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PREFACE

This proceedings document is a compilation about work performed by a community of
researchers from universities, industry and government laboratories across the United States and
in Europe and Japan who have recognized the value of the reduced-gravity environment in
attacking the fundamental and practical problems of combustion science. On their behalf, I am
pleased to present this document to the assembled participants at the Fourth International
Microgravity Combustion Workshop, to be held near the NASA Lewis Research Center in
Cleveland, Ohio, on May 19-21, 1997.

The workshop is an important prelude to the release of a call for research proposals in a NASA
Research Announcement (NRA) that is anticipated for the fall of 1997. This compilation of
results and plans by the existing community was prepared to stimulate discussion during the
workshop but also in the hope that it will spawn innovative new ideas for NRA proposals.

Since the preparations for the first workshop in 1989 and the first microgravity combustion NRA
that followed, the program has grown from a small group of experimenters confined to drop
towers and aircraft, to more than seventy funded efforts, many having flown in space. As we go
to press with this document, the community is poised to watch as the Microgravity Science
Laboratory mission of the Space Shuttle, STS-83, is launched to conduct combustion
experiments including soot processes, premixed flames and droplet combustion. During the
workshop we hope to hear of the success of these experiments and congratulate the participants,
many of whom have worked for years bringing the experiments to fruition.

The recent fire aboard the Russian Space Station Mir is a clear reminder that the environment of
reduced gravity is not only a tool for our research but also a living environment that our efforts
might improve. Moreover, the conventional environment that we all share is influenced by
combustion processes from the perspective of our comfort, health, safety, and cost of living. As
we learn from each other and debate our future directions during the workshop, I urge you to
consider carefully the message of Dr. Merrill King, our NASA Headquarters Enterprise Scientist
for Microgravity Combustion Science. Dr. King will challenge the combustion community to
consider the relevance of the fundamental knowledge gained through microgravity research to
the pressing technological issues combustion science can affect.

The preparation of this document and of the workshop is an accomplishment of many
people—the titular organizer only sits in the center of the bullseye. Our deep gratitude is due and
expressed to the nearly ninety authors and speakers who almost without exception met a difficult
deadline for paper submission and formatting. We believe that the distribution of the proceedings
document at the time of the workshop will improve the technical discussions and better prepare
everyone for the proposal preparations soon to come. Notably, also—the timely preparations
clearly saved significant funds that might be better used for research.
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It would be a mistake to miss acknowledging the effort of the staff that prepared the proceedings
document and organized the workshop. The group led by Dr. Richard Ziegfeld of NYMA has
performed consistently (and persistently) well in this work and with an admirable level of
professionalism. We owe a large measure of our success to them:

Richard Ziegfeld
John Toma
Wilma Graham
Linda Oliver
Scharlene Schmidt

Finally, I ask that each reader enjoy the contents of this compilation of effort and the workshop.

If a better job can be done in the preparations of the next workshop, we ask that you tell us your
thoughts.

Dr. Kurt Sacksteder

MS 500-115

NASA Lewis Research Center
21000 Brookpark Road
Cleveland , OH 44135
216-433-2857, fax -8660
kurt.sacksteder@lerc.nasa.gov
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NASA MICROGRAVITY COMBUSTION SCIENCE PROGRAM

MERRILL K. KING
NASA Headquarters, Code UG
Washington, DC 20546

Introduction

Combustion is a key element of many critical technologies used by contemporary society. For example, electric
power production, home heating, surface and air transportation, space propulsion, and materials synthesis all utilize
combustion as a source of energy. Yet, although combustion technology is vital to our standard of living, it poses
great challenges to maintaining a habitable environment. For example, pollutants, atmospheric change and global
warming, unwanted fires and explosions, and the incineration of hazardous wastes are major problem areas which
would benefit from improved understanding of combustion. Effects of gravitational forces impede combustion
studies more than most other areas of science since combustion involves production of high-temperature gases
whose low density results in buoyant motion, vastly complicating the execution and interpretation of experiments.
Effects of buoyancy are so ubiquitous that their enormous negative impact on the rational development of
combustion science is generally not recognized. Buoyant motion also triggers the onset of turbulence, yielding
complicating unsteady effects. Finally, gravity forces cause particles and drops to settle, inhibiting deconvoluted
studies of heterogeneous flames important to furnace, incineration and power generation technologies. Thus,
effects of buoyancy have seriously limited our capabilities to carry out “clean” experiments needed for fundamental
urderstanding of flame phenomena. Combustion scientists can use microgravity to simplify the study of many
combustion processes, allowing fresh insights into important problems via a deeper understanding of elemental
phenomena also found in Earth-based combustion processes and to additionally provide valuable information
concerning how fires behave in microgravity and how fire safety on spacecraft can be enhanced.

Promising Microgravity Combustion Program Research Thrusts

(1) Turbulence and Combustion. Virtually all practical combustion devices are turbulent. The wide range of
turbulence length and time scales generally precludes exact numerical simulation and also presents a significant
challenge to experimental investigations. Microgravity uniquely limits the range of length and time scales to those
large enough to be tractable experimentally and more readily simulated. Preliminary ug experiments reveal that
buoyancy plays a role in the turbulence characteristics in regimes where it had been previously assumed that the flow
field and flame behavior was independent of gravitational influence. One particularly powerful approach for treating
the coupling between fluid motion and combustion chemistry based on studies of laminar flames is currently under
development; this approach, referred to as laminar flamelet theory, shows promise as a tractable representation of
turbulent combustion. The extension of laminar flamelet theories to predict fully turbulent flames cannot presently be
exploited, however, due to limitations of our current knowledge base caused by the interferences of buoyancy
during laminar flame studies. Microgravity combustion studies provide an opportunity to eliminate these
interferences and, thus, markedly advance our capability to address turbulent combustion phenomena.

(2) Transient Processes in Gaseous Flames. Numerous types of instabilities are possible in combustion of
flowing gases, some of these being gravity-dependent and others not. Such phenomena as ignition, extinction, and
unsteady response of flames to externally imposed perturbations (e.g., pressure oscillations) are also of major
importance as regards fire safety, production of pollutants, and combustion efficiency. Research studies in a
microgravity environment provide for examination of fundamental phenomena involved in these transient
phenomena without the confounding effects of buoyancy-induced flows which will, under normal gravity conditions,
also respond in an unsteady manner to such imposed perturbations, often masking fundamental phenomena of
interest. With understanding of these phenomena, strategies for controlling ignition, extinction, and responses of
flames to externally imposed perturbations in practical combustion devices can better be devised.



(3) Soot Processes. Soot is a critical element in many combustion systems, strongly affecting combustor
lifetime, efficiency, peak power output, and pollution generation. The short time scales and small spatial volumes
affecting soot formation and destruction processes under normal gravity conditions preclude experimental probing.
Furthermore, buoyancy accelerates, in an uncontrolled fashion, the flow field in which soot is formed and oxidized;
this too inhibits scientific investigations. Microgravity offers a unique opportunity for controlling the flow environment
and through this control extending the range of conditions involving soot processes. The lack of buoyantly-induced,
accelerated flow results in longer residence times for primary soot formation, clustering, cluster-cluster agglomeration,
and oxidation in a variety of flames. In addition, soot particle pathlines are strongly altered under microgravity
conditions, resulting in major changes in the environmental history seen by the soot precursors and particles. From
the perspective of practical benefit, the fundamental understanding of the processes controlling soot formation,
aggregation, and oxidation is of vital importance since such understanding would allow us to develop methods to
predict and control sooting associated with combustion processes under a wide variety of circumstances.

(4) Measurement (Species, Velocity, Temperature) Technology. A historic (and valid) criticism of
microgravity experimental research is lack of quantification of meaningful variables (e.g. species concentrations).
Advancement in understanding of chemical kinetic mechanisms is inhibited by an inability to measure progress of
reactions and to quantify the detailed temperature and flow fields in which those reactions take place. Improved
measurement methods in both 1g and ug are a growing focus of terrestrial research. Technological improvements in
measurement capabilities will lead directly to improved kinetic and flow field modeling leading to enhanced capability
for design of combustors with reduced pollutant generation and improved fuel efficiency. Spinoffs of these
technologies can and are being used not only in laboratories distant from the inventor's own, but also in the
monitoring of pollutant emissions from various sources. In the future these technologies will be used to evaluate fuel
consumption, product generation, heat transfer efficiency, and pollutant control in manufacturing processes, and to
serve as insitu engine performance and emission levels monitors. The resulting combination of diagnostic sensors
and computational algorithms will allow electronic controls to play a larger part in practical combustion systems,
enabling so-called “intelligent combustors”. :

(5) Droplet/Particle Combustion at Pressures Up to Supercritical. Microgravity is of particular benefit in
studies of particle and liquid droplet ignition and combustion inasmuch as it permits elimination of settling effects and
of buoyancy-induced flows around the droplets, thus leading to truly symmetrical (and hence one-dimensional)
geometry and allowing droplets to be restrained within the field-of-view of various diagnostics. Currently, high
pressure and supercritical fluid operation of combustion devices is being examined for increased efficiency.
Unfortunately, pollutant (e.g., soot and oxides of nitrogen) generation increases with increasing pressure; hence
military and NASA aeropropulsion research is heavily populated with studies aimed at realization of the theoretical
efficiency improvements with simultaneous minimization of pollutants. Another application of this technology is in the
area of hazardous waste disposal: supercritical water oxidation of hazardous wastes has been predicted as an
important technology of the future, hopefully yielding only benign products (carbon dioxide and water). Much of our
detailed knowledge in the area of combustion of droplets and particles has been obtained at low pressure; extension
of studies to high pressure is required. For example, soot studies have mostly been performed near ambient
pressures with flame temperatures of less than 2000K; diesel engines operate at over 50 atm and 2800K. Much of
our knowledge of soot kinetics may not be applicable to these high temperature, high pressure regimes. High
pressure operation is accompanied by increased buoyant flow effects; microgravity experiments will enable, as in
other situations, an isolation of the effects of the buoyancy on flame structure, flammability, and flame speeds.

(6) Classical Model Validation/Benchmark Data. Combustion textbooks are replete with theories which are
incompletely tested though widely accepted (through historical precedent). These theories often neglect buoyancy
effects and utilize simplified transport processes and/or assume one-dimensional behavior in situations where
buoyant effects preclude it. Microgravity continues to offer the unique ability to test, via ideal truly one-dimensional
experiments, the accuracy of specific aspects of theories and to provide a benchmark data base against which
extensions to existing theories and altogether new theories can be tested.

(7) Flame Structure/Elementary Mechanisms. A fruitful approach to achieving meaningful technology
gains in combustion processes must be centered on development of better understanding of the fundamentals of
the unit processes involved. Without such an understanding, the approach taken to improving combustion devices
tends to involve incremental trial-and-error perturbations around current state-of-the-art designs, with opportunities to
achieve possible major improvements with radically different approaches being missed. However, if one fully



understands the physics and chemistry involved in a given combustion process, including detailed understanding of
the unit subprocesses and how they interact, this understanding can be combined into physically accurate models
which can then be used for parametric exploration of new combustion domains via computer simulation, with possible
definition of radically different approaches to accomplishment of various combustion goals. Accordingly, emphasis
should be placed on studies of combustion fundamentals which are not currently well understood; gravitational
effects associated with normal earthbound combustion studies have prevented study of many elementary processes
which tend to be overshadowed by gravitation-induced processes such as buoyancy or settling.

(8) Direct Numerical Simulation, Large Eddy Simulation. DNS and LES are being widely pursued for
definition of detailed features of the flame structure and transport processes (and their interactions) associated with
combustion. Due to the large range of length and time scales, however, direct numerical simulation of practical or
even idealized devices is considered to be a technology of the future, at best. DNS modeling to date has, however,
shown the need to account for preferential mass diffusion even in turbulent flame environments. Microgravity
experiments again lessen the range of scales and may make the problem tractable at least for model validation of
laboratory-scale experiments, a first step toward DNS validation. DNS is expected to ultimately play a major role in the
design of practical combustion systems and obviate the need for the expensive construction and modification of a
wide range of breadboards, prototypes, and experimental models of combustion devices; it may also be used for
optimization of design elements, subsystems, controls, and overall system performance at reduced cost/time.

(9) Spray and Aerosol Combustion. Realistic sprays include a liquid breakup region, dispersed multiphase
flow, turbulent mixing processes, and various levels of flame interactions through the spray. Idealization of spray
configurations in a quiescent environment (the starting point for models) has been impossible in 1g due to settling of
large droplets and buoyant pluming of post-combustion gases. Microgravity offers the promise of such idealization,
but has just begun to provide experimental data on ignition, fire spread, and interactions in idealized linear and planar
arrays of monosized droplets. Spray and aerosol cloud combustion accounts for 25% of the world’s energy use, yet
remains poorly understood from both a fundamental and practical perspective. Improved understanding of the
flammability and flame interactions of sprays can be expected to yield improved combustion efficiency in practical
devices; this will only occur with an improved detailed theoretical description. In the area of combustion safety, dust
clouds contribute to accidental fires and explosions (grain elevators, underground mines). Finally, improved spray
technology can be applied to improvements in hazardous waste incineration.

(10) Combustion Synthesis. The use of flames to synthesize materials is expanding rapidly. Products include
valuable vapors (e.g. acetylene), ultrafine particles (fullerenes, silicon oxides, titanium oxides), coatings (diamonds) or
monolithic solids (boron carbide, titanium boride). Fullerene production is being investigated extensively, but the
product yields of fullerenes are currently typically less than 1%, leaving tremendous potential for improvement.
Sedimentation and buoyant plumes yielding limited critical residence times again interfere with present investigations
into both the scientific mechanisms of material production and the quality of the actual industrial product. For
example, pressure and buoyancy effects on soot-filled flames are not understood sufficiently to determine the ideal
operating conditions to maximize fullerene generation in either premixed or diffusion flames. Microgravity offers the
promise of isolating the effects of pressure by removing the influence of buoyancy on the material production
process. A major difficulty in self-propagating, high-temperature synthesis (SHS) of materials is the control of porosity
and the microstructure of the products. SHS reactions generating gaseous, liquid, or combined phases are prone to
gravity-induced fluid flows, leading to non-uniform microstructure and undesirable properties of the product material
due to segregation and density gradient effects. Gravitational forces have been shown to play a dominant role in
controlling both the combustion-synthesis reactions and the morphologies of the synthesis products. Current
research is geared towards interpreting the differences between normal- and low-gravity processing.

(11) Partial Gravity Studies. The utilization of partial gravity environments enables systematic scientific testing
of effects of this parameter on fundamental processes as well as tying directly to the nation’s desire for space
exploration. Both the Moon and Mars are in NASA's future; microgravity and normal gravity studies have already
shown that combustion processes are distinctly affected by reductions in gravity, with a conclusion that the partial
gravitational levels on the Moon and Mars may vyield increased flammability. In addition, partial gravity environments
may have strong effects on insitu propellant production processes as well as on utilization of these products.

(12) Surface Flame Spread <----> Large-Scale Fires. Anyone who has observed the combustion of solid
fuels, particularly flame spread across and burning of vertical walls, is well aware of the dominant effects of buoyancy



on such processes under normal gravity conditions, a dominance which makes understanding of other phenomena
involved very difficult (an example of how buoyancy can "mask" such phenomena). Accordingly, microgravity studies
of flame spread across solid fuels and liquid pools are of considerable interest from a fundamental point of view as well
as being very important in terms of fire safety on various space platforms. On Earth, the fluid mechanics of large-scale
fires are complicated by buoyancy-fed turbulent processes and thermal radiative interactions with surrounding
materials, terrain, and building structure. Current models are still somewhat primitive, with little elucidation of the role
of thermal radiation in almost any aspect of fires. Investigations of large-scale fires under microgravity conditions have
yet to begin, but it has been shown that radiation takes on heightened importance in small-scale fires in microgravity,
indicating that results from laboratory-scale experiments in microgravity might be utilized in modeling of large-scale
fires. In terms of NASA’s own direct interests, ongoing investigations of material flammability and fire behavior in
microgravity have yielded vital guidance to improved fire safety aboard orbiting spacecraft. There does remain,
however, a need for 1g - ug correlations of ignition, flame spread, flammability, and extinction conditions.

Current NASA Microgravity Combustion Program Content

As stated in NASA’s Microgravity Research Program Strategic Management Handbook, the Microgravity Research
Program mission is “To use the microgravity environment of space as a tool to advance knowledge; to use space as a
laboratory to explore the nature of physical phenomena, contributing to progress in science and technology on
Earth; and to study the role of gravity in technological processes, building a scientific foundation for understanding
the consequences of gravitational environments beyond Earth’s boundaries”. For accomplishment of this mission,
both a ground-based program and a flight experiments program are employed; in addition, development of facilities
and experiment modules for conduct of multiple experiments is supported. The ground-based program has two
major objectives: (1) nurturing and development of ideas and concepts that may be later developed into flight
experiments; and, (2) providing theoretical and experimental underpinnings to support understanding of
phenomena being studied in the microgravity environment. Ground-based investigations include theoretical and
experimental laboratory research, drop-tower tests, and parabolic aircraft flight experiments. In the flight program
experiments judged to justify use of the flight environment are developed and executed. These experiments are
conducted in microgravity environments provided by suborbital sounding rockets, the Space Shuttle middeck or
isolated cargo bay support structures, the Shuttle-based Spacelab or Spacehab pressurized laboratory facilities, the
Russian Mir station, international Space Station facilities, and other available carriers.

Currently, the Microgravity Combustion Science program is supporting 48 ground-based studies, 7 flight definition
studies, 8 flight programs, 3 Glovebox investigations, 5 Graduate Student Researcher Programs, and 2 NRC
postdoctoral studies, for a total of 73 programs. In addition, two major combustion-related Advanced Technology
Development programs in the area of diagnostics development are being carried out at the Lewis Research Center.
In terms of the Research Thrusts described above, the number of studies involving aspects of Categories 1-12 are 7,
7,5,7,11,9,18, 2, 8,6, 3, and 15, respectively. [Note that this totals 97, in excess of the total number of programs
being supported, since some of the programs involve aspects of more than one of the categories.]

Although the majority of the current programs are ground-based studies, centered on analytical modeling activities,
testing in drop-towers and parabolic aircraft at Lewis Research Center, and testing at the Japan Microgravity Center
(JAMIC) dropshaft in Hokkaido, Japan, limited flight testing has also been carried out on Sounding Rockets and on
the Space Shuttle. Three Sounding Rocket tests on the Spread Across Liquids (SAL) Program of Dr. Howard Ross
(Lewis Research Center) have been successfully completed to date. Each flight provided approximately six minutes
of microgravity time (during which three burns were accomplished) for investigation of the flame spread characteristics
across a deep pool of liquid fuel in a microgravity environment, with particle imaging velocimetry, rainbow schlieren,
and flamespread data being obtained for comparison with model predictions. This program has recently been
approved for five additional flights. In addition, three Sounding Rocket flights have been carried out on Prof. Robert
Altenkirch’s (Washington State University) Diffusive and Radiative Transport in Fires Experiment (DARTFire).

Dr. Altenkirch is also Principal Investigator on the Solid Surface Combustion Experiment (SSCE) on which eight
experiments have been completed to date, with samples of PMMA being burnt in various oxygen-nitrogen
atmospheres under quiescent conditions. Two additional shuttle flights have been approved for this experiment; it is
expected that these will be completed during 1997. Two Getaway Special Canister (GASCAN) payload shuttle flight



tests on the Microgravity Smoldering Combustion experiment (MSC) of Prof. Carlos Fernandez-Pello (University of
California-Berkeley) have also been recently completed, with a request for additional flights currently under review. At
this time, final preparations have been completed for three major combustion experiments on the Microgravity Space
Laboratory (MSL-1) on the Space Shuttle, scheduled for April, 1997; these experiments are the Droplet Combustion
Experiment (DCE) of Prof. Forman Williams (UCSD), Prof. Paul Ronney’s (University of Southern California) Study of
Flameballs at Low Lewis Numbers experiment (SOFBALL), and Dr. Gerard Faeth’s (University of Michigan) Laminar
Soot Processes in Flames experiment (LSP). In addition, Dr. Yousef Bahadori's (SAIC) Turbulent Gas Jet Diffusion
Flame (TGDF) experiment is tentatively scheduled to go to flight in late 1997.

To date, four Microgravity Combustion Glovebox Experiments, one on USML-2 (Oct., 1995) and three on USMP-3
(Feb., 1996), have been carried out; these were the Fiber-Supported Droplet Combustion (FSDC) experiment, the
Forced Flow Flame Spreading Test (FFFT), the Comparative Soot Diagnostics (CSD) experiment, and the Radiative
Ignition and Transition to Flame Spread Investigation (RITSI). In addition, a repeat of the FSDC experiment is planned
for MSL-1, with two additional glovebox experiments, Opposed-Flow Flame Spread on Cylindrical Surfaces (OFFS)
and Enclosed Laminar Flames (ELF), planned for the near future. Finally, additional FFFT tests and Candle Flame
Combustion tests have been carried out in the Mir Glovebox facility during 1996.

Enterprise for Human Exploration and Development of Space (HEDS)--Roadmap

In early 1994, as part of ongoing reorganizations at NASA, the agency established six major enterprises, later
reduced to five. In the current organization, the Microgravity Science and Applications Division (MSAD) of the Office
of Life and Microgravity Sciences and Applications (OLMSA) has become part of the Human Exploration and
Development (HEDS) Enterprise. In January, 1996, a Strategic Plan for HEDS was put into place and development of
“roadmaps” for the future directions of activities within HEDS was initiated; the current roadmap for the Microgravity
Combustion Science program is attached as Figure 1. The three major thrusts of the HEDS activities are shown in the
ellipses at the left of the figure, with applications of these to the direction(s) of the Microgravity Combustion Science
program over three time periods being shown in the boxes to the right of these ellipses. It is obvious from this chart
that, while basic research into fundamentals is still considered to be vitally important to the program, there is a major
shift of emphasis toward “mission-oriented” research; that is, research aimed at specific problems in combustion
applications on Earth as well as under reduced or microgravity conditions. Thus, it is important that firmer linkages
between the research being done using microgravity and applications to practical applications on Earth (e.g.,
increased efficiency of conversion of chemical energy contained in fuels to useful work, reduction of combustion-
generated pollutants from automobile engines and other combustors, decreased fire and explosion hazards) need to
be established for an increasing percentage of efforts funded under this program. In trying to steer our program into
particular areas of emphasis, however, we cannot lose sight of the fact that outside peer review weighs very heavily
into selection for funding of proposals submitted in response to our NASA Research Announcements (NRA’s),
though final selections are made by a NASA selecting official (in this case, the Director of the Microgravity Science
and Applications Division). In the past, we have asked our peer reviewers to judge proposals solely on scientific merit
and microgravity relevance; for future NRA’s, we will likely extend the evaluation criteria to include responsiveness to
specific areas of emphasis called out in these NRA’s. In addition, the question of relevance to specific program goals
can be used as a ‘“tie-breaker” in choosing between proposals with similar peer review scores.

Included among the long-term goals of the HEDS microgravity combustion program are: (1) Melding microgravity
combustion space experiments together with ground-based combustion studies, using gravity as an added
independent variable, to provide better understanding of the physical and chemical mechanisms involved in
combustion and to provide more rigorous testing of analytical models; (2) Utilizing basic research to provide
technological advances in various combustion processes/devices (e.g., internal combustion engines, turbines,
combustion synthesis, incinerators); (3) Creating the understanding that will permit lessons learned in microgravity
combustion experiments and modeling to be used in optimizing combustion devices here on Earth; (4) Providing
quantum leaps in the areas of fire safety and minimization of combustion-generated pollution; (5) Providing the
understanding which will permit efficient use of alternative fuels, which will be increasingly needed as we deplete our
oil and gas reserves; and, (6) Developing a better understanding of various combustion synthesis processes,
opening the door to production of novel tailored materials here on Earth as well as in space.



There are numerous potential combustion technologies for terrestrial and space exploration applications delineated
in the Figure 1 roadmap. These include: (1) Active control over thermal efficiency and pollutant generation (e.g.,
soot, NOx) through sensor development and miniaturization accompanied by development of algorithms relating
sensor readings, control settings, and system performance; (2) Use of magnetic and electric fields to improve thermal
efficiency (microgravity enables improved isolation of and thus understanding of field effects on electrically-charged
radicals and paramagnetic molecules such as oxygen); (3) Improved atomization methods for diesel and gas turbine
engines, leading to improved fuel utilization, through improved understanding of fundamentals of liquid jet breakup
and droplet interactions in sprays; (4) Flame-zone pollution control in premixed and diffusion burners, reducing the
need for post-combustion cleanup devices, through fundamentally improved understanding of flame structure and of
mechanisms of formation of soot and oxides of nitrogen; (5) Improved exhaust gas monitoring for cars and other
combustion devices combined with development of “smart” controls to compensate for fuel variations and/or
degradation of engine components to decrease pollution emissions: (6) New flame-stabilization/control technologies
for burners enabling reliable, ultra-lean premixed combustion through improved understanding of flame stabilization
zones in engines, burners, etc.; (7) Development of improved strategies and procedures for fire prevention,
detection, and suppression in the microgravity environment associated with Space Station and in the reduced gravity
Lunar and Martian environments; (8) Reduction of hazards associated with gaseous fuel combustion through better
mapping and understanding of flammability limit and combustion instability phenomena; (9) Development of
improved protection against large-scale fires (house fires, forest fires) via better fundamental understanding of
material ignition and flamespread phenomena; (10) Reduction of mine and grain silo explosion hazards through
development of understanding of fundamentals associated with these phenomena; (11) Improved reliability in
hazardous liquid waste incineration, resuiting from studies of droplet and spray burning and of pollution generation;
(12) Industrial-scale, combustion-generated fullerene production through determination of approaches for improving
the yields of fullerenic material in flame systems; (13) Production of composite materials with improved strength,
reliability, and ductility through better understanding of how to improve micro-structural uniformity and control porosity
via gravitational control; and, (14) Development of methods for producing and utilizing alternate fuel/oxidizer
combinations associated with Lunar, Martian, or other extraterrestrial habitats.

Upcoming Microgravity Combustion NASA Research Announcement

In the Microgravity Combustion Program at NASA, investigators are selected in response to a NASA Research
Announcement (NRA) issued once every two years and are placed either in the Ground-based Category or in the
Flight Definition Category. At this time, it is anticipated that an NRA will be released early in the Fall of this year (1997)
with proposals being due approximately three months after the NRA release date; it is suggested that, even though
distribution of postcards describing how to obtain the NRA will be made to an existing extensive distribution list,
potential proposers contact the author to ensure that they are included on this list. Proposals received in response to
this NRA will first be examined for responsiveness and divided into categories, with external peer review panels being
established for each category. Next, written reviews and ratings (three per proposal) will be obtained from the
reviewers, each of whom will review approximately 10 proposals, with each proposal being rated on scientific merit,
microgravity relevance, and linkage to goals outlined in the HEDS Roadmap. All the reviewers on a given panel will
then be assembled for discussion of the proposals within that group with the ultimate output of a consensus
evaluation of each proposal and assignments into “Highly Qualified”, “Qualified”, or “Not Qualified” categories. For
strong candidate proposals which are likely to require flight, feasibility and resource compatibility reviews will be
carried out by NASA/Lewis personnel. Finally, the “Highly Qualified” and “Qualified” proposals will be assessed in
terms of program balance and linkage to HEDS goals by the Enterprise Scientist for Microgravity Combustion and a list
of suggested awardees for Ground-Based and Flight Definition Programs will be developed. A list of proposals
recommended for funding will be generated in a meeting of the Microgravity Science Branch, with final approval by
the Lead Scientist and Division Director. It is anticipated that the review process should be complete by mid-1998,
with awards occurring in late 1998 (early Fiscal Year 1999).

For proposals receiving awards in the Flight Definition category, the programs may proceed, following passing of a
peer-reviewed Science Concept Review (SCR) and Requirements Definition Review (RDR) and acceptance of a
Science Requirements Document (SRD) generated by the Principal Investigator, into the Flight Program. In
addition, there is opportunity for Ground-Based investigators to participate as "guest" investigators in Glovebox
Experiments on a Space Platform based on internal NASA review of proposals submitted in response to Glovebox



Opportunity Announcements. [More details on these processes are available from the author.] In the overall (flight
plus ground-based projects) Microgravity Combustion program, both experimental and theoretical modeling efforts
are supported. Experimental test beds for microgravity experiments include drop-towers at NASA/Lewis, capable of
providing 2.2 to 5 seconds of microgravity time, aircraft flying parabolic trajectories, providing up to twenty seconds of
reduced gravity (0.001 to 0.01 g), sounding rockets which supply very low gravity for up to 6-7 minutes, and Shuttle
or Space Station facilities of various types, allowing basically unlimited microgravity operating times. In addition, we
are participating in cooperative studies with Japanese investigators allowing us access to a 10-second drop tower at
Hokkaido, Japan.

As indicated earlier, while conduct of fundamental science investigations remains a cornerstone of the Microgravity
Combustion Science program, more emphasis will be placed in the future on relevance to the goals outlined in the
-HEDS Roadmap, with linkage of the proposed research to attainment of these goals receiving increased emphasis.
However, future proposals are not limited to the topic areas discussed in this paper; extension to combustion topics
not currently included in the Microgravity Combustion program is strongly encouraged to permit us to broaden the

program scope. Evaluation criteria which should be kept in mind by proposers include:

1. Is microgravity of fundamental importance to the proposed study?

2. Do the issues addressed by the research have the potential to close major gaps in the understanding of
fundamentals of combustion processes?

4. Is there potential for elucidation of previously unknown phenomena or interactions between phenomena?

5. Is the project likely to have significant benefits/applications to ground-based as well as space-based
operations involving combustion processes?

6. Are the results likely to be broadly useful, leading to further theoretical or experimental studies?

7. Can another project in the specific subarea be justified in terms of limited resource allocation?

8. Is the project technologically feasible, without requirements for substantial new technological advances?
9. How will this project stimulate research and education in the combustion area?

10. How does the projected cost/benefit ratio compare with other projects competing for the same resources?
11. What is the potential of this project in terms of stimulating future technological “spinoffs”?

12. Are there strong well-defined linkages between the research and HEDS goals?

It appears that the most fruitful approach to achieving meaningful technology gains in processes involving
combustion is to concentrate on developing better understanding of the fundamentals of the individual processes
involved. With such understanding, including definition of details of the unit processes and their interactions,
physically accurate models which can be used for parametric exploration of new combustion domains via computer
simulation can be developed, with possible resultant definition of radically different approaches to accomplishment of
various combustion goals. As discussed earlier, normal-gravity conditions have prevented study of many elementary
processes which are over-shadowed by processes such as buoyancy, making it difficult to develop mechanistic
understanding of unit phenomena making up overall combustion processes. It cannot be emphasized too strongly
that our program is dedicated to taking advantage of microgravity to untangle these complications, allowing major
strides in our understanding of combustion processes and in subsequent development of improved combustion
devices leading to improved quality of life here on Earth.
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Introduction

The formation of fullerenes Cq and Cy, is known to occur in premixed laminar benzene/oxygen/argon flames operated at reduced
pressures[1]. High resolution transmission electron microscopy (HRTEM) images of material collected from these flames has
identified a variety of multishelled nanotubes and fullerene “onions” as well as some trigonous structures[2]. These fullerenes
and nanostructures resemble the material that results from commercial fullerene production systems using graphite vaporization.
As a result, combustion is an interesting method for fullerenes synthesis. If commercial scale operation is to be considered, the
use of diffusion flames might be safer and less cumbersome than premixed flames. However, it is not known whether diffusion
flames produce the types and yields of fullerenes obtained from premixed benzene/oxygen flames. Therefore, the formation of
fullerenes and carbon nanostructures, as well as polycyclic aromatic hydrocarbons (PAH) and soot, in acetylene and benzene
diffusion flames is being studied using high performance liquid chromatography (HPLC) and high resolution transmission

electron microscopy (HRTEM).
Experimental

Two sets of experiments have been conducted to date to test laminar, low pressure acetylene jet diffusion flames burning in air
and inverted benzene diffusion flames burning in oxygen.

Acetylene Jet Diffusion Flames

A fuel jet with or without nitrogen dilution was injected vertically through a 3.5 mm diameter tube burner, located at the
center of a 24 cm diameter cylindrical chamber. The fuel jet was surrounded concentrically by a flow of air, introduced
uniformly across the chamber cross-section through a porous plate at the base of the chamber. Air and fuel flows were metered
using critical flow orifices. Some of the exhaust was removed from the top of the burner chamber using a rotary vacuum pump,
and the flames were ignited by a spark generated using a tesla coil. The flame conditions tested, shown in Table 1, were identical
to those used by Sunderland and coworkers[3] in a study of soot formation in acetylene jet diffusion flames.

Table 1. Summary of Acetylene Flame Conditions. Gas flow rates and velocities are at
298 K and burner chamber pressure.

Test Flame Al A2 A3 A4
Pressure (torr) . 190 143 95 190
CH, flow rate (cm®s™) 693 116 212 767
N, diluent flow rate (cm*s™) - - - 5.19
Air flow rate (cm®'s™) 209 401 771 209
Burner exit velocity (mm-s™) 940 1580 2880 1740
Air velocity (mm-s™) 527 10.1 194 527

Sampling location, distance from burner (mm) 10.0 10.0 30.0 10.0

" Work funded under NASA Contract (Grant) NAGS3 - 1879, which includes related work by John E. Brooker at NASA Lewis Research Center.
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The sampling locations were selected to be within the range of locations, corresponding to residence times between 0 and 30 ms,
sampled by Sunderland and coworkers[3]. The 10 mm location for flames Al, A2, and A4 corresponds to residence times of
between 5 and 7 ms, while for flame A3 the 30 mm sampling location translated to a residence time of approximately 10 ms. A
longer residence time was used for flame A3 because, at the higher feed velocity, the flame tended to be unstable when sampling
closer to the burner at the residence times of the other test conditions.

In all cases, the flames were sampled approximately isokinetically at a rate of ~0.2 L/min (STP) for about 10 minutes using a
water-cooled quartz probe with a 1 mm orifice diameter. Combustion products, including soot and condensible compounds, were
collected on a pre-weighed filter system consisting of a glass wool plug packed in an aluminum foil sleeve inside the quartz
probe. After sampling, the mass of the filter system was measured to determine the amount of flame material collected. The
glass wool plug including the collected flame material and the aluminum foil sleeve were placed in toluene. The resulting
mixture was extracted by ultrasonication and vacuum filtered through a 0.25 um nylon filter. The filtrate, consisting of the
extractables, i.e., the toluene soluble portion of the collected flame material, in toluene, was concentrated by rotary evaporation.
Extraction was carried out using toluene to take advantage of this solvent’s more potent solvating capability for polycyclic
aromatic compounds. The filtered extract was subjected to chemical analysis.

Inverted Benzene Diffusion Flames

The benzene flame burner, described by McKinnon[4], consists of a water-cooled body capped by a horizontal 100 mm diameter,
12 mm thick drilled copper burner plate, partitioned concentrically into a central 70 mm diameter core region surrounded by a

15 mm wide annular region. Liquid benzene was metered to a preheater and vaporizer using a syringe pump. Benzene vapor was
diluted with argon in a mixing chamber and fed through the annular region of the burner, and oxygen was fed through the core
region in less than the stoichiometric amount for complete combustion to CO, and H,O. Oxygen and argon flows were controlled
using critical flow orifices. The burner is located inside a stainless steel combustion chamber fitted with a water-cooled top
flange, on which soot and other condensible flame species were deposited, and connected through ports in its base to a vacuum
pump.

The flame front stabilized at the interface between the core and annular regions as an inverted truncated conical shell whose
diameter increased with distance from the burner, apparently due in part to the exhaust flowing radially outward and downward.
The height of the flame and the extent of the diameter increase also depend on the relative velocities of the fuel and oxidant.
Typically the height was about 70 mm and the diameter increased about 30% over this vertical distance.

The flame conditions tested are shown in Table 2. This set of conditions was selected as a parametric test of the effects of
pressure, argon dilution, and fuel + diluent velocity on the fractions of Cg, and Cy in flame-generated condensibles. The fuel +
diluent velocity was controlled by setting the benzene and argon flow rates separately. The oxygen velocity used in each case

was that which resulted from feeding approximately 60% of the stoichiometric oxygen, a condition found to give a strongly
sooting flame.

Table 2. Summary of Benzene Flame Conditions. Gas velocities are at 298 K and burner chamber pressure.

Test Flame Bl B2 B3 B4 BS B6 B7
Pressure (torr) 20.0 20.0 20.0 20.0 60.0 60.0 20.0
Benzene flow rate (SLM) 0.33 0.68 0.94 0.75 0.95 0.76 0.25
Argon dilution (mol %) 0.0 23.1 0.0 233 0.0 23.0 233
Oxygen flow rate (SLM) 1.54  3.07 424 339 424 3.39 1.13
Fuel + diluent velocity (cm*s™) 5.21 133 14.8 145 499 490 4385
Oxygen velocity (cm-s™) 25.3 50.5 69.8 558 233 18.6 18.6

Each flame was maintained for 20 to 60 minutes. Material deposited from each flame on the top flange and walls of the
combustion chamber was collected, and a representative portion was placed in toluene and extracted by ultrasonication. The

resulting mixture was vacuum filtered through a 0.25 pm nylon filter, and the filtrate was concentrated by rotary evaporation in
preparation for chemical analysis.
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Analytical Methods

For both acetylene and benzene flame samples, a portion of the filtrate was exchanged into dichloromethane (DCM) and another
into dimethylsulfoxide (DMSO). The filtrate contained the toluene soluble compounds, or extractables, present in the collected

flame material. The mass of the extractables was determined by weighing the residue from evaporation of a measured volume of
the DCM solution.

The analysis for fullerenes Cgo and C, involved injecting a portion of the original filtrate in toluene into an HPLC, equipped with
a diode array detector (DAD) and a C18 reverse phase column (Vydac #201HS54). Based on the calibration for both fullerenes,
chromatogram peak areas were converted to concentrations. Likewise, the PAH analysis involved injecting the DMSO solution
into an HPLC, equipped with a DAD and a C18 reverse phase column (Vydac #201TP54). Chromatogram peak areas for 16
standard PAH were converted to concentrations. Concentrations of 15 additional PAH were estimated using calibration factors
associated with standard PAH having similar ultraviolet absorption spectra.

HRTEM was used to characterize the morphology of the soot and carbon nanostructures present in the flame samples. For the
acetylene flame samples, the toluene insoluble material left after filtration, which included the soot, was dispersed in toluene by
ultrasonication. For the benzene diffusion flame samples, solids collected from the combustion chamber were suspended in
toluene without undergoing an extraction step. In both cases, a drop of the suspension was placed on a holey carbon film

deposited on a 200 mesh copper electron microscope grid, and the toluene was allowed to evaporate. The grids were analyzed
using a TOPCON 002B microscope operating at 200 keV.

Results and Discussion

Fullerenes and Carbon Nanostructures

Fullerenes Cq and C5, were not found at a detection limit of ~250 ng/ml in samples collected from the acetylene diffusion flames.
However, HRTEM analysis of flames A1 and A4 showed interesting carbon nanostructures. Figure 1a is an image of solid
material from flame A1. It appears to be a nanostructure consisting of approximately 40 nested layers. It measures ~50 nm along
the long axis and between ~10 and ~20 nm on the short axis. Amorphous carbon appears to be deposited at the large end of the
nanostructure. Figure 1b shows an image of material from flame A4. This structure has approximately 40 nested layers and an
average diameter of ~20 nm. Amorphous carbon is clearly present on this nanostructure. The nanostructures depicted in these
images are fullerenic in that they are comprised of curved layers and closed shells. In addition, these structures are not unlike
those in images of material from fullerene-forming premixed benzene/oxygen flames.[2] That they are formed in flames that do
not produce detectable quantities of Cgo and Cy is unusual, and that they are present in acetylene diffusion flame soot is both new
and encouraging for the further study of fullerenes and nanostructures formation in these flames.

HPLC analyses of samples from the benzene diffusion flames identified both C¢, and Cs. The yields of Cg, and Cy as fraction of
soot collected and the molar ratio of Cy, to Cg in flames B3, B4, B5, B6, and B7 is summarized in Table 3.

Table 3. Fullerenes Identified in Benzene Diffusion Flames.

Test Flame B3 B4 BS B6 B7
Cgo mass (% of soot) 0.005 0.009 0.004 0.004 0.002
C;0 mass (% of soot) 0.012 0.015 0.008 0.007 0.006
Molar C,y/Cg, Ratio 2.0 1.5 1.6 1.6 2.3

Clearly, the amount of C4 and Cy, present in the flame samples varied with the flame conditions tested. The data show no
significant dependence of Cq and Cy, formation on pressure. A pressure increase from 20 to 60 torr, with no argon dilution,
produced an increase in fullerenes yield as mass fraction of soot. With 23% argon dilution, however, increasing pressure had the
opposite effect; fullerenes yield dropped to zero. The effect of dilution was marginally negative. Cgo and Cy, yields decreased
slightly when 23% argon was added to the benzene feed. The effect of cold fuel + argon diluent velocity is striking, as shown in
Figure 2. Under conditions of no argon dilution or with 23% argon in the benzene feed, increasing the fuel + diluent velocity
from 5 cm/s to between 13 and 15 cm/s significantly increased Cgo + Co yield from nondetectable levels to between 0.012% and
0.023%. Similar trends for both dilution and fuel velocity have been observed in premixed benzene/oxygen flames at 40 torr.[5]
HRTEM studies of samples from the benzene flame samples showed structures similar to those shown in Figure 1.
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Figure 1. HRTEM images of nested fullerene nanostructures from acetylene flames (a) Al and (b) A4.
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Figure 2. The effect of cold fuel + diluent velocity on Ceo and C, yield as mass
fraction of soot. Data: (O) Cg and (0) C7o with 0% argon dilution and 20 torr
pressure; (@) Cq and (W) Cqo with 23% argon dilution and 20 torr pressure.

PAH and Soot

Samples collected from acetylene diffusion flames A1, A2, and A4 contained detectable levels of PAH. HPLC analysis identified
26 PAH species, listed in Table 4, which accounted for between 3% and 14% (by weight) of the extractables present in the
collected flame material. The rest of the extractables is assumed to be high molecular weight polycyclic aromatic compounds.

Of the identified PAH, twelve contained 5-membered rings on their periphery and accounted for 68, 83, and 72% of the PAH
mass in samples from flames A1, A2, and A4, respectively. These compounds are interesting because they are expected to be
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relatively reactive among PAH soot surface growth species, owing to the relative ease of radical formation by hydrogen
abstraction from the exposed five-membered rings.

HPLC analysis of material from the benzene diffusion flames identified 25 PAH, many of which were present in the acetylene
flame samples. These PAH are also listed in Table 4. Eight of the identified PAH, accounting for between 30 and 40% of the
PAH mass in the sample, contained 5-membered rings along their periphery. It is interesting that these compounds account for a
significantly higher fraction of the total quantified PAH mass in the acetylene flames, in which fullerenes were not detected.

The role of PAH in the reactions that forms fullerenes in flames is not well-characterized. However, the importance of PAH in
both soot nucleation and soot surface growth has been considered. It is generally accepted that soot nucleation involves reactions
of PAH, and a simple collision theory model of soot formation in premixed ethylene flames has shown that PAH can be a
significant contributor to soot surface growth.[6] A similar mathematical analysis, involving both PAH and acetylene as soot
growth reactants, showed that the concentrations of PAH in acetylene diffusion flames are sufficiently high to account for an
important part of the soot surface growth. In a previous study[3] of these flames that did not include PAH measurements,
acetylene was assumed to be the only significant soot growth reactant.

Conclusions

Fullerenes Cq and C,, were identified in material collected from benzene diffusion flames but not in samples from acetylene
diffusion flames. Varying the pressure at which the benzene flames were operated had no clear effect on the fraction of Cg and
Cro present in collected flame samples, while increasing argon dilution in the benzene feed reduced fullerenes yield slightly.
Increasing the velocity of the fuel and diluent, however, markedly increased the combined Cg and C5, yield from a level below
the detection limit of the analytical equipment to as high as 0.023% of sample collected.

High resolution transmission electron microscopy (HRTEM) revealed interesting nanostructures in the flame samples.
Particularly in samples from the acetylene flames, nanostructures similar to those from premixed flames[2] were observed. The
benzene flame samples contained similar nanostructures and soot particles composed of curved, or fullerenic, layers.

A variety of polycyclic aromatic hydrocarbons (PAH), several of which contained relatively reactive 5-membered rings along the
periphery, were identified in both the acetylene and benzene flames. In the acetylene flames, the PAH concentrations were

sufficiently high to consider PAH as important soot growth reactants. However, no information is as yet available on the
significance of PAH in fullerene formation reactions.

This work was only a preliminary investigation of fullerene formation in low pressure diffusion flames. It is encouraging that Cq,
and Cy, were present in the benzene diffusion flames and that the dependence of fullerene formation on adjustable flame

conditions is consistent with observations in premixed flames. Diffusion flames, operated at different conditions from the ones

tested in this study, may produce fullerenes in yields comparable to premixed flames and may represent a feasible synthesis route.
Additional study of diffusion flames is clearly warranted.
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- GRAVITATIONAL EFFECTS
IN SMOLDERING AND SHS

BERNARD J. MATKOWSKY
Northwestern University
Evanston, Illinois

INTRODUCTION

Smolder waves and SHS (self-propagating high-temperature synthesis) waves are both examples of
filtration combustion waves propagating in porous media. Smoldering combustion is important for
the study of fire safety. Smoldering itself can cause damage, its products are toxic and it can also
lead to the more dangerous gas phase combustion which corresponds to faster propagation at higher
temperatures. In SHS, a porous solid sample, consisting of a finely ground powder mixture of reactants,
is ignited at one end. A high temperature thermal wave, having a frontal structure, then propagates
through the sample converting reactants to products. The SHS technology appears to enjoy a number
of advantages over the conventional technology, in which the sample is placed in a furnace and ”"baked”
until it is "well done”. The advantages include shorter synthesis times, greater economy, in that the
internal energy of the reactions is employed rather than the costly external energy of the furnace, purer
products, simpler equipment and no intrinsic limitation on the size of the sample to be synthesized,
as exists in the conventional technology.

When delivery of reactants through the pores to the reaction site is an important aspect of the com-
bustion process, it is referred to as filtration combustion. The two types of filtration combustion have
a similar mathematical formulation, describing the ignition, propagation and extinction of combustion
waves in porous media. The goal in each case, however, is different. In smoldering the desired goal
is to prevent propagation, whereas in SHS the goal is to insure propagation of the combustion wave,
leading to the synthesis of desired products. In addition, the scales in the two areas of application
differ. Smoldering generally occurs at lower temperatures and propagation velocities than in SHS.
Nevertheless, the two applications have much in common, so that what is learned in one application
can be used to advantage in the other.

We have considered a number of problem areas involving gravitational effects in filtration combustion.
These are: (A) waves of reaction between a porous solid and a gas filtering through its pores, with
the gas flow induced by buoyancy, (B) reaction waves in porous solids which melt prior to reaction,
forming a liquid suspension containing reactive particles whose density differs from that of the liquid
bath, leading to particle separation, e.g., sedimentation. Separation leads to the relative motion of one
reactant through the other, as in filtration combustion. The dynamics of the process then depends
on the interplay between the rates of reaction and separation, and (C) reaction waves in deformable
porous media, which are used to synthesize high porosity materials in both gravity and microgravity
environments. ‘

A. BUOYANT FILTRATION COMBUSTION

We first consider the propagation of exothermic reaction waves in a porous medium through which
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there is gas filtration. The porous solid is composed of both reactive and inert components. Our study
describes a wide range of natural and technological combustion processes in porous media having a
common mechanism of reaction front propagation. The principal feature of this mechanism is the
delivery of gaseous reactant(s) to the reaction front by filtration from the surrounding environment,
where it reacts with the solid reactant(s).

Filtration can be caused by two different mechanisms, referred to as forced and natural, respectively.
In the former an external force pushes the gas into porous matrix, and is often used in technological
processes. In natural filtration the gas flow is induced by the combustion process itself, e.g., due
to consumption of gas in the reaction. Buoyant filtration, considered here, is a natural filtration
process since it arises in response to the chemical reaction(s). In a gravitational field, heated gas rises,
inducing a filtration flux which delivers oxygen to the reaction site from the environment below. This
self sustaining process is of great importance, e.g., for fire safety because it can develop naturally,
without the need for special arrangements. All that is required for its occurrence is combustible
material, air and a source of heat. It is of interest to study both the ignition stage and the stage of
propagation of a developed combustion wave.

Buoyant filtration is typically a slow process, since under any reasonable conditions, the buoyant flux
is relatively small. Thus, large samples are required in modeling buoyant filtration systems, and there
then exists the problem of relating results for large samples to those for small samples. In ordinary
combustion, the characteristics of wave propagation are independent of the length of the sample. In
buoyant filtration combustion systems, this is typically not the case.

Most works on filtration combustion consider forced filtration, though natural filtration has also been
considered, e.g., in connection with studies of self-propagating high-temperature synthesis (SHS). In
SHS the reaction front propagates through a porous sample converting filtered reactant gas, e.g.,
nitrogen, hydrogen, etc., and solid matrix, e.g., metal powder, into a refractory compound. Filtration
of the reactant gas is sustained by a pressure difference between the environment and the reaction site
where it is consumed. Note that if inert is present in the gas flow, the pressure difference cannot be
maintained by the reaction. A specific feature of this type of filtration is that gas does not pass through
the reaction front where the pressure is a minimum. In contrast, for buoyant filtration combustion
there is gas flux (at least its inert component) through the entire porous matrix, which transports heat
through the reaction site, thus affecting the temperature distribution. That is, heat carried by the gas
away from the reaction site can cause the system to jump from propagating as a high temperature
combustion wave to a low temperature oxidation process, when the combustion temperature is lowered
sufficiently. The reverse can also occur. Additional heat transported to the reaction site can cause the
system to jump from a low temperature process to a high temperature combustion wave, as also occurs
in forced filtration combustion. In this sense buoyant filtration combustion is similar to forced filtration
combustion where the thermal interaction of the flowing gas with the reaction front leads to various
effects, such as (i) the superadiabatic effect in which heat is transported from the product region to
the reaction site, inducing a burning temperature which exceeds the adiabatic burning temperature,
and (ii) the subadiabatic effect in which heat is transported from the reaction site. Thus, the burning
temperature can vary over a wide range. In addition, (iii) extinction can occur under adiabatic
conditions, i.e. with no heat loss to the external environment, and (iv) the final temperature and depth
of conversion cannot be determined from thermodynamic arguments alone. Rather, they depend on
the gas flux. Moreover, the flux can (v) change the structure of the combustion wave, and also (vi)
generate new instabilities. At the same time the natural mechanism of filtration distinguishes buoyant
filtration combustion from forced filtration combustion where the filtration flux is prescribed, so that
there is no feedback between the combustion wave and the incoming gas flux. In buoyant filtration
combustion there is feedback, in that the incoming gas flux influences the combustion process, which,
in turn, influences the strength of the incoming gas flux. This feedback is most important during the
initial stage of the process, when interaction between filtration and reaction either reinforce or impede
each other, resulting in either the propagation of a developed high temperature combustion wave or in
a low temperature oxidation process. Separating these two regimes is the critical ignition condition.
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For certain values of the parameters of the problem, in the absence of any external energy input,
the system may self ignite, leading to the propagation of a combustion wave driven by buoyant flux.
For other parameter values buoyant filtration combustion may be initiated by an external thermal
pulse, which launches (e.g., at the top or bottom of the sample) the combustion wave as well as the
filtration flux required to sustain it. For conventional combustion the problem of initiating a traveling
combustion wave (TW) reduces to the problem of creating a preheat layer whose length scale is
fixed as the width of the combustion zone (preheat layer and reaction zone). For buoyant filtration
combustion, the conditions for initiating a wave are different since the wave is not a real TW. Rather,
it is a quasisteady (slowly varying) wave, since the width of the hot (product) region, and therefore
the buoyant flux, which affects ignition conditions, varies in time.

The buoyant filtration combustion wave may propagate either upward or downward depending on
whether ignition occurs at the bottom or the top of the porous sample. In the former case the
direction of wave propagation coincides with that of the buoyant flux, so that it is referred to as coflow,
or forward filtration combustion. In the latter case the direction of wave propagation is opposite to
that of the buoyant flux, so that it is referred to as counterflow, or reverse filtration combustion.

A model of buoyant filtration combustion consists of the basic elements of the forced filtration com-
bustion model, supplemented by a description of the relevant hydrodynamics. Specifically, in contrast
to forced filtration combustion where the hydrodynamic description is reduced to a prescribed fil-
tration flux, in buoyant filtration combustion the flux is not known a-priori. Thus, the equations of
hydrodynamics must be included in the filtration combustion model.

A cylindrical porous matrix is assumed to be set vertically in a container with both the top and bottom
ends open to gas permeation, while the sides are impermeable to gas penetration. A reaction between
the gas and the fuel in the porous matrix may be self-ignited in the sample if the temperature T} is
sufficiently high. Gravity then acts as a forcing mechanism by which the hot gaseous products rise and
exit the top, while fresh cool gas is pulled in through the bottom of the sample. The strength of this
forcing depends on the intensity of the reaction through the amount of heat released, the temperature
distribution and the density of the gaseous product. In turn, the intensity of the reaction depends
on the filtration flux of gas which carries both oxidizer and heat. The role of filtration becomes very
important, indeed crucial if, due to the large difference in densities of the solid and the gas, the amount
of oxidizer in the pores would be insufficient for appreciable fuel conversion if there were no filtration.
Thus, the principal mechanism for supplying the reaction with oxidizer is filtration. Diffusion of gas,
a much slower process, cannot possibly compete with convection on large macroscopic scales.

Our goal is to gain an understanding of the principal mechanisms characteristic of buoyant filtration
combustion in general. Analysis of even the simplest model of buoyant filtration combustion is of
interest, due to the fact that filtration may replace chemical kinetics as the rate limiting step of the
process, and thus may play a dominant role. Many features of buoyant filtration combustion are de-
termined by processes such as flow which occur on the scale of the sample, rather than on the details
of the kinetics process which occurs on the scale of the reaction zone. For example, the propagation
velocity and ignition characteristics may depend on the length of the sample. Another example is the
superadiabatic effect in an upward propagating buoyant filtration combustion wave, which is indepen-
dent of the details of the kinetic process. Conditions for the most significant manifestation of this
effect provide important information about the overall reaction scheme, which is not yet understood
for many real systems.

In conventional combustion systems the combustion waves are TWs, whose wave characteristics, e.g.,
propagation velocity and shape, are constant, and the time and length scales for the ignition period
are independent of the length L of the sample. In contrast, here the waves are not TWs. Rather, they
are quasisteady waves, whose characteristics do depend on L. Thus, knowledge of the combustion
characteristics determined from experiments on a specific sample of a given size can not be generalized
to samples of larger size, as is the case in conventional combustion. Therefore, one is faced with the
problem of scale up.
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In order to describe the propagation of buoyant filtration combustion waves we employ both numerical
simulations, and wherever possible, analytical (asymptotic) descriptions in various limiting situations,
such as the large activation energy (thin reaction zone) approximation. We employ a one temperature
model, assuming that the heat transfer rate between the solid and gas phases is very large compared
to the reaction rate so that both phases quickly equilibrate to the same temperature. We also assume
that the properties of the porous medium are homogeneous, e.g., changes in the permeability, or
other characteristics, from the fresh mixture to the product region are neglected, that the kinetics are
described by a strongly activated one step process, and that the propagation velocity is small compared
to the gas velocity. We consider all aspects of the combustion process, including the problems of self
ignition, external ignition and the dynamics of propagation of both upward and downward adiabatic
and nonadiabatic waves. We determine regions of self-ignition. We find that upward propagation is
more easily initiated than downward propagation, and that the superadiabatic effect occurs in upward
propagation, though not in downward propagation. Where possible we compare to experimental results
of A.C. Fernandez-Pello and colleagues.

In upward propagation we determine two types of wave structure, termed reaction leading and reaction
trailing according as the reaction occurs at the leading or trailing edge of the heated region of the
sample, respectively. That is, in each wave there are three regions in which the temperature is
essentially constant, a high temperature domain (HTD) at the burning temperature, separating two
regions at the low ambient temperature. The HTD is separated from each of the low temperature
regions by relatively thin layers, the reaction layer, and the heat transfer layer in which there is
heat transfer between the solid and the gas. The reaction leading (trailing) structure occurs when
the reaction (heat transfer) layer precedes the other. For each structure, two solution modes are
described, termed stoichiometric and kinetically controlled, according as the rate of oxygen supply or
the kinetics controls propagation of the wave. In each of these four situations, we derive expressions for
the evolution of the burning temperature, propagation velocity, incoming gas flux, degree of oxidizer
consumption and degree of fuel conversion as the wave moves through the sample. In addition, profiles
for temperature are described. Analysis of the case where significant heat is lost through the sides of
the sample leads to extinction limits and demonstrates the sensitivity of the wave structure to changes
in external heat losses.

In downward propagation we find the interesting phenomenon of wave reversal. Specifically, if the wave
propagates downward under gas deficient conditions, the burned solid is not completely converted to
product. As propagation continues, the HTD grows in size, inducing an increased buoyant flux. When
this flux reaches a critical level, propagation can no longer continue. The front then reverses direction,
traveling upward to complete the conversion of the solid fuel above it. The depth of penetration of
the downward wave into the sample depends on parameters such as the buoyant flux, and decreases as
the flux increases. In contrast, upward propagating waves, initiated at the bottom, always propagate
through the entire sample. -

We also analyze two non-adiabatic cases, distinguished by whether or not the sample is sufficiently
long and the heat losses sufficiently large that the cooling region behind the reaction site is completely
contained within the sample. When it is totally contained in the sample we describe traveling wave
solutions whose shape does not change in time, provided there is no net production of gas in the re-
action. When it is not completely contained within the sample, we describe quasi-steady combustion
waves which change slowly in time due to the increasing buoyant flux as the combustion wave pene-
trates further and further into the sample. Solutions are categorized as gas deficient when the oxidizer
is completely consumed, solid deficient when the solid fuel is completely consumed, or stoichiometric
when both oxidizer and solid fuel are completely consumed. Extinction is found to occur for solid
deficient and stoichiometric solutions when the buoyant flux is sufficiently large. The results of these
investigations, as well as all relevant references, appear in (ref. 1) and in two additional papers, to
appear.
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B. ’LIQUID FLAMES” IN GRAVITATIONAL FIELDS

We also consider the structure of a combustion wave propagating through an initially hard porous
matrix, which is destroyed by the propagating combustion wave, due, e.g., to melting of some of
the components of the mixture ahead of the reaction front. Thus, a liquid bath is formed, in which
processes such as heat and mass transfer as well as chemical reactions determine the structure of the
combustion wave, its propagation velocity and the composition of the reaction product. The liquid
bath is a suspension containing reactive particles, either liquid or solid. In general, the particle density
differs from that of the bath. Thus, under the influence of gravitational forces there is relative motion,
i.e., separation, of the individual components of the mixture, e.g., sedimentation of the particles.
Separation is opposed by a friction force. To gain an understanding of phenomena associated with
relative motion and separation during the propagation of the combustion wave, topics which heretofore
have not been considered, we formulate and analyze a relatively simple mathematical model of ”liquid
flame” combustion in a gravitational force field. We determine the structure of uniformly propagating
combustion waves and describe the possibility of multiplicity of such solutions. We also consider
nonstationary waves and show that ”shock” type solutions, with jumps in the composition of the
sample (though there are no jumps in the pressure field), are possible.

In addition, motivated by recent experiments of Lee and Goroshin who studied the combustion of
metal particles (e.g., Zn), and Sulfur, we consider the question of ignition for the ”liquid flame”
problem. Clearly, if the separation rate is sufficiently smaller (greater) than the reaction rate, ignition
will (will not) occur. Consider the case that the particle density exceeds that of the liquid, and the
reaction is initiated from above. We analyze four regions: (i) the pure liquid layer at the top, free
of all particles, which have already sedimented, (ii) the suspension region, (iii) the sediment region,
and (iv) the initial solid region. The regions, and the processes occurring therein, evolve in time, due
to sedimentation and reaction. Reactions occur in the suspension and sediment. We determine the
interfaces between these regions and investigate the processes occurring in each region. Whether or not
ignition occurs depends on the relative time scales of reaction and sedimentation. Thus, we introduce
a parameter v,, which is the ratio of the reaction and sedimentation time scales. We study the problem
both analytically and numerically. We determine whether or not ignition occurs, by determining a
critical ignition condition, i.e., by determining a critical value of v, as a function of parameters such
as the strength of the heat source, the initial temperature, the strength of the gravitational field, the
diameter of the particles, the viscosity of the fluid, the difference in the densities of the fluid and the
particles, the kinetic parameters, etc. In the case that ignition does occur, we estimate the ignition
time. In addition, we numerically determine the dynamics of the ignition process as a function of the
parameters of the problem. We show that it is not appropriate to employ standard ignition criteria
which do not account for gravitational effects. However, it is reasonable to employ these ignition
criteria, if they are appropriately modified to include gravitational considerations. Specifically, for
weak gravitational fields (v, small), the source temperature must be replaced by the temperature at
the (moving) top of the reaction zone, which must be calculated. In this calculation the liquid reactant
concentration and properties of the medium, e.g., the fluid volume fraction, in the reaction zone, are
taken to be approximately the same as in the case without gravity, since they change very slowly.
For stronger gravitational fields, it is necessary to also compute the liquid reactant concentration and
the fluid volume fraction, which evolve in time and space, together with the temperature at the top
of the reaction zone. Finally, we describe how to adapt the model to other heterogeneous mixtures,
e.g., to gas - condensed phase suspensions. The results of these investigations, as well as all relevant
references, appear in (ref. 2) and in three additional papers, to appear.

C. GRAVITATIONAL EFFECTS ON HIGH POROSITY MATERIALS SYNTHESIS

Finally, we consider a model of combustion of porous samples in a gravitational field, in which the
high temperature products can deform, to describe the synthesis of high porosity materials and its
dependence on parameters of the problem. It has been suggested that there are advantages to using
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the method of SHS to produce bulky thermal insulation materials for use in space applications, directly
in outer space, rather than producing them on earth and then transporting the bulky materials from
earth to space. The method appears to offer promise for these purposes since it does not require costly
external energy, it can easily be carried out in outer space, it employs simple equipment, and minimal
training is required for those who will perform the task in space. The high-porosity products of the
synthesis reaction of refractory compounds may be used for thermal insulation.

A number of experiments, both ground based and under microgravity conditions demonstrated that
high porosity materials can indeed be produced by the SHS method. For example, in the experiments
of Shteinberg, a powder mixture containing Ti, C and a small amount of a gas liberating additive was
used, while in the experiments of Moore, a powder mixture of boron oxide, carbon and aluminum, was

used to demonstrate the possibility of producing high porosity materials even without a gas liberating
additive.

The components of such mixtures are heated to such high temperatures by the combustion wave that
they change their state, e.g., melt, and can be easily deformed. The melt then solidifies into a solid
product, either in the chemical reaction or by cooling, due e.g., to heat losses.

The SHS process can be used for technological applications in which various desired product char-
acteristics e.g., porosity, structure and shape, can be achieved. These characteristics are affected
by external force fields, such as gravity. However, even in microgravity the SHS process itself creates
stresses in the sample, leading to self-deformation of the sample, which affects the combustion process,
which, in turn, affects deformation.

We formulate and analyze a mathematical model which accounts for the principal physical mechanisms
observed in experiments. In addition to the main synthesis reaction, we allow for the possibility of a
gasification reaction of a special additive. We employ the model to investigate combustion synthesis
of high porosity materials in both normal and microgravity environments. We describe ignition,
propagation, extinction and stability of propagating combustion waves, as well as elongation of the
sample, and their dependence on various factors such as heat loss, gravity, rheological parameters and
amount of additive. The elongation is caused by an increase in porosity due to the gas produced in
the main reaction or in the additive reaction or both. We derive an expression for the elongation, e.g.,
how elongation increases as gravity decreases, in accord with the experimental results of Shteinberg
and of Moore. In particular, we show the advantage of a microgravity environment for the synthesis of
uniformly high porosity materials. The results of this investigation, as well as all relevant references,
appear in (refs. 3, 4).
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Introduction

Combustion synthesis (self propagating, high temperature synthesis-SHS) is a novel technique that is capable of producing
many advanced materials [1-3]. The ignition temperature (Tig) of such combustion synthesis reactions is often coincident with
that of the lowest melting point reactant. The resultant liquid metal wets and spreads around the other solid reactant particles
of higher melting points, thereby improving the reactant contact and kinetics, followed by formation of the required
compounds. This ignition initiates a combustion propagating wave whose narrow reaction front rapidly travels through the
reactants. Since this process is highly exothermic, the heat released by combustion often melts the reactant particles ahead of
the combustion front and ignites the adjacent reactant layer, resulting in a self-sustaining reaction. Whenever a fluid phase
(liquid or gas) is generated by the reaction system, gravity-driven phenomena can occur. Such phenomena include convective
flows of fluid by conventional or unstable convection [4] and settling of the higher density phases [5,6]. A combustion process
is often associated with various kinds of fluid flow. For instance, if the SHS reaction is carried out under inert or reactive gas
atmospheres, or a volatile, e.g., B,Os, is deliberately introduced as a reactant, convective flows of the gas will occur due to a
temperature gradient existing in the atmosphere when a combustion wave is initiated. The increased gas flow will produce a
porous (or expanded) SHS product. Owing to the highly exothermic nature of many SHS reactions, liquid phase(s) can also
form before, at, or after the combustion front. The huge temperature gradient at the combustion front can induce convective
flows (conventional or unstable) of the liquid phase. Each of these types of convective fluid flow can change the combustion
behavior of the synthesizing reaction, and , therefore, the resultant product microstructure. In addition, when two or more
phases of different density are produced at or ahead of the propagating combustion front, settling of the higher density phase
will occur resulting in a non-uniform product microstructure and properties.

Experimental Method

Elemental powders of Ni, Ti, Al, Hf, B,Os, graphite or lampblack (< 44 jum) and amorphous B (<1pum) were thoroughly mixed
in the desired stoichiometries according to the following reactions:

Hf+2B+xAl = HfB, + xAl 6))
Ti+2B + x(3Ni+Ti) = TiBy+ xNi;Ti @)
2B,05 + C (4 + x)Al = B4C + 2AL,0; + xAl 3)

Green reactant pellets were prepared by uniaxially pressing the powders to green densities of 65 and 75% theoretical. Each
pellet had a diameter of 12.7mm and weighed between 6-8 grams. Pellets with lower densities were prepared by lightly
packing the loose reactant powders. The green pellets were ignited in a cylindrical, quartz reaction chamber (579 ml in
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volume) using a tungsten ignitor coil. The temperature-time profiles were recorded by a data acquisition system and the
reaction chamber environment was either 1 at argon ot vacuum (10 torr). The progress of the combustion reaction was
recorded with a video recorder. The effects of gravity on the combustion synthesis reactions was studied by igniting the MMC
green pellets from three orientations to the gravity center corresponding to top, horizontal and bottom ignitions, and on board
the NASA LeRcDC9. The green pellets for reactions (3) and (4) were ignited only from the bottom on account of the
expansion.

Results And Discussions

Reaction system (1) has a low density matrix and high density ceramic phase while reaction system (2) has a high density
matrix and low density ceramic phase. During processing, the matrix phase for both systems is molten, which increases the
potential of gravity induced segregation. When pellets for reaction (1) were ignited from the top, the combustion wave
propagated with a lower velocity, the wave front appeared planar, and the wave velocity became increasingly smaller as the
wave proceeded downward. Igniting these pellets at the bottom, the combustion temperature and the combustion wave velocity
were considerably higher, and the combustion wave front propagated in a non-planar manner. Preheating of the green pellet
proceeds the passage of the combustion front due to the heat transfer from the advancing front. Examination of the time-
temperature profile confirmed that the preheating was highest when ignited from the bottom of the pellet and decreased with
increasing excess metal (xAl). This preheat, in turn, produced gravity-driven convective flow of argon gas. It was found that
for pellets containing 50 and 60 vol % Al, pure Al nodules gradually formed on the surface of the pellet after the combustion
front had passed. This phenomenon was explained by hydrostatic pressure created by the liquid Al (head height x density x g).
Settling was also confirmed from examination of the composite microstructures shown in Figure 1. The two phases present in
this system, Al and HfB,, have a density difference of 8820 kg m>. According to Stoke's law, settling of a single HfB, particle
of radius r, under ideal conditions can be calculated by :

Vt = 2/9 g r*(d-d))/p 3)

where g is the gravitational acceleration (9.81 m/s/s), d, the density of the solid HfB, particle (11200 kg m™>), d; the density of
the liquid Al (data taken at the melting point, 2380 kg m™), and p the dynamic viscosity of Al (3.1x10? Pa). Under ideal
conditions, the settling rate of the HfB, particles is calculated using equation (3) and the results are listed in Table I together
with the SHS reaction data. Therefore, for a typical combustion process in which samples remained in the molten state for
about 15 seconds, the total settling distance should be between about 22 pm to 837 um under ideal conditions. However,
considering the approximations used in equation (3) and that there is a large population of the HfB, particles, the actual settling
distance would be much smaller. The settling under low gravity conditions would be three orders of magnitude less. The
combustion synthesis reactions conducted under reduced gravity were carried out using parabolic flights on board a DC-9
aircraft at the NASA LeRC. All pellets were ignited from the bottom. Both the average combustion temperature (Tc) and the
wave velocity (v) were considerably lower under the reduced gravity conditions than at normal gravity, as shown in Table 1.
The preheat temperature, Tp, was also much lower for reactions conducted under low gravity. These results confirm the role of
the argon gas convection under normal gravity. Lower preheat and combustion temperatures, as well as lower propagating
velocity under reduced gravity conditions were believed to result from decreased convective flows of the ambient argon gas
which resulted in reduced heat transfer. There were no Al nodules observed on the surface of samples after combustion of
pellets in low gravity which clearly indicated the lack of (h p g) forces on the liquid Al

The Ni;Ti/TiB, System

The combustion reactions of pellets with higher than 60% green density were characterized by high wave velocities and
expansions after combustion. All pellets were ignited from the bottom of the pellet. The combustion characteristics under both
normal and reduced gravity conditions for samples containing 70 vol % Ni,Ti are listed in Table II. Under normal gravity,
both the combustion velocities and temperatures were much higher for pellets of 42% green density than under reduced gravity.
However, there was not much difference for samples of 65% green density. This observation again agrees with the argument
presented earlier, i.c., convective flow of argon enhanced combustion. A comparison of microstructures for MMCs of 70 vol %
Ni;Ti ignited under normal and reduced gravity conditions is shown in Figures 2 and 3. Buoyancy of the TiB, particles and
settling of the Ni;Ti phase are clearly seen in Figure 2(a) and 3(a), whereas a more uniform distribution of the two phases can
be seen in Figure 2(b) and 3(b). Simple calculations of the settling distance of TiB, taken from the data in Table II indicated a
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30pm periodicity. This agrees well with the TiB, layered structure in Figure 2(a). The layered structure was clearly absent
from samples produced under low gravity conditions.
B4C-AL,O; Porous Ceramic Composites

The purpose of this research is to develop a better understanding of the effects of reaction parameters on the combustion
synthesis of porous boron carbide-alumina composites. The effects of reaction parameters, reaction chamber pressure and the
effect of gravity on the combustion reactions were each examined. Once the variable effects are understood, they can be
manipulated to produce a consistent product. Porous materials are required for a variety of applications such as: filters,
lightweight structural materials, insulators, catalyst support systems, and even osteogenic support systems. By controlling the
expansion and amount of porosity in a combusting (reacting) sample, its properties may be tailored for one of these
applications. The reaction system (3) was selected for investigation in this research project based upon its attractive physical
and mechanical properties and porous nature. The literature [7] has reported that the volumetric expansion of combusting
samples is controlled by two main processes. The first process is the plasticity of the reaction zone. Increasing the plasticity of
the reaction zone, through the use of a reacting component which melts, and decomposition of a gassifying additive. An
approximation of the sample expansion/elongation during reaction can be written as [81:

Al =Pg - PoAX

1 nu
where A/l is the degree of elongation, Pg is the pressure of the gas within the pores, Poo is the gas pressure of the ambient
medium, 7 is the material viscosity, AX is the size of the reaction zone and u is the rate of combustion. The parameters
selected for investigation in this research project were related to Poo, Pg, n, and the amount of fluid liquid at the reaction front.
In the boron carbide-alumina reaction system (3), the liquid at the reaction front is composed of mixed oxides and liquid
aluminum; to increase the amount of liquid at the reaction front the amount of excess aluminum present in the reactants was
from O to 3 moles. Boron oxide is the gas forming constituent in the reaction, so to increase the amount of gas evolving in the
reaction an excess of boron oxide was added. In order to prevent unreacted boron oxide from remaining in the sample and with
the intention of increasing the viscosity of the liquid at the reaction front, silica was added to the excess boron oxide. Two
different ratios of boron oxide to silica were used, i.e., 97:3 and 50:50. The 97 B,0s: 3 SiO; ratio corresponds to the eutectic
composition which has a slightly lower melting point than pure boron oxide.

(2 +0.05y)B;0; + 4Al + C + 0.05(1-y)SiO; = B,C + 2AL0; + 0.05yB,0; + 0.05y(1-y)SiO, @)

The 50 B,0Os: 50 SiO; ratio contains more silica and would be expected to have a significantly higher liquid viscosity while
producing less gas than the 97:3 ratio. The 50:50 ratio has a melting point between that of silica and boron oxide. Both boron
oxide-silica mixtures were added to the reactants at 5 and 10 weight percent (Table III). The gravity levels (g's) experienced by
the reacting compacts were varied between 0.01 and 2 g's, referred to as the reduced and enhanced gravity states, respectively.
Table I provides a summary of the different reaction conditions investigated. Universally, it was seen that pellet expansions
decreased with increasing reaction chamber pressure and increased with increasing combustion temperatures. Increasing the
reaction chamber pressure serves to retain more of the reactive boron oxide gases within the reacting pellet, causing the
reaction to approach completion and adiabatic conditions. This was confirmed by the higher combustion temperatures at
elevated pressures and laser ablation ICP analysis. The form of carbon used (graphite or lampblack) did not have a significant
effect on combustion temperatures. Yet the reactions which utilized graphite experienced noticeably greater expansions. This
would signify that the lampblack volatiles must be released at temperatures below the melting point of aluminum, causing the
volatiles to escape the pellet prior to reaction and not contribute to pellet expansion. The addition of excess aluminum caused
the combustion temperatures and expansions to decrease. This same trend was observed with increasing amounts of silica.
There does appear to be an enhancing effect of slight amounts of either addition on the combustion temperatures and
expansions of pellets reacted in vacuum. The addition of some excess, high fluidity liquid and a slight increase in liquid
viscosity or amount of a gassifying agent tended to increase combustion temperatures and expansions in a vacuum
environment. In these situations the enhancement of fluid properties overcomes the accompanying decrease in exothermicity of
the reaction. In reactions conducted under reduced and enhanced gravity conditions the samples reacted in low gravity
conditions experienced significantly higher combustion temperatures. This stands to reason since their would be lower heat
losses in low gravity than in enhanced gravity, since natural convection would be eliminated or at least greatly reduced in
microgravity. Correspondingly, there was a decrease in expansion with increasing gravity levels. This can be directly linked to
the temperature differences experienced, but should not exclude the possibility of other gravity-influenced factors, such as gas
buoyancy. Mercury porosimetry revealed that the total area of porosity within the samples decreased with increasing chamber
pressure and was roughly proportional to pellet expansion. In contrast, the average pore size within the pellets increased with
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chamber pressure. This may indicate a tendency for the gases to remain entrapped and expand within the pellet. Therefore,
the apparent density of the reacted material increased with reaction chamber pressure. In systems which contained an excess of
silica-boron oxide mixture the apparent density noticeably decreased, indicating an increase in the amount of closed porosity.
Evidence of segregation was seen in the excess aluminum systems reacted under enhanced gravity conditions. This segregation
was minimized as gravity levels decreased. Maximum porosity and expansion were achieved under vacuum conditions and at
low gravity. The graphite system exhibited an increased linear expansion than the lampblack samples but the lampblack
samples contained a greater surface area porosity. In both the graphite and lampblack systems the specific porosity (m%/g) and
linear expansion (in vacuum conditions) was augmented by the addition of the silica-boron oxide mixture. The addition of the
low silica-boron oxide mixture (3 SiO,: 97 B,Os) increased specific porosity much more than the addition of high silica-boron
oxide (50 SiO,: 50 B,Os), suggesting that there may be an optimum level.
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Table 1. “Effects of Gravity for the HfB,/Al System

VOL NORMAL GRAVITY (1g)* REDUCED GRAVITY (ug)**
%AL | v (mm/s) | T«K) | HfB,(um) | Settling Rate (umv/s) | V (mm/s) T(K) | Settling Rate (um/s)
50 — — 3.0 55.8 — — 55.8x 107
60 | 3.1+02 | 2056+ 92 15 14.0 28+02 | 1874+ 14.0 x 107
164
70 | 1.9+0.1 | 1765+ 15 0.5 15 09+01 |1403+28 1.5x 103

* Bottom ignition. ** assuming extent of gravitational force was 10° g
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Table II. Effects of Gravity for the Ni;Ti/TiB, System with 70 vol % NisTi

GREEN DENSITY (%) NORMAL GRAVITY (1G) REDUCED GRAVITY (ug)
V (mm/s) T. (K) V (mm/s) T. (K)
42 2.34+0.12 1817 £ 65 1.32+£0.15 1690 + 60
65 21.04 £0.47 1745 £27 21.5+1.2 1724 £ 134

Table I1II. Reaction Conditions Under Investigation

CARBON FORM MOLES EXCESS Al | REACTION CHAMBER PRESSURE ~g’s

Graphite 0,1,2,3 Vacuum, 1 atm, 2 atm 0,1,2
Lampblack 0,1,2,3 Vacuum, 1 atm, 2 atm 0,1,2
Carbon Form Excess B,0;-Si0, Mixture n Liquid | Reaction Chamber Pressure ~g’s
Graphite 5mol% (97%B,05:3%Si0,) Low Vacuum, 1 atm, 2 atm 0,1,2
Lampblack 5mol% (97%B,05:3%Si0,) Low Vacuum, 1 atm, 2 atm 0,1,2
Graphite 5mol% (50%B,05:50%Si0,) High Vacuum, 1 atm, 2 atm 0,1,2
Lampblack 5mol% (50%B,05:50%Si0,) High Vacuum, 1 atm, 2 atm 0,1,2
Graphite 10mol% (50%B,05:3%Si0,)- Low Vacuum, 1 atm, 2 atm 0,1,2
Lampblack 10mo1% (50%B,05:3%Si0,)- Low Vacuum, 1 atm, 2 atm 0,1,2
Graphite 10mol% (50%B,05:50%Si0y)- High Vacuum, 1 atm, 2 atm 0,1,2
Lampblack 10mo1% (50%B,03:50%Si0,)- High Vacuum, 1 atm, 2 atm 0,1,2
@ (®)

o 7 o 7 A é
€3 o4 5 y . % :
Gid BRIl i N i BT : et

Figure 1. The effect of gravity on the microstructure of the Al-HfB, system showing the distribution of HfB, (light phase)
for samples with 70 volume percent Aluminum reacted in a) 1g and b) reduced gravity conditions.
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Figure 2.: Bottom region of 2 sample containing 70 volume percent Ni;Ti reacted in 2) 1g and b) reduced gravity conditions.
Gravity induced segregation of TiB, (dark phase) is observed for the sample reacted in lg
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Figure 3. Central region of a sample containing 70 volume percent Ni;Ti reacted in 2) 1g and b) reduced gravity conditions.
Gravity induced segregation (layering) of TiB, (dark phase) is observed for the sample reacted in lg.

30
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Introduction

There have been relatively few publications examining the role of gravity during combustion synthesis (CS), mostly involving
thermite systems (refs.1-3). The main goal of this research was to study the influence of gravity on the combustion
characteristics of heterogeneous gasless systems. In addition, some aspects of microstructure formation processes which occur
during gasless CS were also studied. Four directions for experimental investigation have been explored: (i) the influence of
gravity force on the characteristic features of heterogeneous combustion wave propagation (average velocity, instantaneous
velocities, shape of combustion front); (i) the combustion of highly porous mixtures (with porosity greater than that for loose
powders), which cannot be obtained in normal gravity; (iii) the effect of gravity on sample expansion during combustion, in
order to produce highly porous materials under microgravity conditions; and (iv) the effect of gravity on the structure formation
mechanism during the combustion synthesis of poreless composite materials.

Experimental Set-Up and Procedures

Our experiments were conducted primarily in the 2.2s-Drop Tower (NASA Lewis Research Center, Cleveland, OH) providing
microgravity environment (~10-4 m/s2) during 2.2 s of drop time. Some investigations were also carried out during the
parabolic flights of DC-9 aircraft, yielding ~10-2g condition for about 20 s. The restrictions of weight, dimensions and safety of
the experimental set-up dictated its design (Fig.1). The reaction chamber, battery, power distribution box, specially constructed
ignition module and video camera were fit into a standard NASA rig (96x84x40 cm). A microcomputer (Tattletale) controlled
and synchronized ignition, temperature measurements, gravity conditions and drop processes.

Three different easily interchangeable sample holders were used in the experiments. The first was made from two boron nitride
plates, with cylindrical holes for three samples and ignition electrodes. The outer part had three slits to observe wave front
propagation. The entire assembly was mounted in an aluminum cup holder and installed in such a way that one of the samples
could be ignited from the bottom, the second from the side, and the third from the top. Ignition occurred when electric current
was applied 10 a tungsten filament imbedded inside an intermediate ignition mixture. This system provides relatively fast and
reliable ignition, which is important in the limited time experiments. This set up was used to study the influence of gravity on
the combustion behavior and microstructure of the final product. For this, experiments were conducted in both terrestrial and
microgravity conditions, with the samples located under three different angles between the combustion velocity front and
gravity force vectors. Another sample holder was a vertical quartz tube placed on a boron nitride support. Ignition could be
initiated from either the top or the bottom of the sample. This holder was designed for studies in which the sample expands
greatly during the synthesis, to yield highly porous or foam-like materials. In addition, the effect of gravity on combustion of
loose reactant mixtures was investigated using this assembly. Finally, the wedged brass block was used to perform quenching
experiments to investigate the microstructure formation in microgravity conditions. Initiated from the top, the combustion wave
propagates in the direction of increasing heat losses and finally stops at some critical section of the wedge. The synthesized
sample was examined layer-by-layer, from its tip (initial mixture) to the top (final product), to elucidate the evolution of
material structure formation during combustion synthesis.

The sample fixed in the appropriate holder was placed in the reaction chamber, which was first evacuated to about 10-2 atm and
then filled with high purity argon to 1 atm pressure. In the case of the drop tower experiments, the rig with the experimental
set-up was enclosed in a drag shield and suspended using a steel wire at the top of Drop Tower. At the operator's signal, the

" Work funded under NASA Grant NAG 3-1644.

31



wire was cut and the apparatus fell freely for a distance of 27 m, followed by deceleration at the end when reaching an air bag.
The video camera was connected by optic cable with the tower video system center, which allowed us to record the combustion

process during the drop. For aircraft experiments, the same set-up was installed on board DC-9 aircraft, which achieves
weightlessness by flying a parabolic trajectory.

After reaction, the instantaneous and average velocities of combustion front propagation as well as rate of sample expansion
were determined by analysis of the video frames. The phase composition of the product was identified by X-ray diffraction and

the microstructure was analyzed using scanning electron microscopy along with energy dispersive X-ray spectrometry and
advanced image analysis software.

Systems Under Investigation

The systems under study (Table I), were chosen to investigate different aspects of the influence of gravity on combustion
synthesis process. They all have the common feature that at least one liquid phase exists in the reaction front. Owing to this
feature, gravity can be expected to play a role in the mechanism of combustion and structure formation.

The first system selected (S1) is the (3Ni+AD+(Ti+2B) mixture, where a ceramic-intermetallic composite can be produced by
the reaction (ref.4):
3Ni+Al+x (Ti+2B)—> NizAl + x TiB, )

This system has a relatively high combustion velocity (~Sem/s), hence the characteristic time of combustion front propagation
along the sample (length = 2.5 cm) is only ~0.5 s, which is less than the drop time (2.2 s). Thus the combustion front
propagation is fully completed in microgravity conditions. Also, the combustion temperature of the investigated mixture
(x=1.95; Te=1933'C) exceeds the melting point of NizAl (1395°C), but is lower than the melting point of TiB, (2800°C). For
this reason, it is possible to investigate the role of buoyancy in the processes of nucleation and growth of TiB, grains in the
NizAl melt. It should also be noted that intermetallic matrix composites of this type exhibit superior mechanical and heat
resistance properties which make them excellent candidates for hi gh temperature applications.

Several systems have been studied (see Table I) in the direction of high-porous materials production in microgravity
conditions. As an example, we present the results of gravity influence on CS in Ti+C+20 wt.%Ni reactant mixture. The
following reaction occurs in the combustion front:
Ti+C+Ni-->TiC + Ni @

The Ti powder typically contains relatively large amount of absorbed gases (mainly hydrogen); in the present experiments, we
have ~0.4 mgH,/¢Ti. In the combustion wave, due to the high temperature, this gas desorbs rapidly from the metal surface,
resulting in sample expansion. Moreover, experiments in the normal (g=10 m/s2) conditions show that for the Ti+C system,
unconstrained samples were completely destroyed during the combustion process. In order to obtain high porous material with
good mechanical properties, some excess liquid phase needs to be formed in the reaction front. The combustion temperature of
Ti+C (3200°C) mixture is higher than melting point of Ni (1670°C), and for this reason we introduced some Ni powder to
increase the amount of liquid phase present in the reaction zone.

The results on combustion of Ni+Al mixture are shown below as the example of gravity influence on the mechanism of

combustion wave propagation in highly porous (loose powders) media. In this system, nickel aluminide is formed during the
reaction in the combustion wave :

Ni+ Al --->NiAl (3)
As shown in Table I, various systems were also studied using the quenching technique, in order to elucidate the structure
formation mechanisms. The results for the system S1 are presented here to illustrate the influence of gravity on these processes.

Some Results

All experiments were conducted under otherwise identical conditions in both normal (g=10 m/s2) and microgravity (UG, g=10-4

m/s2 during free-fall and g=10-1 m/s2 in parabolic flights), to make a direct comparison and to establish the effects of gravity on
combustion and structure formation in the investigated systems.

Effect of Gravity on Combustion Velocity The results of combustion velocity for different systems are summarized in Table II.
The data show that the average velocity value is somewhat larger in terrestrial conditions. More important, in all cases, the root
mean square (RMS) deviations of calculated velocities, characterizing the steadiness of front propagation, are also greater in
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terrestrial conditions than in microgravity. The distributions of instantaneous velocity shown in Figure 2 illustrate this point,
where a wider distribution (6=1.3 cm/s) is observed for normal gravity as compared to microgravity (6=0.3 cm/s). We believe
that convection of inert gas, taking place in the reaction chamber during the combustion process in terrestrial conditions, leads
to instability of combustion front propagation along the sample. These effects can be important not only for fundamentals of
structure formation, but also for direct production of net-shape articles by the combustion synthesis method. Indeed, instability
of combustion wave propagation usually results in undesired non-uniform properties along the surface of the produced material.

Effect of Gravity on Particle Size Growth It was observed that gravity influences not only propagation of the combustion wave,
but also microstructure of the final product. The results obtained on quenched samples showed that this difference is related to
the process of grain growth during CS. The characteristic dependencies of average TiB particle size as a function of distance
from the quenched front are shown in Figure 3, for normal and microgravity conditions. In both cases, very fine particles (<0.1
um) of TiBy formed immediately in the reaction front. However, the rate of particle growth in uG (10-4 cm2/s) condition is

lower than at g=10 m2/s. It appears that enhanced mass transfer, owing to melt convection and buoyancy in normal gravity,
promotes the grain growth.

Effect of Gravity on Sample Expansion In Table ITI, data on the average measured combustion front velocity (U,) and relative
linear final expansion (I¢/l,) for several systems are shown. For all cases, the final expansion and U, appeared to be higher in
UG than in normal gravity conditions. The dependencies of relative sample length (V1) as a function of time are presented in
Figure 4. It should be noted that in both cases, the expansion velocity (Ugy) remains constant as the combustion wave
propagates along the sample; however, the value of Uy is measurably greater under uG conditions (see also Table o). Itis
interesting that gravity does not influence the combustion velocity (Ucf) measured relative to the unreacted part of the sample;

Ug=U¢-Uex. This implies that the region of sample expansion is located behind the combustion front (i.e. in the post-
combustion zone).

Effect of Gravity on Combustion of High Porous Media To investigate the role of gravity on the mechanism of heat conduction
in heterogeneous media during combustion, several systems were studied (Table I). We expected to find a change in the
behavior of reaction front propagation due to the decrease of contact between particles in uG conditions. For this purpose,
combustion of loose powder mixtures was examined. The quartz tube was half filled with reactant mixture, that was ignited
from the bottom. The data obtained during combustion of loose (g9=0.8) Ni+Al mixture are shown in Figure 5. In terrestrial
conditions, the combustion front propagates relatively steady, with an average velocity 1.6 cm/s. To describe the results
obtained in UG, note that only a part of the sample was reacted at g=10-% m/s2, and in this casc ignition and drop were done
simultaneously. The average front velocity in uG was about 5 cm/s. This dramatic change in combustion velocity may be
explained by a change in the primary mechanism of heat transfer in the reaction medium. Other experiments, with the quartz
tube filled with the reaction mixture to different extents, showed that for a completely filled tube. the above mentioned effect
does not occur. It is worth noting that even after impact, the velocity for the Drop Tower experiments was larger than for

experiments conducted fully under normal gravity. This effect arises due to consolidation of the unreacted part of the mixture
upon deceleration when reaching the air bag.
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Table I. Systems Under Investigation

Experimental System Comments
Conditions
3-Sample set-up; S1: 60 wt.%(3Ni+AD+ U=Ulangle);

initial sample 40wt.%(Ti+2B) grain size and phase
porosity = 0.4 distribution in product;
90wt.% S1+10wt.% W CS of poreless materials
Quartz tube; Ti+0.8C sample expansion;
initial sample Ti+0.8C+15wt.%Ni synthesis of foam materials
porosity = 0.4-0.5 Ti+C+20%wt.Ni
instantaneous velocity
Quartz tube; Ni+Al distribution;
loose powders heat conduction
Cladded Ni-Al particles mechanism
Wedged brass block; S1;
initial sample 90wt.% S1+10wt.% W quenched front;
porosity = 0.3-0.4 , Ni+Al mechanistic study
Cladded Ni-Al particles

Table I1. Characteristic Velocity of Combustion Wave Propagation in Different Gravity Conditions

System Gravity Condition, m/s* | Average Velocity, cm/s RMS
Deviation
(BNi+AD+(Ti+2B) 10 6.5 1.1
10° 4.1 0.6
(BNi+AD+(Ti+2B)+W 10 8.3 1.4
10* 7.6 0.8
(Ni+AD+5wt% (Ti+2B) 10 15.2 04
107 143 0.2
(Ni+AD+20wt% (Ti+2B) 10 37 1.0
107 3.3 0.8

Table IIL. Average Front Velocities and Expansion of Samples Reacted in Different Gravity Conditions

System Gravity Combustion Expansion U =U,-Ugy | Final Relative
Conditions, Velocity, U Velocity, Ugx cm/s Expansion,

m/s? cm/s cm/s il
Ti+0.8C 10 1.0 0.7 0.3 3.4
10% 1.25 0.95 0.3 4.5
Ti+C+Ni 10 3.7 23 1.4 2.7
10* 47 3.2 1.5 3.7
Ti+C+Ni+Mo 10 8.0 3.0 5.0 1.6
10° 14.0 9.5 4.5 3.1
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Introduction
Gas-phase combustion (flame) synthesis has been an essential industrial process for producing large quantities of powder
materials such as carbon black, titanium dioxide, and silicon dioxide. Flames typically produce simple oxides, with carbon
black being the noted exception because the oxides of carbon are gaseous and are easily separated from the particulate matter
that is formed during fuel pyrolysis. The powders produced in flames are usually agglomerated, nanometer-sized particles
(nanoparticles). This is an acceptable composition and morphology for many applications. However, recently there has been
interest in flames for the synthesis of metal and non-oxide ceramic unagglomerated nanoparticles (2 to 100 nm) for advanced
materials applications. For these applications nano-powders are consolidated into bulk materials under high temperature and
pressure, yielding a solid part whose grains retain the nanometer size of the starting powder. The final nanostructured
materials often possess unique mechanical, electrical or magnetic properties compared to their coarse-grained counterparts.

The economics of powder processing can also be enhanced with nano-powders vis-a-vis low temperature consolidation and
superplastic forming.

One of the first known applications of flames for less traditional synthesis was by Lamprey and Ripley (ref. 1) where tungsten
and molybdenum were synthesized by hydrogen reduction of tungsten and molybdenum chlorides. More recently Calcote and
Felder (ref. 2), Glassman et al. (ref. 3) and Axelbaum et al. (ref. 4,5,6) have employed sodium/halide chemistry to produce
metals and non-oxide ceramics. The list of materials that have been produced in these flames includes Si (ref. 2), TiN, TiB.,
TiC, TiSh, SiC, B.C (ref. 3) Al, W, Ti, TiB:, AN, and W-Ti and AILAIN composites (refs. 4,5,6). Many of the most
important advanced materials can be produced from sodium/halide flames.

As emphasized by Zachariah in the 2° Microgravity Workshop (ref.7) and Brezinsky in ref. 8, the main challenge that faces
application of flame synthesis for advanced materials is overcoming formation of agglomerates in flames. Figure lz
illustrates the steps leading to agglomeration in a typical aerosol process. The high temperatures and high number densities
in the flame environment favor the formation of agglomerates. Agglomerates must be avoided when the powders are to be
consolidated because of their deleterious effect on compaction density, which leads to voids in the final part. Efforts to0 avoid
agglomeration in flames without substantial reductions in number density (e.g. low pressure or extreme dilution), and
therefore production rate, have had limited success (ref. 8,9).

Other challenges in flame synthesis processing include ensuring that the powders are high purity and that the process is
scaleable. Though the containerless, high temperature environment of a flame is excellent for producing high-purity simple
compounds, ultrafine metals and non-oxide ceramic powders are inherently reactive in the presence of oxygen and/or moisture.
Thus the handling of these powders after synthesis poses a unique problem. Impurities acquired during handling of
nanoparticies have plagued the advancement of nanostructured materials technology.

One promising approach that addresses these problems is nano-encapsulation, as schematically depicted in Fig. 1b. In this
approach the core particles are encapsulated in a removable material while they are within the flame but before excessive
agglomeration has occurred. The onset of condensation of the encapsulation material is dependent on temperature,
concentration of the condensable material, and particle size. Condensation can be very rapid so that core particles are trapped
within the condensed material and are subsequently protected from agglomeration. Figure 2 shows transmission electron
microscope (TEM) micrographs of titanium (Fig. 22,b) and aluminum nitride (Fig. 2¢) powders produced using the nano-
encapsulation process in sodium/halide flames. The NaCl by-product, the lighter material in these micrographs, acted as the
encapsulation material. These results demonstrate the effectiveness of nano-encapsulation. Also, as can be seen from Figs. 2a
and b, the size of the core particles can be varied by controlling process conditions.
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An additional advantage of nano-encapsulation is realized when the powders are handled during post-production processing.
Results have shown that when the powders are exposed to atmosphere the core particles are protected from oxidation and/or
hydrolysis. Thus, handling of the powders does not require extreme care and if at the time of consolidation the encapsulation
material is removed, either by washing or vacuum annealing, the resulting powders are unagglomerated and low in impurities.

An example of the relevant sodium/halide chemistry for the formation of titanium metal is
TiCls + 4Na - Ti + 4NaCl )

To maximize yield and minimize impurities it is essential that there be sufficient sodium to fully reduce the halides. This
suggests that the preferred flame configuration is one in which the halides are injected into a reducing atmosphere of sodium
vapor. From this perspective the process is very similar to the Chloride process for producing TiO, wherein TiCl is injected
into an oxidizing atmosphere (ref. 10). When possible, halides can be introduced in the vapor phase but since many halides
have high boiling points it may be desirable to employ spray combustion techniques. Consequently, sodium/halide flames
share many global features of hydrocarbon flames and droplet combustion, and the experimental approaches that are being
employed to study hydrocarbon combustion can be quite relevant to studying sodium/halide flames.

Despite their similarities with hydrocarbon flames, flame synthesis processes - both the sodium/halide flame and others - have
many unique features. First, the reactants employed are often hypergolic and thus the flame must be nonpremixed. This
dramatically limits the types of experiments that can be performed to understand chemistry. Second, the objective of the
flame is not to produce heat but rather a material with a specific composition. Flame structure and particle history can have a
significant impact on the composition of the final product and, thus, it is necessary to understand how flame conditions can
be tailored to obtain a desired product. Third, the inlet temperatures and concentrations of the reactants are not dictated as
they tend to be in hydrocarbon combustion, so there is 2 degree of freedom to control flame structure that is not available in
traditional combustion. Fourth, the product produced at the flame front is a2 condensed phase. With the transformation from
gaseous reactants to condensed-phase products comes a reduction in pressure and, thus, the flame frontcanactas a
hydrodynamic sink. Furthermore, as with soot formation in hydrocarbon droplet burning, we expect a particle shell to form

around the droplet. These phenomena will affect droplet burning, the flow field, and particle evolution, and, thus, the
resulting product.

Objectives

The objective of this program is to gain a greater understanding of flame synthesis processes in order to control particle
morphology and composition. Emphasis will be placed on the sodium/halide flame with nano-encapsulation but the
fundamental understanding gained will be relevant to other flame processes as well. Since the final composition and
morphology are dependent on the evolution of the aerosol and this evolution is intimately related to the flow field,
microgravity affords 2 means of attaining a controlled investigation of many of the unique features of flame synthesis
processes. The requirement that the flames be nonpremixed and the ability to produce purely one-dimensional diffusion
flames with long residence times in microgravity affords a unique opportunity to understand flame synthesis. Furthermore,
with a non-buoyant, spherically symmetric flame the effects of the particle shell and the hydrodynamic sink created by
condensation at the reaction front can be studied to understand their effects on droplet burning,

Another unique aspect of flame synthesis that will be studied can be illustrated by consider the example of combustion of 2
mixture of titanium tetrachloride and aluminum trichloride with sodium. The global reaction is

TiCls + AICl; + 7Na — TiAl + 7NaCl . )

Presuming the halides are supplied in the vapor phase the stoichiometry will be largely preserved and the final product will be
titanium aluminide. However, if the metal halides are supplied in the liquid phase through, e.g., spray combustion, the
different volatilities of the halides can lead to a varying product throughout the droplet lifetime. This is not inherently a
problem and, in fact, may be desirable for the synthesis of composite materials. Thus, the ability to control composition
through reactant volatility will be explored.

This program will involve microgravity porous sphere/cylinder experiments. Thermocouple measurements and
thermophoretic particle sampling will be employed to characterize the flame environment and particle history, respectively.
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The combustion process and aerosol dynamics will be modeled as well. Only limited kinetic data are available (ref. 11) but
fortunately the chemistry is sufficiently fast that the flame is diffusion limited and the flame location and nucleation rate can
be reasonably predicted without accurate chemistry. The aerosol dynamics will be modeled with a novel multicomponent
Monte Carlo scheme. The justification for such a technique and initial resuits will be discussed below.

SRR ST ) cigiid

Figure 3 is a schematic diagram of the high temperature reactor chamber that is under construction for the microgravity porous
sphere experiments. The halide will be supplied through 2 porous sphere or cylinder into an atmosphere of sodium vapor.
An inert or reactive gas (e.g. ammonia) will be mixed with the sodium. Maintaining a sufficient sodium vapor pressure will
require reactor temperatures of 500 to 700 °C (T.. = 883 °C). Thus, special precautions were necessary in the reactor design
particularly with regards to the windows and probe system because the reactor will contain a high temperature, condensable
atmosphere. One access port will be used for both the window and probe systems. The access port will be shuttered so that
the cold window or probe system will only be exposed to the reactor atmosphere when needed. Sodium/halide reactions are
hypergolic, which precludes the need for an ignition source yet requires a special procedure for introducing the halide. To
accomplish this an inert will be fed through the porous sphere/cylinder before introducing the halides and when the system is
stable the flow of inert will be discontinued and replaced with halide. Precautions are also required for TEM grid sampling
because the ultrafine powders can react when exposed to atmosphere following sampling. To avoid this the probe system

which contains the TEM grid will be isolated with a vacuum valve after the grid has been inserted into the flame and retracted
back into the probe system housing.

Modeling aerosol dynamics such as that represented in Fig. 1b, where core particles are encapsulated following the rapid
condensation of a second component, requires that 2 multicomponent aerosol model be developed. The objective is to predict
both the final particle size and the size of the core particles under conditions of simultaneous coagulation and condensation.
The sectional method is an established technique for modeling coagulation alone and some efforts have been made to extend
this technique to allow for condensation. However, the sectional method when applied to condensation suffers from
numerical diffusion because condensed mass is distributed over the entire section. Efforts to avoid numerical diffusion have
required hybrid schemes that couple moving sections (which address condensation) with stationary sections (which address
coaguiation). There are severe limitations and restrictions to such a method and the need arises for an alternative, more robust
approach to modeling aerosol processes with simultaneous nucleation, coagulation and condensation. To this end, a Monte
Carlo scheme is being developed which affords a statistical treatment of coagulation coupled with a deterministic treatment of

nucleation and condensation. Numerical diffusion is avoided because the mode! keeps track of the distribution of condensed
mass in any section.

The approach treats coagulation as 2 Markov process wherein the probability of each subsequent event is not influenced by
prior events. For a given size distribution the probability of collision is determined for a discrete size interval (section) and
the Monte Carlo method is used to statistically soive for the evolution due o collisions. Condensation and nucleation, on
the other hand are solved classically by integrating condensation rate and nucleation rate equations and are coupled to the
Monte Carlo scheme by calculating the time between collision events.

The results to-date of this modeling effort are summarized below. Coagulation results were verified by comparing to the
Smulochowski solution as well as published numerical and experimental results. Figure 4 shows the evolution of aerosols
with three different initially size distributions but the same aerosol mass. The mass is comparable to experimental conditions
encountered during flame synthesis. These results show the well established fact that regardiess of initial size distribution the
aerosol quickly evolves to a log normal size distribution with a geometric standard deviation approaching 1.4.

Factors that can affect numerical accuracy of this model are the number and distribution of sections, a scale factor which
defines the number of parcels that are used to represent the aerosol, and the time step for upgrading the size distribution. In
Fig. 5 the sections are distributed logarithmically and the number of sections per decade is varied. With greater than 18
sections per division the results are seen to be independent of number of sections. A parcel represents an ensemble of like
particles chosen to minimize computational time while providing sufficient statistics to ensure accuracy of the Monte Carlo
scheme. The number of parcels decreases due to coagulation and to maintain satisfactory statistics the code allows the
number of parcels to decrease by one order of magnitude and then rescales the system to the original number of parcels. The
effect of parcel size is shown in Fig. 6 and it is clear that from 10° to 10° parcels is sufficient to maintain accuracy.
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Figures 7 an 8 show results were condensation was added to the model. Figure 7 is for the case of pure condensation of NaCl
onto the tail of an existing aerosol distribution when coagulation and the Kelvin effect are not included. The saturation ratio
and temperature have been chosen to yield a critical radius for condensation r* (ref. 12) of 6 nm. As expected for
condensation in the free molecular regime the growth is proportional to time. These results show that numerical diffusion has
not occurred with this model. The results in Fig. 8 where coagulation and the Kelvin effect are included in the model, show
that there is still a discontinuity at r* but coagulation and the Kelvin effect smooth the transition. Fig. 8b shows the mass
fraction of NaCl as a function of particle size. Again, no NaCl is found on particles smaller than r* but the mass fraction
grows rapidly for R > r* and tapers off for larger particies.

The Monte Carlo approach to modeling multicomponent aerosol processes is proving to be well suited for the needs of this
program. After further validation of the scheme the code will be employed to study the full aerosol process in a uniform
system as depicted in Fig. 1b including nucleation of the primary particles, coagulation, condensation of a second phase,
particle heating and heat loss. After the aerosol process is sufficiently understood for a uniform system, a one-dimensional
flame mode!l will be developed and the Monte Carlo scheme will be incorporated into the model, allowing for comparison
with the microgravity experiments.

References

1. Lamprey, H. and Ripley, R.L., Journal of The Electrochemical Society. 109:8:713-715 (1962).

2. Calcote, H.F. and Felder, W. Twenty-Fourth Symposium (International) on Combustion, The Combustion Institute,
pp.1869-1876 (1993).

3. Glassman, 1., Davis, K.A. and Brezinsky, K. Twenty-Fourth Symposium (International) on Combustion, The Combustion
Institute, pp. 1-14. (1993).

4. DuFaux, D.P. and Axelbaum, R.L. Combustion and Flame. 100:350-358 (1995).

5. Axelbaum, R.L., Huertas, J.I, Lottes, C.R., Hariprasad, S. and Sastry, S M.L., Materials and Manufacturing Processes,
11(6): 1043-1053 (1996).

6. Axelbaum, R.L., Lottes, C.R., Huertas, J.I and Rosen L.J. To appear in Twenty-Fifth Symposium (International) on
Combustion. (1997).

7. Zachariah, M.R. “Principles of Gas Phase Processing of Ceramics During Combustion,” In Proceedings of the Second
International Microgravity Combustion Workshop, Cleveland, Sept. 15-17, 1992.

8. Brezinsky, K. To appear in Twenty-Fifth Symposium (International) on Combustion. (1997).

9. Axelbaum, R.L., DuFaux, D.P., Frey, C.A., Kelton, K.F., Lawton, S.A., Rosen, L.J. and Sastry, SM.L,, J. Materials
Research, 11{4) 948-954. (1996).

10. Ulrich, G.D., Chemical and Engineering News, 62(32). 22-29 (1984)

11. Heller, W. and Polanyi, M. Faraday Society Transactions, 47: 84 (1936).

12. Seinfeld, J.H. Atmospheric Chemistry and Physics of Air Pollution. John Wiley & Sons. New York. (1986).

Typical aerosol process Encapsulation of primary particles

qn‘...‘ ’0.

o 1
':';...0“‘0 ". ;.‘.“‘0@
e % a® ® ‘ o .
"'.’?0.'0"0000 * 5 é ”.":- o'o 0‘ /@%“
‘ite 00 O O 6 6 a :

. MERE 0 ® ¢
Nucieation Carowh of 1 % Azgh Nucieason  Crowth Coating of Agglomeration
of peimary primacy Cmﬂ% of prmary  of prmary primary of comed parncies
* " e nd growth of
pacncics pasicies parcies paracies PN prok. 5
@ ®

Figure 1. Schematic diagram of (a) typical aeroso! process and (b) aerosol processes with nano-encapsualtion.

40



) by

Figure 2. Transmission electron micrographs of particles produced by nanc-encapsuiation in sodium/halide fames (a) and (b)
titar*izzm particles mcapsuaizcd in NaCl and (¢} aluminum nitride particles encapsualted in NaCl. The lighter material is
NaCL Tiparticle size In (2) and (b) was varied by altering fame temperatures and concentrations.
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THE EFFECT OF GRAVITY ON THE COMBUSTION OF BULK METALS*
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Boulder, CO 80309-0427

Introduction

In recent years, metal combustion studies at the University of Colorado have focused on the effects of gravity {g) on the ignition
and burning behavior of bulk metals. The impetus behind this effort is the understanding of the ignition conditions and
flammability properties of structural metals found in oxygen (O,) systems for space applications. Since spacecraft are subjected
to higher-than-1 g loads during launch and reentry and to a zero-gravity environment while in orbit, the study of ignition and
combustion of bulk metals at different gravitational accelerations is of great practical concern. From the scientific standpoint,
studies conducted under low gravity conditions provide simplified boundary conditions, since buoyancy is removed, and make
possible the identification of fundamental ignition and combustion mechanisms.

The influence of microgravity on the burning of bulk metals has been investigated by Steinberg et al. [1] in a drop tower
simulator. All metals and alloys tested supported combustion in the absence of gravity. In general, the study found that in
microgravity the upward regression rate of the melting surface of a metal rod is significantly faster than in normal gravity.
Several theoretical models of bulk metal combustion [2-4] have suggested that gravity may play an important role in heat and
mass transport processes that dominate metal-oxygen reactions. The possible significance of convection on mass transfer rates
and on the outward transport of condensed oxides in vapor-phase metal diffusion flames was first mentioned by Brzustowski
and Glassman {5].

This investigation is intended to provide experimental verification of the influence of natural convection on the burning
behavior of metals. In addition, the study offers the first findings of the influence of gravity on ignition of bulk metals and on
the combustion mechanism and structure of metal-oxygen, vapor-phase diffusion flames in a buoyancy-free environment.
Titanium (Ti) and magnesium (Mg) metals were chosen because of their importance as elements of structural materials and
their simple chemical composition—pure metals instead of multicomponent alloys to simplify chemical and spectroscopic
analyses. In addition, these elements present the two different combustion modes observed in metals: heterogeneous or surface
burning (for Ti) and homogeneous or gas-phase reaction (for Mg). Finally, Mg, Ti, and their oxides exhibit a wide range of
thermophysical and chemical properties. Metal surface temperature profiles, critical and ignition temperatures, propagation
rates, burning times, and spectroscopic measurements are obtained under normal and reduced gravity. Visual evidence of all
phenomena is provided by high-speed photography.

Experimental System and Procedures

A schematic of the experimental system used is shown in Fig. 1. The ignition source consists of a 1000-W xenon lamp that
generates a highly collimated beam (4° half angle) with broadband radiation (300-1100 nm). An aspheric lens focuses the
beam to provide a 2-MW/m’ power density on the top surface of a 4-mm-diameter and 4-mm-high metal specimen that sits on
an alumina bolder. An electric shutter permits effective control of heating time. A 4.5-L, stainless steel, cylindrical
combustion vessel houses the lens, metal specimen, and alumina holder. Optical access for the movie camera and spectrograph
is provided through two fused-silica side windows, while a third window is used for sample replacement. Ti and Mg metal
specimens (99.95% purity) are placed in an O, environment (99.6% min.) at an absolute pressure of 1 atm. Evacuation and
filling of the vessel is accomplished with a series of computer-controlled solenoid valves. The chamber pressure is monitored
with 2 solid-state piezoresistive transducer. The surface temperature is measured with a 0.125-mm diameter, Type R
thermocouple attached to the outer wall of the sample. A second thermocouple is sometimes used in different locations to
measure temperature gradients within the sample.

* Work supported by the National Acronautics and Space Administration under Grant NAG3-1685.
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A high-speed, 16-mm movie camera provides surface and flame visualization; the images are also used for measurement of
propagation rates. With a 7.5° shutter and speeds up to 500 frames/s, exposure times as short as 1/20,000 s are obtained. A
50-mm lens and various extension tubes are used for image magnification. In addition to visible light imaging, time- and
space-resolved spectral information on gas-phase reactants and products is obtained with an imaging spectrograph and a 1024-
element diode array detector. Various spectral ranges are covered with two motorized gratings (300 and 2400 grooves/mm).
The output signal from the detector is processed by an external controller that delivers a 15-bit dynamic range and a 150-Hz
readout rate with direct memory access.

The experiment is controlled entirely by a computer, a digital/analog data acquisition board, and an interface code written in
graphical programming software (LabVIEW®). In a typical run, the complete sample assembly (clean metal specimen
mounted in alumina holder with attached thermocouple) is introduced into the chamber. Five evacuation and filling cycles are
executed to provide a pure-O, atmosphere inside the vessel. The lamp is adjusted to the desired output power and the computer
signals the shutter to open when the target gravity level (measured from a three-axis accelerometer located near the chamber)
is achieved. Data acquisition starts (with 1-ms resolution), and the signal from the thermocouple is used to trigger all events.
Immediately after ignition, the shutter is closed to remove all external heating to the sample. Temperature, pressure, energy
input, gravity level, high-speed photography, and emission spectra are acquired throughout the experiment. After complete
combustion, the burned or quenched samples are stored for chemical composition studies.

The low-gravity experiments were conducted onboard the NASA-Lewis DC-9 Research Aircraft in Cleveland, Ohio. Up to 20
s of reduced gravity (£0.01 g) were available in a single parabolic maneuver. A minimum of ten tests were conducted for each
metal and gravity level to ensure experimental repeatability.

Results and Discussion

Heating and Ignition Behavior

For both metals under normal and low gravity conditions, higher critical temperatures (7T —the temperature at which the
heat generated by oxidation first overcomes heat losses, leading to ignition—are obtained (around 1750 X for Ti and 1050 K
for Mg), as compared to the values reported in the literature [6,7]; more than 200 K above the highest measured temperatures
for these bulk metals. The disparity stems from the high heating rates applied in this investigation (above 100 K/s in the early
stages), which are required for fast ignition during the low gravity time available in the aircraft; these rates exceed by two
orders of magnitude the linear heating rates used for near-isothermal studies. The high heating rate applied to the top surface
of the metal creates a significant temperature difference within the specimen (around 40 K in Mg and 150 K in Ti). In
addition, the surrounding gas and vessel walls remain at a temperature close to ambient during the fast heating phase. The
large increase in internal heat conduction and radiation heat losses are then responsible for the high 7.

The apparent lack of influence of gravity found on the 7, measurements (and consequently on ignition temperatures) is also
due to the high value of conduction (for Mg) and radiation (for Ti) heat losses versus natural convection heat loss present at
these temperatures. A general theoretical model was developed to calculate the effect of low gravity on 7,,; for a metal sample
subjected to conduction, convection and radiation heat losses, as well as heat generation by oxidation [8]. For our experimental
conditions, the model shows a reduction of around 10 X on 7., at low 2, a small value that is within experimental uncertainty.

Combustion Behavior

a) Titanium

After ignition at a point on the top rim of the sample, a molten mass consisting of a mixture of metal and oxides starts
traveling across the upper surface of the specimen. As seen in Fig. 2, under normal or reduced gravity conditions, steady
downward propagation of a spherical mass follows in a smooth, nonexplosive fashion until reaching the alumina base. Figure
3 shows a graph of the vertical distance traveled by the molten surface as a function of time for both samples pictured in Fig. 2.
The propagation velocities inferred from the slope of the fitted lines are 16.2 mm/s and 8.7 mnv/s under normal and low
gravity, respectively. Similar velocities were obtained for all the samples tested (with standard deviations of 0.6 mm/s and 0.3
mun/s for the 1-g and the low-g cases). Evaluating the ratio of propagation velocities at normal (V) and low (V) gravity gives
a value of 1.86. A steady regression behavior during this period at 1 g suggests that the propagation velocity has not been
altered by the influence of the gravity force on the molten mass—as confirmed by its spherical shape in Fig. 2a. Furthermore,
a calculation of the Bond number (Bo = gravitational force/surface tension force) under these conditions results in values below
0.1. Acceleration can occur by lateral dripping when the gravitational force overcomes the surface tension force holding the
molten mass together (Bo>1).
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Following a theoretical approach similar to the one used for gaseous flame propagation, several studies [3,4] have obtained an
expression of the form V~(w)" to calculate the propagation velocity ¥’ along metal cylinders undergoing heterogeneous surface
burning with a rate of reaction w. Considering the diffusion and convection of O, to the sample as the rate-limiting step, the
reaction rate becomes proportional to w~(Gr)", where Gr is the Grashof number. The propagation velocity then depends on
Gr as V~(Gr)'®, so that V~(g)"®. Evaluating ¥,/V; for the normal (1 g) and low gravity (0.01 g) cases, a theoretical ratio of
1.78 is obtained. The close agreement between experimental (1.86) and theoretical (1.78) ratios of propagation velocities
indicates the importance of the influence of natural convection-enhanced oxygen transport on combustion rates.

Upon reaching the end of steady-state propagation, the spherical molten mass is destroyed by the liquid-solid interfacial force
as it touches the alumina holder. Once in the alumina base, Ti exhibits a more vigorous reaction with random outward
expelling of small particles (possibly undergoing gas-phase reactions) and multiple fragmentation [8].

b) Magnesium

Following the first flash generated by the Mg-O, vapor-phase homogeneous reaction, an ignition wave runs through the sample
driven by the difference between the flame temperature (near 3430 K, the vaporization-decomposition point of MgO [9]) and
the temperature of the unreacted metal, which is near the Mg boiling point (1366 K). The average ignition wave speeds
measured for the normal (V) and low (V) gravity cases are 220 mm/s and 115 mm/s, respectively. If the approximation used
to compare propagating velocities in Ti rods is used to evaluate the V,/V; ratio of ignition wave speeds of Mg (similarly
assuming a diffusion/convection controlled reaction rate), close agreement is again found between the experimental (1.91) and
the theoretical (1.78) values. Owing to the irregularly shaped, porous, solid oxide layer surrounding the sample—a
consequence of metal melting before ignition—no attempt was made to calculate surface regression rates. Instead, an
evaluation of burning times and a qualitative discussion of important phenomena is given.

From the visible images and emission spectra measurements, the structure of the luminous flame that engulfs the sample after
the passage of the ignition wave is in general agreement with the extended reaction zone model of Glassman et al. [2]. As seen
in Fig. 4, an inner region of Mg-O, vapor-phase reaction is followed by MgO condensation; the solid MgO particles eventually
pile up in the bright white flame front observed in the photographs. However, a thin green emission band and a wider outer
diffuse blue zone (beyond the white region) are visible in addition to the prescribed features from the model. This radiation
may come from Rayleigh scattering of fine oxide particles that escape the pile-up region, from excited metal vapor created by
oxide dissociation in the high-temperature front, and possibly by Mg-O, heterogeneous reactions occurring in the oxide surface
in a lower temperature region [10].

The spectroscopic measurements show similar behavior in the normal and low gravity cases. The familiar UV and green
systems of MgO and Mg appear as the major radiation contributors. However, an interesting feature was captured by time-
resolved spectroscopic measurements during the ignition wave propagation. Figure 5 shows the time sequence of spectra for
the 285.21-nm Mg spectral line, as well as the UV and green systems of Mg and MgO, from the onset of ignition to fully
developed combustion in a low gravity experiment. The lower propagation velocity of the ignition wave and the longer
burning time experienced by Mg samples in reduced gravity (in combination with fast emission spectroscopy and high-speed
photography) allows for a more detailed study of the Mg-O, flame structure and combustion mechanism. The UV bands of
MgO and the UV Mg triplet appear in emission during the early stages of the ignition process, followed by an absorption and
emission equilibrium towards the end of the ignition phase. The line and band systems later exhibit reversal to absorption
against an intense continuum background during fully developed combustion. In contrast, the green system of MgO and the
green triplet of Mg remain in emission during the combustion stage. The 285.21-nm Mg spectral line appears in absorption at
all times. It is believed that in the presence of a background radiation field nonuniformly shifted towards the short-wavelength
end of the spectrum (produced by Rayleigh scattering of small oxide particles), the gas-phase emitters of the Mg and MgO UV
system (distributed in the inner zone of the broad flame) will disproportionally absorb more radiation than the emitters of the
green system. Consequently, the spectral signal of the UV system gradually changes from emission to absorption as the density
of the radiant condensed particles increases. The high intensity of the background radiation in the UV, in combination with
the exceptionally high absorption oscillator strength ( /= 1.9) of the Mg transition at 285.21 nm, is also responsible for the
permanent absorption behavior of this spectral line.

During fully developed combustion, buoyancy-generated convection currents are responsible for the main differences observed
in the two cases investigated. At 1 g, high convection currents enhance burning by increasing O, flux to the reaction zone and
by removing oxide products that may constitute a barrier to O, diffusion (Fig. 42). The proximity of the resulting flame front
to the metal sample is an indication of fast burning rates. In comparison, at low gravity conditions, the severe reduction of
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convection—threefold by the (Gr)'* dependence—and the increased resistance to O, diffusion by combustion products
diminish the oxygen transport. Figure 4b shows a broader, outer blue zone (of stagnant oxide particles in the absence of
convection currents) and an increased flame standoff distance from the metal core as compared to the 1-g case. Burning times
vary widely depending on the number of jets and explosions that accelerate combustion. Nevertheless, the average burning
time at low gravity (3.9 s) is almost twice the average valuc at 1 g 2.2 s).

While in 1 g the products are swept upward by buoyancy-induced currents, condensed oxides rapidly accumulate and
agglomerate in the reaction front at low gravity, producing a highly radiant flame front. Sporadic removal occurs only for
large-diameter particles expulsed by inertial forces and residual accelerations during the reduced-gravity trajectory (g jitter).
Particle accumulation may account for the unique, unsteady, spherically symmetric explosion phenomenon observed at low
gravity—which we refer to as radiation-induced metal explosion (RIME). As shown in Fig. 6, a high particle density in the
flame front generates a large heat flux to the sample. This effect raises the surface temperature and increases metal
evaporation; the flexible oxide membrane that keeps Mg at temperatures below its boiling point expands as vapor pressure
builds up inside the metal core. As evaporation increases, so does the flame front diameter to accommodate greater oxygen
flux and maintain the stoichiometry. At the peak of the cycle, the amorphous specimen is transformed into a spherical core
with twice the size of the original cylinder (Fig. 6b). Eventually, the structural integrity of the oxide layer becomes the limiting
step for continued growth. At some critical diameter, the spherical shell explodes, rupturing in multiple spots and creating
small jets that relieve its internal pressure (Fig. 6¢). The particles of the pile-up zone are left behind as the core shrinks to its
former size. These particles are later removed by the induced flow from the jets. The full cycle lasts approximately 100 ms,
and depending on the recovery time of the oxide layer (to heal all ruptures), the complete process is repeated. Up to three
RIME cycles were observed in a single experiment.

Conclusions

An investigation of the effects of reduced gravity on the ignition and combustion of radiatively ignited Ti and Mg bulk metals
has been conducted in pure O, at 1 atm pressure. Reduced gravity is obtained from an aircraft flying parabolic trajectories.
High applied heating rates and large internal heat conduction losses into the metal sample generate critical and ignition
temperatures that are several hundred degrees above the values obtained from near-isothermal experiments. Because of high
conduction and radiation heat losses, no appreciable effect on ignition temperatures with reduced convection in low gravity is
detected. These findings are important from 2 fire-safety standpoint, since a large number of practical situations involve
ignition by fast external heating.

Lower regression rates of the molten interface on Ti rods and slower propagation rates of the gas-phase ignition wave on Mg
specimens are observed at reduced gravity. These rates are compared to theoretical results from heat-conduction analyses with
a diffusion/convection controlled reaction. The close agreement found between experimental and theoretical values indicates
the importance of the influence of natural convection-enhanced oxygen transport on combustion rates.

The lower propagation rates observed at low gravity in this study differ from the higher regression rates in microgravity given
by Steinberg et al. [1]. The disagreement arises from the different experimental configurations used. In Ref. 1, propagation
rates are measured for cylindrical rods ignited at the bottom. The increase in regression rates in microgravity is attributed to
an increase in the temperature of the retained molten mass; cyclical detachment of this mass occurs during upward propagation
at 1 g. The influence of the gravity force on the molten mass (whose detachment subsequently reduces heat transfer to the
unreacted metal) is apparently greater than the influence of buoyancy-induced convection on oxygen transport to the reaction
zone. In our investigation, the propagation velocity at normal g is measured while the surface tension force dominates over

gravity (at low Bond numbers). In this manner, only the effect of gravity on O, transport rates (the limiting reaction step) is
evaluated.

Convection currents also affect the burning of Mg diffusion flames. Lower oxygen flux and increased resistance to O, diffusion
by oxide products appear 1o be responsible for the longer burning times observed at reduced gravity. The accumulation of
condensed oxide particles in the flame front at low gravity produces a unique, unsteady, spherically symmetric explosion
phenomenon in bulk Mg termed radiation-induced metal explosion (RIME). The explosions seem to be driven by increased
radiation heat transfer from the flame front to an evaporating metal core covered by a porous, flexible oxide coating.
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Figure 4. High-speed photographs taken during the
fully developed combustion stage of bulk Mg specimens
in pure O, at 1 atm under a) normal g and b) reduced g.
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INTERNAL AND SURFACE PHENOMENA IN HETEROGENOUS METAL
COMBUSTION

EDWARD L. DREIZIN

AeroChem Research Laboratory, Titan Research and Technology, Titan Corporation
Princeton, New Jersey

INTRODUCTION

The phenomenon of gas dissolution in burning metals was observed in recent metal combustion studies [1-4], but it could not be
adequately explained by the traditional metal combustion models [5-8]. The research reported here addresses heterogeneous metal
combustion with emphasis on the processes of oxygen penetration inside burning metal and its influence on the metal combustion
rate, temperature history, and disruptive burning. The unique feature of this work is the combination of the microgravity environment
with a novel micro-arc generator of monodispersed metal droplets, ensuring repeatable formation and ignition of uniform metal
droplets with a controllable initial temperature and velocity. Burning droplet temperature is measured in real time with a three wave-
length pyrometer. In addition, particles are rapidly quenched at different combustion times, cross-sectioned, and examined using
SEM-based techniques to retrieve the internal composition history of burning metal particles. When the initial velocity of a spherical
particle is nearly zero, the microgravity environment makes it possible to study the flame structure, the development of flame non-
symmetry, and correlation of the flame shape with the heterogeneous combustion processes.

SUMMARY OF NORMAL GRAVITY EXPERIMENTAL RESULTS

Metal particle combustion experiments have been conducted in air at normal gravity with Al, Zr, and Ti particles of 90 - 350 pm
diameter. These results are discussed in detail in Refs. 9-13. Particles were formed and ignited at initial velocities from 1 to 3 m/s,
which correspond to the Reynolds numbers Re in the range of 5-10. :

Both zirconium and titanium particle combustion experiments [9-13] showed that no oxide (or nitride) shells or inclusions formed
in these burning particles. Maximum combustion temperatures were considerably lower than the boiling (volatilization) temperatures
of either the metals or their oxides. For both metals, oxygen and nitrogen dissolved in the liquid metal producing a
metal/oxygen/nitrogen solution. The equilibrium gas solubity limit was eventually exceeded during combustion. From that time on,
the burning particles consisted of a supersaturated metal/gas solution. The final combustion products, stoichiometric oxides, formed
out of the solution when a specific phase transformation temperature was reached. For zirconium combustion experiments, the phase
transition was the eutectic formation of ZrO, and «-Zr out of the Zr-O solution; for titanium, the temperature was close to the point
of eutectic precipitation of stoichiometric oxide Ti,O, from the liquid Ti-O solution. In both cases, the formation of stoichiometric
oxide was accompanied by a rapid temperature increase, nitrogen-gas release, and void/crack formation. When external oxygen was
available, particle explosions occurred because of oxidation on the fresh surface that originated in the cracks.

Particle size and composition measurements indicated that only a negligible amount of metal evaporated during the entire titanium
and zirconium particle combustion event. However, spatially resolved radiation measurements and photographs of particle streaks
consistently showed a luminous zone surrounding the burning particle. The size of the luminous zone correlated well with the size
of the smoke clouds observed on traces of particles quenched on foil or glass slides. The cloud was originally spherically symmetric
but lost its symmetry as combustion progressed. During the entire particle combustion period, the radiation intensity from the
luminous zone was considerably less than that from the particle surface.

An experimental study of the combustion of Al particles in air revealed three distinct stages in their burning histories [8,9]. The first
stage was spherically-symmetric vapor phase combustion, consistent with the conventional metal vapor-phase burning model. The
second stage was associated with an increase in the size and density of the smoke cloud surrounding the particle, a shift to a non-
symmetric combustion regime, and initiation of oscillation in particle brightness. The finite content of oxygen built up in burning
particles at that time. The particle temperature was close to the Al boiling point during the first two combustion stages. In the third
combustion stage an "oxide cap" formed and grew on the burning particle, which continued to burn non-symmetrically. The particle
temperature decreased continuously, and the combustion terminated after the experimentally measured temperature reached the ALO,
melting point. ’

The transition from the first to the second combustion stage appeared to occur when the dissolved oxygen content in the Al droplet
reached the saturation point (corresponding to a maximum of approximately 14 atomic oxygen percent in the solution), liquid AL,O,

49



was formed, and droplet temperature attained the three-phase (liquid Al-O solution, liquid ALO;, and gaseous species, that is a mix
of Al, O, O,, and AlO) equilibrium point of 2240°C.

MICROGRAVITY PARTICLE COMBUSTION EXPERIMENTS

Experiment justification

Microgravity experiments were limited to aluminum particle combustion tests. Aluminum was chosen because its combustion is
primarily affected by the vapor-phase processes which most likely depend on the gravity environment. In addition, the non-
symmetrical flame development observed in all of our normal gravity tests was most prominent in aluminum particle combustion.
Therefore, the following experimental objectives were set forth for the microgravity tests:

l. Measure the combustion time of aluminum particles burning in microgravity and relate it to the combustion time of the same
particles burning during free fall in air.

2. Determine whether the brightness oscillations observed during aluminum particle combustion persist in microgravity.

3. Determine whether the non-symmetric flame pattern that develops around an aluminum particle burning in air after the initial

combustion stage is observed under microgravity conditions.

Experimental apparatus for microgravity tests

Aluminum particles were produced and ignited in room air using a micro-arc method [8,9]. In this method, a pulsed micro-arc is
initiated between a consumable metal wire, which serves as an anode, and a tool-cathode. The tip of the metal wire is melted bya
micro-arc pulse and a molten droplet is separated from the wire due to the pressure from the discharge. Each micro-arc pulse results
in the production of a single metal droplet. Monodisperse metal droplets with pre-determined diameters in the 100-500 um range
were produced using this technique. An advantage of the micro-arc method is uniformity of inital diameters and temperatures of the
metal droplets. However, metal droplets formed using this technique have finite initial velocities (normally, in the 1-3 m/s range)
whereas stagnant metal droplets are needed to realize the advantages of the micro-gravity environment. Thus, the micro-arc apparatus
was modified to produce and ignite motionless metal particles. The idea was to compensate for the droplet’s initial velocity by
moving the electrode unit during the micro-arc pulse in the direction opposite to that of the droplet. Both electrodes, consumable wire
anode and tool-cathode, were attached to a platform positioned on a linear slide. The electrode holder was built to aliow adjustment
of the angular position of the electrodes, so that the direction of the droplet initial velocity could be adjusted to be parallel to the
direction in which the linear slide moved. The slide was attached to the core of a solenoid with a steel cable. When the solenoid was
activated, the slide started to move with nearly constant acceleration. An accelerometer was positioned on the linear slide, and its
output was connected to an integrating circuit to measure the slide velocity. The signal from the integrator was sent to one of the
inputs of an electronic comparator, while the other comparator's input was connected to a reference voltage source. When the voltage
from the integrator, proportional to the linear slide velocity, matched the reference voltage level, the comparator produced a pulse
triggering the micro-arc. The reference voltage level was chosen so that the slide velocity was equal to the initial velocity of the
droplet (while the direction of the slide was opposite to that of the droplet) at the moment the micro-arc was triggered. As a result,
the initial velocity of the droplet relative to the motionless environment was close to zero. Additonal circuitry was designed and built
to stop the linear slide safely and prevent additional micro-arc triggering during stopping.

The diagnostics consisted of a NAC HSV-1000 high-speed video system and an optical three-wavelength pyrometer [10,11,13]. The
pyrometer measured radiation at wavelengths of 458, 500, and 580 nm, chosen to minimize the effect of bands produced by the Al-O
system [14].

To provide a micro-gravity environment, the experimental apparatus was mounted onboard a DC-9 aircraft and flown at NASA Lewis
Research Center in October, 1996.

RESULTS

Laboratory tests in which motionless particles were produced and burned in a normal gravity environment served as a baseline for
comparison with microgravity experiments. Combustion times and temperatures, measured for particles produced at normal gravity
at low initial velocities and thus characterized by low Reynolds numbers (Re < 0.25), correlated well with our previous measurements
(12,13] for particles produced for Re in the range of 5-10. Smoke traces around particles caught on glass slides at different
combustion times indicated the development of non-symmetric flames (Fig. 1), similar to that reported earlier [8,9]. Non-symmetric
combustion has been associated with sudden accelerations and subsequent changes in velocities of burning particles.
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Twelve successful microgravity experiments were conducted in which nearly motionless aluminum particles were produced, ignited,
and burned while their color temperatures were measured and combustion events were videotaped. In addition, two experiments were
conducted at normal gravity in the aircraft environment to provide better reference for the microgravity tests. No effect of reduced
gravity on combustion time or combustion temperatures for
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Fig. 1. Fig. 2.
Traces of 300 pm diameter aluminum particles Trajectories of aluminum particles produced and burned
quenched on glass slides, onboard the DC-9 airplane, lines 1-3 particles at
a) velocity is 0.06 m/s, quench time is 10 ms p-gravity, 4- particle at normal gravity

b) velocity is 0.18 m/s, quench time is 25 ms

aluminum particles produced at low Re was observed. Non-symmetry developed in the aluminum particle flame at both high and low
Re in both normal and micro-gravity environments. The non-symmetry could be detected by analyzing video-images of burning
particles as well as by observing sudden changes in particle velocities (F ig. 2). Since non-symmetry resulted in particle acceleration,
particle motion was observed in the microgravity tests instead of the expected burning at a fixed location; this complicated a detailed
study of the flame shape and structure. Varying particle trajectories were observed, unlike in our previous normal gravity experiments
[12,13] with particles produced at higher Re, when particle trajectories were quite repeatable and were primarily governed by their
initial velicities. Several trajectories of particles produced and burned in microgravity are presented in Fig. 2 (lines 1-3). For
comparison, a trajectory of a particle produced and burned onboard the DC-9 airplane during a normal gravity portion of the flight
is also shown in Fig. 2 (line 4). Experimental points show particle locations observed every 8 ms using the high-speed video system.
There were no major difference in the trajectories of low Re particles burned at normal and reduced gravity: in both cases sudden
velocity changes were observed that did not seem to correlate with the absolute velocity value. In other words, velocity could
suddenly increase from zero to about 1 m/s, or, alternatively, the particle could suddenly stop after moving at about 1 m/s velocity.
For example, changes of the absolute value of velocity and acceleration for a 250 pum diameter aluminum particle burning in
microgravity (ca.Fig 2, line 3) are shown in Fig. 3 a, b. This particle was produced at a significant initial velocity, but it suddenly
stopped and was nearly motionless during an extended period of time. After a while, the particle rapidly accelerated and then
deccelerated again. It is interesting to correlate particle motion, which is apparently associated with the developing non-symmetry
in the particle flame, with the particle radiation and temperature histories. A radiation trace and color temperature history measured
by a three-wavelength pyrometer are shown in Fig. 3. c,d, for the same particle for which velocity and acceleration data are presented.
The radiation trace clearly shows oscillations developing during particle combustion in microgravity, similar to those reported earlier
[8,9]. One can see that the acceleration reaches a peak when the oscillations in the particle radiation trace are initiated and some
decrease in the measured temperature is observed, which, according to Ref, 9 signifies the transition from the first to the second
combustion stage. Another peak in acceleration is observed when particle temperature continuously decreases, which corresponds
to the transition to the third combustion stage. Such a correlation between the acceleration, radiation, and temperature traces was
repeatable; however, it was clearly noticeable only for large particles (250 pm diameter) . For smaller particles, the acceleration also
changed significantly at the times of transition from one combustion stage to another, but these changes were masked by strong
random variations of acceleration.
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Velocity, acceleration, radiation, and temperature histories of a 250 pm diameter aluminum particle burning in
'~ microgravity environment
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Examination of high-speed video recordings of aluminum particle combustion in micro-gravity revealed a feature not observed
before. A long radiating tail (Fig. 4) appeared and disappeared during the first 100 ms of the particle burning. The size of this tail
was close to 1-1.5 cm, and is much greater than the flame zone (normally, under lmm). At this time it is unclear whether the radiating

tail was formed due to the micro-gravity environment, or was simply observed for the first time because a better and newer video-
camera was used in these experiments.

DISCUSSION

Since no effects of Re number or the gravity environment on particle burning time and temperature were observed, no significant
limitations of the reaction rate by convection or buoyancy exist. This is not unexpected for the particles with diameters in the 100-
300 pm range, for which the rate of the gas-phase diffusion normally determines the reaction rate.

Fig.4 Image of a 200 pm diameter aluminum particle
burning in p-gravity showing a bright radiating tail
appearing and disappearing during combustion

Sudden changes in particle velocities provide important evidence and characterization of the non-symmetric burning if it is assumed
that they were not a result of minor gas flows which could have existed onboard the DC-9 airplane as well as in the laboratory. An
order of magnitude estimate shows how such a flow could accelerate a particle. The relaxation time (during which particle velocity
reaches 1/e of the flow velocity) is given by t=(2r"p)/(9n), where 7 is particle radius, p is density, and 7 is gas viscosity. For a particle
of about 100 um radius, T ~ 100 ms. Therefore, a flow with a velocity of about 10 m/s must exist to accelerate the particle to a
velocity of 1 m/s during approximately 25 ms, the time observed in our experiments. In other words, quite a strong wind (a highly
unlikely event) would be required to affect the motion of a particle of 250 um diameter; however, the particle sensitivity to gas

disturbances increases greatly with decreasing particle size, which explains the random velocity changes observed for smaller particles
throughout the combustion time.

The development of flame non-symmetry for the nearly motionless particles, and, in particlular, for particles burning at microgravity,
shows that the non-symmetry is not a result of either forced or natural convective flows, but rather is an essential attribute of particle
burning. As reported in Ref. 13, significant changes in the composition of burning aluminum particles are observed; in particlular,
a saturated Al-O solution forms in the particle interior by the end of the first combustion stage. This implies that the composition of
the vapor above the particle surface changes, i.e., AIO molecules appear in addition to Al atoms. Also, liquid Al,O; can form in the
particle, or on its surface as a result of the phase separation in the Al-O solution. These phase separation processes are, apparently,
related to the particle flame non-symmetry since they both develop at the same time. The resultant effect is that the aluminum
evaporation processes become non-uniform, which causes the rapid changes in particle velocity observed for initially motionless
particles under both normal and micro-gravity environments. Note that similar velocity changes could not be detected in the previous
experiments where particle trajectories were mostly defined by the high initial particle velocities. The experimentally measured
velocities and accelerations of particles burning in microgravity allow one to evaluate the feasibility of the effect of non-symmetric
evaporation on the changes in particle velocities. Similar estimates based on the results of normal gravity experiments would be
complicated by the effect of convective flows on particle motion. Change in the particle impulse mAv is given as mAv=v (dm/dt)-t,
where v, is the unknown velocity of the evaporating gas at the particle surface, dm/dt is the particle burning rate, m is the particle
mass, m = 2:10° g, Av=1 m/s is the change in particle velocity during t~25 ms, the typical time of the velocity change. An average
burning rate dm/dt can be estimated as particle mass divided by the entire combustion time, and it is close to 9-10° g/s. This estimate
shows that v, should be close to 5 m/s to provide the particle acceleration equal to that observed experimentally. This velocity must
correlate with the bulk gas velocity at the particle surface which exists due to droplet evaportaion v,. This velocity can be estimated
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as v,=(dm/dt)/(4p,7°), where aluminum vapor density, p~,=MP/(RT), and M=27 g, is the molar mass of aluminum, pressure P=10°Pa,
the gas constant R=8.31 J/(mol'K), and the flame temperature, 7~2800 K. For a 100 pm radius aluminum droplet, this estimate gives

v,= 6 m/s. Therefore, the bulk gas velocity due to aluminum evaporation correlates well with the gas velocity which is needed to
provide the particle acceleration observed experimentally.

Another important point can be made on the observation that repeatable brightness oscillations occurred in both normal and micro-
gravity experiments using nearly motionless aluminum droplets. Previously, such oscillations were interpreted assuming droplet
spinning and non-symmetric combustion. A possibility of the droplet spinning resulting from the flame non-symmetry can be evaluated
by comparing torque acting on a spinning droplet due to drag forces, T,=8 77 Q2 , where £ is the droplet angular velocity, with the
torque which can be developed if the entire mass flow from the burning particle is presented as a Jet which is produced from a droplet
surface perpendicular to the droplet radius. If the ratio of T,/T, <1, particle spining could be caused by non-symmetric burning
because only a portion of the entire mass flow from the particle surface could be non-symmetric and induce such a motion. The
maximum torque developed from a jet representing the entire mass flow from a burning particle can be estimated as T,=(dm/dt)rv,
where v is the jet velocity. An estimate shows that for the experimental range of 2 from 1000 to 3000(rad/s), the ratio T\/T, is in the
range of 0.04—0.12 when the torque T, is computed using the experimental particle burning rate dm/dt=9-10° g/s and v= 5m/s, in
accordance with the estimate discussed above for the bulk gas velocity at the droplet surface. Therefore, only a small non-symmetry
of the entire vapor flow from particle surface can result in the droplet spinning with the frequencies observed experimentally.

SUMMARY

Aluminum particles were formed with initial velocities close to zero, ignited, and burned in air in normal and in microgravity
environments. Combustion times and temperatures were similar to those measured in the previous normal gravity laboratory
experiments. The present experiments demonstrated that the non-symmetric flame develops around a nearly motionless aluminum
particle burning in air. The development of such flame non-symmetry in microgravity shows that it is an intrinsic feature of aluminum
burning rather than the result of forced or natural convection flows. Burning particle brightness oscillations were also observed in
microgravity experiments, and they may be associated with particle spinning.
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INTERACTION OF BURNING METAL PARTICLES
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INTRODUCTION

Multiple particle/droplet flames are ubiquitous in practical combustion systems, and thus the flame interaction processes are of great
practical importance. This explains the strong current interest in interactive combustion phenomena. Numerous theoretical and
experimental combustion studies of liquid fuel drop arrays have been conducted to determine the interaction effects. Major results
in this field were recently summarized in a comprehensive review [1]. Recent experiments with two adjacent liquid droplets burning
under microgravity conditions [2,3] revealed new aspects of flame interaction processes, such as positive and negative interactions,
which can either increase or decrease burning rates depending on the droplet separation and the combustion stage. Interaction of solid
fuel flames has been studied only for bulk samples and for relatively low temperature flames [4-6].

Although metals are widely utilized in solid propellants and in explosives where multiple interacting metal particles are involved, no
direct experimental studies of the burning metal particle interactions and their effect on flame propagation have been reported.
Apparently, this is due to experimental difficulties associated with studying metal aerosol combustion behavior while simultaneously
analyzing the processes occurring with individual particles. Observation of individual particle behavior in a burning metal cloud is
practically impossible because only very fine (1-10 pm particle size range) and relatively dense metal aerosols can be ignited and
burned so that individual small particles cannot be optically resolved. Thus, only gross parameters describing cloud combustion can
be recovered from normal gravity metal aerosol combustion experiments. To understand the relationship of the general cloud
combustion scenario with the specific features of combustion of individual particles, larger size particles could be used in experiments,
so that the direct observation of individual particle behavior would be possible simultaneously with the observation of the common
cloud combustion characteristics. However, it is impossible to produce and burn a stable aerosol of large metal particles because of
rapid gravitational settling. Microgravity provides a unique opportunity to create a “model aerosol” consisting of relatively large
(100-300 um diameter) particles. Combustion of such particles in a cloud can be studied using methods developed in single metal
particle combustion experiments. Such an “aerosol” can be formed in a sufficiently oxygen-rich environment and be dense enough
so that flame propagation will be established. In microgravity, the particles will not settle, rather their motion will be due exclusively
to the forces originating during combustion. Therefore, individual flame development, particle trajectories, temperature histories,
smoke transport, etc., will expose many features of an actual fine metal aerosol combustion. Clouds with different metal particle
number densities can be readily created in microgravity, which allows detailed experimental investigation of the processes caused
by the interaction of burning metal particles.

Our current understanding of individual metal particle combustion suggests that there are many processes which significantly affect
metal aerosol combustion but do not occur in clouds of non-metal particles which burn at lower temperatures, or in liquid fuel sprays.
Among such processes are efficient radiative heat transfer caused by high combustion temperatures [7,8], and changes in the reaction
mechanism during combustion (from heterogeneous to vapor phase combustion, from spherically symmetric to non-uniform
combustion, the occurrence of microexplosions, and temperature jumps [9-13]). Different combustion products and intermediates
form during combustion, and they can participate in further reactions, including those products and subproducts which form in the
nanoscale condensed phase [14]. Both the particle surface layer and the particle internal composition are modified during combustion
[15]. Tonized species and electrically charged particles are efficiently produced at high metal combustion temperatures and low metal
ionization potentials [16,17]. These processes affect particle interactions and can be crucial for the performance of practical devices
utilizing metal combustion.

This research is aimed at the investigation of combustion parameters of microgravity model aerosols: relatively large uniform metal
particles aerosolized in microgravity environment. An experiment consisting of creation and ignition of a metal multiparticle system
in microgravity and high-speed video-recording of the combustion events will produce visual records of the development of individual
particle flames, their interactions and the particle motion they induce simultaneously with the observation of the entire aerosol
combustion process. Frame by frame analysis of the video-images taken using a high-speed movie camera will allow one to determine
particle brightness temperatures and the decrease in particle diameter during combustion. Analysis of the experimental results and
comparison with the results of single metal particle combustion experiments, conducted under similar microgravity conditions in the
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framework of a parallel program (Ref. 18), will establish the relationship between single and multiple particle burning rates and
combustion temperatures, concentrations at which the flame substructure forms rather than individual particle flames, efficiency of
radiative heat transfer in metal aerosol combustion, what is the role of electrostatic forces in structuring the flame and the effect of
that structure on the flame propagation rate. Although some details of fine particle aerosol clouds, such as the kinetics limited burning
rate, radiative heat transfer in a system with a high specific surface, particle induced turbulence, etc., will probably not be very well
simulated in the planned experiments, they are relatively well understood and can be accounted for using an adequate individual
particle combustion model. On the other hand, the unknown particle interaction phenomena to be studied in this research program
are generic and can be readily projected onto a cloud combustion model which would also incorporate a correction for particle size.

EXPERIMENTAL METHOD
The experimental method consists of*

a) aerosolizing 100-300 pm diameter metal particles in an oxygen-containing environment under microgravity,
b) aerosol ignition using a local high energy density heat source, and
¢) simultaneous observations of both the entire aerosol combustion and the behavior of single burning particles.

The experimentally measured flame propagation rate will be correlated with the observed development of individual particle flames,

individual particle temperatures, combustion rates, electric charges produced on and in the vicinity of burning particles, and particle
trajectories.

1. Experimental Hardware

A simplified schematic of the experimental apparatus designed and built for microgravity experiments utilizing the NASA Lewis RC
2.2 s Drop Tower is presented in Fig. 1. The experiments are conducted in a rectangular combustion chamber with a volume of less
than 1 liter. It is built of aluminum and is equipped with two lexan windows, three gas-ports, and two electrical feedthroughs. The
chamber's floor is a silicone rubber membrane which aerosolizes the powder using acoustic oscillations transmitted from an acoustic
exciter. The chamber is mounted on top of the acoustic exciter and connected to a gas reservoir tank (3 gal) to prevent pressure build-
up upon aerosol ignition. An inert gas tank is connected to the combustion chamber through a normally-closed solenoid valve. A
second solenoid valve is installed in a vent from the reservoir chamber to atmosphere. Before the end of the microgravity experiment,
both solenoid valves are activated and the combustion chamber is flushed with inert gas to quench the reaction. Electronic components
mounted on the experimental rig include an audio generator, an audio amplifier, a 12 V DC dry cell battery, and a regulated power

supply for heating of the ignition fuse wire. In addition, the apparatus includes a high-speed movie camera, and a custom-built
triggering circuit.

2. Microgravity experiment sequence

When a microgravity test starts, the acoustic exciter is turned on for a 0.4 s interval that results in aerosolizing particles in the
combustion chamber. The frequency of the acoustic oscillations of the chamber floor is close to 150 Hz, therefore an interval of 0.4
s provides about 60 complete vibrations to aerosolize particles. After the acoustic exciter is turned off, a time delay is provided so
that the velocities of particles decrease due to aerodynamic drag. The relaxation time for the velocity of an airborne particle,
=(2pr’)/(9), where p is the particle density, p is gas viscosity (u=1.8-10"° kg/(m-s) for room temperature air), r is particle radius.
For the parameters of the experiment 1=0.2 s, therefore, the ignition is delayed by that time interval. After the delay, the tungsten wire
is rapidly heated and the aerosol ignites. The entire aerosol combustion event is estimated to occur within 0.5-0.8 s. After a time
delay of 1.9 s measured from the beginning of the test, the solenoid valves are activated to flush the combustion chamber with an inert
gas and quench all post-combustion reactions.

NORMAL GRAVITY IGNITION TESTS

Preliminary experiments were conducted to define conditions needed to ignite particles and to better evaluate timing for microgravity
tests. Magnesium was chosen for the first group of micro-gravity experiments since it has been shown previously that even 100-200
um size aerosolized magnesium particles can be easily ignited [19]. Particles used in our experiments were purchased from Aldrich
Chemical and size-analyzed. Their size distribution, shown in Fig. 2, was determined using digitized video-images of particles taken
with a camcorder equipped with close-up lenses.
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Fig. 1. General Diagram of the Experimental Apparatus

The mass of particles loaded into the combustion chamber in these normal gravity experiments was 5 g. However, in accordance with
simulations [20], only about 10% of the total particle load were aerosolized above the level of 15 particle diameters (approximately
3 mm). Since the ignitor is located approximately 70 mm above the chamber floor, only a small fraction of the total particle mass
load could participate in the aerosol combustion. In order to roughly evaluate the actual aerosol particle number density, an optical
system measuring light absorption by aerosolized particles was used. The optical components were mounted on a linear slide and
could be removed prior to ignition to obtain a clear view for the video-camera. To measure the particle concentration, a 670 nm
wavelength laser beam passed through the combustion chamber to a photodiode window covered with a corresponding interference
filter. The height and horizontal position of the laser diode/photodiode pair could be adjusted. The photodiode measured the baseline
signal, S,, before the acoustic exciter was turned on. Then, the aerosol was formed and a part of the light was absorbed by the aerosol
particles. The signal, S, measured at that time was smaller than S,, and theratio, S/S,=1-N-d-nr?, where N is the particle number
density, d=50 mm, is the chamber width, and r=80 um is the average particle radius. The magnesium particle number density
determined for our normal gravity experiments decreased from 0.1 g/1to 0.05 g/1 as the height increased from 57 to 78 mm from the
chamber floor (the chamber can be viewed through a window above the height h=40 mm). The particle number density at the level

of the middle of the igniter wire, 0.075 g/l, corresponded to approximately 20 particles per cubic centimeter, or an interparticle
separation of about 2.7 mm.

Several normal gravity ignition experiments were conducted in which a high-speed video camera was used to visualize flame
propagation. An electrically heated 100 pm diameter tungsten wire was used as the ignition source. Examination of the video-
recordings revealed that multiple particles adhered to the wire surface and ignited as the wire was heated. Then, the multiple particle
flame developed and propagated in the chamber. We observed the process of multiple particle flame development, which is illustrated
by images presented in Fig. 3. The flame rapidly developed in the vertical direction, which, apparently is the result of buoyancy.
The flame width increased at a significantly slower rate and reached up to 35-40 mm. The duration of the flame was around 300-350
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ms. The flame apparently extinguished due to oxygen deficiency in the chamber. A simple estimate shows that the oxygen contained
in 1 liter of air could completely oxidize approximately 0.4 g of magnesium. Since the combustion chamber was not flushed with
inert gas after the flame extinguished, in these experiments, several particles could still continue to burn, and from time to time a
particle cluster could ignite. The combustion chamber was hooked up to a large vessel filled with air, so that additional oxygen could
diffuse into the chamber through the connecting gas tubes. The rate of this diffusion was not sufficient to sustain an aerosol flame,
but could result in re-ignition after the flame was quenched. Results of our measurements of the flame width, w, and the velocity of
the flame front (in the horizontal direction) v;, inferred from a video-record, are shown in Fig. 4. The width of a bright zone at a fixed
horizontal level was used for these measurements. The flame speed is in the range reported earlier for large size particle magnesium
aerosol flames [19, 21]. Oscillations observed in the flame velocity plot could be caused by a periodic additional supply of fresh
particles into the combustion zone due to vibration of the chamber floor.

More measurements are needed to determine how repeatabl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>