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An overview of a wide range of recent aerospace technologies under development at the NASA John H. Glenn
Research Center at Lewis Field, in collaboration with other NASA centers, government agencies, industry, and
academia is provided. The focused areas are space solar power, advanced power managementand distribution sys-
tems, Stirling cycle conversion systems, fuel cells, advanced thin-� lm photovoltaics and batteries, and combustion
technologies. The aerospace-related objectives of the technologies are generation of space power; development of
cost-effective and reliable, high-performancepower systems; cryogenicapplications;energy storage;and reduction
in gas-turbineemissions, with attendant clean jet engines. The terrestrial energy applicationsof the technologies in-
clude augmentationof bulk power in groundpower distribution systems and generation of residential, commercial,
and remote power, as well as promotion of pollution-free environment via reduction in combustion emissions.

I. Introduction

N ASA John H. Glenn Research Center at Lewis Field (GRC)
and its industry, academic, and interagencycollaboratorshave

been developingtechnologiesfor aerospaceapplications,with spin-
offs for potential terrestrialuses.This paperprovidesan overviewof
some recent power technologies, namely, space solar power (SSP),
power managementand distribution(PMAD), � ywheel, Stirling cy-
cle conversionsystems,fuel cells,and thin-� lm technologies,aswell
as combustion technology.

The objective of NASA’s Space Solar Power Exploratory Re-
search and Technology (SERT) program is to use a constellationof
satellites to beam gigawatts of space solar energy-derivedpower to
a terrestrialpower system using large rectennas.The beamed power
is microwave based and has low loss at 5.8 GHz. Reference 1 gives
a comprehensive digest of the SERT program, the goal of which
is to augment a projected shortfall of global electric power supply.
The shortfall is expected to result from widespread high demand
for, and consumptionof, energy.One in-house role is to develop the
technologiesfor SSP power generation and advanced PMAD.

The goals of the PMAD technology development are low cost,
high reliability, and high performance of the associated system(s),
with emphasis on automation, dual use, modularity, and perfor-
mance. The modular, power converter-dominantPMAD and related
electronics-based systems are key technologies for NASA’s Earth
Science, Human Exploration and Development of Space and Aero-
Space Enterprises. For example, the converters and electronic sys-
tems are expectedto play an important role in missions of all NASA
enterprises.

The � ywheel technology focuses on energy storage and peak
power applications. This effort, in combination with concurrent
development of corresponding component technologies, is an ad-
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vancement of previous efforts by the participants.2 A key objec-
tive of the present technology development is to demonstrate high
performance, high reliability, and reduced losses in a high-speed,
lightweight � ywheel energy system (FES).

The Stirling cycle conversion technology development effort
seeks to produce free-piston Stirling power converters for space
and solar terrestrial power generation applications.A major advan-
tage of the Stirling engine is its ability to use any type of heat source.
Other attractionsof free-pistonStirling machines are their long life,
reliability, and high thermodynamic ef� ciency. Stirling converter-
based radioisotopepower systems, for deep space applications,and
free-piston Stirling cycle refrigerator/freezer (R/F) technology, for
piloted space exploration, are discussed.

Fuel cell technology is highlighted in a focused terrestrial appli-
cation project in which GRC and its collaborators are applying the
technology to the design and operation of a new energy-ef�cient
building at a local institution. In this joint endeavor,GRC leads the
application of renewable energy systems, notably those pertaining
to fuel cell and solar cell technologies.

To enhance solar energy collection for power generation, an in-
house lead effort is to develop thin-� lm solar cells, to allow the
deployment of a large number of the cells. The potential features
of light mass, low cost, and high production make thin-� lm solar
cells ideally attractive to, and suitable for, packaging large arrays in
launch vehicles. In-house research efforts aim at developing low-
temperature growth processes for thin-� lm solar cells.

Finally, an on-going, in-housecombustorresearchprogram seeks
to reduce nitric oxide (NOx), emissions from aircraft gas turbines.
This program is expected to contribute to other ground-basedNOx
emissions reduction efforts.

The followingsummariesof the aforementionedtechnologiesde-
scribe their aerospace applications as well as their applicability to
terrestrial energy systems.

II. Power Technologies
A. SSP

Solar photovoltaicsystemshavebeenthe conventionalworkhorse
for generating space power. A joint GRC– industry technology
demonstrationhas shown that a closedBrayton-cycle-(CBC-) based
solar dynamic (SD) power system is also a viable means to generate
space power.3 In an SD system, a highly ef� cient heat engine con-
verts solar energy to electric power. Compared to other heat engines
such as the Rankine and Stirling engines, the CBC unit is viewed
as particularly attractive for SSP generation due to its high power
scalability and relative maturity. In-house research efforts at GRC
have further reinforced the viability of SD power technology as an
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option for the SSP system. The results of the GRC in-house effort
suggest that the introductionof modular systems, exempli� ed by the
SD power system of Fig. 1, can enable the attainment of gigawatt
power levels required for the SSP system.4 Such modularity will
also have the bene� t of facilitating in-orbit assembly of constituent
parts to form a space power system.

Reference4 identi� es the needed near-termadvancedcomponent
development and far-term technology infusion for the realizationof
an SSP system. The required items include lightweight deployable
solar concentratorsand compositematerial radiators,among others.
Current work is focused on proof-of-conceptresearch and technol-
ogy development of an SD power option for SSP. Complementary
to the needed advances is an advanced PMAD for the associated
power system(s).

B. Advanced PMAD

The PMAD manages power and distribution of electric power
� ow from a power generation source to load(s) at transmitting and
receiving centers. Associated functions of PMAD are the condi-
tioning and coordinated control of power to the distribution net-
work of the power system. Automation, dual use, and modularity
will be incorporated in the development. This is consistent with
the goals of advanced PMAD, namely, low cost, high reliability,
and performance.Automation will be realized via advancements in
converters and system controls and in integrated power and con-
verter busses. Dual use will be achieved by implementing hard-
ware commonality for air/spacecraft and by developing hardware
tolerance of radiation-induced single event upset. Modularity will

Fig. 1 Modular SD power system.

Fig. 2 Thrusts of advanced PMAD.

be built into the advanced, topology-variedpower converters, inte-
gratedelectronicswitches,also known as integratedpowermodules,
and power electronics-basedsystems. The developmentof modular
converters with built-in intelligent controls will be based on power
electronicbuildingblocks (PEBBs) technology.5 The cost reduction
of the modular PMAD will be sought through the use of common
controllers and components for the various modules with built-in
reliability.

A considerable portion of the real estate in aerospace power
systems is power electronics-based. Similar to terrestrial power
systems, it is projected that power electronicswill increasinglypen-
etrate aerospace power systems. This projection is based on antici-
pated more electric upgrades in aerospacevehicles, such as aircraft,
reusable launch vehicles, and the shuttle. There is a wide array of
applicable options for the more electric technology.6 The advent
of PEBBs and their subsequent insertion into PMAD systems is
expected to facilitate the control of PMAD, aid in troubleshoot-
ing system and subsystemmalfunctions, and to improve the overall
reliability of the power system. The consequentattributes of an ad-
vanced PMAD are high ef� ciency; high power density, particularly
of the embedded passive components; and advanced packagingand
thermal management. Figure 2 illustrates the thrusts of GRC’s ad-
vanced PMAD program. The relevance of the modular converters
and related systems to NASA missions is depicted in Fig. 3.

C. Modular Power Converters

GRC’s development of radiation-tolerant, intelligent modular
power converters is jointly undertakenwith industry and academia.
This teaming approach assures commercial and industrial appli-
cability of the converters and infusion of innovation, while con-
currently maintaining relevance to NASA’s aerospace programs
and missions. Industry is responsible for the development of ad-
vanced converter topologies,for integrationwith digital controllers.
Academia focuses on advanced converter topologies, integrated
magnetics, and state-of-the-artdigital control algorithms and asso-
ciated hardware for dc-dc converters.The digital control algorithms
will provide controller requirements for desired featuresof the con-
verters. GRC in-housework includes the developmentof a supervi-
sory controllerfor the modular componentsand PEBB-based motor
drive technologywith advancedcontrols.Recently, GRC has devel-
opeddigital controls that signi� cantly reduced the size of input � lter
requirements for modular dc-dc converters, without adverse effect
on power qualityspeci� cations.7 The anticipatedgain in power den-
sity and reduction in parts count, derived from modularity in power
converters, is typi� ed in Fig. 4.

Planned incorporation of adaptive control and automatic recon-
� guration of the modular converters should measurably improve
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Fig. 3 Relevance of modular systems to NASA missions.

Fig. 4 Modularity-derived gains in power density and parts count.

their reliability and fault tolerance, for both aerospace and terres-
trial applications.The infusion of digital and intelligent controls in
the converter technologyis expected to enhance the developmentof
distributed, modular PMAD for relatively large systems.

The bene� ciaries of advanced, modular PMAD include space-
craft, aircraft, and launch vehicles (LVs) in the aerospace arena,
as well as other types of terrestrial power and propulsion systems.
For space systems in particular, modularity will yield reductions in
size and weight of power processing units for electric propulsion
and photovoltaic array/battery regulators for high-density PMAD
architectures.Similar gains in power electronics-basedsystems, es-
pecially motor drives and their advanced controls, will bene� t � y-
wheel systems for spacecraft, electric actuation for thrust vector

control of LVs, and control surfaces of aerospace vehicles in gen-
eral. Electric vehicles (EVs), hybrid electric vehicles (HEVs), and
otherground-basedindustrialdriveswill also bene� t fromadvanced
PMAD.

D. Flywheel Systems

NASA GRC, othergovernmentagenciesand industryare collabo-
rating to developadvanced� ywheel technologies,with focuson en-
ergy storage and peak power applications.FES applicationsrequire
highspeci� c energyand,hence,highrotorspeeds,robustrotorstruc-
ture, and magnetic bearings. Other related on-going technologyde-
velopments are lightweightcomposite materials, high-performance
magnetic bearings, and power electronics-basedsystems. The � rst
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Fig. 5 Cutaway view of � ywheel module (courtesy of U.S. Flywheel).

� ight demonstrationof � ywheel technologyis planned for the Inter-
nationalSpace Station (ISS). Currently proposedchemical batteries
have only � ve years of life, and their narrow temperature tolerance
range (283 K) is far exceeded by the operational temperature range
of � ywheels.The higherenergydensity(watt hourperpoundsmass)
of � ywheels is a source for potential peak power, if needed during
shuttle docking with the ISS. The cited � ywheel advantages can
translate into lower operational costs for the ISS.

Consistentwith the objectivesof high performance,high reliabil-
ity, and reducedlossesin a high-speed,lightweightFES, a signi� cant
recentmilestoneachievementfor theGRC–U.S. Air Force (USAF)–

TRW, Inc., effort has been the operationof an advancedFES system
at 60,000 rpm. This successnot only demonstratesthe highest speed
to datebya � ywheelspunon magneticbearings,but alsostrengthens
the viability of using an FES system, rather than chemical batter-
ies, on the ISS. The success of the U.S. Flywheel-built FES system
is a culmination of an advanced composite materials-based rotor,
low-loss magnetic bearings, a high-speed motor-generator set, and
motion control algorithms. A cutaway view of the FES system is
depicted in Fig. 5.

FES system applications typically require two counter-rotating
� ywheels with resultant no-disturbancenet torque, as well as mo-
mentum (derived from reaction wheels) for attitude control. GRC
is pursuing a parallel in-house effort to combine an FES system
and an attitude control system into a single architecture, namely,
an integrated power and attitude control system (IPACS). With its
expected signi� cant mass reduction, the IPACS is viewed as an en-
abler to the achievement of lightweight, low-cost, and signi� cantly
capablespacecraft.Studies to date predict that the speci� c energyof
� ywheel-basedIPACS can be as high as 10 times the currentspeci� c
energy of batteries and reaction wheels used on midsize spacecraft
with energy levels in excess of 200 W ¢ h. This is based on a pro-
jected availability of high performance composites used in the � y-
wheel rotor. Also, the attendant numerous charge/discharge cycles
of the lower-Earthorbiting(LEO)satellitesmake the IPACS particu-
larly suitable to this class of spacecraft.Potential space applications
for the IPACS encompass LEO satellites for Earth observation and
reconnaissance and planetary outposts and rovers. Likely ground-
based uses include general transportationsystems, notably EVs and
HEVs, and uninterruptiblepower supplies for launch operations.

The other objectiveof the � ywheel technologydevelopment,that
is, peak power or load leveling application, depends on the time-
liness with which the system responds to demands for rapid and
large increases in loads. Unlike most of current generation satellites
with mainly level loads, future LEO communication satellites are
expected to experience considerable peak power demands, during
city or ground station � y over activated transmission. IPACS are
projected to suitably serve the peak power needs of future com-
munication satellites. EVs and HEVs and their charging stations
constitute terrestrial application areas for peak power capability of
� ywheel systems.

The GRC has established a goal of providing a fully developed
and � ight-quali�ed � ywheel system for ISS demonstration by late
2004. A successful integration of advanced � ywheels into future
spacecraft systems will generate advanced � ywheel technologyand
opportunities for other aerospace and terrestrial applications.

E. Stirling Cycle Conversion Systems

The inherent advantages of long life, reliability, and high ther-
modynamic ef� ciency make the Stirling cycle conversion system
attractive for space and terrestrial applications.GRC has conducted
research and technology developmenton Stirling systems since the
mid-1970s. Initial efforts were to developa crank-drivenalternative
engine for automotivepropulsion.Other past work has included de-
velopmentof a 12.5-kW converter (i.e., coupled free-pistonStirling
engine linear alternator) for a (space power) SP-100 nuclear power
system,8 using a heat pipe thermal input and operated at an overall
temperatureratioof 2. This systemachievedits power and ef� ciency
goals during 1500 h of endurance tests on its � rst startup. As part
of the SP-100 Stirling technology development, various in-house
testing and analyses have been completed. These efforts encom-
passed testing the space power research engine,9 improving the un-
derstandingof Stirling thermodynamic losses,10 permanentmagnet
characterization,11 and test-veri� ed dynamic analyses of a Stirling
converter-loadsystem.12 Reference 12 discusses the system perfor-
mance and control requirementsfor the converterfeedinga dynamic
reactive load. Some past in-housework has been the technical man-
agementof theAdvancedStirlingConversionSystemproject.13 This
paper discusses more recent interagency–industry Stirling technol-
ogy developments for radioisotope space power and R/F systems.
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Fig. 6 Two opposed 55-We Stirling converters on test at Stirling Tech-
nology Company (STC) (courtesy of STC).

Currently, an interagency-industry team is developing a 55-W
Stirling converter for a high-ef� ciency Stirling radioisotope power
source, to provide spacecraft onboard electric power for future
NASA deep space missions. Radioisotope thermoelectric genera-
tors (RTGs), traditionally the workhorse for electric power require-
ments for outer planetary space probes, have relatively low ef� -
ciency (5–7%) and a high radioisotope, namely, plutonium, inven-
tory. The projected 20–25% ef� ciency of the Stirling power source,
with its attendant over 60% reduction in the radioisotopeinventory,
makes such a power source attractive with regard to fuel cost and
environmentalsafety, as a replacementfor the RTG source.The role
of GRC in the Stirling converter development is to determine the
converter performance in launch and orbit transfer load conditions,
assess the engine heater head structurallife, characterizepermanent
magnet aging, and perform � nite element analysis of the alternator
design.

Other key issues, such as the operation of multiple Stirling con-
verters and adaptive reduction of Stirling converter vibrations, are
being pursued under GRC-managed, small business innovative re-
search (SBIR) projects. For example, an industry partner has suc-
cessfully demonstrated synchronousoperation of a pair of thermo-
dynamically independent Stirling converters.14 Figure 6 shows a
setup of a pair of Stirling converters synchronized by parallel con-
nection of the linear alternators of the converters, with a rigid me-
chanical coupling between the housings of the two converters.The
thermodynamic independenceof the convertersmakes them poten-
tially redundant, to safeguard against a converter failure and to pro-
mote uninterruptible power generation. Furthermore, the mechani-
cally arranged180-degout-of-phaseoperationof the two converters
yields signi� cant reduction in their vibrations, without resorting to
feedback controls. Finally, an evaluation of an arti� cial neural net-
work (ANN) indicates its potential for converter health monitoring.

The objective of another SBIR project is to develop an adaptive
vibration reduction system, to provide further signi� cant reduction
in convertervibrationsduring normal operatingmode and to enable
adjustment to changing converter conditions over the course of a
mission.14 The achievements of multiple converters– load system
operation and vibration reduction in the synchronized converters
strengthen the viability of Stirling converters to replace RTGs for
radioisotopepower systems for space missions.

A NASA–USAF collaborative effort aims at demonstratinga re-
frigerationsystemfor long-termstorageof cryogenic� uids for space
missions, using an advanced high-ef�ciency pulse tube cooler. Stir-
ling cycle and pulse tube coolers are attractive for their high ef� -
ciency and low vibration. They are developed primarily for sensor
cooling for which low vibration is critical. A pulse tube cooler is
similar to, but has fewer moving parts than, a Stirling cycle cooler.
These coolers are under consideration by NASA for applications
such as R/F systems for food, medical supplies, and biologicalsam-
ple storage; long-termstorageof cryogenicpropellants;and cooling
superconductors for solar space power. Earlier, a GRC assessment
identi� ed the needed advanced R/F technologies for future life and
biomedical sciences space missions.15 That assessment sought to
develop subsequently key technologies and design, fabricate, and

demonstrate the developed technologies by testing a brassboard
R/F system. In the present effort, GRC is attempting to aid industry,
whereverpossible, in developinga manufacturingbase and reducing
the unit cost for the coolers, to assure their widespread availability
to users and, thereby, reduce development costs for NASA appli-
cations. GRC, NASA Ames Research Center, and NASA Marshall
Space Flight Center are performing in-house analyses and develop-
ing technologies to modify commercially available coolers to suit
NASA needs. The most likely applicable NASA platforms are the
shuttle, the ISS, and planetary probes. Also, part of the GRC work
focuseson developingcontrols to limit thevibrationsof, and tolerate
failure of, any one of multiply run coolers.

A number of possible terrestrial applications of the aforemen-
tioned technologies are under consideration. The 55-W Stirling
converter for the radioisotope power system is being evaluated for
remote power applications. A vibration balancing technique, de-
veloped by industry as part of the NASA SBIR project, has been
selected for inclusion in technology development for a naval appli-
cation. A possible use of an ANN is under active consideration by
manufacturersinterested in varioususes of Stirling engines.The ap-
plicationsof coolers encompasssolar-poweredrefrigerationfor off-
grid operation, particularly in a tropical climate; heat pumps; and
residential use to eliminate chlorinated � uorocarbons from home
refrigeration.16 Cooler technology penetration into the residential
market will be enhancedwhen pricingcan becomecompetitivewith
current technology for home refrigeration.

F. Fuel Cell

GRC has actively researchedfuel cells, mainly for space applica-
tions. In recent years, there have been considerable advancements
in fuel cell technology. In addition to its use in space, a fuel cell
offers signi� cant potential as a source of primary power for both
the automotive industry and residentialmarket. However, a fuel cell
can be more than just a source of primary electric power; it can be
combined with a water electrolyzer and gas storage tanks to form
a regenerative fuel cell (RFC) energy storage system, as shown in
Fig. 7. The RFC system acts as a battery, which stores energy in the
form of gaseous hydrogen and oxygen during periods of excess en-
ergy availability, and then draws on that energy reserve to produce
power when needed. This capability is especially attractive if the
source of excess energy is a renewable power system, such as solar
or wind, that is typically intermittent and seasonal in nature.

RFC systems offer a major advantageover battery systems in that
the power and energy portions of an RFC system are independent
of each other. This means that capacity can be increased in an RFC
system by simply adding more storage tanks, without having to in-
crease the size of the fuel cell or electrolyzer.The capacityof battery
systems can be increased only by adding more batteries. Seasonal

Fig. 7 Schematic of regenerative fuel cells.
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energy storage is, therefore, impractical for battery systems, due
to the large quantities of batteries required to store excess summer
electrical energy for winter use. With suf� cient reactant storage,
RFC systems can easily accomplish this task.

The renewableenergyfeatureof RFCs can be used in conjunction
with solar photovoltaicpanels and wind generators to meet the elec-
trical loads of a revolutionarybuilding at a local institution.During
summer months, solar power generated can exceed electrical load
requirement. In the winter months, suf� cient reactant storage will
permit the use of the excessenergy to furnish the power needs of the
building.Another advantageof RFC systemsover batterysystems is
their adaptability to the intermittent nature of wind generators. On
extremely windy days when excess wind power is high, batteries
will reach their 100% state-of-charge limit and not be able to store
all of the availableenergy. In contrast,RFC systems can easily store
excess energy. Even if building energy loads are high, the potential
exists to produce an excess of wind power. Because wind power is
proportionalto the cube of wind speed, a series of extremely windy
days can generatea signi� cant amount of stored energyfor later use.

G. Thin-Film Technologies

Among the desirable attributes in any space-bound component,
subsystem, or system are high speci� c power (to minimize cost of
payload launch into space), radiation tolerance, and high reliabil-
ity, without sacri� cing performance. GRC is currently developing
space-bound technologies in thin-� lm chalcopyrite solar cells and
lithium polymer batteries. These technologies are described here-
after.

High speci� c power (watts per kilogram) space solar arrays can
be achievedby developinga high-ef� ciency, thin-� lm solar cell that
can be fabricateddirectly on a � exible, lightweight, space-quali�ed
durable substrate such as Kapton (Dupont), or other polymide, or
suitablepolymer� lm. Cell ef� cienciesapproaching20% at air-mass
zero will be requiredto competewith state-of-the-artcrystallinema-
terials. Current thin-� lm cell fabrication approaches are limited by
either 1) the ultimate ef� ciency that can be achievedwith the device
material and structure or 2) the requirement for high-temperature
depositionprocesses that are incompatiblewith all presentlyknown
� exible polymidesor other polymer substratematerials.GRC is de-
veloping a chemically based approach to enable the development
of a process that will produce high-ef� ciency cells at temperatures
below773 K. Such low temperaturesminimize the problems associ-
ated with the difference between the coef� cients of thermal expan-
sion of the substrate and thin-� lm solar cell and/or decomposition
of the substrate.

Polymer substrates can be used at low temperatures. As such,
thin-� lm solar cell materials can be deposited onto molybdenum-
coated Kapton, or other suitable substrates, via a chemical spray
process, using advanced single-sourceprecursors, or by direct elec-
trochemical deposition.A single-sourceprecursor containingall of
the required chemically coordinated atoms such as copper, indium,
sulfur,andothers,will enable the useof low depositiontemperatures
that are compatible with the substrate of choice.17 A combination
of low-temperature electrochemical deposition and chemical bath
deposition has been used to produce ZnO/CdS/CuInSe2 thin-� lm
photovoltaicsolar cells on lightweight � exible plastic substrates,as
depicted in Fig. 8 (Ref. 18). Expected low manufacturing cost and
improved reliability of many high-technology polymers make the
thin-� lm technology potentially applicable to terrestrial systems.
Examples include off-grid applications such as military � eld op-
erations, remote housing, or communications stations, as well as
recreational or marine applications.

GRC is also engaged in polymer-based thin-� lm battery tech-
nology for space applications.Speci� cally, thin-� lm lithium hybrid
batteries have been integratedwith multi-chip modules for possible
use in micro- and nanosatellites. The same fabrication process has
been used to develop an all solid-state lithium battery, shown in
Fig. 9, from commerciallyobtained polymer electrolytes.The � exi-
bility of the materials, techniques, and infrastructureallows the use
of any number of free-standingpolymer electrolytes or a variety of
cathodeand anode materials.The outer layer of the GRC-developed

Fig. 8 Structure of molybdenum on Kapton based photovoltaic cell.

Fig. 9 Solid-state lithium battery (mass-0.5 g).

batteries is space-quali�ed, lightweight,and � exible Kapton, which
is radiation and temperature tolerant. The anode and cathode sand-
wich the polymer electrolyte of the lithium battery.19

Near-termapplicationsof thin-� lm lithiumbatteriesincludepace-
makers,hearingaids and relatedbiomedicaldevices,computers,and
cell phones.Other bene� ciaries are propulsion,power, and commu-
nications for commercial and military applications. Midterm uses
for integrated power devices (described earlier), can encompass a
combined battery and solar cell in a roof tile to generate residential
power, or can serve as a solar-rechargeable power system for the
military, recreationalvehicles, and other consumer products.

III. Combustion Technology
In addition to aerospacepower technology,GRC is NASA’s Cen-

ter of Excellence for Turbo-machinery.Part of the turbomachinery
research effort includes combustion emissions reduction. The ex-
pected contributions of advanced combustor research at GRC in-
clude liquid-fueled, low NOx combustor concepts, computational
� uid dynamics modeling, ceramic liners, acoustic instability mod-
eling and control, and a particulate emissions database. Figure 10
shows the roadmapof the various technologyreadinesslevels for the
low NOx emissioncombustordevelopment.Joint researchprograms
with industry include full-scale combustor tests of low-emission
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Fig. 10 Low NOx emission combustor development[technologyreadi-
ness level (TRL) and computational � uid dynamics (CFD)].

gas turbine combustors,primarily for aircraft engines. Much of this
technology is also applicable to ground power gas-turbine combus-
tors.

Ground power gas turbines using natural gas produce low levels
of NOx emissions; however, engines that use liquid fuel have much
higherNOx emissions.An objectiveof theGRC combustorprogram
is to provide low NOx emission combustors that use liquid fuel or
have dual fuel capability. Among the concepts under development
are a partially premixed, prevaporizedcombustor, lean direct injec-
tion, and rich burn-quick quench-lean burn. At GRC, the emphasis
is on lean direct injection, which uses a multitude of small fuel in-
jectors to improve the fuel–air mixing and, thus, reduce the amount
of NOx. Photoetched laminates are used because they can increase
the numberof fuel injectorswithout increasingthe overall complex-
ity or cost of the development. Compared to conventional designs,
� ametube tests have demonstrated 80% reduction in NOx levels.

Efforts have been focused on developing a computational com-
bustioncapability,as part of a NationalCombustionCode,20 to meet
combustor designer requirements for model accuracy and analy-
sis turnaround time. The solver of the code is an analysis tool for
turbulent combustion � ows. The solver uses unstructured meshes
and multiple processor machines and is linked to CAD systems,
which incorporate solid modeling and automated meshing of com-
plex geometries. The code includes a nonlinear, k– epsilon turbu-
lence model, a chemical kinetics model, a spray module, and a joint
probability density method for species and enthalpy.

Nonintrusive laser diagnostic measurements are being taken of
reacting � ows at pressures up to 4 MPa (Ref. 21). Such measure-
ments can be used in combustor development and code validation.
Speci� cally,measurementsare made of hydroxylusingplanarlaser-
induced � uorescence, liquid-fuel concentration using planar Mie
scattering and luminescent emissions of C2 , velocity using laser
doppler velocimetry, and fuel drop sizes using a phase Doppler
method.

Ceramic (SiC) composite matrix liners, currently under develop-
ment, will have a temperature capability of 1588 K. This will result
in reduced combustor cooling levels of 10–15% of the combustion
air, which is about half of the requiredamount for metal liners.With
less air used for cooling liners, more air is available for use in the
combustion process, thereby reducing the NOx levels.

Advanced controls for emissions and operabilityare being devel-
oped.Fuel stagingcan be used to reducetheNOx levels and improve
combustion stability. A model under development for the acoustic
instabilities in a lean-premixed-prevaporized combustor and lean

direct injection combustor will be used to control or prevent insta-
bilities from occurring.

The GRC’s Particulate and Gaseous Emissions Measurement
System (PAGEMS) was developed to aid the design of environ-
mentally friendly combustors. PAGEMS, a group of analyzers inte-
gratedand housed in a van, characterizesthe particulateand gaseous
species concentrationsfrom the combustor exhaust using extractive
sampling techniques. Presently, a comprehensive aircraft particu-
late database does not exist. The data acquired by PAGEMS will
help populate this database, which is important in the assessment
of the impact of modern aircraft emissions, and/or ground power
emissions, on the atmosphere.

IV. Summary
This paper presents an overview of some recent aerospacepower

and combustiontechnologiespursuedby GRC, in collaborationwith
other NASA centers, governmentagencies, industry, and academia.
The research and technology efforts primarily support programs to
enable NASA missions. Goals include generation of solar energy-
based power to augment terrestrial power systems; developmentof
advanced, modular PMAD for cost-effective, highly reliable and
high-performance power systems; and � ywheel technology devel-
opment for energy storage and peak power applications. Other ef-
forts pertain to Stirling cycle conversion technologies for space,
solar terrestrial power generation and cryogenic applications, fuel
cells, and thin-� lm technologiesfor power generation.Combustion
technology is being produced for reducing gaseous and particulate
emissions from aircraft gas turbines.

The attendant terrestrial uses of the cited technologies include,
respectively, boosting of terrestrial bulk power supply to meet in-
creasingly high power demands; lightweight, advanced PMAD for
industrial drives and automotive applications; Stirling cycle-based
home refrigeration;remote, residential,and commercial power gen-
eration; and environmental control of combustion-induced emis-
sions.
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