failure 
predictions for two different multiaxial 
failure theories. CARES/Life uses the 
results from finite-element analysis to 
make the predictions. The left graph 
shows the predictions using the more tra-
ditional Principle of Independent Action 
(PIA) model, which uses the combined 
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1.96 5.91 9.86

First principal stress, MPa

13.82 17.77

y
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Graphite multiaxial specimen. The speci-
men is loaded with various combinations of 
pulling (tensile stress) and internal pressur-
ization (hoop stress). 

ANSYS finite-element analysis of a graphite specimen under a 
combined axial tensile load and pressurization load. Minimum 
stress, 0.021377 MPa; maximum stress, 17.771 MPa. This 
figure is shown in color in the online version of this article (http://
www.grc.nasa.gov/WWW/RT/2006/RX/RX39L-nemeth.html).
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action of the principal stresses. The right graph shows the predictions from 
the more sophisticated Batdorf multiaxial theory, which uses linear elastic 
fracture mechanics combined with the random orientation of microcracks to 
predict the multiaxial failure response. Clearly, the Batdorf multiaxial theory 
provides more accurate predictions of the multiaxial failure response for all 
combinations of tensile and compressive stresses.
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Composite Gyroscope Momentum Wheels Optimized

Although the nonterrestrial applications for gyroscopes demand an optimized, 
lightweight, and low-volume design, the momentum wheel design has not 
typically been optimized. For example, heritage designs have predominantly 
used a standard operating rotational speed of 6000 rpm, despite the fact that 
higher speeds might provide significantly improved mass and volume effi-
ciency (ref. 1). Also, designs are often based on one material, chosen a priori, 
and on the performance of a finite-element stress analysis to determine the 
minimum margin under operating conditions (ref. 2). Clearly, this approach is 
overconservative and does not make use of the efficiency that could be pro-
vided through design and material selection. For example, a 22- to 60-percent 
savings of package volume or a 15- to 48-percent savings of mass could be 
realized, depending on the required momentum, with lower momentum rotors 
having higher savings.

To investigate these benefits, the Naval Research Laboratory solicited research-
ers from the NASA Glenn Research Center and the Ohio Aerospace Institute 
(OAI) to perform an analytical stress analysis, applicable to both composite 
(anisotropic) and metallic (isotropic) gyroscope momentum wheels. The stress 
analysis was combined with an anisotropic failure criterion to enable the failure 
(rupture) prediction of the momentum wheel due to angular velocity and gimbal 
maneuver loading. A factor of safety was incorporated, and a sizing (optimiza-
tion) procedure was developed and implemented in a computer code. 
 
The following plot compares the optimum momentum wheel designs for four 
materials considered—graphite/epoxy (Gr/Ep) polymer matrix composite 
(PMC), SiC/Ti metal matrix composite (MMC), AerMet 100, and stainless 
steel—for an equally weighted performance index (which accounts for both 
mass and volume efficiency) versus inner-to-outer-radius ratio X in the case 
of an H = 1700 ft-lbf-sec momentum wheel with an out-of-plane thickness t of 

1 in. A factor of safety of 2 was employed, 
and the momentum wheels were sized 
to ultimate strength. This figure shows 
that the stainless steel design is inferior 
over the entire range of X values. At 
lower X values (below 0.4), the remaining 
three materials are comparable in terms 
of performance index. As the value of 
X increased, the PMC’s performance 
index increased much more rapidly than 
those of the other materials and reached 
a maximum value that is approximately 
75-percent higher than that of the MMC 
and AerMet 100. This is due to the PMC’s 
extremely low density. The PMC reached 
its optimum design at X = 0.81, whereas 
the other three materials reached their 
optimum designs at X = 0.74.

From the log-log plot on the next page 
of H per unit package volume (H/PkV) 
versus H per unit mass (H/m) for the 
previous four materials and four angular 
momentums (95, 325, 700, and 1700 ft-
lb-sec) with an out-of-plane thickness of 
1 in., it is clear that the PMC provides 
the best design (as measured by this 
performance index) given equal weight 
to both mass and volume: that is, using 
a –1 line of slope. Also plotted on this 
figure is a –2.7 line of slope that intersects 
an extreme point of both the PMC and 
AerMet 100 curves. This indicates that in 
order for the AerMet 100 material design 
to be competitive with the PMC mate-
rial design, the package volume must 
be 2.7 times more important than mass 
to the design of the gyroscope momen-
tum wheel. Using such a performance 
index enables designers to quantify the 
required tradeoff space. More details 
can be found in reference 3. 
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Computationally Efficient Blade Mistuning Analysis Codes Studied for 
Mistuned Bladed Disk Analysis: Subset of Nominal Modes (SNM) and 
Fundamental Mistuning Model (FMM)

A novel reduced-order modeling approach was studied at the NASA Glenn 
Research Center, called the subset of nominal modes (SNM) and the funda-
mental mistuning model (FMM). The model is based on two simple concepts. 
First, the mode shapes of the tuned system and the mistuned system span 
the same displacement space. As a result, the mistuned modes can be deter-
mined as a weighted sum of the nominal tuned modes, which are generated 
efficiently using a cyclic symmetric finite-element model (FEM). Second, only 
the modes with natural frequencies near that of the mode of interest, or of the 
excitation, contribute significantly to the response. Thus, only a relatively small 
subset of the nominal tuned system modes is needed to accurately calculate 
the forced response.

The input data are relatively easy to generate. For example, only a finite- 
element analysis of a single-blade disk sector is needed to generate the 
tuned system modes as input to SNM. In addition, since only nominal modes 
are used as a basis for the representation, it is necessary to determine the 
motion-dependent aeroelastic forces only for these modes. 

As the number of degrees of freedom in 
the SNM model increases, the results 
from a mistuned system calculation 
converge to the exact solution. Conse-
quently, the accuracy of the SNM model 
can be checked by observing how the 
results converge as more degrees of 
freedom are used. This is especially 
important in bladed disks with a large 
number of degrees of freedom in the FEM 
since it is difficult to run a finite-element 
analysis of a full mistuned bladed disk as 
a benchmark. A geometrically mistuned 
benchmark was developed that matches 
the data fairly well, as shown in the fol-
lowing graphs. The theory underlying 
the SNM approach is documented in 
references 1 and 2. 
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The completely experiment based FMM method is a simplification of the SNM 
and is designed for use in isolated families of modes such as first bending 
and first torsion. One of the advantages of this approach is that it reduces 
the mistuning problem to its most basic elements. As a result, FMM requires 
a minimum number of input parameters and is extremely easy to use. The 
simplification also makes FMM extremely efficient. The complete FMM for-
mulation was presented in reference 3 and then later revised to allow for a 
more flexible disk (ref. 4). The FMM method was verified experimentally as 
shown in the preceding figure.
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Turbo-Reduce Code Used To Predict Blade Stress Levels Directly From 
Reduced-Order Vibration Models of Mistuned Bladed Disks

The forced vibration amplitudes of bladed disks can increase dramatically 
because of small, random discrepancies among the blades, referred to as 
“mistuning.” Blade mistuning can lead to significant durability and reliability 
problems in turbine engines. Finite element models (FEMs) are used to ana-
lyze bladed disk designs and assess the effects of mistuning. From a finite- 
element analysis (FEA) of vibration, the displacement and the stress state can 
be obtained at all degrees of freedom and finite elements. However, because 
industrial bladed disk FEMs usually have very many degrees of freedom, 
traditional FEA can be prohibitively expensive. To address this problem, 
researchers developed a variety of techniques (refs. 1 to 6) for constructing 
and analyzing FEM-based reduced-order models (ROMs). Although ROMs 
can solve the vibration response quickly and accurately relative to FEA, they 
are typically formulated in terms of modal and physical displacement variables 
for the bladed disk, whereas the primary variable of interest for durability and 
reliability studies is stress. For blade and/or disk stress levels, the displace-
ments predicted by the ROM analysis can be projected back to finite-element 
coordinates and then postprocessed via FEA (ref. 4). However, this can be 
cumbersome and expensive, especially if this process needs to be repeated 
many times for a Monte Carlo simulation. To take full advantage of the ROM 
technique, it would be better to predict the increase in stress levels due to 
mistuning directly from the ROM.

In this work, researchers at the NASA Glenn Research Center and University 
of Michigan proposed three normalized stress indicators (NSIs) as ROM-based 
measures of the level of blade stress in a mistuned bladed disk. All three can 
be calculated directly from the displacements obtained from ROM results, 
without an expensive FEA of stress.

The first NSI is formulated in terms of the Euclidean norm of the physical blade 
displacement vector, the second in terms of modal amplitudes, and the third in 
terms of blade strain energy. The FEM of an industrial rotor (preceding figure) 
with 29 blades was used to test the three proposed NSIs. Blade mistuning 
was implemented by varying Young’s modulus in the finite elements of the 
blades, and 50 randomly mistuned systems were obtained. 

The largest peak von Mises stress in each blade during a period of oscillation 
was calculated using the complex stress state for the finite-element centers 
obtained from the FEA. The results for the second and third flexural bending 
mode (2F and 3F) regions are shown in the left and right graphs, respectively, 
on the next page. Although all indicators underestimate the stress level (left 
graphs), the NSI based on the Euclidean norm is a better stress approximation 
than the other two NSIs. The data points in the right graphs are considerably 
more scattered than in the left graphs, especially for small NSI values, but 
the general trend is that the NSIs overestimate the blade stress level slightly. 
All three of the proposed NSIs show good agreement with the normalized 
largest von Mises stress.

The final graph shows that the results 
obtained with the FEM-based NSI and 
the ROM-based NSI match very well, 
and that they are in good agreement 
with the direct FEA stress calculation 
across the frequency range. Although 
all three NSIs showed good accuracy, 
the computational cost of the second 
NSI is significantly lower than the other 
two, especially when more than one 
dominant blade mode is present in a 
frequency range.

Finite-element mesh for an industrial rotor.
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Preliminary Tests Showed That Turbomachinery Blade Damping Coatings 
Are Effective

Excessive vibration of engine components causes high-cycle fatigue (HCF), 
shortening life. This leads to increased design and maintenance costs and can 
also lead to component failure. Newer high-performance engine designs have 
higher blade loading with lower inherent damping, resulting in increased reso-
nant stresses. For example, recent turbomachinery designs include integrally 
bladed rotors (IBRs), where the disk and blades are manufactured together as 
a single component. IBRs have lower cost and weight and better performance; 
however, they lack the frictional damping that occurs at the attachment of a 
blade to the disk. Some airfoil shapes have a lower aspect ratio, leading to 
more complex modes that can be excited within the operating speed range. 
These higher-order modes have even lower damping and are less responsive 
to traditional damping treatments, such as platform friction dampers.

Designing damping treatments for rotat-
ing blades in an extreme engine environ-
ment is problematic. Temperatures can 
be very high, and centrifugal accelera-
tions for rotor blades are on the order 
of tens of thousands of g’s. A damping 
treatment must not affect the aerody-
namics of the blade; therefore, it must 
be internal to the blade, out of the air 
stream, or applied to the blade surface 
in a thin layer. Many blades are very thin, 
making an internal damper difficult to 
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implement. It is very challenging to design damping that can withstand the harsh 
engine environment and still be cost-effective and easily manufactured.

Researchers in the Structures and Mechanics Branch and the Durability 
and Protective Coatings Branch at the NASA Glenn Research Center are 
collaborating to develop air-plasma-sprayed damping coatings. Typically 
these coatings are used as environmental barrier coatings (EBCs) or ther-
mal barrier coatings (TBCs). EBCs and TBCs are designed to function in the 
extreme engine environment and, since they are applied in a thin layer, do not 
adversely affect the blade’s aerodynamics. Damping is believed to originate 
from friction within the coating microstructure (see the photomicrograph) and 
is nonlinear with strain.

Initial testing has begun to determine the effect of two different coatings on 
the bending vibration stresses in small titanium beams. The first coating is an 
yttria-stabilized-zirconia formulation—a ceramic TBC—and the second coat-
ing is a tungsten-carbide-cobalt formulation—an erosion-resistant coating. 
Each coating was sprayed onto an 8- by 0.75- by 0.092-in. beam in 0.005- or 
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0.013-in. thicknesses. The beams were 
then vibration tested at room temperature 
to determine the damping coefficient at 
various strain levels and for different 
bending modes. Preliminary test results 
have been encouraging, showing that 
the resonant stress can be reduced by 
as much as 75-percent, depending on 
the coating thickness and bending mode 
(see the graph). 
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New Turbulence and Transition Models Implemented Into Turbomachinery 
Aeroelastic Analysis Code

Advanced turbulence and transition models have been implemented into NASA 
Glenn Research Center’s TURBO code (Reynolds-Averaged Navier-Stokes 
solver) to improve and extend its capability of modeling turbomachinery flows. 
This will enable better prediction of steady and unsteady loads on fan and 
compressor blades at on-design and off-design operating conditions. As a 
result, aeroelastic vibrations and high-cycle fatigue failures in gas turbine engine 
blades will be better predicted and avoided over a wider range of operating 
conditions. Avoidance of aeroelastic blade vibrations and fatigue failures will 
improve the safety and reliability of aircraft propulsion systems.

As the flow goes over blade surfaces, boundary layers are formed that may be 
laminar, transitional, or turbulent. The accurate modeling of these flow regimes 
is necessary for an accurate prediction of steady and unsteady loads on the 
blade. When a turbomachinery blade row operates at off-design conditions, 
the angle of incidence of the flow can be quite large, resulting in separation of 
the flow away from the surface over a portion of the blade. Numerical model-
ing of separated flows is very challenging and requires accurate modeling of 
transition and turbulence. Prior to the current work, the TURBO code required 
the user to prescribe a transition location on the blade surface at which the 
flow model was abruptly changed from laminar to turbulent. In reality, the flow 
goes through a transition region in which the flow is neither laminar nor fully 
turbulent. As a result of the current work, the TURBO code now includes the 
capability to calculate a transition onset location and to calculate a modified 
turbulent viscosity based on a transition model. The transition model now 
implemented into the TURBO code is the Solomon-Walker-Gostelow model, 
and the turbulent eddy viscosity is now modeled using the Spalart-Allmaras 
turbulence model.

The TURBO code with the improved modeling capability described here 
was used to model flow through Glenn’s Transonic Flutter Cascade (ref. 1). 
Calculations were carried out at low and high flow incidence angles at which 
experimental data were previously acquired by Glenn researchers. For the 
high-incidence condition, the new turbulence and transition modeling capabil-
ity clearly showed an improved flowfield prediction. In particular, the pressure 
plateau noted in the experimental data, and not correctly modeled with the 
assumption of fully turbulent flow, was captured well with the new modeling 
capability. 

The research work described here was performed under a grant to 
Dr. Vincent R. Capece (University of Kentucky, Paducah, KY) and 
Dr. Max F. Platzer (Naval Postgraduate School, Monterey, CA). This 
work was supported by the Ultra-Efficient Engine Technology Project, 
Dr. Robert J. Shaw, manager.
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Hybrid Pulse Detonation Engine Turbine Blades Analyzed

A hybrid aircraft engine, where a combustion chamber with multiple detonation 
tubes precedes a turbine stage, is being studied at the NASA Glenn Research 
Center. These engines, known as pulse detonation engines (PDEs), operate 
with constant-volume combustion, rather than the constant-pressure combus-
tion that is currently used in gas turbine engines, and have been predicted to 
be more efficient than current aeronautical propulsion systems. However, the 
structural integrity of the turbine blades for PDEs needs to assessed. 

High-momentum fluid exiting from the detonation tubes results in large input 
pressure fluctuations for the downstream turbine rotor blades. These fluctua-
tions may excite the natural modes of the blades, resulting in multiple reso-
nance conditions. Forced vibration at or near these resonant conditions is 
the primary contributing factor to high-cycle fatigue (HCF) failures. In order 
for the design to operate safely, the turbine must avoid all the resonant con-
ditions. However, it may not be possible to avoid these multiple engine-order 
crossings in a hybrid-PDE turbine, so the magnitude of the stresses and 
displacements must be predicted at multiple resonant conditions to ensure 
safe operation.

The objectives of this study were to predict the unsteady aeroelastic response 
on the turbine rotor blades and assess the safety of the rotor blades. To 
accomplish this, researchers used a finite-volume-based Navier-Stokes 
solver developed at Mississippi State University (MSU–TURBO) to calculate 
the flow field around the turbine stage. The unsteady solution is an improved 
model in which the detonation tubes are included as part of the computational 
domain. The solution was written in blocks, and a postprocessor assembled 
the parts of the blocks that make up the rotor grid. 

The unsteady pressures were Fourier 
analyzed to obtain the frequencies and 
the magnitudes of the corresponding 
mean, and the unsteady pressures. The 
pressures were then converted to grid 
nodal forces for use by the structural 
analysis program.

A free-vibration analysis used ANSYS 
structural analysis software (ANSYS, 
Inc.) to obtain the mode shapes and 
modal frequencies of the rotor blade at 
six rotating speeds, resulting in the follow-
ing Campbell diagram. The diagram plots 
the modal frequencies with rotational 
speed, for various engine orders, modi-
fied for a PDE application. It indicates 
that the response has to be analyzed 
near the first three modal frequencies 
for multiple engine orders at the rotor 
operating speed. The mode superposition 
method was used to predict the structural 
response. Six modes were used in the 
modal summation, and the analysis was 
repeated with various values of structural 
damping.

The graph on the next page shows the 
response and stress obtained with vary-
ing damping for the loading condition 
corresponding to the 36th engine order. 
The response obtained at 6170 Hz, close 
to the third-mode frequency, is shown. 
Just 0.3-percent damping reduced the 
stresses and blade displacements by 
about 75 percent. This amount of damp-
ing is typically present in rotor blades 
because of the friction at the blade root-
disk interface. The analysis showed that 
flightweight turbine blades can be built 
to survive the pulse detonation loadings 
in a hybrid PDE engine.

The present study was performed under 
a NASA grant to University of Toledo 
researchers in collaboration with Glenn 
researchers. This work was supported 
by the Low-Emissions, Alternative Power 
Project, under the Constant Volume 
Combustion Cycle Engine subproject, 
Leo Burkardt, manager.
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The NASA Glenn Research Center conducts aeronautics research on improv- 
ing the fuel efficiency and reducing the noise and emissions of aircraft 
engines. Glenn researchers are considering the use of a hybrid drive with 
propulsors driven by electrical motors and primary power provided by a 
turbogenerator or fuel cell that could burn traditional fuel or hydrogen. A hybrid 
drive may be more efficient with lower emissions than a typical aircraft engine; 
however, the mass penalty is too high when standard electrical motors and 
drives are used. 

Glenn’s Structural Mechanics and Dynamics branch has begun research 
in increasing the power-to-mass ratio (specific power) of several types of 
motors for consideration in different size categories of aircraft. The cryogenic 
switched-reluctance motor (cryo-SRM) described by Brown et al. (refs. 1 
to 4) has experimentally demonstrated higher specific power than any other 
SRM we are aware of, most recently exceeding 7 hp/lb-EM (horsepower per 
pound of electromagnetic weight). The enhanced motor coil design and the 
increased current capability of the power electronics were the source of these 
improvements.

The cryo-SRM coils are designed to 
carry maximum current by increasing 
heat transfer through the use of a finned 
end-turn design. The coils are wound 
so that each layer of end turns forms 

Power Electronics for Switched-Reluctance Motor Improved

Front view of “self-finned” coil for cryogenic 
switched-reluctance motor stator showing 
a six-layer coil with space between the end 
turns.
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a passage several wire diameters wide for cryogenic fluid to pass through; 
as the cryogen passes through the coil, it boils and carries heat away. This 
design allows an 18-gauge copper wire to carry approximately 70 Arms, which 
equates to a 100-A-peak square current waveform for the SRM motor. Initially 
our coil design was four layers thick with 80 turns, which provided 8000 A-
turn capacity. Improvements in winding methods resulted in a progression 
to a six-layer, 18-turn coil with six parallel conductors. The improved coil 
has a capacity of 10,800 A turns, with 35 percent more copper and 1/20th 
of the inductance. These changes allow the motor to be run at higher field 
strengths and allow the current to be switched more quickly, resulting in a 
current waveform that is much closer to ideal (square). These improvements 
result in a higher generated torque at high shaft speeds and hence to an 
increased power-to-mass ratio. 

The drive power electronics, switching at 20 kHz, were also enhanced. Initially 
a 2.5-kW pulse-width-modulated drive capable of 170 V and 15 A continuous 
was used on each coil. Several more iterations resulted in a pair of inverters 
specially configured to drive an SRM motor, a capacitive direct-current bus 
filter, and a custom analog control circuit to power each coil. This 126-kW 
system, switching at 20 kHz, is capable of 300 V and 420 A continuous. We 
have been unable to test the limits of this system because we have reached 
our dynamometer capability, but we are developing new test procedures to 
allow higher speed operation. Future work in the power electronics area is 
planned to support a second-generation SRM motor that is designed to oper-
ate at higher specific power than the present motor.
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Self-Levitated Switched-Reluctance Motor Demonstrated Successfully at 
Low Temperatures for Non-Combustion-Based Propulsion 

The NASA Glenn Research Center has developed and successfully 
demonstrated a self-levitated motor control technology for a 12–8 
(12 poles in the stator and 8 poles in the rotor) switched-reluctance 
motor operating in liquid nitrogen (boiling point, 77 K (–196 °C, 
or –321 °F)). This year, Glenn’s Bearingless Motor Control Team 
pushed previous disciplinary limits of electromagnetic controller 
technique by extending the state-of-the-art bearingless motor (see 
the photograph) operating at liquid nitrogen for high-specific-power 
applications. The motor was levitated even in its nonlinear region 
of magnetic saturation, which is believed to be a world first for the 
motor type. 

Early in fiscal year 2006, the Bearingless Motor Team demonstrated 
self-levitation of the motor at room temperature by limiting the coil 
currents to the linear region to avoid magnetic saturation as the first 
step of the study. The present work demonstrated self-levitation 
well into the fully saturated magnetic region where a super-high-
power-density motor operates. The team developed two innovative 
features in hardware and software. First, the motor does not have 
separate coils for motor action and magnetic bearing action, but only motor 
coils as in a conventional motor configuration. Second, because it does not 
use a mathematical plant model, this simple observation-based controller 
avoids mathematical complexity and can be implemented in real-time at 
much higher rotor speeds. The following figures show the rotor orbit within 
the backup bearing clearance circle at rotor speeds to 4000 rpm, with the 
maximum available current for the existing amplifier.

These unique features can significantly reduce controller design time and 
overall system weight by eliminating separate mechanical or magnetic bearing 
systems and the associated plumbing and electrical subsystems. Furthermore, 
they drastically improve overall system efficiency (increasing net power) and 
reliability because of the simple architecture that needs no additional magnetic 

bearing system. This noncontact rotor 
bearing system operating at extremely 
low temperature is an enabling technol-
ogy for future NASA missions in space 
exploration. In addition, this pioneer-
ing research can help bring to reality 
an all-electric, quiet, pollution-free air-
craft propulsion system. This work is in 
support of the Noncombustion Based 
Propulsion Project.
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Glenn’s bearingless, cryogenic switched-reluctance 
motor.
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Electrical Model Developed To Predict Blade Tip Drive Rig Performance

Electric motors for helicopter tail drives must have very high specific power. 
An effective technique for raising specific power is to locate the motor on the 
periphery of the tail drive fan. The NASA Glenn Research Center has been 
developing an axial motor/generator rig to develop technology and analy-
sis methods for possible future application on helicopters that may utilize 
high-speed tip-drive motors and generators that would replace the tail rotor 
drive shaft.

This rig was designed by Glenn and is being tested by Texas A&M Univer-
sity at their spin pit facility (see the photograph). The rig being developed 
has an integral generator and motor on a shaft that is driven by an auxiliary 
conventional motor. The rig has the advantage that it does not need an exter-
nal power supply for the test motor. Also, the speed of the rig is controlled 
by the auxiliary motor speed control. The test generator produces the cur-
rent to drive the test motor, and the test motor and auxiliary motor produce 
the torque to drive the generator. The stator torques are measured with a 
load cell, and the mechanical indexing of the generator stator is used to set 
the phase of the current to the motor stator. The motor and the generator 
electromagnetic forces (EMFs) are set by shimming the magnet gaps that 
enclose the stators.

The coil resistances, mutual inductances, 
and current capacity have been meas- 
ured. The induced EMF measurements of 
the generator and motor have been made 
at low tip speed (mach 0.15). The rig has 
been run to full current levels (150 A) and 
at half speed (mach 0.5). Some of these 
results were reported in reference 1.

To guide upgrades in stator coil geometry 
and to validate analysis methods that 
can be extended to flight test motors, 
a model was developed to predict the 
motor/generator performance. Some of 
the predicted results are shown in the 
graph on the next page, which shows 
that the motor might produce 600 kW 
at mach 0.90. The motor was designed 
to operate at mach 1.2 from a strength 
aspect, but there are thermal issues, 
both aero and electrical, that could limit 
its power. Motor tests are being made to 
verify this model. 

Blade tip drive test rig.

Containment shield

Test motor

Test generator

Auxiliary motor
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Room-Temperature Bearingless Electric Motor Technology Demonstrated for 
Future NASA and Aerospace Missions

Rotor orbit 
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The NASA Glenn Research Center has been developing high-power-density 
motors (refs. 1 and 2) for possible use for NASA and aerospace missions. One 
design would use turbogenerators to develop electric power for motors that 
rotate a hydrogen-fueled aircraft’s propulsive fans or propellers. If hydrogen 
was carried as a liquid, it could provide essentially free refrigeration to cool 
electric motor windings before being used as fuel. Recently, we demonstrated 
improved performance of a switched-reluctance motor, stemming mainly 
from cryogenic operation and coil design, surpassing (we believe) previous 
specific torque and specific tangential force records for the motor type. We 
anticipate further increases in motor specific power from upgrades to electric 
power conditioning and coil windings.

However, cryogenic operation at higher rotational speeds markedly shortens 
the life of mechanical rolling element bearings. Even without cryogenics, 
conventional bearing life may be limited at the high speeds possible with 

switched-reluctance motors. Thus, a non-
contact rotor-bearing system is a crucial 
technology for demonstrating the practi-
cal feasibility of using this high-power-
density motor. During the last decade, 
a variety of bearingless motors were 
introduced, including permanent mag-
net, induction, and reluctance types. The 
switched-reluctance motor is a favored 
candidate for future airborne systems 
because it has inherent fault tolerance 
and has rotor robustness and reliability 
at high rotational speeds (no coil wind-
ings on the rotor).

Rotor orbit within backup bearing clearance circle, command signals, and actual currents of different coils. Top: 1000 rpm. 
Center: 2000 rpm. Bottom: 5000 rpm.
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Since the switched-reluctance motor has a doubly salient1 structure, an exact 
analytical expression for its plant model cannot be obtained. Numerous authors 
have addressed this problem with solutions using the Maxwell stress tensor, 
the finite-element method (FEM), a flux tube, and so forth. In 2001, Takemoto 
et al. published a successful controller demonstration of a 12–8 (12 poles in 
the stator and 8 poles in the rotor) bearingless switched-reluctance motor up 
to 2500 rpm (ref. 3). They developed a much simplified mathematical expres-
sion of the radial bearing force equation based on results of FEM analysis to 
express fringing fluxes and neglect magnetic saturation. However, they added 
a separate magnetic bearing coil winding to each stator pole motor winding 
for the rotor levitation.

Glenn’s Self-Levitation Team began by describing a model-based controller, 
mainly following the procedure developed by Takemoto et al., but modifying 
the controller somewhat on the basis of some three-dimensional finite-element 
results. The resulting controller was successfully demonstrated experimen-
tally. Then, we demonstrated a much simpler observation-based proportional-
derivative controller for levitation, which does not require any mathematical 
plant models and is advantageous at high motor speeds because it is less 
computationally intensive. However, the demonstration was at room tem-
perature with the coil currents limited to the linear region to avoid magnetic 
saturation.

We ran the motor from 0 to 6500 rpm (maximum allowable speed at that time) 
with small rotor orbits. The graphs on the preceding page show the experi-
mental rotor orbit (within the backup bearing clearance circle), the command 
signal from the controller, and the actual current applied to the pulse-width-
modulated amplifier for each phase. The rotor was quite stable and stayed 
within less than 10 percent of the backup bearing clearance (±10 mils). The 
required levitation current was less than 10 percent of the motoring current.

This technology could significantly reduce overall system weight and increase 
system reliability and specific net power, preparing the way for an all-electric, 
quiet, pollution-free aircraft propulsion system. This work is supported by the 
Noncombustion Based Propulsion Project. 
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Specific Power of Cryogenic Motor Increased 50 Percent

Electric motors for aircraft must have very high specific power, and the most 
effective technique for raising specific power is cryogenic cooling. The NASA 
Glenn Research Center has been developing cryogenic switched-reluctance 
motor technology and analysis methods in-house for possible future appli-
cation on aircraft that may utilize liquid hydrogen fuel. Motor coil current 
capacity measurements and locked-rotor torque measurements have been 
made to guide a series of upgrades in coil geometry and power electron-
ics and to validate analysis methods that can be extended from our present 
liquid-nitrogen-cooled motors to liquid-hydrogen-cooled motors. Motor 
power tests have also been made with a progression of coil configurations, 
power electronics capacities, and motor speed. These results were reported 
previously (refs. 1 to 3).

We reported in reference 3 that the specific power of a switched-reluctance 
motor was tripled to 3.5 hp/lb-EM (horsepower per pounds electromagnetic), 
or 5.8 kW/kg-EM, from the previous report (ref. 2). That specific power num-
ber was somewhat underreported; with appropriate drag corrections, it was 
4.6 hp/lb-EM (7.6 kW/kg-EM) produced at 12,000 rpm. Improvements in the 
motor windings and power electronics upgrades (described in ref. 4) have 
increased the specific power to 7.1 hp/lb-EM (11.7 kW/kg-EM) at 19,000 rpm. 
This specific power is 50-percent higher than that produced by switched- 
reluctance motors operating at room temperature or above. The dynamometer- 
measured shaft-power output, projected to the full motor and corrected 
appropriately for bearing and fluid drag, was 126 hp (94 kW). The motor has 
an EM weight (i.e., the weight of the magnetic core laminations and the copper 
windings) of 18 lb (8.2 kg). With a factor of 1.5 to convert from an EM weight to 
a total weight, the specific power would be 4.7 hp/lb-total (7.7 kW/kg-total). 

This testbed switched-reluctance motor 
with copper windings is operated in liq-
uid nitrogen at current densities, specific 
torque, specific force, and specific power 
much higher than would be possible at 
room temperature. The stator and wind-
ings of the motor are shown in the photo-
graph. The recent tests demonstrated the 
development of the magnetic forces and 
torques at higher speed than in previous 
tests, and the increased performance 
is the result of lower coil inductance, 
higher power electronics voltage and 
current capacity, and higher motor shaft 
speed. The low-speed specific torque 
of the motor reached 3.1 ft-lb/lb-EM 
(9.2 N-m/kg-EM), and the specific torque 
at maximum power was 2.1 ft-lb/lb-EM 
(6.3 N-m/kg-EM). These are at least 
twice the best specific torque num-
bers produced by switched-reluctance 
motors operating at room temperature 
or above. 

To reduce the cost of power electronics, 
we energized the coils on only 2 of the 
12 stator poles for the high-power tests. 
The reported results are the projections 
of those test results to the entire motor. 
Electric motors are often capable of sig-
nificant overloads for short times. We 
must perform further testing to assure 
that steady-state performance has been 
obtained. 

Further improvements will involve care-
ful equalization of the inductances and 
mutual inductances of paralleled coils 
on each pole, a further reduction in coil 
inductance, and still higher power elec-
tronics capacity. A further 50-percent 
increase in specific power is possible 
from these improvements, plus opera- 
tion nearer the calculated safe rotor 
structural limit of 30,000 rpm.

Switched-reluctance motor stator showing a variety of coils with “self-finned” 
construction for enhanced heat rejection.
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The NASA Glenn Research Center investigated the possibility of using turbo- 
generators to produce electric power to drive electric motors to turn the pro-
pulsive fans or propellers of aircraft. The recent development of magnesium 
diboride (MgB2) superconducting wires makes possible the potential for 
superconducting coils that weigh much less than any other metal or ceramic 
superconducting coils in applications cooled to 20 K, the temperature of liq-
uid hydrogen. 

MgB2 rotor coil segments were fabricated and tested by Hyper Tech Research, 
Inc., as part of a NASA Small Business Innovation Research contract to 
determine if satisfactory critical current density at high field will satisfy the 
requirements of aircraft motors cooled to 20 K. A rotor coil segment, shown 
in this photograph, underwent compression testing, with the results shown 
in the graph on the next page. The MgB2 coil windings survived a force that 
would have been generated from the rotor operating at 15,000 rpm. 

Magnesium Diboride Superconducting Coils Evaluated for Electric 
Aircraft Propulsion

MgB2 coil fabricated for a compression test. 
The compression plates and nylon bag used 
for epoxy impregnation are also shown.
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Hyper Tech Research, Inc., also designed, fabricated, and tested a represen-
tative alternating-current (ac) stator soil segment (see the photograph on this 
page). The present wire configurations are estimated to have acceptable levels 
of loss for 50-Hz, 20-K operation. An ac stator would significantly improve 
efficiency as well as power density. Methods have been identified to increase 
operation to 500 Hz, but these will require further wire development to reduce 
wire filament diameter without an impact on performance.

Complete MgB2 rotor coil packs will be fabricated during 2007. The complete 
coil packs are designed to function in a 2-MW superconducting ac genera-
tor and could be tested by Glenn under realistic loads and cooling in the 
liquid hydrogen electric motor testbed, part of Glenn’s Small Multi-Purpose 
Research Facility (SMiRF).
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MgB2 stator coil segment with copper lead 
terminals and L-shaped support brackets 
attached.

Critical current, critical current density, engineering current density, and bore field 
versus temperature test results of three compression tests of a racetrack coil seg-
ment. Curves were linearly interpolated.
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Novel Bearingless Switched-Reluctance Motor Characterized by 
One-Dimensional Electromagnetic Radial Force Equations

A bearingless switched-reluctance motor (BSRM) has the combined charac-
teristics of a switched-reluctance motor and a magnetic bearing. The BSRM 
developed by the NASA Glenn Research Center (refs. 1 and 2) incorporates 
a hybrid rotor configuration wherein a cylindrical-shaped portion of the rotor is 
used for levitation and a scalloped section is used for rotation. The asymmetric 
geometry of the rotor engenders a complex three-dimensional magnetic field 
topology in and around the rotor and would require complex mathematical 
analysis to completely describe the radial magnetic field affecting the rotor. 
However, we began our analysis with a one-dimensional approach, in an effort 
to reduce the mathematical complexity of the electromagnetic radial force 
derivation, and we found that it provided a good prediction of the forces. Each 
rotor segment (circular lamination stack and castellated lamination stack) was 
treated as an independent entity, and accordingly, the general one-dimensional 
radial electromagnetic force equation, 

  (1)

was developed for each rotor segment. The function w(x) represents the mag-
netic energy stored in the gap g(x) between the stator and a rotor segment; Ao 
is the common cross-sectional area between the stator and rotor pole; µo is the 
permeability of free space; and B(x) is the magnetic field function. Determining 
a suitable mathematical form of the B(x) function was critical in obtaining the 
correct electromagnetic radial force impinging on the hybrid rotor. The elec-
tromagnetic radial forces on each rotor segment were subsequently summed 
to obtain the total levitation magnetic radial force on the rotor. The analysis 
was done with the nonrotating rotor poles aligned with the appropriate stator 
poles to achieve the maximum levitated electromagnetic radial force loads on 
the rotor. Two magnetic circuit geometries, approximating the complex topol-
ogy of the electromagnetic fields existing in and around the hybrid rotor, were 
employed in formulating the electromagnetic radial force equations. 

The graph shows that the theoretical and 
experimental results are in very close 
agreement. Hence, we have developed a 
very valuable analysis tool for designing 
future motors of this type for different mis-
sion applications. A pending publication 
(ref. 3) will give a complete description of 
the levitated and nonlevitated magnetic 
field and force characteristics of the 
motor and its rotor.
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Ironless High-Power-Density Permanent Magnet Electric Motor Evaluated for 
Non-Combustion-Based Air Vehicles

The NASA Glenn Research Center has been investigating non-combustion-
based aircraft propulsion through experimental and system tradeoff studies. 
Conventional electric motors are too heavy for use in large aircraft propul-
sion. To address this deficiency, a team at Glenn designed an ironless motor 
to evaluate flight applications. 

In this design, the rotating magnetic flux is generated by two sets of axial 
Halbach arrays using high-energy-density permanent magnets. The magnetic 
flux is a maximum 1.2-tesla flux density at the center of a 0.5-in. gap (ref. 1) 
and approximately sinusoidal with respect to angle. The arrangement of the 
magnets eliminates the need for backiron in the motor, which is heavy and 
lossy. 

In fiscal year 2006, one stator design was evaluated for static torque as a 
function of current and current-carrying capacity with and without forced air 
convection. Static torque measurements were made as a function of angle 
and current up to 104 A. A one-dimensional prediction of the torque was 
compared with the experimental data at 1.0-, 1,1-, and 1.2-tesla maximum 
flux in the gap. The graph shows good agreement between the experiment 
and the analytic one-dimensional prediction. Forced-air convection was dem-
onstrated to increase the steady-state current-carrying capacity of the stator 
by 140 percent, from 42 to 104 A.

The effect of stator packing factor on the specific power of the motor was 
determined using the motor setup in the photograph. The packing factor is 
the percentage of the stator that is occupied by conductors.

The electromagnetic (EM) weight is 
defined as the weight of just the EM 
components (i.e., stator copper and 
permanent magnets). The total weight 
of a prototype motor is taken to be 
50 percent more than the EM of the 
motor to account for structural support. 
The current stator (ref. 1) has only a 
10-percent packing factor. As shown 
in the graph on the following page, the 
specific power of the current motor 
is 0.6 hp/lb using total weight and 
increases to 5 hp/lb for a 75-percent 
packing factor. A packing factor of 
50 percent is more realistic and indi-
cates that 3.4 hp/lb is realizable for this 
ironless motor running at room tempera-
ture and high speed. For comparison, 
the estimated horsepower per pound of 
the 98-percent-efficient Halbach motor 
designed by the Commonwealth Scien-
tific and Industrial Research Organization 
(CSIRO) that was used in a solar-powered 
car in the World Solar Challenge race 
across Australia is shown. This work 
was supported by the Subsonic Rotary 
Wing Project.Experimental results and one-dimensional predictions of torque as a 

function of current in one phase of the ironless motor at an angle of 
maximum torque. The one-dimensional predictions are for 1.0-, 1.1-, 
and 1.2-tesla maximum flux density. 

Ironless motor setup for evaluation of static 
torque as a function of current and rotor 
angle. The current stator has a ~10-percent 
packing factor.
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Liquid-Hydrogen-Cooled Electric Motors Test Facility Completed for 
Aircraft Propulsion

The NASA Glenn Research Center investigated, both through feasibility studies 
and experimental research, the possibility of using turbogenerators to produce 
electric power to drive electric motors to turn the propulsive fans or propellers 
of aircraft. Either jet fuel or hydrogen would power the turbogenerators. The 
demonstration of a hydrogen-powered aircraft would accomplish a NASA 21st 
century goal of pollution-free aircraft; and electrically driven fans or propellers 
offer alternative wing placements that could reduce noise, which continues 
to be a significant environmental problem. Conventional electric motors and 
their electronics are too heavy to use in these new systems and will likely 
require cryogenic cooling. Using superconducting coils on the rotor would 
eliminate the need for heavy rotor iron, and the cooling would be provided by 
a small cryocooler or would be available free if hydrogen fuel was stored on 
the airplane as a liquid. 

Liquid-hydrogen-cooled, superconducting 
electric motor.
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The superconducting alternating-current generator shown in the illustration 
on the preceding page is being fabricated by Long Electromagnetics, Inc., 
(LEI), through NASA and U.S. Air Force contracts to serve as a testbed for 
evaluating superconducting and conventional materials in coil form in a realistic 
environment. The initial design will test second-generation bismuth strontium 
calcium copper oxide (Bi2Sr2CaCu2O8+δ, or BSSCO) superconducting rotor 
coils. Testing in coil form is important because current densities typically are 
reduced by an order of magnitude from wire form. The design accommodates 
easy replacement of the coils and windings. 

Glenn’s Small Multi-Purpose Research Facility (SMiRF), shown in the photo-
graphs and used for general liquid hydrogen (LH2) testing, has been modified 

to allow LH2-cooled electric motor/ 
generator testing. The modifications 
include concrete containment walls (see 
the bottom photograph), LH2 supply lines, 
and data acquisition and control. The gen-
erator test stand design (see the figure 
on the next page) is complete. This work 
was supported by the Alternative Energy 
Foundation Technologies Project.

Glenn’s SMiRF location for LH2 testing, and SMiRF modified for aeropropulsion 
electric motor testing.
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High-Temperature Active Clearance Control System Concept Performance 
Tests Successfully Completed at NASA Glenn

Seal leakage performance of an active clearance control (ACC) system 
concept (see the photographs on the next page) was characterized at 
elevated test temperatures and pressure differentials (up to 1000 °F and 
120 psi, respectively) at the NASA Glenn Research Center. The ACC test 
rig was designed and fabricated to examine the feasibility of incorporating 
a fast-acting, mechanically actuated control system into the high-pressure 
turbine (HPT) section of a modern gas turbine engine to actively regulate the 
clearance between the blade tips and the surrounding sealing shroud. The 
rig simulates the HPT environment (temperatures and pressure differentials) 
present at the backside of the sealing shroud, and it facilitates the evaluation 
of actuators, clearance sensors, secondary seals, and other hardware needed 
to implement the clearance control concept into an actual engine. 

Current gas turbine engines utilize scheduled cooling of the outer case 
flanges during cruise conditions to reduce blade-tip clearance. Reduced 
clearance decreases the volume of combustion gas spilling over the blade 

tips, thus improving engine performance 
and efficiency. Current case-cooling 
methods, however, are limited by slow 
response times and the inability to moni-
tor dynamic, asymmetric blade-tip to 
sealing-shroud clearances. As such, tip 
clearances must remain conservative 
to prevent collisions between the blade 
tips and sealing shroud during extreme 
engine condition transients such as 
takeoff and reacceleration. The ACC 
under evaluation at Glenn couples a fast- 
acting mechanical actuation system with 
advanced high-temperature clearance 
sensors through a closed-loop control 
scheme. This system would detect and 
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quickly accommodate sudden clearance transients, allowing 
tighter, more stable tip-clearance levels at all engine operating 
stages. With ACC, a tip-clearance reduction of 0.010 in. would 
decrease specific fuel consumption by approximately 0.8 to 1.0 
percent; significantly decrease NOx, CO, and CO2 emissions;1 
and lower exhaust gas temperatures by approximately 10 °C. In 
addition, reduced tip clearance would lead to increased engine 
time-on-wing, decreased operating and maintenance costs, and 
enhanced mission range and payload capabilities. 

Building on previous room-temperature investigations, tests 
were completed at Glenn to evaluate the performance of the 
ACC secondary seals at elevated temperatures, including 500, 
800, and 1000 °F, with pressure differentials up to 120 psi. Sys-
tem secondary seal leakage continuously decreased as test 
temperature was increased (see the bar chart to the right). At 
1000 °F with a 120-psig pressure differential across the seals, 

system leakage was 0.038 lbm/sec: a 
64-percent decrease from the room- 
temperature leakage rate. To obtain 
a practical performance benchmark, 
researchers converted representative 
ACC leakage rates for multiple test 
temperatures to effective clearance 
values and compared them with a refer-
ence level provided by engine industry 
manufacturers (see the bar chart on 
the next page). This reference value is 
based on an acceptable mass flow rate 
of 0.2-percent core (W25)2 flow for seal 
locations (forward and aft combined) 
needed to implement the ACC concept 
into an engine. As shown in the bar 
chart, on the next page, ACC effective 
clearances were lower than the industry 
reference for all evaluated test conditions, 
with the largest decrease, 70 percent, 
occurring at 1000 °F. 

 

ACC test rig at Glenn showing the rig exterior, the internal structure of the rig 
with the cover plate removed, and a closeup of two adjoining, mechanically 
actuated sealing-shroud carriers.
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Leak Rates of Candidate Docking System Seal Materials Determined After 
Simulated Space Exposure

A Low Impact Docking System (LIDS) is being developed by the NASA John-
son Space Center to support future missions of the Crew Exploration Vehicle 
(CEV). This system will allow in-space assembly and rendezvous of vehicles, 
modules, and structures to enable mission profiles that will ensure the suc-
cess of NASA’s Vision for Space Exploration. 

All docking and berthing mechanisms currently in use are composed of two 
different halves that can mate only with structures having the opposite con-
figuration. LIDS, however, is androgynous: each system half is identical. Thus, 
any two vehicles or modules with LIDS can mate with each other without 
regard to “gender.” Because LIDS is also a “smart system,” both manned and 
unmanned autonomous vehicles and structures can be joined.

The androgynous nature of LIDS creates 
challenges for the sealing interface—the 
main interface seals must seal against 
each other instead of against a conven-
tional flat metal surface. These sealing 
surfaces will also be exposed to the 
space environment when vehicles are 
not docked. The NASA Glenn Research 
Center is supporting this project by 
developing the main interface seals for 
LIDS and determining the durability of 
candidate seal materials in the space 
environment.
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LIDS is expected to be exposed to operating temperatures from –50 to 50 °C 
(–58 to 122 °F). Since silicone rubber is the only class of seal elastomer that 
functions across this temperature range, Glenn is focusing on three silicone 
elastomers: two provided by Parker Hannifin (S0899–50 and S0383–70) 
and one from Esterline Kirkhill (XELA–SA–401). Because LIDS is designed 
for a service life of up to 15 years, the system may undergo as many as 120 
docking/undocking operations that would expose it to vacuum, atomic oxygen 
(AO), particle and ultraviolet (UV) radiation, and micrometeoroid and orbital 
debris (MMOD). Glenn is engaged in determining the effects of these envi-
ronments on our candidate elastomers. 

The primary test done before and after simulated space exposure is a leak 
test on an o-ring of the candidate material. A vacuum is pulled on the outer 
side of the o-ring, and atmospheric pressure is applied to the inner side of 
the seal. The leak rate of the seal is measured and scaled up to estimate 
the leak rate for the full LIDS seal. The top plot on the next page shows leak 
rates measured for each elastomer after exposure to simulated space AO. 
The leak rates for all three materials increased at similar rates up to about 
1.5 years of space AO. Beyond that point, the leak rate of the S0899–50 
silicone increased significantly. 

Advanced Docking and Berthing System highlighting the main interface seal location.

For testing the combined effects of AO 
and UV radiation, a set of o-rings was 
first exposed to an average AO fluence of 
about 5.77×1021 atoms/cm2 and then to 
increasing UV radiation. This amount of 
AO is what one might expect after being 
in space for 1 to 2 years. Of the three 
materials tested, S0899–50 showed the 
highest increase in leak rate after expo-
sure to UV radiation.

Longer exposures of the candidate seal 
materials to AO and UV radiation are 
underway. Plans include completion of 
electron particle radiation exposures and 
testing as well as MMOD testing. Ulti-
mately, the best material will be selected 
for this application, and full-scale seals 
will be fabricated for further evaluation. 

Interface
seal
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Preliminary Turbomachinery Seal Power Loss Data Completed for Competing 
Engine Seal Applications

Maintaining jet engine efficiency is vital to extracting as much power out of 
the engine cycle as possible. Unwanted disk windage, or “viscous drag on 
rotating components” in the secondary airflow system results in additional 
heat input into the secondary cooling system, which reduces the fatigue life 
of downstream engine components. Engine seals provide a means of con-
trolling parasitic air leakage into the secondary flow path, separating air and 
oil cavities, preventing hot gas ingestion into the turbine/stator cavities, and 
preventing air leakage around compressor and turbine blades. However, 
engine seals may also cause unwanted heat input into the flow path. 

To determine how much heat is produced by engine seals, U.S. Army and 
NASA researchers at the NASA Glenn Research Center tested four types of 
seals in Glenn’s High-Temperature, High-Speed Turbine Seal Test Rig (see 
the photograph), where the torque produced by each seal was measured. 
Care was taken to account for the rig tare torque, disk windage, and bearing 
losses at different operating conditions. From these seal torque measure-
ments, the preliminary baseline seal power loss was calculated. Data were 
taken over a range of temperatures, pressures, and speeds up to 922 K, 
517 kPa, and 32,600 rpm. The geometry of each seal type (annular, labyrinth, 
brush, and finger) is shown in the table on the next page.

The following conclusions are given for 
the seals tested. Also see the graphs.

• Seal power loss is not strongly affected 
by inlet temperature.

• Seal power loss increases with increas-
ing surface speed, seal pressure dif-
ferential, mass flow rate or flow factor, 
and radial clearance.

• The brush and finger seals had nearly 
the same power loss.

• Annular and labyrinth seal power loss 
data were higher than finger or brush 
seal power loss data. The brush seal 
power loss data were the lowest and 
were 15- to 30-percent lower than 
annular and labyrinth seal power  
loss data.

Glenn’s High-Temperature, High-Speed Turbine Seal Test Rig can test engine seals at advanced 
gas turbine engine operating conditions.
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Four-knife
labyrinth

Seal type Seal/disk
cross 
section

Material Seal inner
diameter,

mm

Radial
clearance
at 297 K,

mm

BUILD GEOMETRY FOR EACH SEAL

Axial
length,

mm

Other

Annular INCONEL
625

216.5096 0.3048 11.2 Not applicable

INCONEL
625

216.5096 0.3048 11.2 Tooth height, mm . . .
Pitch, mm . . . . . . . . .
Tip width, mm . . . . . 
Tooth angle, deg . . . . . 

0.762
1.016
0.318

7.9

Brush Haynes 25
bristles

INCONEL
625

sideplates

215.6968 –0.0965 0.953 bristle
pack width

4.27 total

Bristle lay angle, deg . .
Bristle diam, µm . . . . .
Density, wires/mm . . . . 
Fence height, mm . . . 

50
102

68
1.27

Finger Haynes 25
sheet per
AMS5537

215.5520 –0.165 Similar to
brush seal

Pressure-balance
design

Comparison of seal power loss for annular, four-knife labyrinth, brush, and finger seals as a function of speed at three 
temperature and pressure differentials. Top left: 297 K, 276 kPa. Top right: 700 K, 68.9 kPa. Bottom: 700 K, 276 kPa.

Surface speed, m/sec

S
ea

l p
ow

er
 lo

ss
, k

W

0 100 200 300 400

4.0

3.0

2.0

1.0

0.0

Annular
Labyrinth
Brush
Finger

Surface speed, m/sec

S
ea

l p
ow

er
 lo

ss
, k

W

0 100 200 300 400

Annular
Labyrinth
Brush
Finger

4.0

3.0

2.0

1.0

0.0

Surface speed, m/sec

S
ea

l p
ow

er
 lo

ss
, k

W

0 100 200 300 400

Annular
Labyrinth
Brush

4.0

3.0

2.0

1.0

0.0



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          295                                             2006 RESEARCH AND TECHNOLOGY

Further analytical and experimental work is needed to understand the effect 
of seal axial length and preswirl on seal power loss. These findings along 
with future work will aid seal designers in minimizing the seal heat generation 
and subsequent efficiency losses in jet engine applications. This work is a 
collaborative effort between NASA and the U.S. Army Research Laboratory 
in support of the NASA Aeronautics program as well as U.S. Army platforms 
(i.e., helicopters, tanks, and unmanned aerial vehicles).
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Influence of Operational Parameters on the Thermal Behavior of High-Speed 
Helical Gear Trains Studied
In the future, high-speed, heavily loaded, and lightweight gearing compo-
nents will be a part of all propulsion systems for rotorcraft. These systems 
are expected to deliver high power from the gas turbine engines to the high-
torque/low-speed rotor with high reduction ratios. Gearing systems in these 
extreme duty applications can have thermal behavior issues because of the 
high pitch-line velocities. Although design considerations for gear-tooth bending 
and contact capacities are usually considered initially, a high-speed gearing 
design needs to carefully consider the consequences of pitch-line velocities 
approaching 25,000 ft/min and beyond. Unfortunately the thermal behavior 
characteristics of mechanical components have been shown to be the least 
understood or developed part of gearing analysis in the open literature. 

In rotorcraft drive systems, such as that of tiltrotors, a helical gear train (see 
the illustration) is used to provide the required separation between the paral-
lel engine and rotor shafting on the aircraft. The thermal behavior of the gear 
system includes all the loss mechanisms within the gearbox. These include the 

gear meshing, bearing, and seal losses 
along with the windage losses (power 
lost by the system due to the air-lubricant 
environment that the gears rotate within). 
Windage losses become substantial at 
high rotational speeds as seen in some 
rotorcraft transmissions. The amount 
of heat that has to be rejected from the 
sum of the loss mechanisms mentioned 
above directly affects the efficiency.

In the present study conducted by U.S. 
Army researchers at the NASA Glenn 
Research Center, two speed conditions, 
hover and forward flight, were tested for 
the gear train along with three levels of 
torque. For the six conditions of interest 
in this study, the results from analysis 
and experiment are shown in the graph 
on the next page. The results indicate 
that the efficiency increases with increas-
ing load and decreases with increasing 
input rotational speed. For the analytical 
results shown in the graph, the windage 
losses can reach 50 percent of the losses. 
The windage losses are not dependent 
on load but are dependent on rotational 
speed, gear dimensions, and lubrica- 
tion conditions. For this study, the air-
lubricant environment was chosen to 
match the maximum power loss at the 
highest speed condition and then fixed. 
The results followed the experimental 
trends for the conditions under study, 
but the results diverged at lower power 
levels.

Test gearbox

Slave gearbox Rotating torque actuator

From speed-up
gearbox

Low-speed shaft

High-speed
shaft

48"

CD-98-78357

High-speed helical gear test facility.
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Testing Began in New Wave Bearing Test Facility

A new test facility was developed at 
the NASA Glenn Research Center to 
test advanced fluid-film wave bearings 
up to 68 mm in diameter and 38 mm 
in length at a maximum speed of 
15,000 rpm and with a maximum load 
of 30,000 lb. This facility (see the pho-
tograph) was designed to test wave 
bearings under heavily loaded condi-
tions, simulating the loading conditions 
that would be experienced by bearings 

Wave bearing test facility.

O1

O

Load

Speed

Shaft
Bearing

Wave bearing. 
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Plots of vibration generated by the turbine and transmitted  through wave bear-
ing from accelerometers mounted on the turbine housing (Ch1), near the shaft 
support bearing close to the turbine (Ch2), on the test wave bearing loading 
rod (Ch3), and near the second shaft support bearing (Ch4).

Ch1 rms
94.5 mV

Ch2 rms
89.6 mV

Ch3 rms
6.15 mV

Ch4 rms
58.3 mV

installed in the transmissions for rotorcraft or geared turbofan jet engines. The 
new wave bearing test facility is instrumented for oil pressure, oil temperature, 
oil flows, shaft position, vibration, speed, and load. 
 
A wave bearing is similar to a journal bearing but has a wave profile circum-
scribed on the bearing sleeve inner diameter. The bearing clearance and the 
wave amplitude are largely exaggerated in the sketch on the preceding page 
to visualize the concept. Wave bearings with liquid lubricants can support very 
high loads and run thermally and dynamically stable. These bearings have 
been tested to 1500-psi specific load and are planned to be tested to 3500 
psi in the new facility. The bearings can overcome start-stop difficulties and oil 
starvation. Tests have demonstrated that, with the application of physical-vapor- 
deposition coatings on both bearing surfaces, the wave bearing can perform 
1000 start-stop cycles without significant damage to the bearing surfaces 
and can survive without oil supply for more than 2 hr. The wave bearing is a 
promising technology for reducing the size, weight, and noise of aeronautical 
transmissions. 
 
One major benefit of wave bearings is their potential to significantly reduce the 
noise and vibration transmitted to the housing. Preliminary tests in the new 
facility showed a significant reduction in vibration transmission through the 
bearing and a reduction in radiated noise. The final figure shows the signals 
from four accelerometers installed in the new test facility. Channel 1 (Ch1) is 
located on the turbine, Ch2 and Ch4 are located close to the ball bearings 
that support the rig shaft, and Ch3 is close to the test wave bearing. As seen 
in the figure, the vibration through the wave bearing has a root mean square 
(rms) value more than 15 times less than the vibrations through the turbine 
ball bearings and the ball bearings that support the shaft. 
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Face Gear Endurance Testing Conducted

Commercial and military requirements continuously drive the 
need for reduced weight and increased power density for air-
craft drive systems. The use of face gears in transmissions 
emerged as a way to achieve this. Previous studies showed 
that a split-torque, face-gear transmission gave a 40-percent 
decrease in weight in comparison to a convention design for an 
advanced attack helicopter application. Face gears, however, 
had no previous experience in high-power systems, and much 
work had to be done to establish design guidelines. The objec-
tive of this study was to determine the surface durability life of 
a face gear in mesh with a tapered involute spur pinion gear.
 
Experimental fatigue tests were performed in the spiral-bevel/
face-gear fatigue test facility at the NASA Glenn Research 
Center to determine the surface durability life of a face gear in 
mesh with a tapered involute spur pinion gear. The gears were 
carburized and ground, shot-peened, vibrohoned, and made 
from Pyrowear 53 steel per Aerospace Material Specification 
(AMS) 6308. Twenty-four sets of gears were tested. Tests were performed 
at three load levels and various speeds, either to the point of failure or to a 
predefined runout condition. The tests produced 17 gear-tooth spalling fail-
ures and 7 suspensions. For all the failed sets, spalling occurred on at least 
one tooth of the pinion gear. In some cases, the spalling initiated a crack in 
a pinion tooth that progressed to tooth fracture. Spalling also occurred on 
some face gear teeth. This testing resulted in the determination of a design 
endurance allowable stress for a tapered involute spur pinion in mesh with 
a face gear. For a tapered involute spur pinion in mesh with a face gear, 

experience was gained as how to best 
adjust assembly procedures to optimize 
the contact pattern and backlash. Proper 
use of pinion-gear-tooth tip and root relief 
modifications minimized the occurrence 
of hard lines.
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Test hardware used for endurance tests of tapered involute spur gear with meshing 
face gear.

Endurance test results for tapered involute spur gear with 
meshing face gear.
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Foil-Bearing Research Capabilities Expanded in Support of 
Oil-Free Turbomachinery

Compliant foil bearing technology is at the center of NASA’s Oil-Free Turboma-
chinery program, which aims to replace the oil-lubricated rolling-element bear-
ings in high-speed rotating machines with maintenance-free foil gas bearings, 
substantially reducing weight and cost while increasing reliability and efficiency. 
Because of these advantages, oil-free rotor supports are demanded for long-
duration space power applications and are highly desirable for ground- and air-
based rotating machinery. To support further development of this technology, 
the NASA Glenn Research Center added two new foil bearing test facilities 
that target specific gaps in previously available test capabilities.

The High Pressure Journal Bearing Rig (see the top photograph) consists of a 
high-speed electrical motor with an overhung journal operating within a pres-
sure vessel. In this configuration, foil bearing performance from 0 to 42,000 
rpm can be measured at pressures from moderate vacuum up to 4.8 MPa 
(700 psi) at room temperature. Foil bearing power loss, typically much lower 
than in rolling-element bearings, can be mapped over this wide pressure and 
speed range, simulating a broad range of operating conditions for potential 
oil-free turbomachines. This test rig also supports variable-pressure testing in 
inert gases such as carbon dioxide, helium, and xenon, which are candidate 
working gases for several power cycle turbomachines, including a Brayton-
cycle turboalternator for high-electrical-power space missions. 

Testing of foil thrust bearings (see the bottom photograph) will be augmented 
with a new test rig that can subject oil-free thrust bearings to tens of thousands 
of start-stop cycles, verifying endurance of the solid lubricant coatings that 
have been developed at Glenn and by industry. The rig also will provide very 
stable operation at speeds up to 21,000 rpm and temperatures from room 
temperature to over 540 °C (1000 °F) to measure bearing performance at 
the lower speed range of their operational envelope. Solid-lubricant coating 
systems will be further matured by this new facility, adding a valuable experi-
ence base for designers of next-generation turbomachines. Although foil thrust 
bearing development lags that of foil journal bearing counterparts, this added 
test rig will foster a more rapid advance of foil thrust bearing technology.

Thrust bearing operational performance and durability, as well as journal bear-
ing performance at high pressure, can now be determined experimentally. The 
addition of these new test capabilities further diversifies NASA’s portfolio of 
Oil-Free Turbomachinery research assets, supporting numerous applications 
for ground, air, and space power and propulsion.

Find out more about the research of Glenn’s Oil-Free Turbomachinery 
program:
http://www.grc.nasa.gov/WWW/Oilfree/
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Integrating Sphere Used With Fourier Transform Infrared Spectroscopy To 
Characterize Lubricants on Ball Bearings

Fourier transform infrared (FTIR) spectroscopy is used extensively to char-
acterize lubricants and their degradation products. The introduction of micro-
scope attachments facilitated examination of degradation products by allowing 
spectra to be acquired from selected areas of ball bearings and races. FTIR 
microscopy allowed small particles of wear debris or aggregated materials 
to be examined. For surfaces evenly coated with a homogeneous material, 
this technique provided estimates of film thickness, but it was limited because 
curved surfaces had to be centered in the objective. Quantification of nonuni-
form films was another limitation. Analysis required spectral information from 
at least a statistically significant fraction of the sample. Over a million spectra 
were required to examine the surface of a 0.5-in.-diameter ball bearing. 

Integrating sphere attachments tradition-
ally used for scattering transmission or 
reflectance measurements have long 
been available. At the NASA Glenn 
Research Center, we began using an 
integrating sphere to characterize lubri-
cants and degradation products that 
were not distributed uniformly over a ball 
bearing surface. For objects, such as 
balls, information could be obtained from 
significant portions of the surface in a 
single spectrum, thus averaging over local 
heterogeneity. Quantification of a single 
substance and qualitative chemical char-
acterization of mixed substances became 
possible. Glenn researchers completed 
instrument modification, parameter opti-
mization, and other changes needed for 
obtaining quantitative information from 
ball bearings.

The schematic shows an integrating 
sphere with a ball bearing sample. The 
intensity of the incoming beam was a 
complex function of the beam steering 
optics. It was estimated that the beam 
covered between 20 and 50 percent of 
the surface of the ball and depended 
on (1) the aperture setting of the bench, 
(2) the ball diameter, and (3) the position-
ing of the ball within the sphere. There-
fore, five spectra were determined as the 
optimum number to obtain information 
from the entire surface: the top, the bot-
tom, and three evenly spaced positions 
about the equator. 

The plot shows the averaged absorbance 
for the five spectra on a ball versus the 
lubricant charge expressed as the vol-
ume of solution delivered onto a ball. 
The volumetric calculation of lubricant 
charge was at least as accurate as grav- 
imetry and was far less time consuming. 
Furthermore, smaller lubricant amounts 
could be determined reliably. The test 
point, at 6.5 µg lubricant by volumetric 
calculation (10 µl), was well below the 

Integrating sphere with ball sample.
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gravimetric determination limit. The negative offset of the calibration plot is 
probably due to a bias encountered when determining the baseline-corrected 
absorbance using software. 

The final figure illustrates the ability of the method to characterize material on 
a ball after lubricant failure. These spectra represent 35 µg of lubricant deg-
radation product compared with lubricant standard spectra. A 35-µg lubricant 
load would not have experienced tribological failure, which indicates that the 
material was a degradation product rather than residual lubricant. 

Using this integrating sphere technique, we determined that the lubricant 
charge on balls was not typically uniform as were the degradation products. 
Smaller loadings could be determined than could be quantified by weighing. 
This technique has extended the usefulness of FTIR spectroscopy in tribo-
logical research.

Spectra of lubricant and degradation product on a 0.5-in.-diameter ball.
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Long-Term Compression and Recovery Tests Completed on Space Shuttle 
Main Landing Gear Door Seals

As part of the investigation into the loss of the Space Shuttle Columbia, the 
Columbia Accident Investigation Board requested an evaluation of the main 
landing gear (MLG) door environmental seals on the remaining shuttle orbit-
ers. During this evaluation, a visual inspection of the seals on the Space 
Shuttle Discovery revealed that the seal bulbs were permanently deformed, 
which necessitated their replacement. At the request of the NASA Johnson 
Space Center, a series of tests was performed at the NASA Glenn Research 
Center beginning in 2004 to help guide installation and maintenance of these 
seals. A part of these evaluations involved determining how quickly and to 
what extent the seals recover their original shape after being compressed for 
varying durations. During many shuttle missions, the seals are compressed 
for long periods because of launch delays and other reasons. The degree 
and rate of recovery for these seals have implications for their maintenance 
procedures and replacement criteria. If the seals recover too slowly, they may 
not meet the minimum compression criteria during a preflight check and may 
need to be replaced.

To better understand the recovery behavior of these seals, researchers at 
Glenn performed a series of tests in 2006 in which the seals were compressed 
for long durations and then their rate of recovery was measured upon rapid 
unloading. As shown in the following photograph, a laser fixture was used to 
measure the recovery response of the seals with respect to time after they 
had been compressed for a specified duration.

Representative results from the recov-
ery tests are presented in the plots on 
the next page. These graphs show the 
amount of seal recovery as a function 
of elapsed time after the seal is quickly 
unloaded. For the tests shown, the seals 
were compressed by approximately 40 to 
45 percent relative to their bulb diameter 
for durations ranging from 1 hr to 90 days 
before the recovery was measured.

Shuttle MLG door environmental seal.

Bulb

Laser test fixture used to measure amount of seal recovery for shuttle MLG door seals.

Laser transmitter Laser receiver

Compression fixture

MLG door
environmental seal
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As shown in the graphs, seals that were held in a compressed state for 
longer times exhibited significantly less recovery than those that were com-
pressed for shorter periods. For example, the seal that was compressed for 
1 hr recovered to about 97 percent of its original diameter 1/2 hr after it was 
unloaded. By contrast, a seal that was compressed for 90 days recovered to 
about 86 percent during the same time. Even after 48 hr of data collection, 
this seal only recovered to about 89 percent of its original diameter. For all 
cases, it appeared that most of the recovery occurred during the first hour 
after unloading.

Using Glenn’s test data, shuttle technicians now have guidance on (1) how 
long to wait before measuring seal conformance criteria (i.e., bulb height/ 
compression) and (2) when to replace the MLG door environmental seals.

Find out more about the research of Glenn’s Mechanical Components 
Branch:
http://www.grc.nasa.gov/WWW/5900/5950/

Amount of seal recovery as a function of elapsed time after compression for various durations. The graph on the 
left is a “zoomed-in” area of the graph on the right.
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Mechanical Response Experiments Designed for Full-Scale Testing of Orbiter 
Composite Overwrap Pressure Vessels

The NASA Glenn Research Center in partnership with the Ohio Aerospace 
Institute (OAI) collaborated with Cornell University and the NASA White Sands 
Test Facility to lead the effort in designing experiments and specifying test 
requirements for a series of full-scale vessel tests to be conducted on the 
Centaur and the space shuttle Orbital Maneuvering System flight hardware. 
The work was directed by the Orbiter Projects Office as part of a concerted 
effort to certify shuttle composite overwrap pressure vessel (COPV) flight 
hardware for the remaining mission schedule. 

Previous mechanical response analyses conducted by Glenn for the NASA 
Engineering and Safety Center had indicated that the Kevlar (DuPont)/epoxy 
composite vessel was operating at higher percentages of its burst strength 
than originally assumed. Concerns were raised on reliability issues given the 
increased ratio of operating fiber stress to burst fiber stress along with the 
existing long-term stress rupture data. Two factors contributed to the higher 
relative fiber stresses at operating pressure: (1) manufacturing data indicated 
that processing-induced residual strains were greater than expected, and 
(2) a lower-than-expected fiber failure strength was computed for the COPVs 
when the load share of the metallic liner was accounted for. The mechanical 
response of a COPV is difficult to predict owing to the presence of metallic 
load-sharing liners and complex manufacturing procedures. Life would be 
extended if there was an accurate theoretical framework for the mechanical 
response calibrated by careful full-scale vessel tests. 

It was reasoned that the large residual manufacturing strains were indicative 
of a more compliant Kevlar composite than assumed in the manufacturer’s 
analysis. This conclusion was supported by early experiments conducted by 
the NASA Johnson Space Center, which had measured larger-than-expected 
through-the-thickness compression of filament-wound overwrap on pressur-
ized COPVs. When three-dimensional elasticity was applied for a transversely 
isotropic spherical shell, inner-wall deformation per unit pressure increased 
with decreasing transverse modulus despite constant in-plane properties. 
Cornell-Glenn versions of the three-dimensional model were extended to 
demonstrate that low transverse stiffness and compressive “crushing” could 
also lead to the misconception of low nominal fiber strength despite the pres-
ence of high inner-wall fiber stresses. These findings guided the design of 
full-scale experiments to provide data verifying the possible role of through-
the-thickness compression in large residual strains and apparently low burst 
fiber strengths.

In addition to standard internal pressure, external surface strains were meas- 
ured by foil strain gauges. A number of integrated deformation measurements 
were required that were unique to this program of full-scale tests:

(1) Total internal volume measurement
(2) Through-the-thickness compression measurement by eddy-current probe 

technology
(3) Digital image correlation (DIC) to measure full-field strains at high frame 

rates
(4) Raman spectroscopy to measure total elastic fiber strains including residual 

elastic strains to determine stress in the fiber at zero applied pressure

Glenn-developed DIC and Raman spec- 
troscopy methods are described in refer-
ences 1 and 2. The eddy-current probe 
technology was developed by the NASA 
Langley Research Center. The test setup 
and remaining instrumentation were devel-
oped and installed at the White Sands 
Test Facility. This photograph shows 
the test setup without the DIC grid, and 
the graph on the next page shows a 
typical volumetric deflection plot as a 
function of pressure as the vessel goes 
beyond liner yield. The initial slope of the 
curve reflects the total compliance of the 
vessel until the metallic liner yields. The 
post-yield slope is the compliance of the 
composite alone if the metal is uniformly 
yielding without hardening. After unload-
ing, the residual volume indicates an 
increment of additional residual strain 
stored in the vessel. 

Test setup: 40-in. Kevlar/epoxy overwrap 
COPV.
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Thus far, the Centaur vessel and a 40-in.-diameter shuttle vessel have been 
tested to burst. The acquired data are enabling accurate calibration of mechani-
cal response models to predict stress states as a function of pressure so that 
the appropriate stress-rupture life-extension reliability can be determined.
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Mechanical Characteristics of Kevlar/Epoxy Overwrap From Columbia’s 
Composite Overwrap Pressure Vessels Investigated

The NASA Glenn Research Center in partnership with the 
Ohio Aerospace Institute (OAI) collaborated with the NASA 
Kennedy Space Center and Cornell University to lead an 
experimental investigation to extract crucial mechanical 
characteristics from the Space Shuttle Columbia’s remaining 
composite overwrapped pressure vessels (COPVs). The work 
was focused on (1) determining manufacturing residual strains 
due to the overwrap/liner interference fit and (2) measuring 
the mechanical properties of Kevlar (DuPont)/epoxy strands 
extracted from Columbia’s composite overwrap.

The investigation began with the development and approval 
of plans to section two of Columbia’s Main Propulsion Sys-
tem (MPS) COPVs: a 40-in.- and a 26-in.-diameter vessel. 
Glenn researchers were onsite at Kennedy to participate in 
and document the tank dissections. Researchers measured 
residual strains by placing several fiduciary markers on a 
tank’s surface and measuring the arc length between them. 
As the dissection proceeded, the manufacturing residual 
strains were relaxed, producing significant gaps in the progressing saw cuts. 
This photograph shows a finished meridian cut with the fiduciary markers. 
After the complete section was removed, significant residual strains were 
recovered. The bar chart compares the strains measured to those available 
from manufacturer’s data sheets. These data were the first available experi-
mental verifications of the residual strains and were of significant value to 
the Orbiter COPV Team.

Sections of the composite were sent to 
Glenn, where techniques were developed 
to extract individual fiber strands from the 
solid composite sections. These strands 
were then mounted on specially designed 
cardboard picture frames to provide sup-
port and alignment for mechanical test- 
ing. Strand specimen testing is often used 
only to provide strength data since it is 
difficult to apply extensometry without 
disturbing the specimen. This was over-
come by employing Glenn’s unique digital 
imaging correlation (DIC) technology to 
obtain strains in the specimen gauge 
length without contact. The photograph 
on the next page shows the typical test 
setup for the specimen along with the 
resolved DIC strain distribution and the 
digital wave acoustic emission sensors. 
The resolved strains show a shear con-
centration on one side of the specimen 
because of the preferential failure of a 
portion of the filaments. Together with 
the acoustic emission data, these results 
demonstrate that failure in these strands 
was progressive. The graph on the next 
page summarizes the strength-versus-
failure strain for the distinct vessels.

Fiduciary
markers

Saw cut through overwrap showing expanded gap.

 
Summary of zero-pressure overwrap residual strains. Columbia 
MPS 40-in. overwrap linear fiduciary marker measurements 
and individual volumetric changes from data packs. SR, ratio of 
operating fiber stress to burst fiber stress; SAR, original manu-
facturer’s stress analysis report (1978 Stress Analysis Report); 
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effects, or through-the-thickness gradients.

0

1

2

3

4×10–3

SR = 0.59*

Fiduciary
marker

SN029
6510 psi

SN009
6520 psi

SN025
6510 psi

SN011
6520 psi

SAR
idealized

model

SR = 0.71*
3 × SAR res. strain 

NASA
White Sands
Test Facility

test tank

S
tr

ai
n 



NASA GLENN RESEARCH CENTER          308                                              2006 RESEARCH AND TECHNOLOGY

RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

These experiments have been extremely valuable in understanding the mechani-
cal characteristics of COPVs. The data are being used in modeling efforts to 
assess the performance of COPVs on the remaining shuttle fleet.
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Tensile property testing of Columbia strands.

Columbia strand test results. Vendor 
minimum strength, 490 ksi; stresses were 
based on 0.000542 in.2 per roving. OMS, 
orbital maneuvering system.
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Raman-Based Strain Measurements Successfully Incorporated Into 
Composite Overwrapped Pressure Vessel Pressurization Tests

The stress rupture life of the composite overwrapped pressure vessels (COPVs) 
used on the space shuttle was reevaluated as part of the return-to-flight 
effort because of concerns that COPV stress rupture life may be significantly 
lower than the original predictions. Pressurization testing of shuttle COPVs 
was performed at the NASA White Sands Test Facility (WSTF) as the criti-
cal assessment of the risk of COPV rupture. Because the total elastic strain, 
including the residual manufacturing contribution, sustained by the Kevlar 
fibers in the Kevlar (DuPont)/epoxy composite overwrap is a key factor in the 
rupture strength of the COPVs, monitoring the Kevlar fiber strain during pres-
surization was an essential component of the testing. However, the standard 
strain-gauge-based strain measurements previously employed during pres-
surization tests only measured the applied strain and did not account for the 
contribution of residual manufacturing strain in the fibers, which can have a 
large effect on COPV stress rupture life. 

Researchers from the NASA Glenn Research Center utilized the well-known 
strain-dependent peak shifts (0.23-percent strain per cm–1 shift of the Kevlar 
Raman peak at 1610 cm–1) observed in Raman spectra of Kevlar fibers to 
provide a measurement of total elastic strain, including residual strain. After 
demonstrating residual stress measurements in the Kevlar/epoxy overwrap on 
an unpressurized Centaur rocket COPV at Glenn, Glenn researchers worked 
onsite at the WSTF to install and demonstrate Raman strain measurement 
as part of the critical COPV pressurization tests. 

Many problems were overcome to incorporate these 
measurements. The risk of COPV burst neces-
sitated remote control of probe positioning and 
measurement acquisition from a control room well 
removed from the concrete block house where the 
pressurization tests took place. In addition, Raman 
strain measurements could not interfere with any 
of the other measurements being performed simul-
taneously, such as the conventional strain gauge 
measurements and digital image correlation. 

The photographs show the tripod-mounted 
Raman strain probe aimed at the shuttle COPV 
that was instrumented for pressurization tests at 
the WSTF. This Raman strain probe successfully 
monitored (see the graph on the next page) total 
elastic strain in the Kevlar fibers up to the COPV 
maximum operating pressure of 4860 psi, where 
the total fiber elastic strain was measured to be 
0.58 percent, with negligible residual strain upon 
depressurization. These results agreed quite well 
with resistance strain gauge measurements and 
theoretical predictions. The residual manufactur-
ing strains were measured by comparing the Raman spectra of fibers on the 
tank at zero pressure to fibers removed from a similar tank and, hence, free 
of residual manufacturing strain. The residual strains did not agree well with 
theoretical predictions, suggesting that the residual strain field may be less 

Top: Tripod-mounted Raman strain probe positioned in front of shuttle 
COPV. Bottom: Closeup view.

uniform than assumed in the theoretical 
analysis. These Raman strain measure-
ments are providing critical input for the 
prediction of COPV stress rupture life.
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Total elastic strain of Kevlar fibers measured with 
Raman strain probe plotted versus COPV pressure 
during pressurization tests at the WSTF.

Composite overwrapped pressure vessels (COPVs) are composed of a fiber-
based composite overwrapping a polymeric or metallic liner. The liner serves 
as a permeability barrier, and the composite provides structural integrity and 
strength. The vessels are used as pressurization systems and to contain a 
variety of fluids on the space shuttle orbiter and on the International Space 
Station. Main propulsion system vessels supply helium for manifold repres-
surization, purging, pneumatic valve actuation, emergency shutdown, and 
propellant dumps. Reaction control system (RCS) tanks store and provide 
helium for the pressurization of RCS thrusters, and orbital maneuvering sys-
tem (OMS) vessels provide propellant to the OMS engines.

An effort led by NASA White Sands Test Facility (WSTF) is underway to char-
acterize spare fleet leader COPVs, including burst tests to compare residual 
and design strengths and to assess the possibility of the creep deformation of 
Kevlar (DuPont) fibers. The NASA Nondestructive Evaluation Working Group 
is fabricating new Kevlar bottles for accelerated aging tests. The NASA Glenn 
Research Center supported both of these efforts by performing fractography 
of samples from ruptured fleet leader vessels, as well as from stress-ruptured 
Kevlar strand tests at Texas Research Institute. Techniques for polishing Kev-
lar fibers and composites were developed, enabling Glenn to characterize 
polished cross sections of composites and mounted strands. As bottles from 

the accelerated aging program become 
available, they will undergo microstruc-
tural characterization.

Microstructural analysis (optical and field 
emission scanning electron microscopy 
is being used at Glenn to support the 
development of nondestructive evalua-
tion methods, as well as additional Glenn 
efforts focused on characterizing consti-
tutive properties and residual stresses.

The micrographs from ruptured fleet 
leader COPVs illustrate representative 
findings. Deformation of fibers in trans-
verse compression resulted in regions 
in which the fiber cross section began 
to deviate from round to “square” (see 
the top left figure on the next page), 
with little matrix seen between adjacent 
fibers. Some cross-sectional areas show 

Microstructure of Kevlar Fibers Used in Composite Overwrapped Pressure 
Vessels Characterized



RESEARCH AND TECHNOLOGYRESEARCH AND TECHNOLOGY

NASA GLENN RESEARCH CENTER          311                                             2006 RESEARCH AND TECHNOLOGY

damage around fiber edges, which may denote actual fiber 
damage or weaker fibers, which are more readily damaged in 
polishing (see the bottom left figure). 

Fractography of ruptured fiber bundles illustrates the hierarchical 
structure of Kevlar fibers, which is composed of bundles of fibrils 
that split apart upon fracture (see the figures on the right).
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Polished cross section from fleet leader tank serial num-
ber (S/N) 032 showing close packing of fibers and fiber 
deformation.

Polished cross section from fleet leader tank S/N 007 
showing fiber damage at edges.

Fractography of ruptured fiber from fleet lead tank S/N 
011 showing branchlike fracture arising from hierarchical 
structure of Kevlar fiber.

Fractography of ruptured fiber from fleet lead tank S/N 
011 showing “string-cheese” failure.

Fractography of ruptured fiber from fleet lead tank S/N 
011 showing parallel sheet structure within Kevlar fiber.
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Digital Image Correlation Utilized To Obtain Full-Field Strains of a Full-Scale 
Orbiter Composite Overwrapped Pressure Vessel During Stress Rupture 
Life Testing

An assessment by the NASA Engineering and Safety Center 
showed that composite overwrapped pressure vessels (COPVs) 
used on the space shuttle orbiters faced an increased risk of 
stress rupture of the Kevlar (DuPont)/epoxy overwrap because 
of their long-term usage. Stress rupture in Kevlar is not well 
understood, but the experimental data show that stress rupture 
life is a function of time at operating stress and temperature. 
Owing to the presence of load-sharing metallic liners and manu-
facturing procedures that induce significant residual stresses, 
the state of stress in the Kevlar is difficult to define. Analytical 
models developed by the NASA Glenn Research Center and 
others would benefit from full-scale mechanical response test 
data for calibration purposes. 

The NASA Johnson Space Center’s White Sands Test Facility 
(WSTF) conducted ambient-temperature hydrostatic pressur-
ization testing of a COPV to improve understanding of the fiber 
stresses in the COPV components. One of Glenn’s roles was 
to provide full-field displacement and strain data of each pres-
surization test, utilizing the Glenn Ballistic Impact Laboratory’s 
three-dimensional digital image correlation (DIC) system, 
ARAMIS, with high-speed cameras. This system was shipped 
to WSTF for the pressurization tests, and the data were ana-
lyzed by Glenn personnel.

The ARAMIS software uses principles 
of three-dimensional image correlation 
photogrammetry that give full-field dis-
placement and strain measurements. 
The system was developed by GOM 
mbH of Braunschweig, Germany, and is 
distributed by Trillion Systems in North 
America. The basic principles of three-
dimensional image correlation photo-
grammetry have been known for about 
15 years, and ARAMIS has been com-
mercially available for about 10 years. 
The system requires spraying random 
high-contrast dot patterns onto a sample; 
this pattern is then tracked in ARAMIS 
by thousands of unique correlation areas 
known as facets (see the photograph). 
The center of each facet is a measure-
ment point that can be thought of as a 
three-dimensional extensometer. Arrays 
of facets form in-plane strain rosettes. 
The facet centers are tracked in each 
successive pair of images, with accuracy 
up to one hundredth of a pixel. 
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Two high-speed systems were used in the tests, one focusing on the 
upper boss area and the other on the equator of the vessel. Each system 
gave a field of view of approximately 70 in.2 Strain gauges were mounted 
on the vessel to show strains in the hoop direction of the fiber. The strain 
data from ARAMIS followed the same trend as the mounted strain gauges 
during pressurization cycles (see the graph on the preceding page and the 
top figure on this page). However, the data showed some abnormalities at 
the edges of the solved areas and at areas where the vessel had cables 
and other instrumentation devices. The full-field principle strain data for 
the burst pressurization cycle show strains over 2 percent on the right 
side of the vessel, indicating a weak spot in that section (see the bottom 
figure). These high strains were not picked up by the mounted gauges since 
they only could provide strains in the hoop direction. Overall, the two sys- 
tems provided an accurate measurement of strain in the COPVs during  
multiple pressurization tests.

The data have been extremely useful in establishing the degree of uni-
formity in the biaxial strain field present in the structure. This is important 
because rotational symmetry and spherical symmetry assumptions are 
used in finite-element and thin-shell models, respectively. In regions 
where strains were uniform and in agreement with resistance strain 
gauges, the results were valuable in calibrating the existing mechanical 
response models. 
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revilock.html). 
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Ballistic Impact Response of Kevlar and Zylon Evaluated

Ballistic impact tests were conducted at the NASA Glenn Research Center on 
layered dry fabric rings to measure their impact strength and to provide data 
for developing improved numerical models for simulating impact events. The 
rings were representative of containment systems that are used in all com-
mercial jet engines to prevent a fan blade from penetrating the engine case in 
the event of an accident that causes the blade to be released during operation. 
New materials and structures are being evaluated by NASA to increase avia-
tion safety. The impact energy absorption of two different fabrics, Kevlar 49 
(DuPont) and Zylon–AS (Toyobo Co., Ltd.) in two different fabric architectures 
were compared. The test specimens consisted of layers of plain woven cloth, 
25-cm- (10-in.-) wide, wrapped around a ring-shaped fixture. 

This series of still photographs depicts a typical impact test. The fixture was 
steel and had an outer diameter of 102 cm (40 in.), a thickness of 2.5 cm 
(1 in.), and a height the same as the fabric width (25 cm, ~10 in.). The fabric was 
rolled around the fixture under a controlled tension of 25 N (5.5 lb) to make up 
the desired number of layers. The fixture had a 25.4-cm (10-in.) circumferential 
gap at the impact location. It was placed in front of the gun barrel at an incline 
of 15° so that the projectile, after exiting the gun barrel, passed over the front 
edge of the ring, passed through the gap in the ring fixture, and impacted the 
fabric from the general direction of the center of the ring. The projectiles were 
various sized pieces of flat stainless steel that represented fan blades. The 
orientation of the projectiles at impact was controlled and measured. 

We found that for the same fabric archi-
tecture and under the given impact and 
environmental conditions, Zylon was able 
to absorb over twice the energy of the 
equivalent weight Kevlar. The normalized 
energy absorbed was independent of 
the number of layers of fabric and was 
approximately linearly related to the 
presented area of the projectile. These 
results are illustrated in the graph on 
the next page.
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Series of photographs showing two views of a typical test. The projectile is impacting the fabric from 
the right. 
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Percent of energy absorbed as a function of presented area.
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Candidate Materials Examined for Ice Mitigation on the External Tank Liquid 
Oxygen Feedline Bracket

Five brackets located along the axis of the 17-in.-diameter liquid oxygen (LOx) 
feedline secure it to the exterior of the space shuttle external tank (ET). The 
brackets are used to provide stability for the line, but must also accommo-
date feedline movement during the expansion and contraction experienced 
at tanking, during prepressurization, and finally during launch and ascent. 
Since the early 1980s, ice has been observed to build up in the gaps between 
the tank and the bracket and between the bracket and the feedline (see the 
photographs on the next page). Because the launch loads and articulation 
that the feedline undergoes are sufficient to liberate the ice, the debris threat 
that ice poses is a significant concern. By filling the gap between the feedline 
and its bracket, ice can also damage the insulating foam during prelaunch 
movement of the feedline. 
 
In October 2005, the NASA Engineering and Safety Center assembled an 
intercenter team with members from the NASA Glenn Research Center, NASA 
Kennedy Space Center, NASA Marshall Space Flight Center, NASA John-
son Space Center’s White Sands Test Facility (WSTF), and NASA Langley 
Research Center to address this problem. The team underwent a thorough 
review of available documentation on specific bracket motions, bracket design, 
and tolerances to better understand the constraints. Throughout fiscal year 
2006, the team worked to provide a flexible foam solution that would fill any 
gaps and thereby minimize and/or prevent ice formation.

Researchers in Glenn’s Materials and 
Structures Division were responsible 
for the thermal and mechanical testing 
and for general evaluation of candidate 
materials to establish desired properties 
and guide material development. From 
the document review, certain limits were 
established that successful materials 
must pass to be considered. Specifically, 
the material must withstand thermal envi-
ronments from cryogenic temperatures 
through 300 °C and must remain flexible 
throughout this range. It also must be able 
to withstand repeated compressions of 
20 percent without failing. Within these 
boundaries, scientists and engineers 
tested several foam types—including (1) 
methyl phenyl silicone foams, (2) friable 
glass microsphere foams, (3) aerogel-
silicone foams, and (4) polyimide-based 
foams—and benchmarked the results 
versus the standard BX–265 polyure-
thane ET closeout foam. 
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All the materials tested boasted initial decomposition temperatures several 
hundred degrees higher than the benchmark BX–265 foams, with several 
past 500 °C. Ultimately, the first three classes of foams failed for different 
reasons including stiffening at cryogenic temperatures and unacceptable 
thermal transitions (thermodynamic chemical restructuring) in the specified 
temperature range. Additional testing with the Polyumac foam on an engineer-
ing test article is planned. If successful, the technology will be transferred to 
the Space Shuttle Program for potential implementation.
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Left: View of space shuttle during STS–114 prior to orbiter attachment reveals the five attachment brackets securing 
the LOx feedline to the ET. Top right: Closeup view of topmost bracket before tanking. Bottom right: Closeup view 
of the same bracket after tanking with obvious ice seen in the gap between the bracket and the feedline, and in the 
area between the tank and the bracket.

Thermogravimetric analysis of two versions of the leading 
candidate foam produced by Polyumac Inc. (Hialeah, FL) 
compared with the standard shuttle polyurethane closeout 
foam BX–265. Both versions performed extremely well, 
with the onset of decomposition beginning around 250 °C 
and material degradation well past 300 °C. 

Find out more about LOx feedline 
bracket ice mitigation:
http://www.grc.nasa.gov/WWW/NESC/
PDF_files/LOXFeedline_icemit.pdf
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Methodology Based on Vertical Scanning Interferometry Developed for 
Space Shuttle Window Inspection

As a result of the Space Shuttle Columbia accident, a number 
of safety-related concerns have emerged in the Space Shuttle 
Program. One such concern involves the ability to adequately 
locate and measure window defects, which accumulate from 
several types of debris sources during shuttle missions. Of 
particular interest is the ability to accurately and precisely deter-
mine defect depth because this parameter dictates whether or 
not a window needs to be taken out of service. 

In the past, a two-dimensional section-based approach was 
used to assess window defects for depth: an optical microscope 
outfitted with a micrometer stage used a replica to ascertain 
defect depth. This technique had been shown to have a depth-
resolution capability on the order of ~5 µm with a variation on 
the same order. Until recently, this level of accuracy was con-
sidered to be acceptable, but recent changes in the program requirements 
dictated a higher degree of resolution capability. To meet this requirement, a 
new methodology/technique based on vertical scanning interferometry (VSI) 
was developed at the NASA Glenn Research Center. This approach utilizes 
changes in fringe modulation to accurately determine the point of focus on 
a three-dimensional object during a scan, thereby allowing for the full three-
dimensional reconstruction of the object or defect.

The top photograph shows the typical result of performing a scan using the 
VSI technique. Using this technique, depth measurements on shuttle window 
defects were shown to be resolvable to within 0.5 µm of the actual depth. The 
technique was validated by comparing the three-dimensional reconstruction 
results from the VSI technique to independent measurements made in a 
field emission gun-scanning electron microscope. The results, which can be 

seen in the following figures, show that 
the VSI technique produced the salient 
features of the defect with a high degree 
of accuracy. The results taken from the 
VSI-based technique constitute an order 
of magnitude improvement in sensitivity 
over measurements taken via the former 
method. Along with the improved sensi-
tivity gains, the technique also provides 
both quantitative and qualitative mor-
phology information, which can aid in 
determining the root cause associated 
with the creation of the defect.

100 µm

Three-dimensional surface produced by performing a typi-
cal scan with the VSI tool. Note that both detailed height 
information and morphological information are produced 
via this method.

Comparison of the defect morphology. Left: Image taken with field emission gun-scanning electron microscope. Right: Three- 
dimensional surface produced by performing a scan with the VSI tool. All features of the defect were captured by the VSI technique.
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The VSI-based methodology also showed a significant reduction in operator-
to-operator depth-measurement variability. With the initial feasibility study on 
the technique demonstrated successfully, the technique was transferred to the 
NASA Kennedy Space Center, where work is underway to certify the instru-
ment and technique for use. Once completed, the VSI-based methodology will 
be adopted as the technique used to recertify all shuttle windows for flight.
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Composite Crew Module Designed and Sized for Orion 

The Crew Exploration Vehicle, or Orion, will replace the space shuttle for fer-
rying crews to and from the International Space Station; and in the future, it 
is planned to take part in manned lunar and Mars missions. The spacecraft 
consists of three components (see part (a) of the figure beginning on the next 
page): (1) the Launch Abort System, (2) the Crew Module (CM), and (3) the 
Service Module. Although Orion will ultimately be constructed by Lockheed 
Martin Corporation, NASA developed an independent CM design as part of 
a smart buyer exercise. The current design is predominantly metallic, relying 
heavily on NASA’s past experience with the Apollo program configuration. 
Early in 2006, the NASA Engineering and Safety Center assembled a team to 
examine the possibility of an alternative composite-dominated CM design. As 
part of this activity, NASA Glenn Research Center personnel and contractors 
took the lead on designing and sizing a potential monocoque CM concept and 
performed sizing analysis on a geometrically stiffened CM concept designed 
by the NASA Ames Research Center (see parts (b) to (e) of the figure).

The NASTRAN finite-element code and the HyperSizer structural sizing code 
were used for the design and sizing (ref. 1). HyperSizer identifies structural 
components (e.g., beams, bars, and panels) from a finite-element model 
and, on the basis of the loads on each component from the finite-element 
analysis results, along with specified factors of safety, sizes the components 
for minimum weight. Specializing in composite materials and stiffened sand-
wich panels, HyperSizer checks a large number of static failure and buckling 
criteria, enabling rapid design with a high level of confidence. HyperSizer’s 
new HyperFEA module (ref. 2), which automates the process of sizing all 

components in a structure and of iterat-
ing with NASTRAN to capture the effects 
of load redistribution, was employed for 
rapid turnaround. Load cases represent-
ing internal pressure, 15g Launch Abort 
System acceleration, and 16g late abort 
reentry deceleration were considered in 
the analyses.

The monocoque composite CM concept 
combines the CM aeroshell and pres- 
sure vessel over part of the CM acreage 
(see part (b)). Starting with an existing 
CM finite-element model provided by the 
NASA Langley Research Center that had 
a separate aeroshell and pressure ves-
sel, the pressure vessel wall was moved 
outward to merge with the aeroshell as 
shown. The original conceptual design 
involved TEEK (low-density polyimide 
closed-cell foam designed and pat-
ented at Langley) sandwich panels with 
hybrid composite laminate facesheets 
composed of IM7/8552 graphite/epoxy, 
Kevlar (DuPont)/epoxy, glass/epoxy, 
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and T300/934 carbon/epoxy plies. The facesheet construction was chosen 
to provide micrometeoroid impact resistance. A total CM weight of 1965 lb 
resulted from the HyperSizer-NASTRAN sizing of the CM with these TEEK 
sandwich panels. Next, an alternative design involving webcore (ref. 3) sand-
wich panels with identical facesheets was sized. The resulting weight was 
1538 lb—427 lb less than the original sandwich construction concept. Finally, 
a third design was considered involving IM7/977–2 graphite/epoxy face- 
sheets in conjunction with webcore sandwich panels. The resulting weight 
was 1081 lb—an additional savings of 457 lb. Part (d) shows the webcore 
sandwich panel core thickness resulting from the sizing.

Crew
Module
(CM)

Pressure
vessel

Pressure
vessel

Aeroshell 

Aeroshell 

Heat
shield

Heat
shield

Launch Abort 
System (LAS)

(a) (c)

(b)

Service 
Module 
(SM) 

Aeroshell and
pressure vessel 
combined 

Proposed design for composite crew module. (a) Orion. (b) Monocoque CM design led by Glenn.  
(c) Geometrically stiffened CM design led by Ames.

The geometrically stiffened CM concept 
is based on corrugating the top and bot-
tom of the pressure vessel (similar to the 
bottom of a plastic 2-liter soft drink bottle) 
to derive stiffness from the geometry itself 
(see parts (c) and (e)). Ames designed 
this concept and provided a NASTRAN 
finite-element model for the concept to 
Glenn. Glenn performed the HyperSizer-
NASTRAN sizing. The original concept 
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for the geometrically stiffened design called for the pressure vessel to be 
composed almost exclusively of solid IM7/977–2 graphite/epoxy laminates 
rather than sandwich panels. This configuration resulted in a total sized 
CM weight of 1851 lb. As an alternative design, webcore sandwich panels with 
IM7/977–2 graphite/epoxy facesheets were introduced, reducing the sized 
CM weight to 1330 lb—a weight savings of 520 lb. Part (e) shows the webcore 
sandwich panel core thickness resulting from the sizing.
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Proposed design for composite crew module. (d) Sized webcore sandwich panel core thick-
ness for monocoque CM design. (e) Sized webcore sandwich panel core thickness for geo-
metrically stiffened CM design (one-fourth model). This figure is shown in color in the online 
version of this article (http://www.grc.nasa.gov/WWW/RT/2006/RX/RX73L-arnold3.html).
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Polymer Matrix Composites Evaluated for Advanced Space Radiators

High-temperature polymer matrix composites (PMCs) based on high thermal 
conductivity (~1000 W/mK) pitch-based carbon fibers (e.g., K1100, Cytec 
Industries Inc., and K13D2U, Mitsubishi Chemical Corp.) are being consid-
ered for facesheet/fin structures in next-generation large-area space radia-
tors such as the heat-rejection system for the Jupiter Icy Moon Orbiter and 
the Service Module radiator for the Crew Exploration Vehicle (CEV) (refs. 1 
and 2). Replacement of conventional metallic structures with PMC structures 
could lead to significant weight reductions along with improved thermal per-
formance, tailorability and manufacturability, and structural integrity. However, 
several challenges, including establishing the reliability and space durabil-
ity of these PMC structures, must be addressed. Various commercial resin 
systems including cyanate esters (e.g., RS–9D, YLA, Inc.), bismaleimides, 
and polyimide were selected for this application because of their high- 
temperature capability and processability. To improve the thermal conductiv-
ity (TC) and microcracking resistance of PMCs, nanocomposites modified 
with vapor-grown carbon nanofibers (VGCNFs) and/or exfoliated graphite 
flakes (ExGfs) were evaluated at the NASA Glenn Research Center (see the 
following figure). 

PMC laminates were designed to match the thermal expansion coefficient of 
various metal heat pipes or tubes. Large, thin composite panels were suc-
cessfully fabricated after the cure conditions for the brittle, highly anisotropic 
fibers were optimized. The space durability of these PMCs was assessed by 
accelerated thermal aging tests in high vacuum (1 to 3×10–6 torr) at 227, 277, 

and 316 °C for up to 10,000 hr (see the 
photographs on the next page). Various 
thermal, physical, and mechanical prop-
erties were monitored systematically as 
a function of aging time and tempera-
ture to determine potential degradation 
mechanisms. High-quality nanocompos-
ites were fabricated and evaluated for 
TC and durability. TC was measured in 
both in plan and through the thickness. 
The effects of microcracking on TC also 
were investigated in collaboration with 
Prairie View A&M University. Laminates 
were subjected to up to 1250 thermal 
spiking conditioning cycles (from 177 to 
–196 °C) to generate microcracks, and 
TC is being measured. The radiation 
resistance of PMCs including nanocom-
posites was evaluated by electron beam 
irradiation testing at –20, 200, and 400 
Mrad. Weight changes after irradiation 
were minimal regardless of material, 

Typical scanning electron microscope micrographs of RS–9D/K13D2U PMC that was modified with vapor-
grown carbon nanofibers (VGCNF) and/or exfoliated graphite flakes (ExGF), showing fiber/filler distribution, 
connectivity, and defects.
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but more extensive residual property measurements are being conducted to 
ascertain any sign of degradation. 

A joint program with the NASA Johnson Space Center for the Advanced Tech-
nology Demonstration Radiator project was initiated to develop and demon-
strate a PMC radiator for the CEV. In this project, the fabrication of prototype 
substructures based on feasible material-design-fabrication concepts for the 
PMC-heat tube attachment such as the PMC facesheet design; the heat tube 
type, geometry, and radius; and heat tube-PMC bonding mechanisms are 
being pursued; and the structural integrity of the substructures prepared from 
these methods is being evaluated. A commercial CE film adhesive (RS–4A, 
YLA Inc.) rated for up to 230 °C cure was used to bond heat tubes to PMC 
facesheets, along with higher use temperature CE adhesives modified with 
conductive nanofillers to improve TC. A full-scale, a single quarter-cylinder 
panel based on the results of these studies and representing one-fourth of a 
CEV radiator is planned to be fabricated and tested in fiscal year 2007. 
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Crew Exploration Vehicle Landing Concept Designed

The NASA Exploration program is investigating the merits of water and 
land landings for the Crew Exploration Vehicle (CEV). For land landings, 
four options are under investigation: (1) retrorockets, which fire and slow the 
CEV before landing; (2) deployable crushable material, which deploys just 
before and crushes during landing, thus absorbing energy; (3) airbags; and 
(4) deployable legs, which deploy before landing and contain material that 
absorbs energy during landing. The NASA Glenn Research Center investi-
gated the effectiveness of the deployable leg concept. Structural models of 
the deployable leg concept were integrated with the Crew Model (CM), and 
computational simulations were performed to determine vehicle and compo-
nent loadings, acceleration levels, and astronaut risk. 

The simulations needed to simulate the complex transient dynamic behavior 
of the CM and the attached deployable legs impacting a landing surface. 
The deployable leg-CM model consists of a collection of structural parts. The 
main portion of the vehicle, which consists of the pressure vessel, associated 
structure, and internal components, is modeled as a rigid part having inertia 
properties equivalent to the Design Analysis Cycle II CM design. Since this 
part is modeled as rigid, it exhibits no structural deformation and no structural 
loadings are computed for it. Although the actual landing surface will be some 
form of soil that will deform on impact and absorb energy, for this study, the 
landing surface was assumed to not deform or absorb energy from landing, 
so it also was modeled as a rigid part. The landing surface was made large 
enough so that the vehicle would not leave the surface during the range of 
landing simulations performed in this study. 

Four sets of deployable legs are attached 
to the pressure vessel and all are cen-
tered about the direction of the horizontal 
landing velocity. The two front sets are 
45° apart, and the two rear sets are 135° 
apart. The locations were determined 
from the design of the vehicle under-
body and the availability of space and 
attachment points. Having the two front 
sets closer together is advantageous for 
horizontal landing velocities, and having 
the two rear sets more spread out adds 
to overall vehicle stability.

The primary and secondary landing leg 
designs are fundamentally similar to those 
used for the Apollo Lunar Module: the pri-
mary legs are designed for compression 
only, and the secondary legs are designed 
for both compression and tension. Both 
the primary and secondary landing legs 
have an outer housing that contains 
crushable material which is designed to 
provide a constant force regardless of leg 
displacement. The appropriate crushable 
material could provide constant decel-
eration to the CEV and could maintain 
acceleration levels at or below design 
criteria. However, the material can only 
be designed for a single design condition, 
and performance at off-design conditions 
will be less than optimal. The length of the 
legs, the crushable force, and the stoke 
length were altered several times until an 
optimal design was obtained.

CM model with deployable legs.
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The table depicts the overall effectiveness of the deployable legs, summarizing 
the maximum accelerations in the x- and y-directions for each of the 12 load 
cases. The maximum acceleration levels were fairly constant regardless of 
the loading conditions. For large horizontal landing velocities, the maximum 
acceleration did not exceed 10g; and for zero horizontal velocity, the maximum 
acceleration was 9g. Pitch angle also had only a limited effect on the accel-
eration levels. The maximum acceleration was 10g for a nose-down landing 
and 9g for a heel-down landing. The results show that the deployable legs 
effectively accommodated the 12 landing conditions.
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Lightweight Cryogenic Hydrogen Storage Tanks—Preliminary Design for 
Unmanned Aerial Vehicle Applications Evaluated

Unmanned aerial vehicles (UAVs) are a proven asset in tactical military 
applications, providing remotely operated surveillance and reconnaissance 
in battlefield operations. The civil aviation sector also envisions an expanding 
role for UAVs including atmospheric science research. Power and propulsion 
systems for UAVs currently being investigated use fuel cells with electric 
motors and internal combustion engines. Many of the uses for UAVs require 
high-altitude, long-endurance platforms, necessitating low vehicle dry weight. 
In addition, low to zero emissions of environmentally harmful products is 
desired. Because of its high specific energy content and near zero harmful 
emission, liquid hydrogen (LH2) is emerging as a possible fuel for these pro-
pulsion systems. A large, lightweight, reusable cryogenic liquid storage tank 
that can store fuel for several days would be needed for LH2 UAVs.

LH2 storage tanks have many challenges and design issues, including deter-
mining the optimal geometrical shape and size for the tank, maintaining cryo-
genic temperature for preventing hydrogen boiloff, hydrogen permeation, and 
hydrogen embrittlement. Currently insulation systems use foams (including 

advanced aerogels) and multilayer insul- 
ation (MLI) systems with vacuum. Poten-
tial tank wall materials include monolithic 
metals, polymer matrix composites, and 
discontinuously reinforced metal matrix 
composites. 

Over the past few years, NASA has sup-
ported some development of crosslinked 
silica aerogels and nanoclay-enhanced 
graphite/epoxy composites for poten- 
tial use in advanced, lightweight, durable 
tank designs. For nanoclay-enhanced 
graphite/epoxy composites, clay plate-
lets are added to the epoxy prior to 
fiber impregnation to reduce matrix 
microcracking and permeation. A 
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nanoclay-enhanced graphite/epoxy composite has been proposed for cryo-
genic tanks because these tanks may weigh less than metal tanks and may 
provide sufficient hydrogen permeation resistance. 

Engineering analyses were performed to assess the possibility of using these 
materials in UAV tank applications. Analyses were performed to assess the 
benefits of these materials and to provide material property value targets 
for the continued development of these materials. To investigate the use of 
crosslinked silica aerogels and nanoclay-enhanced graphite/epoxy compos-
ites in cryogenic hydrogen tank designs, we considered two tank designs: 
(1) a vacuum-jacketed tank design and (2) a sandwich tank construction 
consisting of an inner and outer shell and an aerogel insulating core. For a 
common set of design specifications, we performed thermal and structural 
analyses of each design to compare tank architectures, materials, and insula-
tion. The tank size was based on 1323 lb of propellant with an ullage volume 
of 5 percent. A vacuum-jacketed tank with an MLI blanket offered the most 
efficient thermal design. Spray-on-foam insulation and high- or low-strength 
aerogels resulted in a much heavier tank system because of a higher rate of 
heat penetration and thus propellant boiloff (see the figure). Analyses showed 
that a sandwich construction with an aerogel core is not a viable design solu-
tion for long-duration applications. A vacuum-jacketed design is far superior 
to aerogel, although a design using aerogel insulation may be feasible for 
shorter duration missions. The results also revealed that the application of 
nanoclay-enhanced graphite/epoxy should be limited to the construction of 
outer tanks in a vacuum-jacketed design, since a graphite/epoxy inner tank 
does not provide enough weight savings over an aluminum tank and since 
the ability of nanoclay-enhanced graphite/epoxy to limit hydrogen permeation 
is still in question. 
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Nanoindentation Hardness of Compacted JSC–1 Lunar Soil 
Simulant Determined

Structural and functional reliability is vital for lunar surface operations using 
moving mechanical assemblies, such as life-support machinery, rovers, and 
scientific equipment. Lunar dust has been identified as the most important 
obstacle to this reliability, so the NASA Glenn Research Center, in collabora-
tion with the Nippon Institute of Technology, studied the hardness of a lunar 
dust simulant (JSC–1) for future comparison with lunar materials. When con-
tact surface material is removed by hard lunar dust particles, abrasive wear 
occurs. Particles may adhere to a second surface or may exist as loose par-
ticles between two contacting surfaces. The rate of abrasive wear is at least 
one to two orders of magnitude greater than that of other mechanisms, such 
as adhesive wear and fatigue. A material’s static hardness has been related to 
its abrasive wear resistance, and abrasive wear rate is inversely proportional 
to Vickers hardness for many annealed pure metals. Therefore, a hardness 
study of JSC–1 is important in determining how the hardness and elastic 
modulus of lunar dust will affect the wear behavior of materials proposed for 
lunar mechanisms.

Tests showed that JSC–1 is cohesive: 
its particles stick together under cold or 
hot pressing at compaction pressures of 
4 to 6 GPa. Hot pressing at 1473 K pro- 
duced a higher bulk density than cold 
pressing at 296 K did. The surfaces in 
contact with JSC–1 were flats polished 
with 1-µm diamond powder, and the 
root mean square roughness of the 
cold- and hot-pressed JSC–1 surfaces 
were 0.1 µm. 

A Berkovich indenter was used for 
nanoindentation measurements up 
to a predefined load of 1000 µN with 
the cold- and hot-pressed JSC–1, and 
load/unload curves were recorded for 
each indentation with a nanoindenta-
tion device mounted in an atomic force 
microscope (AFM). Reference meas- 
urements were conducted with fused 
silica, silicon, silicon carbide, amorphous 
silicon carbide films on silicon, and 
polycrystalline boron carbide. Both cold- 
and hot-pressed JSC–1 were charac- 
terized by low-vacuum scanning electron 
microscopy (SEM), three-dimensional 
measurements with SEM, and AFM for 
morphological and topographical analy-
sis; x-ray diffraction for phase analysis; 
and x-ray fluorescence, energy disper-
sive x-ray spectroscopy with SEM, and 
electron probe microanalysis or x-ray 
microanalysis using wavelength disper-
sive x-ray spectrometers for chemical 
and elemental analysis. 

Measurements similar to those in the 
graphs gave the nanoindentation hard-
ness for cold- and hot-pressed JSC–1, 
fused silica, silicon, silicon carbide, 
amorphous silicon carbide films on sili-
con, and polycrystalline boron carbide. 
The photomicrographs on the next page 
show the resulting nanoindentations.

The measured hardness value of the 
cold-pressed JSC–1 was 2/3rd, 1/8th, 
and 1/9th, respectively, of that of silicon, 
silicon carbide, and polycrystalline boron 
carbide. The harder ceramics, such 
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as boron carbide and silicon carbide, most likely possess greater abrasive 
resistance to JSC–1. In a separate investigation, the authors found that JSC–1 
did readily abrade silicon. Thus, boron carbide and silicon carbide may be 
needed to provide suitable antiabrasion surfaces for long-life, lightweight 
components in surface mobility and power systems for lunar operations.
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Scanning probe microscope images of the nanoindentations obtained by in situ 
imaging using the Berkovich indenter tip to scan the surface. Left: Cold-pressed 
JSC–1. Right: Hot-pressed JSC–1.
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Hybrid Power Management Program: Grid-Tie Photovoltaic Power System 
Designed, Developed, and Is Providing Power to NASA Glenn

ENGINEERING DEVELOPMENT

Recent electrical utility power system outages indicated the need to reinforce 
the power system at the NASA Glenn Research Center. Modern photovoltaic 
(PV) panels and electronics have made grid-tie power systems safe, reliable, 
efficient, and economical with a life expectancy of at least 20 years. In fiscal 
year 2006, Glenn designed, developed, and installed a state-of-the-art grid-
tie PV power system that is providing power to Glenn’s power grid so that it 
is available for use by all. The project was proposed by the Avionics, Power, 
and Communications Branch of Glenn’s Engineering and Systems Division 
to Glenn’s Facilities Division as follows:

• Design, install, and test a grid-tie PV power system for Glenn facility 
power. 

• Connect a grid-tie system directly to the utility distribution grid. 
• Obtain any additional facility power from the utility system as normal. 
• Synchronize the PV system with the utility system.
• Design the PV system to provide power for the facility and for excess power 

to be sold to the utility.

The project transfers space technology to terrestrial use via nontraditional 
partners, and it provides power system data valuable for future aero- 
nautics and space applications. The work was done under the Hybrid Power 
Management (HPM) Program. HPM is the innovative integration of diverse, 

state-of-the-art power devices in an opti-
mal configuration for space and terrestrial 
applications. The appropriate application 
and control of the various power devices 
significantly improves overall system 
performance and efficiency. Applications 
include power generation, transportation 
systems, biotechnology systems, and 
space power systems. 

There are many benefits to the grid-tie 
PV power system:

• Glenn personnel glean valuable expe-
rience with PV power systems that are 
directly applicable to various space 
exploration power systems.

• Power generated by the PV system 
reduces Glenn’s utility demand and 
aids the community.

• The system provides valuable space 
program test data.

The grid-tie PV system has operated 
flawlessly since operation began. The 
system performance has been excellent, 
and expansion of the system is under 
consideration.
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The HPM Program has been applied to Glenn’s electric utility system through a 
grid-tie PV power system. 
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Large-Scale Levitated Ducted Fan Conceptual Design Developed

Glenn has a wealth of experience in Levitated Ducted Fan (LDF) technology 
through the Fundamental Aeronautics Program. The goals of the program 
include improving aircraft efficiency, reliability, and safety. The objective of this 
work is to develop a viable noncontact propulsion system utilizing Halbach 
arrays for all-electric flight and many other applications. In fiscal year 2006, 
the NASA Glenn Research Center initiated development of a revolutionary 
32-in.-diameter LDF conceptual design. This LDF design will help to reduce 
harmful emissions, will reduce the Nation’s dependence on fossil fuels, and 
will mitigate many of the concerns and limitations encountered in conventional 
aircraft propulsors. 

The concept integrates numerous advanced technologies into a revolution-
ary aeropropulsion system architecture. The innovative physical layout con-
sists of a ducted fan drum rotor with blades attached at the outer diameter 
and supported by a stress tuner ring at the inner diameter. The fan blades 
operate in compressed stress fields with an expected doubling of fatigue life 
improvement. The rotor is contained within a static shell assembly or stator. 
This concept exploits the unique physical dimensions and large available 
surface area to optimize a custom, integrated, electromagnetic system that 
provides both the levitation and propulsion functions. The rotor is driven by 
modulated electromagnetic fields between the rotor and the stator. When set 
in motion, the time-varying magnetic fields interact with passive coils in the 
stator assembly to produce repulsive forces between the stator and the rotor 
that provide magnetic suspension. The advantage of this technique is that it is 

Scale model of the 32-in.-diameter LDF conceptual design.

inherently stable once the rotor reaches 
a critical speed, and thus requires no 
active feedback control or supercon-
ductivity as required in many traditional 
implementations of magnetic suspen-
sion. Optimal modulation is achieved via 
the controller and power electronic drive 
circuitry between the power source and 
integrated motor assembly. 

A small-scale experimental hardware 
system was successfully designed and 
developed that served to validate the 
basic principles described and the theo-
retical work that was performed. Finite-
element analyses were performed to 
validate the theoretical derivations. Of 
particular value are the analytical tools 
and capability that were developed suc-
cessfully under this project. Performance 
predictions can be made confidently for 
machines of various scales.

The 32-in.-diameter LDF conceptual 
design is a practical implementation 
of this technology. The factors limiting 
performance improve significantly when 
the physical scale is increased. The 
thrust generated at the design speed of 
6630 rpm is 948 lb. The total rotor lift at 
6630 rpm is 1549 lb, which is ample to 
lift and center the 342-lb rotor. The drag 
is very low at the design speed, and the 
efficiency is very high. 

View of the 32-in.-diameter LDF conceptual 
design.
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The Acoustical Testing Laboratory (ATL) at the NASA Glenn Research 
Center provides acoustic emission testing services for NASA’s flight programs 
in support of hearing conservation, speech communication, and mission safety 
goals. The ATL offers its clients frequent opportunities for acquiring noise 
emission measurements in the context of a low-noise development program 
that includes acoustical engineering support for the selection of materials 
and sound source components, noise budgeting, and noise control design 
strategies. 

Cooling fans are the primary contributor to the noise emissions of most 
spaceflight hardware, and they are typically integrated into the overall pack-
age geometry to optimize space usage, often resulting in inlet and discharge 
conditions that pose challenges for minimizing noise emissions. In evalua-
ting candidate fans, designers must consider noise emissions as a function 

Acoustical Testing Laboratory Developed Automated Aeroacoustic 
Characterization Capability for Cooling Fans 

LDF can significantly improve aviation performance, reliability, and safety. 
In addition to aircraft engines, this technology has potential application in 
ultra-efficient motors, computer memory systems, instrumentation systems, 
medical systems, manufacturing equipment, and space power systems, such 
as generators and flywheels.
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of fan performance within the context of 
the installed geometry, which requires 
the ability to simulate that geometry as 
well as the range of expected opera-
ting conditions (including fan speed and 
loading). Noise emission and discharge 
static pressure measurements acquired 
simultaneously for several fan speeds 
provide a complete characterization of 
the fan’s acoustical and aerodynamic 
performance, which can be used to make 
informed design choices that include 
fan selection, installation geometry, and 
design operating point.
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In response to the lack of published engineering data for commercial cool-
ing fans, the ATL developed the ability to simultaneously characterize the 
installed acoustical and aerodynamic performance of candidate cooling 
fans for spaceflight hardware using an automated one-half-scale acousti-
cally transparent fan test plenum (ref. 1) designed in accordance with ISO 
10302 (ref. 2). The plenum (see the photograph) is used in conjunction with 
the procedures for sound-power-level determination specified in ISO 3744 
(ref. 3) to simulate desired inlet and discharge flow conditions while map-
ping the aerodynamic and acoustic performance over the range of operating 
speeds and pressures. 

With the addition of the fan test plenum, the ATL began a collaborative pro-
gram of cooling fan research to develop and compile comprehensive fan 
engineering data for spaceflight hardware designers. Initial efforts cataloged 
the effects of inlet flow conditions for several small fans typically used in sci-
ence experiment packages for the International Space Station (ref. 4). These 
ATL data were later supplemented by particle image velocimetry and hot 
wire anemometry data to identify installation and design changes that could 
improve fan aerodynamic and acoustical performance (refs. 5 and 6). Glenn’s 
well-established aeroacoustic prediction, experimental methods, and design 
strategies for large (engine) fan geometries may be applicable to small cool-
ing fans. The addition of the automated fan test plenum to ATL’s methods for 
sound power determination, combined with Glenn’s legacy aircraft engine 
research tools, represents a new and unique capability that could be valu-
able to future flight programs as well as to manufacturers and designers of 
commercial cooling fans and associated equipment (ref. 7). 
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The Exercise Countermeasures Laboratory (ECL) at the NASA Glenn Research 
Center was developed as a ground-based test analog for simulating in-flight 
(microgravity) and surface (partial gravity) exercise to advance the health and 
safety of astronaut crews and the next generation of space explorers. 

The ECL features the Enhanced Zero Gravity Locomotion Simulator 
(eZLS), designed to support the development and validation of advanced 
exercise countermeasure devices, requirements, and exercise prescrip-
tions for mitigating the detrimental physiological effects of long-duration 
space flight. 

Without gravity to work against, muscles and bones weaken, and to date, 
no exercise regimen has been effective in mitigating these changes in 
spacecraft crew members. To improve exercise routines and equipment 
for crew members, the Exercise Countermeasures Project at Glenn 
developed the eZLS in collaboration with the Cleveland Clinic and ZIN 
Technologies, Inc. Research testing on the simulator began in the summer 
of 2006, and studies with human participants are underway. Research 
areas include improving crew comfort during exercise, exercise prescrip-
tion and hardware optimization based on directly measured mechanical 
dose to the musculoskeletal system, and developing and characterizing 
advanced exercise device concepts for exploration class missions.

International Space Station Astronaut Donald Pettit runs on a simulated zero- 
gravity treadmill on the eZLS in Glenn’s Exercise Countermeasures Laboratory.

Exercise Countermeasures Laboratory—New Ground-Based Analog for 
Space Exploration Developed 

The eZLS features a treadmill that floats 
on a thin film of air and interfaces to a 
force reaction frame via a set of four vari-
ably compliant isolators. The isolators 
can be configured to simulate compliant 
interfaces to the vehicle, which affects 
mechanical loading to crewmembers 
during exercise. A subject suspension 
system simulates a reduced-gravity 
environment by completely or partially 
offloading the weight of the exercising 
test subject’s head, torso, arms, and 
legs. From a freestanding truss super-
structure that stands 20 ft from ground 
level, a test subject is suspended hori-
zontally for zero-gravity simulations or 
at the appropriate pitch angle for partial- 
gravity simulations. The suspension 
system uses remotely operated motors 
to allow adjustment of tension in the 
suspension bungee cords and speeds 
the setup operations. The subject’s 
body weight relative to the treadmill is 
controlled via a motorized subject load 
device. This device employs a force-
feedback closed-loop control system to 

Variably compliant isolators.
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provide a relatively constant force to the test subject during locomotion, and 
it is set and verified for subject safety prior to each session. 

Experiments conducted using the eZLS may help medical researchers to 
develop methods to help prevent osteoporosis on Earth as well as in space 
because the mechanism of bone and muscle loss is very similar, though greatly 
accelerated during space travel. The eZLS will be used as a ground-based 
testbed to support future missions for space exploration and will eventually 
be used to simulate planetary locomotion in partial gravity environments, 
including the Moon and Mars.

Find out more about the eZLS: 
http://www.nasa.gov/mission_pages/station/science/eZLS_treadmill_010306.html
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ZIN Technologies, Inc., contact: 
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This year, NASA Glenn Research Center and ZIN Technologies, Inc. devel-
oped a gravity-replacement load device for the Cleveland Clinic’s Depart-
ment of Biomedical Engineering for use with their Zero Gravity Locomotion 
Simulator (ZLS). The gravity-replacement device was critically needed for a 
bedrest campaign at the Cleveland Clinic to validate exercise prescriptions for 
mitigating the bone and muscle loss that astronauts experience during long- 
duration space missions. 

Using the ZLS, researchers can mimic 
microgravity loading conditions on the 
musculoskeletal system by suspending 
a human subject in a horizontal position 
while the subject runs on a vertically 
mounted treadmill (see the photograph 
to the left). To accomplish this, a gravity-
replacement load was required to keep 
a constant force on the subject during 
exercise. 

The gravity-replacement load device had 
to satisfy the following requirements:

(1) Protect subjects from higher than 
prescribed loads, especially impact 
loads

(2) Require minimal training for opera-
tors and subjects

(3) Provide fairly constant loading on 
the subject throughout locomotion

(4) Provide high operational reliability

ZIN Technologies, Inc., developed the 
engineering concept and prototyped 
the highly compliant pneumatic Sub-
ject Load Device (pSLD) (see the next 

Gravity-Replacement Load Device Developed and Implemented for the 
Cleveland Clinic

Conceptual view of the ZLS. 

pSLD 
Vertical  
treadmill   

Test subject,  
suspended horizontally   

Subject  
load cable 
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photograph). They then teamed with Cleveland Clinic’s prototype shop to build 
the necessary interfaces for this unique application. The pSLD provides the 
following features:

(1) Safety—The transient loading created by any pneumatic spring failure is 
a load decrease, which is an inherent safety feature to prevent inadver-
tent overload to the test subject. The pneumatic spring limits the amount 
of created force, which is easily controllable by a pressure relief valve, 
preventing an overload to a subject. 

(2) Simplicity—Training is minimal. Operators just learn the sequence of the 
three on-off steps. Subjects just learn to bend their knees to release the 
load. The desired subject load is achieved by setting the corresponding 
pressure in the pneumatic spring. 

(3) Accuracy—A custom-designed force reducer–displacement multiplier 
is used to minimize the inertial load. The measured load variation was 
equal to or less than ±8 percent of the nominal subject load, depending 
on the running speed and the nominal load.

(4) Reliability—out of 140 hr total of ZLS testing, two 1-hr tests had to be 
conducted with a backup device. The root causes of both malfunctions 
were addressed, and the pSLD was back in operation within 4 hr.

The pSLD has proven to be a safe and 
reliable device over 7 months of operation 
and will continue to be used in the future. 
Implementation of this device enabled the 
Cleveland Clinic to begin an extensive 
bedrest study in a timely manner.
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Sergey.Samorezov-1@nasa.gov 
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Particulate Aerosol Laboratory Reactivated in NASA Glenn’s 
Engine Research Building

RESEARCH TESTING

The Particulate Aerosol Laboratory (PAL) was designed, built, and operated 
for over a decade at the NASA Langley Research Center as the Jet Gas 
Simulation Rig. Upon completion of Langley’s test program, the NASA Glenn 
Research Center agreed to acquire the rig and continue to study emissions 
at upper atmospheric conditions. The test rig and hardware arrived at Glenn 
in 2000 and were installed in Glenn’s Engine Research Building. Glenn’s 
Combustion Branch conducted only 13 runs in this research facility before it 
was placed in standby in 2004. In an effort to continue the research that was 
started in 2003, a request was made to reactivate the facility in late 2005. 
Through the combined efforts of Glenn’s civil service and contractor work-
force, the facility was recently reactivated and recertified. Checkout testing 

of the test rig was started in May, and the 
facility was fully functional as of Septem-
ber. Multiple tests are planned for this 
facility, and utilization is anticipated for 
the next 1 to 2 years.
 
The PAL will be the only known facility 
to utilize an altitude chamber for basic 
atmospheric chemical research, and the 
reactivation of this altitude facility opens 
up the possibility of studying high-altitude 
chemistry and of obtaining data that can 
be used in atmospheric modeling. The 
PAL altitude chamber can simulate the 
environment of the upper troposphere 
or lower stratosphere (~45,000 ft), and 
PAL-enabled studies of homogeneous 
and heterogeneous chemistry will help 
us to understand the effects of emissions 
on the atmosphere. With the reactivated 
PAL facility, analysis of chemical spe-
cies and particulates by mass spectros-
copy, measurement of the magnitude of 
the emissions, and the analysis of the 
effects of these emissions on the envi- 
ronment will now be easier and more 
economical. 
 

Find out more about the PAL facility: 
http://facilities.grc.nasa.gov/erb/cells/se11/
se11.html
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PAL altitude chamber and combustor. 
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Upgrades to the 150-psig combustion air piping system servicing the Aero-
Acoustic Propulsion Laboratory (AAPL) at the NASA Glenn Research Center 
have resulted in significant improvements to the test facility and a safer, quieter 
working environment for Center employees. Upgrades were commissioned 
by Glenn’s Facility Management and Planning Office and were accomplished 
through collaborative efforts of AAPL facility staff, Glenn’s Facilities Division 
staff, and ZIN Technologies and Mainthia Technologies Incorporated contrac-
tors. Work entailed replacement of facility flow-control butterfly valves with 
low-noise V-Ball valves, installation of a noise-attenuator plate (an adjunct and 
complementary component to new low-noise valves), replacement of flow-
metering venturi and associated instrumentation, fortification of piping supports 
and pipe sections to meet national consensus code requirements, removal of 
pipe penetrations through the interior inlet-tunnel walls, and upgrade of facility 
noise-barrier walls to achieve roughly 55-dBA noise attenuation through the 
walls. The total project investment was about $120,000. 

The most significant performance result of this upgrade was a 20-dB reduc-
tion of freejet background noise within the test chamber near the loudest test 
condition over the frequency range of interest for model jet testing. In a facil-
ity where a few decibels of improvement in test hardware are significant, a 
20-dB reduction in the facility background noise floor is enormous. This 

Aero-Acoustic Propulsion Laboratory Piping Enhancements Reduced 
Facility Background Noise by 20 dB
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Result of facility modifications on AAPL test chamber background noise at 
a freejet flow condition of mach 0.30 (as measured at the 90° microphone 
position).

enables a whole new category of qui-
eter model jet hardware to be tested at 
the AAPL, and it improves the quality 
of jet-noise acoustic measurements at 
most levels of interest. It also makes the 
AAPL more competitive with benchmark 
facilities such as GE Cell 41 and the 
Boeing Low Speed Acoustic Facility. 
Other performance benefits resulting 
from the upgrade include improved 
flow-metering accuracy and ease 
of setting and maintaining test-flow 
conditions. 

The most significant safety benefit of the 
work was the hard-to-quantify improve-
ment in piping system safety, reliability, 
and confidence achieved by upgrading 
to meet or exceed national consensus 
code requirements. Perhaps the most 
appreciated health and safety benefit 
was a 5- to 6-dBA reduction in AAPL 
exterior piping noise, which produced a 
quieter and less annoying environment 
for Glenn employees working or travel-
ing in the AAPL vicinity.

Find out more about this research:
AAPL: http://facilities.grc.nasa.gov/aapl

Glenn’s Acoustics Branch:
http://www.grc.nasa.gov/WWW/Acoustics/
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NASA Glenn’s 8- by 6-Foot Supersonic Wind Tunnel/9- by 15-Foot Low-Speed 
Wind Tunnel Control System Upgraded

The computerized facility control system at the NASA Glenn Research Center’s 
8- by 6-Foot Supersonic Wind Tunnel/9- by 15-Foot Low-Speed Wind Tunnel 
(836/9315) complex was upgraded this year. This facility previously used a 
Westinghouse Distributed Process Family (WDPF) control system that was 
installed in 1988. This system served as the standard large-facility control 
system used at Glenn. Although state of the art at installation, the WDPF 
system had become obsolete and was nearing the end of its supported 
lifetime. System reliability and maintenance were becoming major issues. 
In addition, the system was nearing its capacity and would be unable to 
accommodate future facility testing needs.

To solve these issues and to take advantage of current control technologies, 
personnel from Glenn’s Aero Power & Propulsion Test Engineering Branch 
upgraded the existing WDPF control system with a new state-of-the-art Ova-
tion Expert Control System (Emerson Process Controls). This new system 
consists of redundant distributed processor control units and personal- 
computer-based operator consoles (as shown in the photographs). 

836/9315 control room operator consoles.

Installation of distributed process con-
trol unit.

To increase system reliability and to 
minimize obsolescence issues, the new 
system takes advantage of commercial, 
off-the-shelf personal computer and 
network technology. It also uses the 
existing facility input/output cards and 
wiring, minimizing installation cost and 
checkout time. In addition, the increased 
processing capability of the new system 
will allow for future growth and planned 
improvements in the control and opera-
tion of the 836/9315 complex.
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Hardware for the upgrade of the facility to the Ovation Expert Control System 
was purchased in August 2004. Installation was delayed because of the full 
test schedule for the 836/9315 complex, but the upgrade was initiated in June 
2006. Eight distributed process units, six operator consoles, and the network 
that ties them together were replaced. Following the completion of the hard-
ware and network installation, the new Ovation Expert Control System was 
brought online, and a series of system checkouts were performed to confirm 
that the system was working properly. An integrated systems test operating 
both the 8x6 and 9x15 wind tunnels was accomplished in August, addressing 
the remaining minor issues. The new control system worked as planned, and 
the 8x6/9x15 facility’s operation was fully tested and verified. 

This upgrade represents the fourth and final control system upgrade in Glenn’s 
major aeronautics test facilities. The control systems for Glenn’s 10- by 10-
Foot Supersonic Wind Tunnel and Icing Research Tunnel were upgraded from 
WDPF to Ovation in 2002 and 2003, respectively. The Propulsion System 
Laboratory’s control system was upgraded in 2005. These control system 
upgrades will enhance the capability of the major aeronautics facilities at 
Glenn, allowing them to support the Nation’s future aerospace research and 
development efforts.

Find out more about Glenn’s research facilities: 
http://facilities.grc.nasa.gov/
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