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Preface

Propulsion, in one form or another, is one of the oldest technologies known to
the human race. This technology has been utilized in various applications from
a simple bicycle to a high-speed bullet train, a catamaran to a submarine, and
a helicopter to a hypersonic missile. The motivation behind propulsion science
and technology has been, from the days of primitive man, to travel, explore,
defend, and sometimes to conquer.

Chemical propulsion is a complex science involving several disciplines. In
the past several decades, extensive research has been carried out worldwide in
order to advance the scientific findings and to utilize them for technology ap-
plications. The subject is vast, as evident from the numerous publications of
textbooks, monographs, and journal articles. This book is an attempt to pro-
vide a source of reference, for a practicing engineer or a graduate student, or as
a textbook for a graduate course in Advanced Topics in Combustion, as it covers
some of the major issues in propulsion science and technology today in a single
volume.

Today’s propulsion systems are required to produce larger and more rapid
release of energy from smaller and more compact combustors, to cope with the
demand for increased speed and range, and a wider operational envelope. Asso-
ciated with these requirements are higher temperatures, increased heat transfer
and thermal load, and frequent off-design operation. For current and future
propulsion systems the following three major criteria are important:

(1) increase the speed and range of vehicles: commercial and military transport
and weapons

(2) obtain the maximum combustion efficiency and stable operation possible

(3) to comply with environmental constraints



These three items form the primary subject matter for this book.

The editor has had the opportunity to envision, initiate, and monitor re-
search projects in propulsion for more than a decade under the sponsorship of
the Office of Naval Research (ONR). The topics covered range from the con-
cept of convective Mach number to counterflow fluidic thrust vectoring; electro-
rheological fuels to electromagnetic propulsion; and marine propulsion to aircraft
and missile propulsion. This publication is essentially an assembly of results from
selected research projects that depict the advances in propulsion science made
in the past several years in the context and mission of this book, particularly in
air-breathing propulsion.

In addition to the Introduction and Conclusion chapters (written by the
editor), the book contains chapters under the following sections:

1. Advanced fuel synthesis and characterization
2. Fundamental combustion issues
3. Control of combustion

4. Emissions and plumes

These chapters are written by those who have actually conducted the re-
search, either independently or as part of a team, on projects that were mon-
itored by the editor. They describe the issues, the approach used, the results
obtained, and they show how the scientific findings can be extended to prac-
tical applications. In his introductory chapter, the editor has tried to guide
the reader through the contents of the four sections of the book. In partic-
ular, the interrelations among the chapters in each section are illustrated so
as to aid the reader to appreciate how the research by various investigators is
focussed to obtain the fundamental understanding revelant to propulsion appli-
cations.

In Section 1, the synthesis, combustion characterization, and numerical in-
vestigation of high-energy-density fuels are described. The synthesis methods of
these fuels and their properties and combustion chemistry (both at microscopic
and macroscopic levels) are covered. Section 2 deals with some important fun-
damental issues in combustion that are relevant to propulsion. The solutions
provide the understanding needed to design modern and future combustion de-
vices that will be volume and weight limited; be capable to operate at higher
temperatures and in more hostile conditions; be designed for improved perfor-
mance, stealth, and maneuverability; and be able to comply with more stringent
constraints at a wide range of loads.



Combustion instability that leads to performance deterioration and excessive
mechanical loads, which could result in reduced life and premature failure, is an
important issue with modern gas turbine engines and ramjet and scramjet com-
bustors. Various techniques of passive and active control to reduce combustion
instabilities and improve performance are addressed. Since extensive, promising
research is being carried out to develop sensors and actuators, these techniques
can be used in practical combustors in the near future. The topics covered in Sec-
tion 3 provide the required chemical, kinetic, and fluid dynamic understanding
to help the designer who is involved in active feedback control for combustion
systems.

Regulations on environmental pollution are becoming increasingly stringent.
Analytical, computational, and experimental efforts focus on emissions reduction
to below current and proposed limits. From the scientific research, practical
approaches, such as partial premixing and utilization of porous inserts have been
developed. These are treated in Section 4.

In the concluding chapter, the editor has elucidated the various opportunities
in future propulsion research and shown some of the avenues that are currently
pursued, and planned for implementation.

As the title of the book implies, Advances in Chemical Propulsion: Science to
Technology, the topics chosen are areas of scientific research that have a specific
goal of application to technology, and are edited to preserve the context of the
book. Because of the vastness of the topics, minor details are limited but the
broad scope and information needed for application to practical systems are
given. Additionally, a large number of references are provided for those who
are interested in finding detailed information on a particular issue, method, or
solution. Further, the mailing addresses of the authors are provided for future
communication, if needed by the reader.

Careful attention has been paid to maintain uniformity of the individual
chapters, and the editor has tried to maintain “clarity and flow” for reading, as
well as clarity in understanding the figures. Any endeavor of this type takes time,
and the editor acknowledges the cooperation of his wife, Vimala, for letting him
stay with his computer during late night hours, and offering support to his “extra-
work” as she puts it! His daughter, Sitara, and daughters-in-law, Vino and Rita,
have always been his sources of inspiration, and their love and encouragement
are acknowledged. The editorial assistance given by Ms. Mary Keegan is greatly
appreciated.

The contents of this book have been generated exclusively from research
programs that were envisioned and monitored by the editor, and sponsored by
ONR. The chapters are illustrations of the research conducted by the respective
authors, and are not a review of research on the particular topic. The editor takes



this opportunity to thank Dr. Spiro Lekoudis, his department head at ONR, for
his unfailing support over the years. Special thanks is due to the authors who
made this work possible. He acknowledges his colleagues, Dr. Julian Tishkoff
of the Air Force Office of Scientific Research and Dr. David Mann of the Army
Research Office, for their cooperation over a decade. The assistance given by
Ms. Cindy Carelli and Ms. Michele Berman of CRC Press is appreciated.

It is hoped that this book will provide a single source of information on
advances in propulsion for practicing engineers, faculty and graduate students,
and those involved in research in propulsion.

Gabriel D. Roy
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Chapter 1

CHEMICAL PROPULSION:
RECENT ACCOMPLISHMENTS

G.D. Roy

Chemical propulsion research has not seen a quantum leap during the past sev-
eral decades in realizing a new engine concept with substantial improvement in
performance and reduction in size in spite of the various significant advances and
research accomplishments. This is partly due to the fact that driving the com-
bustion process toward faster energy release rates, higher operational tempera-
tures and pressures, and utilization of exotic high-energy fuels will be dependent
upon parallel developments in high-temperature materials with adequate heat
management characteristics, control of combustion processes, and elimination of
pollutants and signature-carrying species. Propulsion Science and Technology
(S&T) calls for multidisciplinary programs with inputs from a wide spectrum of
basic and applied sciences.

The last two decades have particularly seen significant S&T in the propul-
sion field. In the U.S., agencies such as the National Science Foundation (NSF),
National Aeronautics and Space Administration (NASA), Defense Advanced
Research Projects Agency (DARPA), and the Departments of Defense (DoD)
and Energy (DoE) have invested substantial funds in sponsoring S&T in the
chemical propulsion area. The worldwide propulsion S&T investment has also
been significant. Among the DoD S&T sponsoring agencies the Office of Naval
Research (ONR) has been a pioneer organization in sponsoring university re-
search in combustion and propulsion. Hundreds of related topics have been
investigated, and noteworthy contributions to the combustion science have been
made. A few are selected here in this book to show the progress and the sci-
entific accomplishments made, and to indicate their application to propulsion
technology.



1.1 ADVANCED FUEL SYNTHESIS
AND CHARACTERIZATION

The specific purpose or mission of a system dictates the type of fuel to be used
in the propulsion engine. Both volume and weight are physical limitations of
today’s propulsion systems. Increased specific impulse (Ip), improved thrust,
reduced fuel consumption along with stability, long shelf-storage life, and hazard-
free combustion with minimum pollutants and signatures are required of new fu-
els. Propulsion system volume is a major consideration for sea-launched weapon
systems, where the space available for weapon housing is minimal. Weight is of
more significance in air-launched systems.

A fuel of increased density for a given gravimetric heat of combustion will
have an advantage in volume-limited systems. In general, for hydrocarbon fuels,
as the density is increased, the gravimetric heat of combustion decreases (lower
shaded arrow in Fig. 1.1). To utilize the density increase to its full advantage, the
gravimetric heat of combustion should remain at least constant. However, the
novel fuels investigated have shown an increase in gravimetric heat of combustion
with increase in density (upper shaded arrow in Fig. 1.1). This is partly due to
the strain energy in the molecules.

Research Accomplishments

In the pursuit of new high-energy-density fuels, fuels with strained molecules
have been developed and their combustion characteristics studied [1]. Fuels such
as dihydrobenzvalene (CgHg) and methyl cubane ((CgH;)CHgs) are strained dur-
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Figure 1.1 Heats of combustion as a function of fuel density



ing synthesis, and this strain energy is released during combustion (Chapter 2).
Research by Robert Moriarty at the University of Illinois at Chicago focussed on
the synthesis of cubane analogues which contained polyunsaturated side-chains
which in turn could be used as starting materials for the production of high-
energy derivatives. Other fuels developed by Alan Marchand of North Texas
University are new polycarbocyclic “cage” hydrocarbons (Chapter 3), of which
one particularly interesting group of compounds includes “PCU alkane dimers.”
The properties and combustion characteristics of these fuels, including crys-
tal density, thermodynamic properties, and regression rates, were investigated.
These fuels can be mixed with JP-10 to provide substantially increased burning
rates.

Synthesis of these novel fuels is expensive, and a newly synthesized fuel
molecule may not result in an effective fuel. Hence, it is desirable, from testing
a very small sample of the fuel (less than a gram), to eliminate those which
do not offer promise. In order to accomplish this, a microflow tube reactor
has been designed, fabricated, and utilized by Scott Anderson at the Univer-
sity of Utah. The thermal breakdown behavior, and the stability of the fuel
as a function of temperature, as well as the product species as a function of
temperature, are determined (Chapter 4). The mixture exiting the reactor is
analyzed using a mass spectrometer, which is optimized for low-emission energy
scattering. The fuels exhibiting thermal instability in the temperature regime of
interest are eliminated, avoiding further investment in the production of larger
quantities.

The increased density (p = 1.2-1.3 g/cm?), and moderate strain energy
of pentacyclic hydrocarbons contribute to increased energy output during com-
bustion. By breaking the molecular symmetry of these fuels with the addition
of a methyl group, the melting and boiling points decreased significantly. The
boiling point (80 °C) is significantly below the average value of conventional
fuels such as JP-10 (280 °C). Corin Segal, at the University of Florida, has
shown that mixtures of methylated pentacyclyic undane (PCU) alkane dimer in
kerosene lead to the formation of vapors early in the droplet lifetime resulting
in effervescent droplet boiling. Increased acceleration in the droplet breakup
and vaporization are achieved due to added high-energy release rates (Chap-
ter 5).

Due to the higher carbon-to-hydrogen ratios of these novel heavy hydro-
carbon fuels, soot is an issue and elimination of soot is an important aspect
of the research. The efficacy of the control of soot was demonstrated using
gaseous fuels (including highly sooting benzene) in open and enclosed flames
by Ephraim Gutmark, University of Cincinnati, formerly of Naval Air Warfare
Center / Weapons Division, China Lake (NAWC/WD) (Chapter 6). Phased cir-
cumferential fuel injection into an axisymmetric air vortex was proven capable of
reducing soot formation by several orders of magnitude relative to an unforced
case, and doubling the flame temperature [2]. When the proper phase angle



of fuel injection was used, soot formation was prevented, and an entirely blue
flame was realized. The combustion efficiency reached 99.999% even at overall
equivalence ratio of 1.0 with benzene. This methodology shows promise in the
soot-free combustion of high-energy-density hydrocarbon fuels, and in enabling
complete combustion.

Computational Combustion Dynamics has shown impressive advances dur-
ing the past decade. The complex flows incurred in multiphase combustion
coupled with the large number of chemical reaction steps pose a formidable
task to computational scientists. Research by Kazhikathra Kailasanath at the
Naval Research Laboratory is focussed on the development of computational
models that simulate combustion of high-energy fuels, and on studies of the
differential dispersion of fuel droplets in reacting flows (Chapter 7). Although
simulations indicate that microexplosions of high-energy fuels can cause flow
disruptions and amplifications of pressure fluctuations, phase-coupled fuel injec-
tion has been demonstrated as a means to suppress incipient instabilities. It is
also shown that even a small amount of energy release can significantly alter
the level of pressure oscillations in the combustor. These results in conjunction
with the sequential fuel injection scheme elucidated in Chapter 6 will be help-
ful in devising strategies for utilization of high-energy-density fuels, both from
combustion and control points of view. Reduced chemistry formulations [3] will
allow the computationists to perform simulations with fewer chemical reactions
resulting in a substantial reduction in computer time, without compromising
accuracy.

Combustion of aluminum particle as fuel, and oxygen, air, or steam as oxi-
dant provides an attractive propulsion strategy. In addition to hydrocarbon fuel
combustion, research is focussed on determining the particle size and distribution
and other relevant parameters for effectively combusting aluminum/oxygen and
aluminum/steam in a laboratory-scale atmospheric dump combustor by John
Foote at Engineering Research and Consulting, Inc. (Chapter 8). A Monte-
Carlo numerical scheme was utilized to estimate the radiant heat loss rates
from the combustion products, based on the measured radiation intensities and
combustion temperatures. These results provide some of the basic information
needed for realistic aluminum combustor development for underwater propulsion.

1.2 FUNDAMENTAL COMBUSTION ISSUES

Current and future combustor applications require increased energy release with
reduced chamber volume, increased equilibrium temperature, multiphase re-
acting flows with radiative heat transfer, and sometimes even with electric and
magnetic fields. A thorough understanding of the basic physical and chemical



processes involved in combustion becomes a necessity for the design of efficient
and reliable combustion systems.

Traditional development of combustion systems, based largely on empirical
data and relatively simple design models, will not be adequate if energy uti-
lization is to be maximized. Detailed, near full-scale experiments are extremely
expensive. However, recent advances in high-resolution diagnostics with im-
proved spatial and temporal measurement capability, nonintrusive measurement
techniques, and fast and reliable (often in situ) data reduction algorithms have
enabled researchers, in recent years, to limit the number of such expensive exper-
iments. Careful planning of research, together with cooperative research efforts
among several investigators, resulted in better understanding of the practical
issues and faster transition of the knowledge to the design community.

A rapid advance in supercomputing and massively parallel processing has
brought forth computational capabilities hitherto unheard of. Computational
combustion dynamics has paved a new route to perform numerical experiments
and to guide experimentalists to design more optimal test configurations [4]. Nu-
merical experiments also help in performing detailed parametric studies, enabling
the variation of a single parameter at a time. This has been reflected in the large
number of papers on computational work presented in technical meetings, and
published in journals. This volume is not an exception, and the majority of work
described in this section is analytical and computational in nature.

Research Accomplishments

Probability modeling of turbulent combustion, large-eddy simulation (LES) of
turbulent reacting flows, and turbulence closures for multiphase flows performed
by Peyman Givi’s group at the State University of New York at Buffalo have shed
greater insight in understanding combustion in propulsion systems (Chapter 9).
From the subject described, it is clear that statistical methods seem to be among
the most practical means of predicting “engineering turbulent combustion,” and
probability density function (PDF) schemes remain as the most powerful tool in
relevant predictions.

Current combustion systems, due to the increased operational temperature,
require inclusion of radiative heat transfer in their design. To this end, a compu-
tational study of coupled turbulence, chemistry, and radiation interactions in an
idealized sooting and radiating nonpremixed turbulent planar jet has been con-
ducted by Steven Frankel’s group at Purdue University using LES (Chapter 10).
The effects of radiative cooling on flame structure and the highly intermittent
behavior of the soot volume fraction have been captured. The effect of volumet-
ric heating on the distribution of vorticity and the entrainment characteristics of
a temporally evolving jet has been studied by Roddam Narasimha and his group
at the Jawaharlal Nehru Centre for Advanced Scientific Research in Bangalore



(Chapter 11). The simulations show enhanced vorticity in all three directions
with a rich fine structure at later times in the evolution of the jet and an entrain-
ment velocity field qualitatively different from that of around unheated turbulent
jets.

Extending flame stability, combustion limits, and blow-off are important
considerations in combustion device design. From the fundamental research
carried out in this regard, subsequent control strategies have been formulated.
The Presumed Probability Density Function (PPDF) method has been devel-
oped and implemented to study flame stabilization in subsonic combustors with
flame holders by Sergei Frolov’s group at the N. N. Semenov Institute in Moscow
(Chapter 12). Turbulence—chemistry interaction, multiple thermochemical vari-
ables, variable pressure, near-wall effects, etc. are taken into account. This
method provides an efficient research tool for studying flame stabilization and
blow-off in practical combustors enabling transfer of science to technology.

Combustion involves mixing of fuel and oxidant through large-scale struc-
tures and further intimate mixing through small-scale turbulence, and hence
mixing in general is of paramount importance for efficient combustion. Nonax-
isymmetric nozzles and inlets have been developed during the past decade in
order to improve mixing and reduce combustion instability [5]. Experiments
with various geometric configurations (triangle, square, rectangle, elliptic, ta-
pered ellipse, etc.) have shown clearly their effectiveness and superior perfor-
mance. Fernando Grinstein’s (Naval Research Laboratory) computational stud-
ies of low-aspect ratio rectangular jets were focussed on the characterization of
the effects of unsteady vorticity dynamics on jet entrainment and nonpremixed
combustion, including the effects of Reynolds and Lewis numbers (Chapter 13).
It is also shown, by numerical simulations, that nonaxisymmetric jets provide
increased mixing and reduce combustion instability.

In another effort, by Nickolay Smirnov’s group at the M. V. Lomonosov
Moscow State University, Moscow, a model for theoretical investigation of tur-
bulent mixing and combustion of polydispersed mixtures in confined volumes
was developed (Chapter 14). The numerical model and the software created
make it possible to determine the combustion and ignition characteristics of
polydispersed mixtures. The model has been validated with experiments.

In an experimental effort, measurements of turbulent flame speeds in gaseous
reactants in a classic cylindrical Taylor-Couette burner were made by Ralph
Aldredge at the University of California at Davis (Chapter 15). The study
established sensitivity of the turbulent flame speed to turbulence intensity, and
provided some influence of flame front wrinkling on flame propagation.

Effective atomization plays an important role in efficient combustion as well
as in influencing the pattern factor. Atomization of kerosene with steam rather
than with air as the atomization fluid is presented by Ashwani Gupta, of the
University of Maryland, and his colleagues using a commercially available air-
assist atomizer. The results suggest that, because of the higher viscosity of



steam compared to that of normal air, steam yields finer liquid atomization
and enhanced heat transfer (Chapter 16). This could very well show that at-
omization of fuel with another appropriate vaporized fuel can be a future ap-
proach.

1.3 CONTROL OF COMBUSTION

Though combustion control has been studied and utilized for nearly a century
beginning from the use of mechanical governors in steam engines, as the engines
become more complex, correspondingly more complex control systems are re-
quired to maintain the desired level of performance. Further, each additional
component used to control, and the system as a whole, should be as reliable as
the least reliable other component in the propulsion unit. Also, the propulsion
device should be able to operate without unacceptable performance penalty in
case the control fails.

As a result of the extensive research in atomization, vaporization, and mixing
of fuel and oxidizer, current engines have decent specific fuel consumption with
substantial reductions in fuel cost. However, once the fuel and air (oxidizer)
are mixed and ignited, the governing mechanisms take over their natural course.
Future engines will need to be controlled throughout the combustion process
(before, during, and after) even at off-design conditions to ensure maximum
utilization of energy, optimum and stable performance, and environmental com-
pliance.

Combustion control is currently a hot area of research in the U.S. and abroad.
In addition to basic research at a number of universities, joint industry—university
S&T efforts are also underway to implement the control strategies developed by
researchers in industry applications. Though some of the demonstrations have
been made using gaseous fuels, the techniques can be extended to liquid fuels as
well, and efforts are underway to accomplish this. It is hoped that future engines
will perform equally well in off-design conditions, with improved reliability and
easier maintenance, and reduced operational costs.

Research Accomplishments

Current research on control of combustion is focussed not only to reduce
combustion-induced pressure oscillations and instability but also to improve
combustion performance. Attention is being paid to increased flame speed and
improved flame lift-off limits. Flame speeds ranging from laminar to 3.5 times
laminar values have been examined, using a Countercurrent Swirl Combustor



(CSC), with premixed natural gas as fuel by Paul Strykowski at the Univer-
sity of Minnesota. The CSC’s emission characteristics indicate typical range of
NO, concentrations at 10 ppm with 3% O,. This concept could lead to com-
pact combustor designs with increased residence time and reduced heat losses
(Chapter 17).

The countercurrent shear layer control concept is also utilized to increase the
blow-off limit of premixed flames (Chapter 18). The basis of this method is the
self-excitation of a countercurrent shear layer that is established by the intro-
duction of a reverse flow around the perimeter of an axisymmetric jet through
the annular gap between the nozzle and a suction collar [6]. High-resolution
Particle Imaging Velocimetry (PIV) enabled Anjaneyulu Krothapalli at Florida
State University to measure the near flame structure with sufficient detail and
obtain the velocity gradient with good accuracy. It has been shown that the
blow-off limit of premixed jet flame can be extended by an order of magnitude
by the technique, thus providing a practical means for increasing the range of
operation of propulsion devices.

Several techniques have been investigated, with and without swirl, to control
the pressure oscillations in combustion that are detrimental to performance, and
may even cause failure and breakdown. James Whitelaw and his group at Impe-
rial College of Science, Technology and Medicine, London, actively controlled the
pressure oscillations in two models of lean-burn gas turbine combustors through
oscillations in the fuel flow (Chapter 19). The flames were stabilized behind
an annular ring and a step in one case, and utilizing swirl in the other. How-
ever, the active reduction of pressure oscillations did result in a slight increase in
NO, emissions. More sophisticated sensor—actuator combinations, and identifi-
cation of the “right” region of fuel oscillation, could provide a practical control
methodology.

Control of diffusion flames (liquid fuel) by pulsed fuel injection, investigated
by Sumanta Acharya’s group at Louisiana State University (Chapter 20), uti-
lized three different swirl-stabilized combustor configurations. It is shown that
the basic mechanisms of enhanced mixing through increased entrainment into
the near-field vortical structures also apply to swirling flows. One of the major
experimental findings, among others, is liquid fuel pulsations proved most effec-
tive in a forced flame, and injecting fuel in phase with air vortices provided the
highest temperatures. In both swirling and nonswirling flames, injecting fuel out
of phase with air vortices proved to be the least efficient. Properly timed sequen-
tial fuel injection has been a pioneering innovation (Ephraim Gutmark, while at
NAWC/WD) in soot reduction (Chapter 6) which has subsequently been applied
successfully for instability control and NO, reduction.

As an extension of the research at NAWC/WC, Ken Yu (presently at the
University of Maryland) conducted an experimental study to understand the
physical mechanisms associated with active combustion control (ACC) of liquid-
fueled systems (Chapter 21). The novel feature of the study involves direct



liquid fuel injection into the combustion zone and the controlled dispersion of
fuel droplets using vortex—droplet interaction. Using additional pulsed liquid
fuel injections for control, active instability suppression was demonstrated in a
partially premixed dump combustor. Although a simple closed-loop controller,
which had been well tested in studies with gaseous fuel, was utilized, the study
shed new light on the significance of dynamic interaction between flow structures
and pulsed sprays in controlling spatial distribution of fuel droplets. Important
parameters for scale-up have been identified, and the study paves the foundation
for technology application of ACC in future ramjets.

A robust feedback controller for suppressing combustion instabilities with
distributed actuators has been investigated by Vigor Yang’s group at the Penn-
sylvania State University (Chapter 22). The control synthesis is based on an im-
proved H, algorithm, which guarantees the stability of all perturbed dynamics
within a given uncertainty bound. The model developed appears to be a com-
plete one of its kind and accommodates various unique phenomena commonly
observed in practical combustion devices. Important aspects of distributed con-
trol processes, such as time delay, plant disturbance, sensor noise, model un-
certainty, etc. are treated systematically, with emphasis on the optimization of
control robustness and system performance. Successful demonstration of con-
troller operation in a generic dump combustor assures promise for this being
scaled-up and implemented on practical combustors.

One of the significant innovations in control of pressure oscillations and su-
personic mixing enhancement has been very simple, namely using nonaxisym-
metric nozzles. Simple triangular, square, rectangular, and elliptic nozzles have
been shown to effectively decrease combustion pressure oscillations, as well as
increase supersonic mixing [7].

Studies have been carried out by Vladimir Sabel’nikov’s group at Central
Aero-Hydrodynamic Institute (TsAGI), Moscow Region to investigate supersonic
mixing and combustion enhancement in a scramjet combustor using aerated (hy-
drogen or air) liquid kerosene jets (effervescent) injected through elliptic nozzles
from tube-micropylons and fin-pylons (Chapter 23). It has been shown that
elliptic nozzles provided greater mixing and combustion efficiencies in compari-
son with round nozzles, and indicate promise for utilization in fuel injection in
supersonic combustors. Optimization of the aspect ratio, divergence (tapered
elliptic nozzles), and placement will assure maximum mixing and combustion
efficiencies possible with this passive control.

In order to implement the control methodologies indicated, one needs proper
measurements (sensors and diagnostics), controllers, and actuators. Extensive
research and development are carried out to realize the most appropriate sensors
and actuators for various applications. Diagnostics developed serve dual pur-
pose: to physically measure the various combustion parameters and interpret
the results as quickly as possible, preferably in situ, so that the mechanisms in-
volved can be understood; and to validate the numerical computer codes so that



the predictive and design capability can be improved in order to improve perfor-
mance. To achieve this, efforts are made in the development of various diagnos-
tic techniques and the acquisition of state-of-the-art instrumentation related to
combustion. One approach taken by Ronald Hanson at Stanford University is to
make combustion measurements with the required temporal and spatial resolu-
tion utilizing diode-laser sensors (Chapter 24). Diagnostic tools are developed to
accurately measure CO, CO,, and unburned hydrocarbons in high-temperature,
high-speed flows that are vital for active feedback and control systems [8].

1.4 EMISSIONS AND PLUMES

It is a logical speculation that the current environmental constraints on propul-
sion engines will only become stricter in the future, and for the next generation
engines. It, therefore, becomes necessary to address the fundamental mecha-
nisms involved in the emission of undesirable species, and to focus research to
alleviate the problem. Mixing is of paramount importance in any combustion
process, and good mixing and efficient combustion will reduce UHC, CO, and
soot. In order to achieve higher combustion efficiency, minimum pressure oscilla-
tions and emissions, control measures should be taken before, during, and after
combustion and/or with a combination of active and passive techniques.

Present day gas turbines are already pushed to the operational limits in
terms of clean emissions and combustion efficiency. Catalytic converters, popu-
lar in automobiles, use metals as the catalytic surface that initiates reactions with
greatly reduced activation energy for bond breaking. However, in-chamber cat-
alytic combustion takes away combustor space (use of catalytic surfaces), and
large particles, eroded off from the catalytic metal surface, deposit and erode
downstream components such as turbine blades. These call for innovations in
the control of effluents in the engine exhaust. Emissions from weapons, though,
may not be as trivial as in platform systems, yet can leave signatures that can
lead to the platforms from where they were launched. Then control of emissions
and plume signatures becomes a universal issue.

Research Accomplishments

Theoretical, computational, and experimental research has been pursued in the
area of contaminant emission. If novel control methodologies are to be devel-
oped, a thorough understanding of the mechanisms involved in the generation
of these constituents must be known. To this end, asymptotic analysis of flame
structure to predict contaminant production has been successfully performed by
Forman Williams at the University of California at San Diego (Chapter 25).



In general, analytical methods employing Rate-Ratio Asymptotics (RRA) can
help contribute to understanding of mechanisms of NO, production in diffu-
sion flames, and can provide prediction of emission indices within reasonable
accuracy. This method appears to hold promise for calculation of contaminant
production in the combustion process, and can be extended to those involving
novel high-energy hydrocarbon fuels.

Interactions between the flame and the surrounding wall (in a combustion
chamber) could influence the contaminant production. This is examined by
Dionisios Vlachos and his group at the University of Delaware (formerly at the
University of Massachusetts at Amherst) using numerical bifurcation techniques
(Chapter 26). For the first time, oscillatory instabilities have been found and
control methodologies have been proposed to reduce flame temperatures and
NO, emissions.

Partial premixing has been proposed as a means of NO, reduction in gas
turbine engines by Jayavant Gore at Purdue University. An experimental and
computational study was conducted to observe NO behavior under the circum-
stances of moderate stretch rate, opposed-flow, partially premixed flames. The
results show that the minimum NO emissions at an optimal level of partial pre-
mixing result as a consequence of decrease in CH radical concentrations. Partial
premixing appears to be a possible practical immediate solution for NO remedi-
ation in gas turbines.

Shayam Singh of SS Energy Environmental International, Inc. demonstrated
another innovative emission control strategy involving the utilization of porous
inserts in the combustion chamber (Chapter 28). Experimental results indicated
porous inserts are not only beneficial for NO,, reduction, but also provide a uni-
form pattern factor, thereby improving combustion performance. Optimization
of the size and placement of the inserts, and the porosity can lead to a practi-
cal methodology for emissions control and performance enhancement in future
engines, as well as retrofit applications of existing engines without elaborate
modifications.

Though benign in terms of emissions regulations perspective, species in
plumes that cause signatures can be of significant consequence in military plat-
form and weapons. This includes plume afterburning as well. Kenneth Yu at
the University of Maryland (formerly at NAWC/WD) examined the response
of supersonic afterburning plumes to passive excitation in order to explore the
potential of initial mixing control in modifying the afterburning flame character-
istics. It seems that the excitation frequency plays an important role in changing
the plume afterburning intensity either in positive or negative directions. The
directional change was related to the turbulence cascade characteristics of large-
scale structures with wavelength similar to that of the preferred mode. Properly
and optimally designed mixing characteristics can be an effective tool to control
plume afterburning. Current actuator technology will allow this technique to be
extended in an active mode.



1.5 CONCLUDING REMARKS

Substantial progress has taken place in combustion research and development in
the past couple of decades. This has resulted in several transitions leading the
science findings to technology applications, such as, sequential fuel injection for
controlling combustion instability in gas turbine engines, and rugged diode-laser
sensor for active combustion control. Focussed research addressed the synthe-
sis of a new class of high-energy strained hydrocarbon fuels. These fuels have

(b)

Figure 1.2 Schematic of a compact combustor using countercurrent shear layer (a)
and comparison of measured strain rate fields in a single-stream (b) and countercur-
rent (c) shear layers [9]
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the capability of increasing the range and speed of propulsion systems. Droplet
combustion studies indicate promise in using these fuels. Future research and de-
velopment should address large-scale production of these fuels, rheology studies,
and full-scale engine demonstrations using these fuels.

Reduced kinetics studies of fuels have led to significant simplification in
component performance and systems analysis. However, heavier hydrocarbons
require further systematic study, and the reaction pathways need to be identi-
fied. Though heat release and turbulent reacting flows have been widely studied
numerically, more accurate models are evolving, and their validation and utiliza-
tion as a predictive tool are warranted. Active combustion control has received
worldwide attention in the past decade. The focus has been on the improvement
of mixing and combustion efficiency and reduction of combustion-generated in-
stability. Several new techniques have emerged, and are being considered for
technology demonstration. Supersonic combustion phenomena for future hyper-
sonic vehicles pose the difficult issue on mixing enhancement as efficient high-
speed combustion is required in compact combustors with very short residence
times. New combustion concepts are emerging (Fig. 1.2); one based on counter-
current shear offers promise [9]. A current project addresses the utilization of
this concept in a practical combustor.

Exploration of new avenues to reduce emissions to comply with environ-
mental regulations has always been a priority in the past decade. As regulations
get more and more stringent, innovative concepts are researched and applied
to real engines. Soot control has been an issue with hydrocarbon fuel combus-
tion, both from emission and signature points of view. Certain signatures are
of concern for military weapon and platform propulsion. Recently, nonthermal
plasma techniques for remediation of emissions have been found to be a vi-



able, reliable, and practical means, with the advantage of operation on demand
(Fig. 1.3) [10].

In conclusion, although quantum improvements have not been achieved,
there has been phenomenal growth in understanding the various fundamental
mechanisms in combustion devices, and applying them scientifically and more
effectively for designing practical propulsion systems. Some of the major accom-
plishments in the various aspects of combustion for propulsion engines have been
elucidated. Future opportunities in combustion research call for multidisciplinary
programs with a balanced emphasis on analysis, computations, diagnostics, and
experimentation. The new paradigm of integrated research, development, and
production can lead the evolution from new concepts through real systems, faster
and cheaper.
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SECTION ONE

ADVANCED FUEL SYNTHESIS
AND CHARACTERIZATION



Chapter 2

HIGH-ENERGY, HIGH-DENSITY, POLYCYCLIC
HYDROCARBONS AND AZIDO DERIVATIVES
R. M. Moriarty

Efforts towards the synthesis of strained polycyclic hydrocarbons have
been described. These compounds are of interest as fuels and fuel
additives for advancedpropulsion. Chemistry has been devised for
the attachment of azido functionality to the strained hydrocarbon
nucleus. Highly unsaturated substituted cubanes have been synthe-
sized. Ring-opening metathesis polymerization of basketene and 2,3-
diazabicyclo[2.2.1]hept-2-ene has been studied.

2.1 INTRODUCTION

The primary objective of this research was the synthesis of cubane analogs
which contained polyunsaturated side-chains, which, in turn, could be used as
starting materials for the production of high-energy derivatives [1-5]. Target
molecules were 1,4-bis-azidomethyl cubane, 1,4-bis(1’,2’-diazidomethyl)cubane,
1,4-bis(2',3'-diazidopropyl)cubane,  1,4-bis(2’,3'-diazidopentyl)cubane, 1’,4'-
bis(2',3'-diazidohexyl)cubane, and 1,4-bis(2’,3'-diazidoheptyl)cubane. The ra-
tionale for the design of these analogs is centered around the combination of
two energetic groups, namely, the azido group and the cubane system within the
same molecule. The thermal decomposition of alkyl azides proceeds with loss of
molecular dinitrogen and production of an alkyl nitrene:

RCH,Nj [RCH,N] + Ny

RCH=NH RN=CH,

This process has been shown in collaboration with C.K. Law of Prince-
ton University to be extremely useful for the creation of microexplosions for



fuel droplet atomization. Cubane has an extremely high-strain energy around
166 kcal/mole and ring opening releases a substantial amount of this strain en-

ergy.

2.2 SYNTHESIS OF CUBYL SYSTEMS
2.2.1 Synthesis of 1,4-Bis-Azidomethylcubane

This compound (4) was synthesized via the route shown in Fig. 2.1. Compound
4 was prepared in overall 35% yield and the synthesis could be scaled to gram
quantities in polyunsaturated cubane considered in the next section.

CO,CH, CH,OH CH,Br

— B —

CH,0,C HOCH, BrCH,

CH,N,

N,CH,
4

Figure 2.1 Synthesis of 1,4-bis-azidomethylcubane (4)

2.2.2 Synthesis of Polyunsaturated Cubanes

Next, the attention was turned to addition of azido groups to carbon—carbon
double bonds of side-chains attached to the cubyl ring system. In this approach,
cubane derivatives with unsaturated side-chains and added azido groups to these
side-chains were synthesized using the reaction:

NalN,
e

RfCH:CH( o RCH(N3)CH,Nj



N3
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Ho—" HO N,
5 6
Figure 2.2 Synthesis of tetraazide (6)
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Figure 2.3 Synthesis of compound 5

In the case of 1,4-disubstituted system, tetraazide 6 was formed proceeding
from 5 as shown in Fig. 2.2.

Compound 5 in Fig. 2.2 was synthesized as shown in Fig. 2.3.

Compound 5 was protected as the bis-TBDMS ether (5 — 2). Treatment
with NaN3/(PhIO)n yielded 10 as a mixture of diastereomers (Fig. 2.4).

Deprotection of 10 using TBAF led to some decomposition, but sufficient
6 was obtained for characterization. The detailed procedures of obtaining com-
pounds 2, 7, 8, and 5 are described in subsections 2.2.3 to 2.2.6. The procedure
of obtaining compound 6 is described in subsection 2.2.7.
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Figure 2.4 Processing of compound 5

2.2.3 Synthesis of 1,4- Bis-Hydroxymethylcubane (2)

Figure 2.5 shows the procedure of synthesizing 1,4-bis-hydroxymethylcubane [3].

A solution of 3.0 g (13.6 mmol) of diester in 100 ml of dry THF—ether mixture
(1:1) was added dropwise to a stirred suspension of LAH (54 mmol) in 200 ml
of dry THF at room temperature. After the addition, the reaction mixture was
refluxed for an additional 3 hours. The excess LAH was carefully quenched with
a small amount of water. The organic layer was filtered, dried, and evaporated
to give 2.1 g (95%) of pure diol. 'H NMR(CD30D) § 3.73 (s, 6H), 3.64 (s, 4H).
13C NMR (CD30D) § 63.95 (¢, 2C), 60.72 (s, 2C), 44.78 (d, 6C).

CO,CH,
LiAIH, OH

(95%)

CH,0,C ol

Figure 2.5 Synthesis of 1,4-bis-hydroxymethylcubane (2)



2.2.4 Synthesis of 1,4-Cubanedicarboxaldehyde (7)

Figure 2.6 shows the procedure of synthesizing 1,4-cubanedicarboxaldehyde.
Oxalyl chloride (4.8 ml of 1.25 M solution in dichloromethane, 6 mmol) was

placed in a 3-neck flask equipped with a stirrer and two pressure-equalizing addi-

tion funnels protected by drying tubes. One additional funnel contained DMSO

0
OH  |)DMSO H
(COCI),
2) EtN H
OH (90%) 0
2 7

Figure 2.6 Synthesis of 1,4-cubanedicarboxaldehyde (7)

(12 mmol) dissolved in dichloromethane (5 ml) and the other diol (3 mmol)
dissolved in DMSO-dichloromethane mixture (1:1; 10 ml). The contents of the
flask were cooled to —60 °C and the DMSO solution was added dropwise in ca.
5 min. Stirring was continued at —60 °C for 10 min followed by addition of
the diol solution in ca. 5 min. The reaction mixture was stirred for 15 min and
TEA (or DIPEA: 24 mmol) was added in ca. 5 min with stirring at —60 °C.
The cooling bath was removed and water (30 ml) was added at room tempera-
ture. The aqueous layer is reextracted with dichloromethane, organic layers are
combined, washed with saturated sodium chloride solution (100 ml), and dried
with anhydrous magnesium sulfate. The filtered solution is concentrated in a ro-
tary evaporator to 25 ml, washed successively with dilute aqueous hydrochloric
acid (1%), dilute sodium hydrogencarbonate (5%), and water and evaporated to
dryness to give a slightly colored crude dialdehyde (80%-90%) which was used
immediately* in the next step. 'H NMR(CDCl3) 6 9.74 (s, 2H), 4.37 (s, 6H).
13C NMR has not been taken due to limited stability of dialdehyde.

2.2.5 Synthesis of 1,4-Dimethylcubane-Bis-Acrylate (8)

Figure 2.7 shows the procedure of synthesizing 1,4-dimethylcubane-bis-
acrylate [3]. Crude dialdehyde (530 mg, 3.28 mmol) was dissolved in anhy-
drous benzene (20 ml). (Carbethoxymethylene)triphenylphosphorane (2.86 g,

*Dialdehyde decomposes upon standing in CDCl3 solution at room temperature (t1/2 ~
8 hours; based on 'H NMR spectra).
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Figure 2.7 Synthesis of 1,4-dimethylcubane-bis-acrylate (8)

8.19 mmol) was added, and the solution stirred at room temperature* under
argon overnight. The solvent was removed under reduced pressure, and pu-
rification by column chromatography (silica, 5% ether in hexane) yielded the
trans,trans-unsaturated diester (890 mg, 90%). 'H NMR (CDCI3) § 7.13 (d, 2H,
J =16 Hz), 5.67 (d, 2H, J = 16 Hz), 4.17 (¢, 4H, J = 7 Hz), 3.96 (s, 6H), 1.26
(t, 6H, J = 7 Hz). ¥C NMR (CDCI3) § 166.64 (s, 2C), 146.26 (d, 2C), 118.81
(d, 2C), 60.15 (¢, 2C), 59.02 (s, 2C), 46.77 (d, 6C), 14.19 (g, 2C).

2.2.6 Synthesis of 1,4-Propane-1-Ol-Cubane (5)

Figure 2.8 shows the procedure of synthesizing 1,4-propane-1-ol-cubane [3].

To a magnetically stirred solution of diisobutylaluminum hydride (5.4 ml of
1.5 M solution in toluene) was added a solution of trans,trans-diester (600 mg,
2.0 mmol) in 15 ml of anhydrous benzene at a rate sufficient to maintain the

~CO,CH,CH;, ~"~0OH
DIBAL-H
toluene
—_——
CH,CH,0,C %
8 OH ¢

Figure 2.8 Synthesis of 1,4-propane-1-ol-cubane (5)

*When the reaction was run at reflux for 3 hours, besides diester 10%—20% (based on 'H and
I3NMR spectra of crude material) of a “thermal-opening” product was formed, the structure
identical with those independently synthesized by Rh(I) promoted rearrangement of cubane
diester 4.



temperature at < 5 °C. After addition was complete, the mixture was allowed to
stir under nitrogen for an additional 3 hours at 0 °C. After excess diisobutyla-
luminum hydride was destroyed by dropwise addition of methanol, the reaction
mixture was filtered through a Biichner funnel. The organic layer was washed
with saturated sodium hydrogencarbonate, water, and brine. After drying, the
solvent was removed in vacuo and the residue purified by column chromatogra-
phy, eluting with a mixture of ether in hexanes (70%) to give 350 mg (80%) of
the alcohol as a colorless oil. 'H NMR, (CDCI3) § 6.0-5.8 (m, 2H), 5.7-5.3 (m
2H), 4.16-4.12 (AB system, 4H), 3.79 (s, 6H), 2.06 (bs, 2H), 13C NMR (CDCI3)
0 132.27 (d, 2C), 126.93 (d, 2C), 63.28 (¢, 2C), 59.18 (s, 2C), 46.11 (d, 6C).

CHO -~ CHO \/
e

Si(CH,),

OTBDMS OTBDMS OTBDMS
13 14 15
OTBDMS
H
VA H
4
// H
- O
~ “H
OTBDMS
OTBDMS
17 16
H
_//
@— Cu(OAC)4 /\
H 18

19

/:

H

Figure 2.9 Synthesis of cubyl derivatives



Table 2.1 Alkyl azides

R-N3 Method  Physical Properties

n-Butyl A nD? 1.4102; 71° (225 mm)
nD?? 1.4193; 65°-69°(220 mm)

n-Amyl A nD?3 1.4185; 73°-74° (100 mm)
nD? 1.4266; 63.5° (100 mm)

4-Phenylbutyl B nD?7 1.5200; 116°-120° (5 mm)

nD?" 1.5188; 114°-116° (4 mm)

4-Heptyl B nD? 1.4370; 78°-80° (200 mm)
Cyclohexyl B nD?® 1.4760; 66°—67° (22 mm)
nD?° 1.4693; 72° (30 mm)
Phenylmethyl A 106°-108° (42 mm)
Phenyl azide B 49° (5 mm)
lit 50° (5 mm)
0 NH, O ON
NO, .
(0] o
Fe, AcOH
Rfx
O N, O HN
NaNO,, HCI, NaN,
(0) ~- N
o) (0]
l NH,NH,-H,0
NH, N;
N, NaNO,, HCI, NaN, _ N,
NH, N,BF, N;
NaBF,, HCI, NaNO, NaN,
- .
NH, N,BF, N,

Figure 2.10 Synthesis of 1,2-diazidobenzene and 1,4-diazidobenzene



2.2.7 Azidation of Compound (5)

To a solution of iodosobenzene (2.2 g, 10 mmol) and 5 (1.79 g, 5 mmol) in
acetic acid (30 ml) sodium azide (2.3 g, 35 mmol) was added. The mixture was
maintained at room temperature for 10 min then kept at 50 °C for 3 hours, then
poured into water (200 ml) and extracted with chloroform (4 x 50 ml). The
combined extracts were washed with water (2 x 100 ml), dried (mgSOy), and
evaporated. The residue was chromatographed on silica gel (60 mesh) elution
with benzene-pet.-ether (1:1) 6 (1.27 g, 64%).

Two more extensively conjugated cubyl derivatives were synthesized as
shown in Fig. 2.9.

In the case of 16 reaction with NaNj3/(PhIO)n gave a mixture of products
from which an acetylenic diazide was isolated. Characterization of this material
is underway.

Compound 15 has been synthesized in milligram quantities which is an inad-
equate amount for azidization and the process 13 — 14 — 15 — 16 — 17
will be repeated.

2.3 SYNTHESIS OF ALKYL AZIDES

A number of alkyl azides were synthesized and these are listed in Table 2.1.

The method of preparation and physical properties of the alkyl azides used
in the study are also presented in Table 2.1. The alkyl bromide and sodium azide
in aqg MeOH is denoted as A and aq EtOH and sodium azide is denoted as B.
1,2-Diazidobenzene and 1,4-diazidobenzene were synthesized using the process
shown in Fig. 2.10. 1-Azidonorborniane was synthesized according to a modified
literature procedure shown in Fig. 2.11.

2.4 SYNTHESIS OF QUADRICYCLANES

Quadricyclane is a strained molecule which is relatively easy to synthesize. The
strain energies of related structures are presented in Fig. 2.12.

The aim of this part of the study was to incorporate the azido group into
the strained quadricyclane structure. The pathways shown in Fig. 2.13 were
pursued.

Reaction 7 — 9 is general for synthesis of bridgehead azides of bridged
polycyclic hydrocarbons. Another route which was studied as a general synthesis
is shown in Fig. 2.14.



PCl, PCl,
0°Ctort.
{ Cl
o  65% Cl
16 17
AlCI,,
pentane 49%
r.t.
NaN;, H,80, 1) Li, cyclohexane
CHCl,, 50-55 °C 90 °C
NH, COOH  2)CO, cl
3)H, O  10%
20 19 18
TsN,, KOt-Bu
DMSO, r.t.
N;
21

Figure 2.11 Synthesis of 1-azidonorborniane

In a second pathway, the use of hypervalent iodine was studied as shown in
Fig. 2.15.

The pathway via the lithio quadricyclane intermediate failed due to an un-
expected rearrangement presented in Fig. 2.16.

The oxidative method using C¢HsI(OAc)s yielded the desired quadricyclyl
azide and the process is being scaled up. In another approach (Fig. 2.17), the
hypervalent iodine Hoffmann rearrangement was carried out on quadricyclyl car-
boxamides.

The reaction shown in Fig. 2.18 was also studied but to date no positive
result has been obtained.
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Figure 2.12 Strain energies of quadricyclane structures
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Figure 2.13 Pathways of incorporating the azido group into the strained quadricy-
clane structure

g  CeHsLi N,Ts 9
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Figure 2.14 Alternative route to synthesize compound 9
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Figure 2.15 The use of hypervalent iodine for synthesizing compound 9
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Figure 2.16 Failure of the pathway via the lithio quadricyclane intermediate

ch— b —

CO,NH, NHCO,CH, NH, CI

Figure 2.17 Alternative approach with Hoffmann rearrangement
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Figure 2.18 Alternative reaction for synthesizing compound 9

2.5 SYNTHESIS OF SUBSTITUTED CUBANE

Considerable effort has been devoted to the preparation of bridgehead halides
from the corresponding acids under decarboxylative halogination conditions [4].
The usual and most commonly used method is of Barton’s, which involves the
radical decomposition of thiohydroxamic esters in the presence of appropriate
halogen donor substituent such as 2,2,2-trifluoroiodoethane. Even though this
method is generally used, the 2,2,2-trifluoroiodoethane is quite expensive and it
involves the initial preparation of cubane carbonyl chloride which is very sensitive
to friction and therefore it is not encouraged in the case of cubanes. Synthesis
of bridgehead iodides has also been accomplished by tertbutyl hypoiodite med-
itated iodinative decarboxylation or by treating anhydrous silver carboxylates
with bromine or iodine (Hundsdiecker—Borodin reaction).

Cubane-1,2-dicarboxylic acid 12 (see Fig. 2.19), a precursor for 1,2-
dihalocubanes was prepared from commercially available cubane-1,4-dicarboxylic
acid in 656% yield. The other acids 14a and 14c were similarly prepared from
the cubane-1,4-dicarboxylic acid 14b according to the literature procedures.
'H NMR spectra of the compound 13a showed a broad singlet at 4.41 for the
clibyl protons, whereas compound 13b showed two multiplets. Conversion of
bridgehead carboxylic acids to the corresponding halides using Pb(OAc), and
iodine in refluxing benzene under illumination is reported. This is considered
to be an alternative to Barton’s method, because of its simplicity and ease of
preparation, but it involves toxic lead compounds.

Introduction of an iodo group onto the cubyl system is especially desirable.
Because iodocubanes can be readily converted to hypervalent iodocubanes which
can undergo ligand exchange reactions with acetoxy, trifluoromethanesulfony-
loxy, methanesulfonyloxy, p-toluenesulfonyloxy, and trifluoroacetoxy groups fol-
lowed by oxidative deiodination to yield the corresponding substituted cubanes,
iodocubanes are used in photosolvolysis study, halogen—metal exchange reac-
tions, and in preparation of chloro- and fluorocubanes.



In view of continuous efforts to develop an alternative procedure for the
preparation of bridgehead halides from the corresponding carboxylic acids using

Table 2.2 Bridgehead halides

Substrate Product  Yield (%)
12 13a 97
12 13b 95
1l4a 15a 85
14a 15b 84
14b 15c 98
14b 15d 97
14c 15e 96
14c 15f 96

COOH
COOH
12
R
14a R=H
14b R=COOH

14c R=COOCH,

hypervalent iodine reagents, a
simple, efficient, and inexpensive
method has been developed. This
improved method involves refluxing
a mixture of cubane carboxylic
acid and iodine or bromine and
(diacetoxy)iodobenzene in dry ben-
zene without irradiation or use of
AIBN. This simple method provides
various mono- and dihalocubanes
(13a-13b, 15a-15f) from the
corresponding cubane carboxylic
acids (12, 14a-14c) (Table 2.2).
The reactions in Fig. 2.19 are
illustrative.

R

15a R=H; X=I

15b R=H; X=Br

15¢ R=X=I

15d R=X=Br

15e¢ R=COOCHj;; X=I
15f R=COOCH,; X=Br

Figure 2.19 Synthesis of substituted cubanes. Reagents: i, PhI(OAc)2, I> or Bra,

benzene, reflux



2.6 RING-OPENING METATHESIS
POLYMERIZATION

2.6.1 High-Energy Polymers

The following monomers were chosen to be used in polymerization studies that
aimed at obtaining polymeric high-energy compounds [3]:

16 — basketene (bis-homocubene, pentacyclo[4.2.2.02°.038.0%7]deca-9-ene);
17 — diethyl 2,3-diazabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate; and
18 — 2,3-diazabicyclo[2.2.1]hept-2-ene.

The polymerization reactions shown in Fig. 2.20 were attempted.

While literature procedures are known for the syntheses of 16, 17, and
18, neither of these three compounds was commercially available. Laboratory
syntheses of 16, 17, and 18 reproduced the procedures and yields found in the
chemical literature.

Attempted polymerization of 16, 17, and 18 by ring-opening metathesis
polymerization (ROMP) was carried out using two different catalysts:

— Dichloro(3,3-diphenyl-2-propenylidene)-bis-(triphenylphosphine)-
ruthenium (compound 22):

Ph cl

— PPh
Ph> N
| \pph,
Cl

22

and

— 2,6-Diisopropylphenylimido-neophylidene-molybdenum-bis-(hexafluoro-t-
butoxide) (compound 23):

N
CH

FC O
Mo
/ \\

F,C N

O
e

23
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Figure 2.20 Ring-opening metathesis reactions

Compound 22 is a surprisingly stable ROMP catalyst (in both protic and
aprotic media). It was made available via the courtesy of Dr. G.L. Gould
(U.IC. — Chemistry).

Compound 23 is the most active of the only two commercially available
(Strem Chemicals, Inc.) ROMP catalysts (the other one being the corresponding
nonfluorinated product). Its availability prompted the author to test it before
similar catalysts that contain tungsten as a core metal and that have been shown
to be more stable and more active than the molybdenum ones; molybdenum
catalysts seem, nevertheless, to tolerate more functionalities than the tungsten
ones.

2.6.2 Polymerization Experiments

(a) Polymerization attempts in the presence of the ruthenium
catalyst (compound 22)

Procedure

Reactions were carried out in an NMR tube, at room temperature or with very
slight heating, in 0.5 ml of a 1:8 mixture of CD2Cly/CgDg. The NMR tubes



were closed under argon. The molar ratio catalyst/monomer was 1:70. The
concentration of the catalyst was 0.0045 M (2 mg per batch). The reaction was
monitored by 'H NMR spectra.

Results

Under the above conditions, a test reaction using norbormene as monomer pro-
ceeded to more than 98% completion in 2 hours (more than 90% completion in
35 min).

Each of the monomers was submitted to the above reaction conditions. After
hours, or even days, the 'H NMR spectra showed only completely unreacted
starting material, in each case. No reaction occurred even upon heating at
40 °C.

To test for the conversion of catalyst activity with time, norbormene was
added to one of the basketene reaction mixtures after 2 days and it was readily
polymerized, while the basketene remained intact. Work continues on finding
conditions for successful polymerization.

(b) Polymerization attempts in the presence of the molybdenum
catalyst (compound 23)

Procedure

Reactions were carried out under argon, in sealed NMR tubes, at room tem-
perature or with mild heating. A stock solution (0.003 M) of catalyst 23 in
CgD5—CD3 was prepared. Each reaction was run with 0.5 ml of this solution, to
which the appropriate amount of monomer was added, to get the desired molar
ratio (50:1 to 100:1) monomer/catalyst. Reagents were mixed, and the NMR
tubes were closed in a Vacuum Atmospheres drybox. Reactions were monitored
by 'H NMR.

Results

The monomer used in the Mo catalyst attempts was basketene. Reactions were
run at room temperature. After 2 hours, the temperature was raised to 70-80 °C.
In all cases, the monomer remained unreacted, while the catalyst decomposed.
Survey of conditions for successful polymerization continues.

Discussion

Although none of the polymerization attempts of high-energy monomers un-
dertaken so far was successful, these results are considered preliminary and the
search for conditions under which high-energy polymers can be obtained through
the ROMP technique continues.

There is a very large number of ROMP catalysts described in literature that
might work with basketene or diazanorbormene type of monomers. Of a special



interest would be the tungsten ones. While they are not yet available on the
market, making and testing a large variety of them in the laboratory is planned.
Testing at least one tungsten catalyst, for example one analogous to 23, on at
least the three monomers that appear in this study is absolutely necessary before
any conclusion can be drawn.

2.7 CONCLUDING REMARKS

Strained polycyclic hydrocarbons in the form of (1) 1,4-disubstituted cubyl sys-
tems with highly unsaturated side-chains, (2) 1,2-disubstituted cubanes,
(3) cubylazido derivatives, and (4) high-energy polymers have been synthesized
in small quantities sufficient for lab-scale studies of their physical and chemi-
cal properties. These compounds are expensive to synthesize, and hence their
evaluation as potential candidates for further development in propulsion appli-
cations should be carried out. Due to the increasing gravimetric energy density,
these fuels appear to be potential candidates for volume-limited applications to
achieve increased range. Before realizing these fuels as practically reasonable,
combustion experiments should be performed.
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Chapter 3

SYNTHESIS OF NEW HIGH-ENERGY /HIGH-DENSITY
HYDROCARBON FUEL SYSTEMS

A.P. Marchand, K. C.V. Ramanaiah, S. Alihodzic,
I.N.N. Namboothiri, E.Z. Dong, B.R. Aavula,
S.B. Lewis, and S. G. Bott

Polycarbocyclic “cage” hydrocarbons comprise a class of new high-
energy /high-density fuels that are of interest for volume-limited military
applications. Several new candidate fuel systems have been targeted, and
syntheses of representative compounds have been devised and executed.
One particularly interesting group of compounds includes “PCU alkene
dimers,” which are prepared via titanium-promoted reductive dimeriza-
tion of pentacyclo[5.4.0.0%¢.0319.05-%Jundecan-8-one (“PCU-8-one” ) and
functionalized PCU-8-ones. Compounds of this type exhibit high crys-
tal densities on the order of 1.2-1.3 g/cm® and possess a modicum of
steric strain that is released upon combustion. The following studies
and syntheses have been undertaken in connection with efforts toward
the design and synthesis of new candidate fuel systems: (i) PCU-derived
vinylidenecarbenes have been generated and trapped in situ by alkenes;
(i1) Oxidative functionalization of unactivated C-H bonds in heptacyclo-
[6.6.0.0%0.03:13.0%11.0%9 010:14]tetradecane-7-one (“HCTD-7-one”) has
been performed successfully by using Gif-type oxidants; (éi7) Two un-
usual polycyclic alkenes, that contain completely planar C=C double
bonds, have been synthesized; and (iv) A novel cage diester has been
prepared via intramolecular [2 + 2] photocyclization of an isomer of
“Thiele’s ester,” and its structure has been established unequivocally
via application of single-crystal X-ray crystallographic techniques. Col-
laborations with other laboratories include: (i) new applications of the
MOLPAK/WMIN computational method for estimating crystal densi-
ties of energetic materials; (i7) studies of combustion characteristics of
mixtures of PCU alkene dimers as solid fuels in compressible flows; and
(i) studies of thermodynamic properties of HCTD and PCU.



3.1 INTRODUCTION

The work descibed herein has been directed toward the synthesis of new poly-
carbocyclic hydrocarbon systems that are of interest as a potential new class of
high-energy/high-density fuel systems for volume-limited military applications.
Compounds of this type generally possess unusually high, positive standard heats
of formation and unusually high densities [1, 2]. The objective is to synthesize
compounds of this general type in 50-500 g quantities.

An example in this regard is provided by the titanium-promoted reductive
dimerization [3-5] pentacyclic monoketones and their monomethylated analogs,
as indicated in Scheme 1. We have successfully prepared these compounds in rel-
atively large quantities (i.e., several hundred grams). Samples have been sent to
other laboratories for evaluation of their fuel properties, selected thermodynamic
properties, and combustion characteristics.

In collaboration with Prof. Herman Ammon (University of Maryland),
MOLPAK/WMIN computational methods [6-12] have been employed success-
fully to predict the crystal densities of (i) several isomerically pure monomethy-
lated PCU alkene dimers [13] and (i7) several polycyclic epoxides [14]. The crys-
tal densities calculated from X-ray crystal structure data are compared with the
corresponding calculated values. Attempts have been made to address discrep-
ancies that may exist between computed densities and those derived from X-ray
data by using advanced theoretical methods.

3.2 RESULTS AND DISCUSSION

3.2.1 Generation and Trapping of PCU-Derived Vinylidenecarbenes

Recently, the successful generation of PCU-8-vinylidenecarbene (4a) via reaction
of 8-(dibromo-methylene)-PCU (3) with n-BuLi hs been reported [15]. When
this reaction is performed in the presence of an alkene trapping agent (i.e.,
cyclohexene), a cage-functionalized exo-methylenecyclopropane, 5, is the only
product. Compound 5 subsequently was characterized via conversion to the cor-
responding substituted dichlorospiro(cyclopentane), 6 (Scheme 2); the structure
was established unequivocally via single-crystal X-ray structural analysis [15].
In order to further investigate the possibility of cycloalkyne 4b formed as
a transient intermediate in the reaction of 3 with n-Buli, specifically '2C la-
beled 3 — 3CBry was synthesized and subsequently was reacted with n-BuLi.
The reactive intermediate(s) thereby generated were trapped in situ by cyclo-
hexene. Careful integration of the gated-decoupled **C NMR spectrum of 5 —
13C obtained indicated that no scrambling of the C label had occurred in the
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product. This result contradicts the incursion of 4b as an intermediate in this
reaction [16].

More recently, we have investigated the corresponding reaction of 8-(di-
bromomethylene)-11-methylene PCU (7) with n-BuLi. Once again, a cage-
functionalized exzo-methylenecyclopropane (i.e., 9) was obtained as the only
product. Compound 9 subsequently was characterized via conversion into 10
(Scheme 3), the structure of which was established unequivocally via single-
crystal X-ray structural analysis [17].

No experimental evidence was found that products formed as a result of
alkene trapping of a putative cycloalkyne intermediate in either of these reac-
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tions. Interestingly, the results of semi-empirical MO calculations (performed
by using the AMI and/or PM3 Hamiltonians) indicate that 4b is only ca.
0.4 kcal/mol less stable than 4a, but that the energy barrier for rearrangement
of 4a to 4b is relatively high (> 30 kcal/mol) [15, 16].

3.2.2 Generation and Trapping of a D3-Trishomocubane-Derived
Vinylidenecarbene

The reaction of 4-(dibromomethylene)pentacyclo[6.3.0.0%6.03:19.05-9lundecane
(11) with n-BuLi resulted in the corresponding vinylidenecarbene, 12a, which
could be trapped in situ by cyclohexene to obtain the corresponding cage-
functionalized exo-methylenecyclopropane (i.e., 18, Scheme 4). Compound 13
subsequently was characterized via conversion into 14 (Scheme 4), which struc-
ture was established unequivocally via single-crystal X-ray structural analy-
sis [18].

In order to further investigate the possibility of cycloalkyne 12b formed as a
transient intermediate in the reaction of 11 with n-BulLi, specifically '3C labeled
11 — '3CBr, was synthesized and subsequently was reacted with n-BuLi. The
reactive intermediate(s) generated were trapped in situ by cyclohexene. Careful
integration of the gated-decoupled *C NMR spectrum of 13 — '3C obtained
indicated that no scrambling of the *C label had occurred in the product. This
result contradicts the incursion of 12b as an intermediate in this reaction [18].
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Interestingly, it appeared
possible to enter the 12a-12b

vinylidenecarbene-cycloalkyne equi-
librium from the “cycloalkyne
side.”  This was accomplished by
synthesizing the appropriate cage
vinyl bromide, 17; then subse-
quent reaction of 17 with a base
provided indirect access to 12b
(Scheme 5) [18].

3.2.3 Generation and Trapping
of an HCTD-Derived
Vinylidenecarbene

As an extension of the forego-
ing studies, the generation and
trapping of an HCTD-derived vinyli-
denecarbene, i.e., 20 (Scheme 6),
was investigated. Thus, reaction of
heptacyclo[6.6.0.0%6.03:13 011 059, —
010:14]tetradecane-7-one (18) [19-21]
with Ph3P-CBry generated the corre-
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sponding 7-(dibromomethylene)-HCTD (19). Subsequent reaction of 19 with
n-Bulii in dry THF produced the corresponding vinylidenecarbene, 20.

The corresponding cycloadduct, 21, which structure was established une-
quivocally via single-crystal X-ray structural analysis [22], was obtained by trap-
ping 20 in situ by cyclohexene.

3.2.4 Oxidative Functionalization of Unactivated Carbon—Hydrogen
Bonds in HCTD (22)

Gif-type reactions have been used to perform direct oxidative functionalization of
HCTD (22) [19]. Thus, GoAgg!'l- and GoAgg!V-promoted oxidations of 22 af-
ford 1-(2’-pyridyl)-heptacyclo[6.6.0.0%:6.0%:13.0%11,059.010:14]tetradecane [i.e., 1-
(2’-pyndyl)-HCTD, 23] in 6%-10% isolated yield. In addition to 23, GoAgg" -
promoted oxidation of 22 produced heptacyclo[6.6.0.0%:6.0%13,0%11,05.9 010:14]-
tetradecane-7-one (HCTD-7-one, 18) and 1-(4'-pyridyl)-HCTD (24) in low iso-
lated yield (Scheme 7) [19].

Finally, oxidation of 22 performed by using an Fe''-t-BuOOH system af-
forded several products, including hexacyclo[6.6.0.0%:6.03:13.0%11 05:9,010:14]tet-
radecane-10,14-dione (26) and 14-hydroxyhexacyclo[6.6.0.0%:6.0%:13.0%11.059 -
010:4]tetradecane-10-one (27), both of which resulted via oxidative cleavage of
the C(1)-C(2) o-bond in 22 (see Scheme 8) [19].

3.2.5 Synthesis of a Novel, Polycarbocyclic Alkene which Contains
a Strained, Planar C=C Double Bond [22]

The availability of 18 in one synthetic step via direct oxidative functionalization
of HCTD [19-21] allows exploration of this valuable compound’s chemistry, for
the first time. Thus, the reaction sequence shown in Scheme 9 has been utilized
to prepare a novel polycyclic alkene, 30, whose symmetry properties require
that its central, tetrasubstituted C=C double bond be completely planar (in
the isolated molecule). The constraints imposed by the polycarbocyclic cage
framework cause the “CCC bond angles about the central C=C double bond in
30 to deviate significantly from the “preferred” value of 120°, thereby introducing
additional steric strain in this molecule beyond that which is associated with its
framework alone.

The single-crystal X-ray structure of 30 was determined at 208 K (see
Fig. 3.1) [22]. The “C-C=C bond angles about the central C=C double bond in
30 were found to lie in the range 113°-115°. In addition, the C=C bond length
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in this compound is unusually short, i.e., 1.334 (7) A. Importantly, the crys-
tal density of this unusual cage-annulated alkene was found to be 1.36 g/cm3,
thereby rendering 30 one of the most dense cage hydrocarbons that has been
prepared [22].

Subsequently, 30 was oxidized by MCPBA at —10 °C to produce the cor-
responding oxirane, 31. This compound proved to be unstable to either mild
acid or mild base. Thus, work-up of the oxidation reaction product with ei-
ther dilute aqueous NaHCOj3 or via column chromatography on silica gel con-
verted 31 into the corresponding cis diol, 32 (Scheme 10). The structure of 32
was established unequivocally via application of X-ray crystallographic meth-
ods [22].

In addition, we have prepared a tetracyclic analog of 30, i.e., 36. The route
shown in Scheme 11 was employed for this purpose.
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3.2.6 Isolation and Characterization of a Minor Product that
Accompanies the Formation of Thiele’s Ester via Reaction
of Sodium Cyclopentadienide with Ethyl Chloroformate

At the beginning of the 19th century, Thiele [23, 24] reported that carbonation
of sodium cyclopentadienide (37) affords a cyclopentadienecarboxylic acid dimer
whose structure subsequently was firmly established as 38 (“Thiele’s Acid,”
Scheme 12) via chemical [25] and spectroscopic [26] methods.

In 1959, Peters [27] reported the isolation and characterization of a minor
product from this reaction. It was determined that this minor product is isomeric



Bond length:  C(4)=C(5) = 1.334(7) A

Bond angles: C(3)-C(4) = C(5) = 113.7(4)°
C(4)=C(5)-C(6) = 115.1(4)°
C(4)=C(5)-C(16) = 113.4(4)°
C(5)=C(4)-C(22) = 115.7(4)°

Figure 3.1 X-ray structure of 30a and selected bond lengths and bond angles in
30b
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with Thiele’s Acid. Analysis of its ultraviolet spectrum suggested that it contains
one conjugated and one nonconjugated carboxyl group.

This minor product has been now isolated and converted into the corre-
sponding pentacyclo[5.3.0.0%°.039.0%8]decanedicarboxylic acid via intramolec-
ular [2 + 2] photocyclization. The material thereby obtained was converted
into the corresponding cage di(p-nitrobenzyl ester) derivative via the method
shown in Scheme 12. The structure of the resulting diester was established une-
quivocally as 40 via application of X-ray crystallographic methods (see
Fig. 3.2) [28].

3.3 COLLABORATIONS WITH OTHER
LABORATORIES

Collaborations that were initiated during previous contract years have been con-
tinued throughout 1996-1997 in an effort to further evaluate the fuel properties
of the new high-energy-density materials. A brief description of each of these
collaborative efforts follows.
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3.3.1 Department of Chemistry, University of Maryland, College
Park, MD (Professor Herman L. Ammon)

The importance of high density as a feature of potential fuel systems that seek to
maximize net volumetric heat of combustion is well documented. The prediction
of the crystal density of an unknown compound typically has been approached
through the use of “volume additivity” procedures [29-32]. Here, the crystal-
molecular volume (V .p,,) is calculated by summing appropriate crystal-atomic or
group volumes (V¢a; Ve = Y. Vo) and the corresponding crystal density is ob-



tained by dividing the molecular
mass (M) by Viey; thus, p =
M/V em. Vo values usually are
obtained by least-squares procedures
which fit V', values to experimen-
tal crystal-molecular volumes (V)
from X-ray crystal structure data
(V ce is the unit cell volume divided
by the number of molecules per
unit cell).

Volume additivity methods
generally do not take into account
crystal packing efficiency or molec-
ular conformation effects and thus
will afford identical calculated den-
sities for positional and conforma-
tional isomers and for compounds
that possess different multiples of
the same functional group compo-
sition. As an example, a volume
additivity calculation predicts that
1,3,5-trinitro-1,3,5-triazacyclohex-
ane (RDX), 1,3,5,7-tetranitro-1,3,-
5,7-tetraazacyclooctane (a-HMX),
and B-HMX all will possess the
same crystal density, 1.783 g/cm?
[32]. In fact, the experimentally
observed densities of these three
compounds differ markedly (i.e.,
1.806 [33], 1.839 [34], and 1.902
[35], respectively).

Recently, Holden, Du, and Ammon [9] reported a procedure for predicting
possible crystal structures of C-, H-, N-, O-, and F-containing organic com-
pounds. Their approach involves construction of crude crystal packing arrange-
ments (MOLPAK = MOLecular PAcKing program), which starts with an opti-
mized model (search probe) for the compound of interest, by positioning mole-
cules around a central molecule into predetermined coordination sphere geome-
tries. The best of these arrangements are refined subsequently with a crystal
lattice energy minimization (WMIN) [9] program. This procedure takes molec-
ular shape, conformation, and crystal packing efficiency into account.

As part of the study, the authors have collaborated with Prof. Ammon
in an effort to perform useful crystal density modeling calculations for four

Figure 3.2 X-ray structure drawing of 40
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isomeric methylated PCU alkene dimers by using the MOLPAK/WMIN ap-
proach [9]. The observed and calculated crystal densities generally agree within
1%—2% [10]. Subsequently, this collaboration with Prof. Ammon was extended to
include crystal density modeling calculations for several epoxide-functionalized
tetrahydro- and hexahydromethanonaphthalenes [14]. In 1996-1997, this se-
ries was extended to include crystal density modeling calculations for spirocy-
clopropanated, epoxide-functionalized tetrahydro- and hexahydromethanonaph-
thalenes (see compounds 41-47 in Scheme 13). The MOLPAK/WMIN calcu-
lated densities thereby obtained have been published [36].

3.3.2 Department of Aerospace Engineering, Mechanics
and Engineering Science, University of Florida
(Professor Corin Segal)

Initially, Prof. Segal and members of his research group at the University of
Florida evaluated the combustion characteristics of mixtures of isomeric PCU
alkene dimers (2a) as solid fuels in compressible flows. Subsequently, these stud-
ies were extended to include evaluation of 2a as a solid fuel under conditions
of high-shear flow. Samples of the mixture of isomeric PCU alkene dimers were
cured with a styrene-polybutadiene copolymer (10% w/w) binder on the test
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chamber wall and ignited convectively via a gaseous flame in air flow at Mach
number 0.12-0.25 at a stagnation temperature and pressure of 300 K and 150-
250 kPa, respectively. Ignition times and rates of heat release were measured.
The results indicate that, when compared with HTPB fuel under the same ther-
modynamic conditions and geometrical configuration, 2a ignition times are an
order of magnitude more rapid. The heat released during combustion of 2a
is more than twice as great as that of HTPB fuel under comparable condi-
tions.

The results of this study have been published [37]. Evaluation samples of
several candidate energetic hydrocarbon fuel systems have been sent to Prof.
Segal for his combustion studies (see Scheme 14). More recently, Prof. Segal and
his co-workers have studied rheological properties and burning rates of a mix-
ture of isomeric methylated PCU alkene dimers (2b). A stable 18% w/w solution
of 2b in JP-10 was achieved. More concentrated solutions (up to 25% w/w) were
unstable and produced sediments after standing for ca. 2 weeks under ambient
conditions. An 18% w/w solution of 2b in JP-10 increased the kinematic viscos-
ity of JP-10 by 1.3 centistokes at 30 °C and by 0.65 centistokes at 70 °C, thereby
effectively matching the viscosity of RJ-4.

An 18% w/w solution of 2b in JP-10 exhibits a burn rate of 1.97 mm?/s
(vs. 0.757 mm? /s for pure JP-10). The mixture exhibits effervescent boiling that
results in increased contact area with the burning surroundings, which results



in a significantly enhanced (i.e., accelerated) burning rate vis-a-vis that of pure
JP-10.

Finally, the burning rate of “8-(7'-norcaranylidene)-PCU” (i.e., 5) has been
studied. Compound 5 displays a rapid burning rate, i.e., 2.9 mm?/s. The droplet
explodes toward the end of the burn cycle, thereby indicating that a relatively
large quantity of heat is released during the burning process.

3.3.3 Belarussian State University, Minsk, Belarus
(Professor G.J. Kabo)

Highly purified samples of heptacyclo[6.6.0.0%:¢.03:13.04:11 059,019 14]tetrad ecane
(HCTD) and pentacyclo[5.4.0.0%:6.0%10.05%lundecane (PCU) were sent to Prof.
Kabo for study of their thermodynamic properties. The results of this study
have been published in two papers which appeared in [38] and [39].

3.4 CONCLUDING REMARKS

Syntheses of several novel polycarbocyclic “cage” hydrocarbons have been de-
signed and executed successfully as part of an extensive program of research
on the development of new high-energy/high-density fuels that are specifically
designed for volume-limited military applications. In this connection, relatively
large quantities (i.e., several hundred grams) of “PCU alkene dimers” of the type
2a and 2b (Scheme 1) have been prepared.

The combustion characteristics of mixtures of PCU alkene dimers as solid
fuels in compressible flows have been studied by Prof. Corin Segal and his co-
workers at the University of Florida. The results of his combustion studies
demonstrate that fuels formed by the addition of mixtures of methylated PCU
alkene dimers (18% w/w solutions) to JP-10 have a significant accelerated burn-
ing rate relative to that of pure JP-10. In addition, a new candidate hydro-
carbon fuel, i.e., compound 5, was found by Prof. Segal to burn rapidly (i.e.,
2.9 mm?/s) and to release a relatively large quantity of heat during combus-
tion.

New applications of the MOLPAK/WMIN computational method for esti-
mating crystal densities of energetic materials have been investigated in collab-
oration with Prof. Herman L. Ammon and his co-workers at the University of
Maryland. Finally, thermodynamic properties of HCTD and PCU have been de-
termined by Prof. G.J. Kabo and his colleagues at Belarussian State University,
Minsk, Belarus.



In the course of this study, several new candidate fuel systems have been
synthesized in gram quantities. In the future, it is planned to undertake large-
scale syntheses of those new hydrocarbons, like 5, whose combustion properties
suggest that they might excel as energetic fuels or as fuel additives.

It is also planned to continue crystal density modeling studies in collabo-
ration with Prof. Ammon with the expectation that comparison of predicted
with experimental (X-ray derived) crystal density values will permit further re-
finement of the MOLPAK/WMIN computational approach. In this way, the
predictive value of this computational method is likely to be enhanced, thereby
rendering it of greater value for preliminary screening of proposed new candidate
fuel systems as potential synthetic targets.
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Chapter 4

DECOMPOSITION CHEMISTRY
OF HIGH-ENERGY-DENSITY FUELS
BY FLOW TUBE MASS SPECTROMETRY

Z. Li and S.L. Anderson

A method is described that allows study of thermal breakdown behavior
of organic high-energy-density fuel molecules. In addition to stability
vs. temperature results, the distribution of product species as a func-
tion of temperature is also determined. The method uses a microflow
tube reactor to allow study of small samples. The mixture exiting the
reactor is analyzed by mass spectrometry. The mass spectrometer is
a unique instrument optimized for low-collision energy scattering, and
this method is used to unambiguously identify product isomer distribu-
tions. Results are presented for four different strained isomer systems,
representing three different families of strained molecules.

4.1 INTRODUCTION

An important strategy for improvement of propulsion system performance is
utilization of fuels and propellants that have significantly enhanced energy den-
sity compared to normal hydrocarbons. For liquid-fueled applications, strained
hydrocarbons are a particularly appealing class of candidate fuel molecules,
because they should work in conventional combustors and fuel systems with
minimal modification. Their high-energy densities result mainly from increased
density compared to normal hydrocarbons; however, they can have up to
~ 140 kcal/mole of strain energy built into the molecular framework in the
form of distorted bond angles. While this does not greatly increase the heat of
combustion, the strain energy changes the pyrolysis behavior of the molecules
substantially, which should make it possible to tune the ignition/combustion



properties. In particular, ignition behav-
ior might be substantially improved by
generation of reactive species early in the
combustion process or by micro-
explosions in fuel droplets. A few simple
strained molecules are shown in Fig. 4.1.

There have been a number of success-
(a) (© ful approaches to synthesizing strained
molecules with the idea of developing new
fuel systems [1-12]. A number of molecu-
lar families have been proposed as candi-
dates, including the benzvalenes, cubanes,
and larger cage systems such as the penta-
cycloundecane (PCU) oligamers. Smaller
molecules, such as cyclopropanes or bicy-

(®) (@) clobutanes, are also candidates for the
strained molecule framework. Since the
Figure 4.1 Strained hydrocar- h}fdrocarbo'n fr‘ameworks can be fupction—
bon molecules discussed in the pa- alized, derivatives can be synthesized to
per: (a) quadricyclane, (b) norbor- tailor the molecular properties to the task
nadiene, (c) cubane, (d) 1l-azo-3- at hand. For example, adding a methyl
ethylbicyclo[1.1.0]butane group to cubane converts it from a solid
to a free-flowing liquid at room tempera-
ture. Functionalization should allow control of vapor pressure, viscosity, melting
point, sensitivity, and stability. It should also be possible to add nitro, nitramine,
or azide functionality to further increase the energy density [9, 11].

Though this approach has great potential, one problem is that these mole-
cules are nontrivial to synthesize and purify. Only very small samples are often
available for new candidate molecules, making it difficult to study their chemistry
by conventional methods. One goal of our experiments is to provide a method of
characterizing the thermal chemistry of synthetic fuel molecules using samples
from small-scale synthesis (20-30 mg). The expectation is that these results will
provide feedback to the synthetic chemists, allowing them to focus their efforts
on the most promising candidates.

4.2 EXPERIMENTAL DESIGN

For this experiment, an instrument was needed that could perform a full analysis
of thermal breakdown with product identification using less than 50 mg of sample.
On-line, direct sampling of the mixture exiting the reactor was desirable to avoid
further reaction/decomposition during the analysis process. The analysis method



Figure 4.2 The micro-Flow Tube Reactor/Mass Spectrometer instrument. 1 —
heated gas inlet/vacuum feedthrough, 2 — hot zone of flow tube, 3 — multiion source
block, 4 — ion guide, 5 — quadrupole mass spectrometer, 6 — ion guides, 7 — reaction
cell, 8 — quadrupole mass spectrometer, 9 — daly detector

had to be isomer sensitive, even for metastable isomers. The time scale of the
kinetic measurements should be appropriate to propulsion applications. Finally,
it is desired to maintain the potential for studying bimolecular reactions as larger
samples become available. The micro-Flow Tube Reactor/Mass Spectrometer
(micro-FTRMS) instrument designed for this purpose is shown in Fig. 4.2. There
are three distinct sections of the instrument, discussed below.

4.2.1 The Microflow Tube Reactor

The molecular sample of interest was pre-mixed with an inert buffer gas (argon
or helium) at 1%—-7% concentration, then passed at constant mass flow rate
through the microflow tube reactor. The flow tube was simply a 30-centimeter
long quartz tube with 1.9 mm inner diameter. The final 10 cm of the tube was
encased in a heater that could raise the temperature to 1000 K. Temperature
was measured by a thermocouple embedded in the ceramic heater jacket, and
was stable to + 2 K. The Reynolds number of the flow ranged from ~ 3.5 to
~ 1.5, over the temperature range from 298 to 1000 K, i.e., fully developed
laminar flow was established well upstream of the hot zone. Table 4.1 gives the
pressure, density, mass-flow-weighted velocity, and mass-flow-weighted residence

Table 4.1 Characteristic behavior of flow tube reactor

Temperature Pressure Density Residence time Flow velocity
K Torr mol/m? ms m/s
298 1.24 0.065 4.4 16.2
998 2.13 0.033 2.0 31.7




time calculated for the mid-point of the hot zone (i.e., 5 cm from the exit). The
ranges given show how the flow properties vary as the temperature is raised from
298 and 998 K.

The advantage of the microflow tube is that sample consumption is very
small. For the work discussed below, the consumption rate varied between ~ 5
and ~ 25 ug/s, allowing several hours of experiment time for 20-40 mg of sample.
For these flow conditions the diffusion length, i.e., the average distance that the
molecules diffuse during the residence time in the hot zone, was about five times
the tube diameter. The molecules diffused back and forth across the tube bore
several times during their passage through the hot zone. On one hand, this
effectively averages out the radial dependence of the residence time, allowing us
to treat the flow as pseudo plug flow. On the other hand, the disadvantage is
that a combination of homogeneous and heterogeneous kinetics is measured; thus
only phenomenological rate constants can be estimated. Purely homogeneous
kinetics could be measured with a larger diameter flow tube, and the authors
plan to implement this approach as the search for fuel candidates narrows and
larger samples become available.

4.2.2 The Ion Source

One of the key requirements for this experiment is the ability to distinguish
strained reactant molecules from their more stable isomers, since isomerization is
a likely decomposition process. Strained molecules are challenging to distinguish
mass spectrometrically, because they tend to isomerize during the ionization
process required for mass analysis. A novel combination of two techniques was
developed resulting in a mass spectrometric method capable of identifying iso-
mers of these compounds. One facet of the method is to ionize the molecules
as gently as possible, i.e., producing ions with little excess internal energy. This
is accomplished by a variety of chemical ionization (CI) processes, including
proton-transfer and charge-transfer from various molecular ions.

For this purpose, the flow tube emptied directly into a high-pressure ion
source. This source was essentially a sealed box with a gas inlet for the CI reagent
gas, a 0.58 mm hole to allow injection of a magnetically collimated electron beam,
and a 0.99 mm hole to allow ions to exit into the mass spectrometer. The flow
tube was coupled to the source using a 0.1 mm annular gap that thermally
isolates the source from the flow tube, but allows little of the gas flow to escape.
Even at a flow tube temperature of 1000 K, the source temperature increased
no more than ~ 50 K. To avoid any variations in source conditions with flow
tube temperature, the source was thermostated to a constant temperature of
100 K.



4.2.3 The Guided-Ion-Beam Tandem Mass Spectrometer

The other facet of the isomer identification scheme, and one truly unique feature
of the experiment, is the use of low-energy ion beam scattering for isomer identi-
fication [13, 14]. The measurements were made possible by the guided-ion beam
(GIB) technique [15], in which multipole radio-frequency (rf) fields are used to
collimate and guide the ion beam, and to collect daughter ions for analysis. To
the best of the authors’ knowledge, this represents the first use of low-energy
beam scattering for isomer analysis.

The ions from the source are injected into an octapole ion guide that guides
them through a differential pumping wall and up to the first mass filter. This
is a homemade quadrupole mass filter that has been optimized to mass select
without perturbing the kinetic energy distribution of the transmitted ions [16].
This mass filter can either be used to select a particular ion mass for low-
energy scattering analysis, or can simply transmit the entire ion mass distri-
bution. For scattering analysis, the selected ions are guided by a second oc-
tapole through a cell that can be filled with a low pressure of a target gas
where the ions can fragment or react in collisions with the target atoms or
molecules. The octapole collects product ions, along with unreacted primary
ions, and guides them to the final quadrupole mass analyzer, where a mass spec-
trum is recorded.

4.2.4 Typical Experimental Results

Several types of experiments were performed for each system. All experiments
were repeated at least once and the relative uncertainties were approximately
+5%, largely due to the variation of ion source conditions over time, as a result
of surface contamination. The most straightforward experiment is to measure
a mass spectrum of ions produced by chemical ionization in the source. This
provides one with a “primary fingerprint” to identify the reactant and product
species that exit the flow tube. Measuring the variations in this primary spec-
trum as a function of flow tube temperature allows one to follow the decay of
reactant molecule signal and growth of products. An example of a variable-
temperature CI mass spectra is given in Fig. 4.3 for quadricyclane (C7Hg), with
methane used as the CI reagent. The full data set [17] includes spectra taken at
temperature intervals ranging from 50 to 100 K. Here, just three representative
spectra are plotted.

The bottom spectrum shows the result for room temperature, i.e., for pure
quadricyclane. There are prominent peaks for the molecular ion (M*: m/q = 92)
and for the molecular ion plus and minus one atomic mass unit (M +1)* : m/q =
93; (M —1)*: m/q = 91). This is typical of methane CI spectra. Electron impact
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Figure 4.3 Representative CI mass Figure 4.4  Low-energy collision-

spectra of quadricyclane showing changes induced dissociation patterns for CrHs

with flow tube temperature: (a) 973 K; isomers, showing clear differences:

(b) 573 K; and (c) 298 K (a) quadricyclane; (b) norbornadiene; and
(¢) toluene

on the methane-generated CHy ™, as well as a large number of small hydrocarbon
ions C,,H,, ™, mostly with masses less than 50 amu. (M + 1)* was produced by
proton transfer from these hydrocarbon ions to the molecule. M* was produced
by charge-transfer ionization, e.g., CH4* + C;Hgs — C;Hgt + CHy. (M — 1)
was mostly produced by Hy loss from (M + 1), as a consequence of the high
internal energy (strain) in the quadricyclane. For a stable C7Hg isomer such as
toluene, no (M — 1)* was observed.

There is little change in the CI spectra as the flow tube temperature was
increased to 523 K, but decomposition sets in above that temperature. The mid-
dle spectrum shows the result for quadricyclane after ~ 3 ms in the flow tube
at 573 K. At this temperature, the quadricyclane is about half decomposed, as
shown by the decrease in the intensities of ions attributable to quadricyclane
(m/q =93,92,91, 77, 57), and the increase in the peak at m/q = 67. This peak
results from proton-transfer ionization of CsHg, giving (CsHg + H)*. A small
peak at m/q = 95 also appeared, and this originates from (CsHg + CoHs)™,
i.e. formation of an adduct between CsHg and one of the more abundant hy-
drocarbon ions in the CI source. The growth of CsHg indicates that one of
the decomposition channels is acetylene loss, by a retro-Diels—Alder reaction:
C7Hg — C5Hg 4+ CoHa. In addition, it is clear that the (M — 1)*: (M + 1)*



peak ratio changed, and this indicates that one decomposition channel is isomer-
ization to a more stable C;Hg structure.

Above ~ 800 K, the CI spectrum again became temperature independent,
indicating that the final pyrolysis product distribution had been reached. The
upper spectrum in Fig. 4.3 shows the result for 973 K. Note that virtually
no (M — 1)* was left, and the spectrum was dominated by (M + 1)* and
(Cs5Hg + H)*. These results show that the pyrolysis product distribution is dom-
inated by CoHs + C5Hg and by isomerization to a more stable C;Hg isomer.

The CI spectrum gives a convenient method to monitor decomposition, but it
is not always sufficient to provide positive identification of the isomeric structure
of the molecules. For this, the low-energy scattering analysis was used. An
example is shown in Fig. 4.4, which gives fragmentation patterns for the M
ions generated from three different C;Hg isomers. Note that the three isomers
give distinct fragmentation patterns, allowing positive identification. These low-
energy CID experiments are done as a function of flow tube temperature, and
allow one to identify product isomers unambiguously.

The experiments were done at a collision energy of 2.9 eV, and it was found
that the ability to distinguish quadricyclane from norbornadiene is lost for en-
ergies above ~ 5 eV, where conventional tandem mass spectrometers operate.
As expected from this result, previous mass spectral studies of C;Hg have been
unable to distinguish quadricyclane and norbornadiene [18-22].

4.2.5 Extraction of Breakdown Curves

The data just described provide considerable insight into the thermal breakdown
behavior of the strained molecules of interest, yielding both product species dis-
tributions and stability information. Much of the insight is obvious from exam-
ination of raw results such as those presented in Fig. 4.3. To put the results
on a more quantitative footing several additional steps were taken. Variable-
temperature CI and low-energy scattering experiments were performed for all
obtainable isomers of the strained molecule. For example, full data sets were
taken for three C;Hg isomers: quadricyclane, norbornadiene, and toluene. These
data are important in verifying the purity of the strained molecule sample, which
may decompose in storage, and also provides both primary and secondary mass
spectral “fingerprints” for the likely isomerization products. In addition, where
possible, we ran variable-temperature CI spectra of likely product species in
order to obtain accurate spectra for aid in identifying and fitting the spectra re-
sulting from strained molecule pyrolysis. In the C7Hg system, the only product
channel, besides isomerization, was formation of CsHg + CoHs. The nature of
the reaction producing CsHg suggests that the product is probably cyclopenta-
diene.



To extract the decomposition vs. temperature curves discussed below
(“breakdown curves”), curve fit of the variable-temperature CI data was made
using two different methods. In both methods, the set of variable-temperature
mass spectra was fit by a linear combination of basis spectra (i.e., spectra for
individual molecular components), where each basis spectrum was assumed to
be temperature independent. In the factor analysis method [23, 24], eigenvec-
tors capable of describing the data were extracted directly, and no assumptions
are required regarding the nature or number of components contributing to the
signal. The problem is that the eigenvectors must then be manipulated to yield
reasonable (i.e., nonnegative) basis spectra that describe the contribution, of
each molecular component, to the mixture exiting the flow tube reactor. This
is straightforward for data sets where only a few molecules contribute to the
signal; however, the factor analysis method proved unusable for more complex
systems.

This prompted development of an iterative fitting approach that makes use
of the fact that it is possible to identify the molecules contributing to the variable-
temperature CI spectra. Then, the CI spectra measured for pure samples of each
of these molecules were used as the basis spectra for fitting the total spectrum
at each temperature. Excellent fits are obtained by either fitting method, and
for the cases where factor analysis was done, the two methods give essentially
identical results [17]. This is not surprising, but it confirms the qualitative
understanding used to generate the component spectra.

The major assumption in the fitting procedure was that the basis spectra
(i.e., spectra for individual molecular components) are independent of flow tube
temperature. This approximation was tested by running mass spectra of stable
molecules such as toluene and styrene over the full range of flow tube temper-
atures, and the peak ratios in these spectra change by no more than 1%-2%.
Based on this result and the signal-noise ratio in the experiments, the fitting
uncertainty was estimated at about 5%.

4.3 STRAINED MOLECULE SYSTEMS
4.3.1 Quadricyclane/Norbornadiene

Both quadricyclane and norbornadiene are high-energy isomers of C;Hg, and it
is interesting to compare their thermal behavior. Figures 4.5 and 4.6 show the
pyrolysis breakdown behavior for norbornadiene and quadricyclane, respectively,
extracted as described above. As shown, norbornadiene (NBD) is stable on the
available time scale for temperatures up to 600 K. (The small apparent decrease
in NBD contribution in the 400-600 K range is within the uncertainty of the
fitting process — no product species are observed.) Above 600 K decomposition
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Figure 4.5 Pyrolysis breakdown be- Figure 4.6 Pyrolysis breakdown behav-
havior for norbornadiene: 1 — NBD; 2 — ior for quadricyclane: 1 — QC; 2 — CsHsg;
TOL; and 3 — CsHg 3 — TOL; and 4 — NBD

sets in, and products begin to appear. By 900 K the NBD signal is almost
gone. The pyrolysis reaction with the lowest activation energy, as judged by its
appearance temperature, is:

C;Hs(NBD) —» C5Hg + CoH,

where C5Hg is cyclopentadiene (CPD). Above 750 K one also begins to see the
isomerization reaction: norbornadiene — toluene (TOL). Note that it is possible
that the TOL signal may include some contribution from the cycloheptatriene
(CHT) isomer as well. These two isomers gave very similar CI mass spectra,
although the peak ratios observed are better matched to toluene. Note that
the product branching for the isomerization reaction increases at the highest
temperatures, while the acetylene-loss channel decreases slightly. This suggests
that while the acetylene-loss channel is lower in energy, isomerization is kineti-
cally favored in the high-temperature limit. Note that over the residence time
and temperature range studied, toluene itself is stable; thus we do not expect
that the TOL product will undergo any additional decomposition.

The results for quadricyclane (QC) shown in Fig. 4.6 are qualitatively similar
to those for norbornadiene, except that the onset of decomposition for quadricycl-
ane is about 100 K lower. QC is stable on the available time scale at temperatures
up to 523 K, above which decomposition sets in rapidly. The QC is completely
decomposed within ~ 2 ms (Table 4.1) by about 750 K. As with norbornadi-
ene, the dominant low-temperature decomposition channel is fragmentation to
CsHg + C2Ha, while isomerization to more stable isomers (TOL) becomes in-
creasingly important at higher temperatures. There is some evidence for pro-
duction of norbornadiene in the 700-800 K temperature range, but at higher



Table

croflow tube reactor

4.2 Decomposition lifetimes from the mi-

Temperature TNBD TQC T cubane TAEBCB
K ms ms ms ms
373 > 50 > 50 > 50 > 50
473 > 50 26 > 50 > 50
573 > 40 4.2 45 > 30
673 12 1.5 18 14
773 1.9 < 0.5 1.2 3.7
873 0.6 <0.5 0.8 1.3
973 < 0.5 < 0.5 < 0.5 < 0.5
998 < 0.5 < 0.5 < 0.5 < 0.5

temperatures any nascent norbornadiene would be unstable with respect to fur-
ther decomposition. As with norbornadiene, one cannot eliminate the possibility
that cycloheptatriene contributes to the TOL signal.

Table 4.2 gives decomposition lifetimes extracted from the flow tube data.
Keep in mind that these kinetic data are for conditions in which a combination
molecule-buffer gas, molecule-molecule, and molecule—wall collisions occur. The
wall surface in the flow tube was quartz, and the slight discoloration observed in-
dicates that there was initially some decomposition on the walls. Note, however,
that there was no build-up of material on the walls beyond the initial transpar-
ently thin carbonaceous coating, and no products (e.g., polymer fragments) were
observed that might be expected from reaction on the walls, or from bimolecular
reactions. It appears that the decomposition is dominated by true unimolecu-
lar reactions; however, collisions with the walls are undoubtedly important in
energizing the molecules for dissociation.

In using the obtained low-pressure results to predict what will happen in
a higher pressure environment, the decomposition lifetime vs. temperature re-
sults should be directly applicable. It is not unlikely, however, that the product
distribution might be different. The reason for the difference is that one likely
mechanism for production of CsHg 4+ CoHs is sequential isomerization, followed
by C3Hs elimination:

C;Hg (QC) — CyHg?* (isomer) —» CsHg+ CoHy  pathway 1

N C7Hg (isomer)  pathway 2
The C;Hg* produced by the isomerization process is initially highly excited, be-

cause the strain energy in the quadricyclane is converted to internal energy of the
C7Hg* isomer. In pathway 1, the excited C;Hg! undergoes further decomposition



to CsHg + CoHs. In competition is pathway 2: collisional stabilization of the
excited C7Hg?. In the low-pressure experiment, the rate of collisions with buffer
gas or other molecules is relatively low, and most of the C;Hg* undergoes de-
composition to CsHg + CoHy. At higher pressures, pathway 2 will become more
important, and the branching to C;7Hg (isomer) should increase. Of course, there
may be direct pathways to CsHg 4+ CoHy that do not involve a C;Hgt interme-
diate, and these will be unaffected by pressure.

4.3.2 Cubane

For cubane, the least stable isomer of the CgHg system, the pyrolysis behavior
of cubane itself, and of the more stable cyclooctatetraene (COT) and styrene
isomers were studied. Both COT and styrene were stable over the range of ex-
perimental conditions examined. Cubane is a highly unstable isomer, and even
with the most gentle CI conditions, no molecular ion (M™*) was observed. The
dominant peaks in the cubane CI mass spectrum are (M —1)* at m/q = 103, and
peaks at m/q = 91(M — CH)™, and m/q =79 (CeH7T). The (M — 1)* peak is
quite diagnostic for cubane since neither of the more stable CgHg™ isomers gives
a peak at this mass. Styrene and COT both give CI mass spectra dominated by
the (M + 1)* peak at m/q = 105; however, they have quite distinct patterns of
other peaks, and are easily distinguished mass spectrometrically.

The pyrolysis breakdown behavior for cubane is plotted in Fig. 4.7. Cubane
is found to be stable on the millisecond time scale for temperatures up to
~ 500 K. Minor decomposition was found between 500 and 700 K, and
above that point decomposition is
faster than the flow tube residence
time. By 800 K there is essentially
no remaining cubane. The dom-
inant product channel is loss of
C2oHs, yielding benzene. Some rear-
rangement to COT was observed
above ~ 650 K, and a small amount
of styrene was found at high tem-
peratures. The decomposition life-
times corresponding to these break-
down curves are given in Table 4.2.
As with the C;Hg system, it is not

unhkely. that the branching to iso- Figure 4.7 Pyrolysis breakdown behavior
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Variable-temperature collision-induced dissociation (CID) experiments were
performed for the (M — 1)* and (M + 1)* peaks produced from the three iso-
mers. While these reveal some interesting chemistry, the important result for
the purposes of the cubane pyrolysis is that when we studied fragmentation of
the (M +1)7 ions resulting from CI of cubane isomerized at high temperatures:

heat I
CsHg (cubane) "5 CsHg (isomer) Cl, (M +1)* i fragments

considerably more fragmentation was observed than for (M + 1)* ions produced
by CI of styrene or COT at the same temperature. This may reflect the large
amount of strain energy released in cubane isomerization (giving very hot COT
or styrene), but it may also indicate that the CgHg product isomer distribution
contains some more energetic isomers than COT or styrene. Unfortunately, sam-
ples of these higher energy isomers are not available; thus one cannot study their
ionization/fragmentation behavior for comparison with the cubane pyrolysis re-
sults.

4.3.3 1-Aza-3-ethylbicyclo[1.1.0]butane (C;HgN)

The bicyclobutane family is interesting because it is one of the simplest and
smallest strained ring systems (cyclopropane itself being the smallest). The
1-aza-3-ethylbicyclo[1.1.0]butane (AEBCB) molecule studied here (Fig. 4.1) is
particularly interesting in that it also has a nitrogen atom, and presumably this
adds to the energy release available from combustion. For this system, variable-
temperature CI mass spectra and low-energy CID fragmentation patterns for
AEBCB and three unstrained isomers, tetrahydropyridine (THP), methylpyr-
roline (MPL), and butylisocyanide (BIC), were measured.

In all the other systems reported here, isomerization to a more stable iso-
meric structure, without fragmentation, is observed to be a significant thermal
decomposition reaction. For AEBCB, there was no simple isomerization chan-
nel observed in the flow tube mass spectra. At room temperature, the CI mass
spectrum is dominated by peaks at m/q = 84, 82, and 55. The first two cor-
respond to the protonated parent molecule (M + 1)* and the (M — 1)* ion,
probably generated by Hs loss from (M + 1)*. The m/q = 55 peak corresponds
to (M — 28)*, and is probably best thought of as loss of the ethyl (CoHs) group
from the (M + 1) ion, initially generated in the CI source. As the flow tube re-
actor temperature is raised, all three peaks characteristic of the parent molecule
disappear and are replaced by a large peak at m/q = 56, and a smaller peak
at m/q = 54. This result clearly indicates that the only significant thermal
decomposition reaction for AEBCB is loss of ethene (CoHy):

CsHyN(AEBCB) "% C,H, + C3HsN % CHGN' (m/q = 56)



The origin of the small m/q = 54 peak could either be loss of Hy from the
C3HgN* (m/q = 56) ion, or possibly loss of ethane from the parent molecule,
followed by protonation to give C3H4N™.

The fact that no isomerization products were observed for AEBCB may re-
flect the smaller size of the molecule. When AEBCB undergoes isomerization to
a more stable structure, the resulting molecule has fewer degrees of freedom over
which to distribute the released strain energy, compared to C7Hg or CgHg. This
results in much faster rates of fragmentation compared to larger molecules. By
analogy to the discussion for quadricyclane, pathway 1 dominates over pathway 2
because the fragmentation rate is fast compared to the quenching rate. Again,
it is possible that in higher pressure environments, some isomerization product
might be stabilized.

An important mechanistic question is the structure of the C3sHsN product
generated in the CoHy elimination reaction. One possibility would be to simply
lose CoHy, which would retain the aza-bicyclobutane skeletal structure. This is
rather unlikely, since this simple aza-bicyclobutane molecule is substantially less
stable [25] than the ethyl derivative studied.

The CyHy loss involves some rearrangement that was expected to trigger iso-
merization to a more stable C3HsN structure. Several candidates were possible.
To help identify the product, comparison of the variable-temperature CID frag-
mentation pattern of the CsHgN™ ion produced by CI of the AEBCB pyrolysis
mixture was made, with those for C3HgN™ generated by CI of two stable C3H5N
compounds: propargylamine (HCCCH;NH;) and propionitrile (CH3CH2CN).
The C3HgN™ ion originating from AEBCB was found to fragment by loss of
CoHjs, with a smaller propensity to
lose CoHy. This pattern exactly

matches that for CsHgN* originat- £1.0
ing from propionitrile, suggesting g
that this is the identity of the py- 150.8
rolysis product. §0.6
Figure 4.8 presents the pyrol- S04
ysis breakdown curves for AEBCB. 2
Slow decomposition sets in at about §0.2
500 K and the decomposition life- 0.0A ! !

time (Table 4.2) decreases with in- 300 400 500 600 700 800 900 1000
creasing temperature. The avail- Temperature / K

able residence time (Table 4.1) de-
creases and the decomposition frac-

. . . Fi 4.8 Pyrolysis breakd be-
tion increases rapidly for tempera- pure yroysis breakdown be

havior for 1-Aza-3-ethylbicyclo[1.1.0]butane
tures greater than 800 K, and all (AEBCB): 1 — AEBCB; 2 — C3H;N +
the AEBCB is converted to propio-  ¢,H, ’

nitrile 4+ ethene by about 950 K.



4.4 CONCLUDING REMARKS

A technique that allows rapid evaluation of molecular stability using small (20—
30 mg) samples has been demonstrated and applied to three different fami-
lies of strained molecules. All of the molecules studied are stable at room
temperature, though most must be stored in nonmetallic containers to avoid
catalytic decomposition. Of the four molecules shown in Fig. 4.1, the least
thermally stable was quadricyclane, for which decomposition lifetimes drop be-
low 10 ms at about 500 K. The other three molecules had similar stabilities,
with lifetimes dropping below 10 ms above 700 K. For all systems studied,
decomposition by loss of small hydrocarbon fragments (acetylene or ethene)
was an important decomposition mechanism in the gas phase. For all but
AEBCB, isomerization was also a significant decomposition mechanism. At
high pressures, one would expect more isomerization because the very rapid
collision rate should allow collisional stabilization of the isomerization prod-
ucts.

There are several interesting future directions for this work. To date, low-
energy collision-induced dissociation has been sufficient for unambiguous isomer
identification in all the systems studied. There will be systems where this is not
adequate, and the authors would like to explore the use of low-energy chemical
reactions as a structure-sensitive analysis tool. One example might be in dis-
tinguishing stereo-isomers of organic compounds using a chiral scattering gas.
This is not particularly relevant to strained fuels, but is a long-standing problem
in mass spectrometry.

It is also possible to extend the methodology to measuring rates of bi-
molecular reactions by going to a larger bore flow tube to allow a movable
injector for the second reagent. This will require larger samples, but would
be a logical step once a candidate fuel system has been identified, since larger
samples will become available at that point. By using a sheathed-flow in a
larger tube one should also be able to measure true homogeneous reactions,
which could be used to generate quantitative kinetics for input into combustion
models.
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Chapter 5

COMBUSTION CHARACTERISTICS
OF HIGH-ENERGY-DENSITY FUELS
AND SOLID-GAS INTERFACE ANALYSES

C.Segal, S. Pal, S. Pethe, H.S. Udaykumar,
and W. Shyy

Recently developed high-energy-density (HED) pentacyclic hydrocar-
bons exhibit attractive features including high density (p = 1.2
1.3 g/cm3) and a moderate amount of strain energy, which contributes to
the energy output during combustion. To assess their application to air-
breathing propulsive devices, investigations were focused in two areas:
(a) evaluation of combustion characteristics of solid, low-temperature-
melting and liquid-HED formulations, and (b) modeling of solid-gas
interface of HED fuels in a turbulent reacting flow. Through direct
measurements, basic information related to melting and boiling points,
specific heats, latent heats of fusion, and ignition activation energies
was determined. Droplet combustion experiments with binary solutions
of solid high-energy fuels in liquid formulations, such as JP-10, indi-
cated increased effervescence and higher heat output, doubling the JP-
10 burning rate. Evaluations of liquid high-energy-density formulations
as single compounds exhibited microexplosive combustion behavior. A
theoretical model of solid—gas interface was developed to include mov-
ing boundary simulation in response to a two-way solid—liquid interac-
tion. The shape, location, and movement of the solid—gas interface was
treated explicitly. A Lagrangian moving grid technique in conjunction
with an established body-fitted grid flow solution technique has been
developed. Consistent with the experimental observation, the thermal
characteristics near the solid-gas interface vary in space and in time,
and result in nonuniform regression between the front and the rear ends.
The present computational capability can advance the understanding of
phase change, thermal decomposition, and subsequent mixing and burn-
ing dynamics of energetic fuels.



5.1 INTRODUCTION

In order to improve the performance of air-breathing propulsion systems at-
tention has been focused on means of increasing the energy-density of existing
fuels by including energetic metallic/nonmetallic additives, such as aluminum,
boron, or other synthetic formulations. New hydrocarbon fuels, with high-
energy-density content, have been synthesized and their combustion character-
istics assessed under a variety of thermodynamic airflow conditions. These fuels
have the potential to contribute to high-thrust, high-temperature, and reduced-
size combustor technology. Marchand [1], Segal and Shyy [2], and Yang and
Zarko [3] have reviewed various aspects of these research activities. Since the
newly synthesized hydrocarbon fuels owe their high-energy content either to
strained molecular bonds or to densely packed molecular structures, many of
these formulations are solids at normal conditions. It had been found that among
these materials certain solid formulations that dissolve in stable solutions exist
in liquid fuel systems in substantial concentrations [4]. Due to the compact vol-
umes and large heat release rates exhibited, these materials can possibly be used
as additives in existing liquid fuel systems. While their stability is an asset from
the point of view of handling logistics, these fuels exhibited a high-activation
energy for ignition and, due to the large carbon-to-hydrogen ratio, these fuels
have a propensity to soot.

5.1.1 Description of Fuels

Four hydrocarbon fuels were investigated in the experimental part of this study:

1. PCU Alkene Dimer — CgoHoy, is a mixture of isomers with a large heat
of formation (4408 kJ/mol), high density (p = 1.2-1.3 g/cm?), and a
melting point (m.p.) of 178-179 °C. The calculated heat of combustion is
11,900 kJ/mol. Combustion experiments were performed using this solid
fuel under convective heating at high-heat fluxes [4].

2. Methylated PCU Alkene Dimer — Co4Hag, is a low-melting point (about
55 °C) mixture of up to 64 isomers. In contrast to the base PCU alkene
dimer, the methylated PCU alkene dimer dissolved in a large proportion
in JP-10, which was the selected fuel system used in this study, and stable
solutions in proportion of up to 18% have been obtained. The addition
of methylated PCU alkene dimers to JP-10 induced droplet boiling and
increased the fuel heat output. These mixtures have been studied by means
of suspended droplet combustion and spectrometric analyses.



3. Spirocyclic Alkene Dimer — CgoHgg, is a mixture of two isomers. This
material is a powder under normal conditions. It was analyzed as a solid
sample by the same procedure as the PCU alkene dimers.

4. PCU Functionalized Exo-Methylenecyclopropane — C1gHso, has a methyl-
enecyclopropane ring attached to the base pentacyclic cage. Two isomers
are present with the methylenecyclopropane ring rotated at 90° relative to
the cage, forming, in general, a viscous oil. This oil can range from a clear
liquid or a cloudy liquid or a semi-solid at room temperature, depending
on the relative proportions of the two isomers that are present in a given
sample.

All these fuels belong to a group of high-energy-density fuels with compact
molecular structure rendered by the presence of pentacyclic cages. They are
stable and nonvolatile at room temperature and pressure. Three formulations
are solid and the fourth is a viscous liquid. Their synthesis and molecular struc-
ture analysis that uses X-ray crystallographic methods have been described by
Marchand [5, 6]. Their molecular structure and physical properties are presented
briefly below. Measured thermophysical and thermochemical properties follow.

5.1.2 Basic Research Issues

Previous studies of combustion characteristics of these compounds have been
undertaken ([7] and [8], for example) with minimal data available regarding the
properties of these compounds. However, in order to take advantage of the
benefits of HED fuels and to analyze and model these materials, it is necessary
to know some of their physical and thermochemical properties that are relevant
for combustion. Extensive evaluations of such properties of organic azides were
undertaken by Lee et al. [9, 10], who investigated the vaporization, combustion,
and microexplosion of free-falling droplets of organic azides, and calculated or
measured relevant thermophysical properties of these materials. It was found
that the organic azides gasify and explode earlier in the droplet lifetime than
conventional fuels. It was estimated that this behavior resulted from a higher rate
of heat release from the organic azide vapors. These observations are consistent
with the results of the present work for a different class of HED hydrocarbons.

It had been shown that acceleration of the vaporization rate of liquid droplets
can be achieved only in a small proportion by increasing the droplet heating rate
or by enriching the fuel with oxidants [10]. It is possible, however, to induce an
early droplet breakup by incorporating additives that promote droplet explosion
in the existing fuel, such as organic azides [9] or, as shown in a following section,
some of the hydrocarbon compounds studied in this work. Some of the HED



fuels analyzed herein provide such additive capabilities due mainly to three fac-
tors: low boiling point, high degree of solubility in existing fuels, and significant
exothermicity of their decomposition. Heterogeneous nucleation within the con-
ventional liquid formulation caused by internal gasification of the added HED
material promote the desired fast droplet disruption. Evidence of this behavior
was obtained in the experiments described below for various concentrations of
HED fuels in kerosene. This type of accelerated droplet breakup is quite different
from the combustion of slurry hydrocarbons with carbon or metallic additives.
For example, in the latter case, the combustion of the solid phase occurs, in
general, in a multiple step process that includes heating of the particulate, for-
mation of an oxide shell around a molten core, followed by evaporation of the
core and energetic combustion of the gases, and concludes with the combustion
of the oxide itself [11-14].

For the present and many other solid energetic materials, key physical proc-
esses, including melting/evaporation, pyrolysis, and mixing and combustion, can
have different time scales, causing concerns regarding ignition and efficiency of
the combustion process. Fundamentally, phase change characteristics are dic-
tated by the rate and distribution of the excess heat flux into the condensed
fuel from the high-temperature environment in order to fulfill the latent heat
requirement. Accordingly, for sustained burning, the shape and the rate of the
movement of the phase boundary change in time and need to be determined as
a part of the solutions to the fluid dynamics and combustion processes. Com-
putationally, the existence of the moving phase boundary creates a major diffi-
culty since the locations and physical parameters governing motion of the phase
boundary, such as heat flux, species concentration, and interface velocity, vary
from location to location, and are not known a priori [15]. Much literature ex-
ists in treating the multiphase flow phenomena; for summary and references to
computational modeling issues, see [15] and [16].

The pyrolysis process, including thermal decomposition and chemical reac-
tion to form intermediate species prior to combustion, closely interacts with the
phase change process. In particular, the unsteadiness of the phase change process
and mixing between the evaporated energetic fuel and surrounding gas stream
are of major importance to effective combustion. In many models, the phase
change and pyrolysis processes are not only lumped together, but also treated
as a surface phenomenon. With the lumped surface treatment, the condensed
phase reaction layer and the gas phase region are often considered capable of
responding instantaneously to changes in external conditions, such as the com-
busting gas stream allows a quasi-steady model to be employed. Furthermore,
for both energy and species transport aspects, the effects of chemical reaction
appear only through boundary conditions between the nonreacting condensed
phase and the gas phase, (e.g., [17]). While this type of model substantially re-
duces the computational complexities, it has been found inadequate in capturing
the physical mechanisms involved [18]. A less restrictive model can be derived



based on distributed condensed phase reaction [18, 19], where both energy and
species transport equations need to be solved. In these models, however, the
aforementioned phase change process is often drastically simplified or neglected.

In addition to phase change and pyrolysis, mixing between fuel and oxidizer
by turbulent motion and molecular diffusion is required to sustain continuous
combustion. Turbulence and chemistry interaction is a key issue in virtually
all practical combustion processes. The modeling and computational issues in-
volved in these aspects have been covered well in the literature [15, 20-22]. An
important factor in the selection of sub-models is “computational tractability,”
which means that the differential or other equations needed to describe a sub-
model should not be so computationally intensive as to preclude their practical
application in three-dimensional Navier-Stokes calculations. In virtually all prac-
tical flow field calculations, engineering approximations are required to make the
computation tractable.

5.1.3 Present Study

In the following sections a description of the HED used in these studies, a list
of their measured properties, and preliminary results of droplet experiments for
solutions of solid HED formulations in JP-10 and liquid HED compounds are
given. These data are needed to evaluate the combustion characteristics of these
new fuels as individual compounds or as additives to existing fuel systems and
to provide a basis for the development of the predictive capability of solid-gas
interface tracking in a turbulent reacting flow.

5.2 THERMOPHYSICAL AND THERMOCHEMICAL
PROPERTIES OF HED FUELS

5.2.1 Specific Heats

Specific heats of the fuels described above have been obtained using a TA In-
struments, Inc. DSC 2910 Differential Scanning Calorimeter (DSC) in a helium
atmosphere at a heating rate of 2 °C/min [23]. While the PCU and Spirocyclic
alkene dimers indicate a well-defined melting region, the methylated PCU alkene
dimer’s melting region is broadened due to the presence of a large number of iso-
mers. The distribution of melting over a temperature range was observed on
a High Resolution TGA 2950 Thermogravimetric Analyzer. The first crystals
began to melt at 55 °C and the sample became entirely liquid at about 65 °C.
The first indication of substantial evaporation appeared at 80 °C. The rates of



Table 5.1 Properties of high-energy fuels (source included in refs.)

m.p. b.p. . Iy hy E. Temp. Method of
Fuel o /om? Formula ot oC (iéi/og) /g kJ/mol kJ /mol raorgge dete](r)l;lgjtlon
PCU alkene 1.2-1.3 Ca2Hay 178 2.168 72.7 +408 263 700-1300 Flow Reactor
dimer (127 °C)
Methylated 1.2-1.3 CosHoo (CH3)2 55 80 1.594
PCU alkene (27 °C)
dimer [4]
Spirocyclic 1.2-1.3 CosHog 159 3.875 29
alkene dimer [4] (107 °C)
Cubane [24] 1.29 CgHs 130 133 4602
Methyl CsH-(CHs) 34 37
cubane [24]
AP [25] 1.55  NH4ClO4 450 1.2 ~0.29 54 [26] 420650 Radiative
(102 °C) Heating
RDX [25] 1.82  C3HeN3(NOs); 304 1.24 +0.0614 259 [27] 250-265 Isothermal
(102 °C) DTA
275 [28]  232-241
HMX [25] 1.9 C3HsN4(NO2)s 279 1.24 +0.0179 258 [29] 264-276 TG-DTG
(102 °C) 67.4 [30] 240-260 Mass Spec-
trography  of
Decomposition
Products
75.6 [31] 328420 TGA
115 [32] 350-400 TGA
192 [31] 436-470 TGA
HTPB 0.92 (CH:)-(OH)2 1.63 100 [4]  700-1300 Flow Reactor
[

89.9-130 [33]

TGA




evaporation were measured with a TA Thermogravimetric Analyzer (TGA) at a
rate of 10 °C/min and indicate a rapid decomposition of these fuels:

— PCU alkene dimer: 11.2 mg in 10 min. between 150-250 °C.
— Spirocyclic alkene dimer: 6.62 mg in 10 min. between 150-250 °C.
— Methylated alkene dimer: 28.15 mg in 20 min. between 75-275 °C.

Table 5.1 shows a comparison of various physical and thermochemical prop-
erties of the solid formulations described here and a comparison with other ex-
isting HED fuels, cubane, and the nitramine compounds RDX and HMX. The
activation energies for ignition are included, along with the methods and the
temperature ranges used to obtain this information. The references from which
these data have been extracted are indicated in the table. Although hydroxy-
terminated polybutadiene, HTPB, is not a HED fuel, it has been studied rather
extensively and its data have been included in the table for comparison. It can
be seen in the table that although the densities of the HED hydrocarbon formu-
lations (those included in this study and cubane) are lower than those of AP,
RDX, and HMX, their heats of formation are remarkably large, positive num-
bers. It should be noted that cubane owes this large heat of formation to signif-
icant molecular bond-strain, whereas, in the case of the pentacyclic compounds,
only a small amount of strain is present. It can be seen in the table that the
pentacyclic formulations described here have significantly lower m.p. and boiling
points (b.p.) than AP, RDX, and HMX. Further, it is interesting to note that the
methylated formulations of both PCU alkene dimer and cubane exhibit signifi-
cantly lower m.p. and b.p. (caused in part by the presence of multiple isomers in
the mixture). This characteristic is important for the potential of these materials
to be used directly or as additives to existing fuel systems. The HED fuels, in-
cluding the hydrocarbon compounds in this study and the nitramine formulations
(i.e., RDX and HMX), have a higher activation energy than HTPB. It should be
noted that there is considerable scatter in the data for HTPB depending on the
size of the polymer under study and the various methods used to obtain the data.

5.2.2 Mass Spectrometric Analysis of Methylated PCU
Alkene Dimer

For combustion applications and for accurate modeling of the processes involving
melting, decomposition, and subsequent oxidation, it is necessary to determine
whether or not the fuel undergoes chemical decomposition when it is liquefied
and, subsequently, converted to the vapor state. Mass spectral analyses were
performed to provide information about the substances in the vapor phase as
the fuel is heated.
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Figure 5.1 Mass spectral results: Summation spectral results at temperatures:
(a) 30 °C; (b) 90-120; (c) 210-330; (d) 330-780 °C — indicating the most prominent
peak corresponding to the PCU alkane dimer and the presence of the m/z = 476 at
the higher temperature setting; and (e) the abundances of the peaks at m/z = 81, 236,
and 316 as a function of the scan number



A sample of the PCU alkene dimer was dissolved in a small volume of meth-
ylene chloride. Several 10 :L aliquots of the solution were deposited onto the
rhenium wire tip of the mass spectral direct insertion probe, and the solvent
rapidly evaporated at room temperature. The coated probe was inserted into the
ion source of a Finnigan MAT95Q hybrid sector mass spectrometer (Finnigan
MAT, San Jose, CA). The ion source was filled with a methane plasma (ca.
1 mTorr). Collisions of the sample molecules with the plasma ions resulted in
electron transfer from the sample to the plasma, probably via transfer of H*
from the CHs" to the molecule, followed by loss of a hydrogen atom. This
“soft” ionization method resulted in formation of the molecular ion without
adding excessive energy. The probe was held at ca. 30 °C for one minute, then
was heated at a rate of 300 °C per minute. Mass spectral scans (m/z = 60
to 1000) were obtained every 1.2 s throughout the isothermal and heating pe-
riods.

The mass spectral results are shown in Fig. 5.1. Figures 5.1a to 5.1d are
summations spectra obtained at temperatures of 30 °C (a), 90-210 °C (b), 210
330 °C (c¢), and 330-780 °C (d). Clearly, the most prominent peak in the
first three temperature ranges corresponds to the PCU alkene dimer (molecular
weight 316), with small contributions from species of smaller mass. Figure 5.1d
shows a large peak at m/z = 476. It is probably present in the original sample,
but it is less volatile and not observed in spectra obtained at lower temper-
ature ranges. Figure 5.1e shows the abundances of the peaks at m/z = 81,
236, and 316 as a function of scan number. The profiles track almost exactly,
indicating that the smaller peaks result from fragmentation of the 316 ion in
the mass spectrometer. (The two lower masses add to 317, the m/z of the
(Parent + H) peak initially formed). These peaks are also present in the spectra
obtained at 30 °C (Fig. 5.1a), another indication that they do not result from
thermal decomposition. Although it is not possible to state definitively that the
PCU alkene dimer is thermally stable, all spectra show that there is a signifi-
cant amount of the parent compound present. Possible decomposition products
seem to result from fragmentation of the parent ion, rather than from thermal
effects.

5.3 DROPLET COMBUSTION CHARACTERISTICS
OF HED FUELS

5.3.1 Solutions of Solid Fuels in Liquid Hydrocarbons — Methylated
PCU Alkene Dimers

The methylated PCU alkene dimer was dissolved in JP-10 and stable solutions
to 18% have been obtained. Higher concentrations have been achieved, but it
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Figure 5.2 Images of burning droplets: (a) initial (¢ = 0) JP-10 droplet size;
(b) JP-10 droplet at ¢t = 0.997 s; (c¢) JP-10 droplet close to complete combustion at
t = 1.673 s shows no indication of internal vaporization; (d) initial droplet of a 18%
mixture of JP-10 and methylated PCU alkene dimer; (e) initial formation of internal
vapors in the 18% mixture at ¢ = 0.713 s; (f) strong effervescence in the 18% mixture
at t =1.230 s

was observed that after separation in the centrifuge for a number of hours, the
methylated PCU alkene dimer separated from the solution and sedimented on the
bottom of the container. Since unstable solutions are impractical for application
to most combustion systems further analyses were limited to stable solutions.
Subsequently, 1-millimeter diameter droplets of the mixture were suspended on a
glass wire, 50 pm in diameter, and ignited with an external source. Images of the
burning droplets were collected with a CCD camera at 7.5 ms intervals between
consecutive frames. A filter with cutoff at 550 nm was used to eliminate the flame
emission and the droplet contour became visible in the image. The droplets
maintained an almost spherical form during the evaporation and combustion
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Figure 5.3 Burning rates of pure JP-10 (A) and solution of JP-10 with 18% MPCU
(B). The burning rate for the pure fuel is 0.757 mm? /s (1). The solution vaporization
rate is 0.409 mm?/s (2), and combustion proceeds with a rate of 1.971 mm?/s (3)

processes and the images were used to determine the burning rate constant K
according to the d?-law [34]:

d(d?)
dt

where d is the droplet diameter.

Images of pure JP-10 and the mixtures are shown in Figs. 5.2a to 5.2f.
As shown in Figs. 5.2a to 5.2¢, recorded at ¢ = 0, 0.997, and 1.673 s, respec-
tively, the kerosene droplet did not indicate internal vaporization until close
to complete combustion. The situation changed when mixtures of kerosene
with methylated PCU alkene dimer were used, as shown in Figs. 5.2d to 5.2f
for a 18% mixture. For the 18% mixture the first internal vapors appeared
at t = 0.713 s (Fig. 5.2¢) and indication of strong effervescence appeared at
t =1.23 s (Fig. 5.2f).

Burning rates of mixtures of PCU alkene dimers in JP-10 are shown in
Fig. 5.3. The burning rate for the pure fuel is 0.757 mm?/s. The solution vapor-
ization rate is 0.409 mm? /s and combustion proceeds with a rate of 1.971 mm? /s,
significantly higher than the base JP-10.



5.3.2 Liquid HED — PCU Functionalized
Exo-Methylenecyclopropane

Suspended droplets of PCU functionalized exo-methylenecyclopropane have been
ignited as described above and they exhibited an explosive combustion behavior.
The total burning time before large surface bubbles appeared was below 0.600 s
(cf., times to droplet disruption for solutions of solid fuels in Fig. 5.2). A sin-
gle large bubble appears in the PCU functionalized exo-methylenecyclopropane
droplet at ¢ = 0.180 s in the droplet lifetime. This bubble increases and at
t = 0.923 s produces the droplet disruption. Prior to the appearance of the first
bubble, the measured vaporization rate was K = 3 mm? /s, which was quite fast
in comparison with JP-10 (K = 0.757 mm?/s) or azidohexane (K = 1.2 mm?/s)
and diazidononane (K = 2.13 mm?/s) and comparable to K = 4.05 mm?/s
for diazidopentane. The last three compounds are energetic fuels that exhibit
microexplosive droplet burning and have been analyzed in some detail by Lee
et al. [9]. The PCU functionalized methylenecyclopropane droplets burned with
significant soot production as indicated by the strong yellow emission from the
burning region and the heavy depositions of carbon. Towards the end of the
droplet lifetime microexplosions were present. These explosions were due to the
high exothermicity of the reactions.

5.4 HED FUELS PHASE CHANGE IN TURBULENT
REACTING FLOWS

Both numerical and computational studies have been made to investigate the
phase-change characteristics of HED fuels in turbulent reacting flows. The com-
putational approach taken here attempts to strike a reasonable balance between
two competing aspects of the modeling work, namely, the complicated physical
and chemical interactions in the flow field, and the requirements in resolving
the multidimensional geometrical constraints of the flow field. The key ele-
ments of the numerical algorithm and turbulent combustion models embodied
in the present effort are: (i) the conserved scalar (with assumed PDF to ac-
count for variance effect) and fast chemistry approach for turbulence—chemistry
interaction [20], [22], (i¢) the k—e, two-equation model with wall function treat-
ment for turbulence effects [35], (744) the semi-implicit iterative algorithm solving
strong conservation form of transport equations (mass, momentum, and scalar
fields) in general nonorthogonal curvilinear coordinates [15], (i) second-order
finite difference operators for all terms including convection, pressure, and dif-
fusion effects [15], [22], (v) multistep predictor—corrector method for the pressure
correction equation [15], and (vi) a Lagrangian method explicitly tracking the
interface movement [16].
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Figure 5.4 Schematic of the geometrical configuration for hydrogen—air flame and
solid fuel. The geometry corresponds to the experimental setup. The initial shape of
the HED fuel was a circular arc segment as shown above. The relevant material prop-
erties: air density = 1.91 kg/m?>, hydrogen density = 0.0898 kg/m?>. For the turbulent
quantities: at the inlet k& = (0.03Uiniet)? = 9.59 (m/s)?, € = C.**k/2/(0.03Linter) =
6360 m?/s®, u; = Cu3/4pk2/5 = 0.00248 kg/ms. For the fuel sample, m.p. is 450 K,
latent heat of fusion is 72.7 J/g. Dimensions in mm. Air inlet velocity 103.3 m/s,
hydrogen injection velocity 800 m/s

The combustion characteristics of the solid fuel are studied by placing it
in a rectangular duct; the side view of the initial configuration is illustrated in
Fig. 5.4. Due to the difficulty in igniting the high-density fuel, a hydrogen-air
flame is employed to provide a pilot flame for ignition of the fuel which is placed
downstream as shown in Fig. 5.4. In the present configuration, inlet velocity
of air at left of the chamber was given to be 103 m/s. Hydrogen was injected
through the injection orifice at 800 m/s. Both gases are initially at a temperature
of 300 K. The computation is handled by assuming instantaneous establishment
of the reacting gas flow field, followed by the phase change simulation. Details
can be found in [36]. At the end of each time increment, a new solid—gas interface
is established, the geometry is redefined, and a body-fitted grid is regenerated.
Based on the new grid, the field equations of mass continuity, momentum, and
combustion and turbulence closure models are solved, and a new solution is
obtained. In the present effort, the fluid flow is handled as a quasi-steady problem
with incrementally updated boundary shape and location.

In Fig. 5.5, the flow configuration and velocity and temperature distributions
at the time instant of 12.5 s are depicted. Even though the flow is subsonic, due
to the high Reynolds number, the flow structure in the region upstream of the
solid propellant is minimally affected by the time-dependent boundary shape
due to phase change. However, the thermal characteristics near the propellant
interface show clear signs of time dependency, indicating that the mass flux of



Figure 5.5 The flow characteristics at ¢ = 12.5 s. The hydrogen injection location
is indicated by the arrow. The regressed shape of the solid is shown clearly at this
instant. (@) Streamlines at the initial stage. (b) Isotherms showing the location of the
hydrogen—air flame. The values corresponding to the numbered contours are as follows:
1 —990, 2 — 1830, 3 — 720, 4 — 2150, 5 — 1550, 6 — 1150, 7 — 1160, and 8 —
1620 K. The isotherms are shown to be lifted from the solid—gas interface. (c¢) Eddy
thermal conductivity contours: 1 — 1.5, 2 — 9.0, 3 — 18,4 — 6.1, 5 — 1.9, 6 —
32, 7—73,8—4.1,and 9 — 2.3 W/m-K

the energetic fuel into the hot gas stream varies in time and in space. The
eddy thermal conductivity in the region above the solid propellant also exhibits
noticeable nonuniformity in magnitude. The combination of the eddy thermal
conductivity and temperature distribution dictates the movement of the solid—
gas interface. Consequently, the gas temperature inside the combustor will also
vary in time.

Figures 5.6a and 5.6b present the calculated and measured shape and lo-
cation of the solid—gas interface at selected time instants. Due to the uneven
heat flux distribution along the surface, the interface shape changes in time. For
example, the rear portion of the solid is consumed faster than the front portion.
There are also nonsmooth spots developed at various time instants, reflecting a
locally concentrated heat flux.

Experimentally, average burning rates have been measured using thin wire
thermocouples imbedded in the sample at the mid-point and at the three-quarter
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Figure 5.6 Computed (a) and experimentally estimated (b) shape of the solid—gas
interface at selected time instants. Curves from top to bottom correspond to t = 0.0,
2.5, 5.0, 7.5, 10.0, and 12.5 s

point from the leading edge of the solid fuel. At each location, the thermocou-
ples are placed at the half thickness of the sample. Due to the low-thermal
conductivity of the fuel, the sample temperature remains nearly constant during
combustion, until the fuel burns away at the location of the probes and the rapid
temperature increase indicates the surface regression to the known depth. For
PCU alkene dimers, at the flow condition investigated here, experimental infor-
mation indicates that the burning rates at these two locations are 0.336 mm/s
and 0.505 mm/s, respectively. Figure 5.6b shows the experimentally derived sur-
face regression approximated by data at three points: the leading edge of the
sample, which remains unburned until the final stages of the sample consumption,
and the average burning rates measured at the mid-point and at the three-quarter
point. Because only three data points are available, a second-order polynomial is
chosen to describe the interface shape, which results in a smoother appearance
than actually observed. In contrast, the computational results show substan-
tially more noticeable interface distortion due to uneven heat flux distributions.
The surfaces are shown for the same time steps selected in the computation, i.e.,
from the initial application of the external heat source in 2.5 s intervals.



Both computational and experimental results show that the consumption
of the sample propagates upstream from the recirculation region formed at the
trailing edge. Obviously, due to the increased residence time and turbulent
mixing in this region, the heat transfer from the burning region to the sam-
ple is more intense on the backface of the solid fuel, resulting in an accelerated
surface regression in this area. In comparison, the leading edge of the sample
remains practically unaffected until the final stages of the sample consumption.
It can be seen from the comparison with the calculated data that the experi-
mental results indicate a faster consumption of the fuel sample. This is due to
the heat contributed by the fuel itself which is unaccounted for in the present
computation. This contribution is quite substantial, especially toward the later
stage of the computation because of the accumulation of the PCU alkene dimer
in the gas phase. As a result, during the experiment the surface of the sam-
ple becomes increasingly distorted towards the trailing edge. Nevertheless, the
qualitative agreement between the computational and experimental information
offers insight into the predictive capabilities of the present computational model.

5.5 CONCLUDING REMARKS

A new class of pentacyclic HED fuels was analyzed and some thermophysical
and thermochemical properties have been measured. The main findings were as
follows:

— When the molecular symmetry was disrupted by addition of a methyl
group, the melting and boiling points of these compounds decreased sig-
nificantly, from about 180° to 55 °C. The presence of a large number of
isomers could contribute, as well, to the lowering of the melting point of the
mixture. The boiling point, 80 °C, is significantly below the average values
of existing liquid fuel systems, 280 °C for JP-10, for example. As a result,
mixtures of methylated PCU alkene dimer in kerosene lead to formation of
internal vapors early in the droplet lifetime and effervescent droplet boil-
ing. Coupled with the high rates of energy release from the combustion
of the HED component, a substantial acceleration in the droplet breakup
and vaporization is achieved.

— Stable mixtures to 18% of methylated PCU alkene dimers in JP-10 have
been obtained. This concentration is sufficiently large to increase the den-
sity of the fuel to a significant degree and also to augment the exothermicity
of the droplet combustion.

— The time to achieve effervescent droplet combustion is reduced as the con-
centration of the HED component in the mixture increases. However, this



appears to approach a limit at the higher concentrations (close to satura-
tion).

— The liquid HED fuel tested, PCU functionalized exo-methylenecyclopro-
pane, exhibits large vaporization rates in comparison with existing liquid
fuels and some azido-organic compounds. The droplet’s combustion had a
microexplosive nature due to the large rates of heat released during com-
bustion.

— In the present study, numerical techniques capable of explicitly tracking
the receding solid propellant boundary in turbulent reacting flows are de-
veloped. With this capability, nonuniform and time dependent heat fluxes
along the propellant interface can be predicted, and a two-way coupling
between gas-phase and solid-phase is established. A number of areas re-
quiring further efforts can be identified.

— Although heat deposition from the high-energy compound has been ne-
glected in the present calculation the qualitative agreement with the ex-
periment indicates the predictive capability of the present model.
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Chapter 6

SOOT FORMATION IN COMBUSTION
OF HIGH-ENERGY FUELS

E. J. Gutmark, E.P. Parr, and D. M. Hanson-Parr

An active control system designed to reduce soot formation and increase
energy release was demonstrated in open and enclosed flames. The con-
trol is based on synchronized periodic injection of gaseous fuel (propane,
ethylene, and benzene) into air vortices at a timing, which ensures en-
ergizing of the vortices and homogeneous mixing. It was shown that
phased circumferential fuel injection into an axisymmetric air vortex
can reduce soot formation by several orders of magnitude relative to
an unforced flame and can also double the flame temperature. Laser
diagnostics was utilized to obtain planar simultaneous visualizations of
the mixing process between the fuel and air flows as well as the com-
bustion zone, indicated by OH, soot production regions indicated by
Laser Induced Incandescence (LII), as well as PAH formation regions
imaged via PLIF. It was shown that a proper timing of fuel injection re-
sults in homogeneous fuel-air mixing within the vortices, while injection,
which is out of phase, results in interference with the vortex formation
as well as creates islands of unmixed fuel, leading to poor combustion,
PAH formation early in the evolution, and soot formation further down-
stream. The interaction of the flame with the external air was stud-
ied using Particle Imaging Velocimetry (PIV). It was determined that
the entrained air is crucial to maintain control authority on the flame.
Blockage of the entrained external air resulted in the loss of control. A
method for substitution for the external air by direct injection of air
into the flame base was developed. Its efficacy was demonstrated in
open and enclosed systems. The latter is especially significant due to
the lack of air-rich flow in the ambient of such systems. The secondary
air injection doubled the flame temperature near the flame holder of an
enclosed flame. The control system was also tested with highly sooting
fuels including benzene. When the proper phase angle of fuel injection
was used soot formation could be prevented, and an entirely blue flame



realized, even when gaseous benzene constituted 66% of the combustible
content. The combustion efficiency of benzene was beyond 99.999% even
at an overall equivalence ratio of 1.0. The controlled flame was found
to be largely unaffected by moderate swirl although the stability was
slightly reduced. Heavy swirl leads to a further reduction in stability
and intermittent formation of soot. The unforced swirling flame was not
nearly as efficient in reducing soot formation as the controlled (forced)
flame without swirl.

6.1 INTRODUCTION

The interaction between fluid dynamics and chemical reaction during the com-
bustion process determines its efficiency and stability [1, 2]. In reacting jets, the
mixing between the reactants participating in the combustion is a crucial part
of the process [3]. The mixing occurs in two stages; the initial stage of bringing
relatively large amounts of the reactants together (large-scale mixing) is domi-
nated by vortex dynamics, and the second in which molecular contact between
the reactants is promoted by small-scale turbulent mixing [4]. The large-scale
mixing is associated with the entrainment process through vortex dynamics [5—
7). The small-scale mixing is related to other flow instabilities, energy transfer
between scales, and the interaction between vortices [5, 8-10]. Minimizing loca-
tions of unmixedness is important to enhance the reaction process and reduce
soot, formation due to localized high fuel-to-air ratios.

In premixed flames the vortex dynamics and turbulence govern phenom-
ena such as local flame extinction due to excessive stretching, combustion zone
thickness, and temperature distribution in open-air combustion. In both cases
combustion efficiency, soot formation, and various other phenomena associated
with combustion instabilities, such as flame lift-off or blow-out, are determined
by local details of the mixing process, the stoichiometry, and the Damkdhler
number for finite-rate chemistry [11-13]. In order to understand these interwo-
ven complex processes, it is necessary to measure various properties in a spatially
and temporally resolved way. Laser diagnostics was used to obtain 2D and 3D
measurements of multiparameters in reacting flows with high-spatial and tem-
poral resolution [14]. The understanding of the combustion and soot formation
mechanism can be used to develop passive and active control methods to im-
prove these processes. In previous experiments, the regions of soot, which were
observed in both diffusion and premixed flames, were related to vortices in the
flow field [15]. This phenomenon was most pronounced in nozzles of noncircular
geometry used in passive control, where inappropriate fuel injection was used.
When active control was applied to enhance energy release in combustors, the
soot formation was concurrently minimized [16]. Reference 15 shows that in-
creased CH formation in the combustion, induced by excitation of large-scale



vortices, was accompanied by reduced soot which was observed to be out of
phase relative to the energy release.

The soot formation and its control was studied in an annular diffusion flame
using laser diagnostics and hot wire anemometry [17, 18]. Air and fuel were
independently acoustically forced. The forcing altered the mean and turbulent
flow field and introduced coherent vortices into the flow. This allowed complete
control of fuel injection into the incipient vortex shedding process. The experi-
ments showed that soot formation in the flame was controlled by changing the
timing of fuel injection relative to air vortex roll-up. When fuel was injected
into a fully developed vortex, islands of unmixed fuel inside the air-vortex core
led to high-soot formation. When fuel was injected into the incipient vortex
prior to roll-up initiation, a homogeneous mixture of air and fuel eliminated soot
formation. The proper phasing of the fuel injection decreased soot formation in
the flame to levels far below that under laminar (no vortex conditions) or that
present with air forcing only.

6.2 EXPERIMENTAL

Figure 6.1 shows the apparatus diagram. The diffusion flame burner consisted
of an air plenum with an exit diameter of 22 mm, forced at a Strouhal number
of 0.73 (100 Hz) by a single acoustic driver, and a coaxial fuel injection ring
of diameter 24 mm, fed by a plenum forced by two acoustic drivers at either
100 Hz (single-phase injection) or 200 Hz (dual-phase injection). The fuel was
injected circumferentially directly into the shear layer and roll-up region for the
air vortices. In addition, this fuel injection was sandwiched between the central
air flow and the external air entrainment. Thus the fuel injection was a thin
cylindrical flow acted upon from both sides by air flow.

The fuel-to-air ratio was varied from 0.8 to 1.4 to simulate differing soot
formation conditions. The fuels used were propane, ethylene, or ethylene with
gaseous benzene (the fuel was bubbled through liquid room-temperature benzene
to provide up to 20% of the combustible content or the entrainment air flow was
bubbled through benzene to provide up to 66%). The centerline velocity at the
nozzle exit was 3 m/s, the unforced (natural) RMS was 4.5%, and the forced
RMS was 30%. The Reynolds number based on the exit diameter was 3700.

Using a single laser to excite multiple species or phenomena allows multi-
ple parameters to be imaged simultaneously with multiple cameras. A Nd-YAG
pumped dye laser with nonlinear crystal doubling was tuned either on or close to
(but off) the (1,0) A-X transition of OH radicals located near 283 nm and two
cameras simultaneously monitored selected combinations of two of five scalars:

OH via PLIF, PAH (via PLIF), soot (via LII), fuel, and air (both via acetone
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Figure 6.1 Apparatus diagram

PLIF or Mie scatter on seeded particles). The pairs of scalar images were com-
bined by making use of phase locked imaging. By changing the phase angle of
the laser with respect to the vortex roll up cycle the time evolution of the mixing
and combustion could be measured.

The two cameras used were a Xybion™ ISG240 gated image intensified
752 x 480 CCD and a gated intensified Reticon™ 100 x 100 diode array. Both
cameras were gated for about 50 ns to encompass the laser pulse but reject
flame chemiluminescence. The flows were tagged with either fine sugar particles,
monitored with Mie scatter using an 283 nm interference filter, or with ace-
tone, monitored via LII [19]. Acetone has a broad absorption peak centered at
275 nm; when pumped at 283 nm it produces a broad induced fluorescence peak
centered at 400 nm and extending from 320 nm to about 600 nm. Acetone PLIF
was monitored with a 400-nanometer interference filter having a 65-nanometer
FWHM. OH was imaged via fluorescence from the (1,1) A-X band selected using
a 311 nm 10 nm FWHM interference filter, and soot was monitored using Mie
scatter at 283 nm or LII [20, 21] using a broad band filter (WG335 + UV filter
passing 220 nm to 400 nm) that blocked the laser line. PAHs were monitored
via LIF using the same filter. The soot LII was distinguished from the PAH LIF
by delaying the camera gate: no delay led to PAH LIF + soot LII while adding
a delay of tens of nanoseconds removed the PAH PLIF (due to rapid quenching)



Table 6.1 Permutations of scalar measurements

Camera 1 Camera 2 OH Fl
(ReticonTM) (Xybion™) resonance ame
(LIF) Fuel (acetone) on on
Soot (Mie) Fuel (acetone) off on
Fuel (Mie) Air (acetone) off off
OH (LIF) Air (acetone) on on
Air (Mie) Fuel (acetone) off off
Air (Mie) Fuel (acetone) off on
OH (LIF) Soot (Mie) on on

and showed only soot LII. These measurements were not done simultaneously
with any seed acetone PLIF as there would be no way to separate acetone LIF in-
terference from the PAH LIF. Images from the two gated cameras were acquired
using two computers, a transient digitizer, and frame grabber.

Table 6.1 shows the permutations of scalar measurements.

The combustion efficiency of benzene was monitored with an on-line real
time mass spectrometer (Ametek® model Dycor™ 1000) tracking the parent
mass peak for benzene. (Mass scans showed that as the parent peak was removed
no peak above m/e = 40 appeared so the benzene was not just being cracked
into a smaller unsaturated hydrocarbon but was being consumed.)

Flame emission was monitored using fiber optic probes and either a photo-
diode detector for yellow emission from hot soot or a photo multiplier tube for
violet emission from CH radicals (430 nm bandpass filter).

Cold flow mean velocity and turbulence profiles were measured with a cali-
brated hot wire. Instantaneous phase-sampled velocity vector fields were meas-
ured in cold flow using a very simple and inexpensive PIV setup. PIV measures
the local flow velocities by following the movement of seed particles with time
(usually using two images taken at a given time separation). Instead of a pulsed
laser, the light source in these experiments was an unmodulated fiberoptic mi-
croscope illuminator (tungsten incandescent bulb). Timing was controlled by
gating the Xybion™ camera. The output of the fiberoptic illuminator was
loosely focused into a relatively wide (5 mm) light sheet using a cylindrical lens.

The flow associated with this flame is highly complex due to the strong
vorticity and, it turns out, strong entrainment, leading to regions of reversal.
Therefore the PIV technique had to allow resolution of the direction ambigu-
ity. A simple double exposure PIV image contains a 180° ambiguity in velocity
direction as it is impossible to tell which particle image corresponded to the
first. There are many ways to remove this ambiguity, such as using different
color lasers for the two pulses [22, 23], or by using a moving mirror to shift



the images [24, 25], in effect adding a constant bias velocity analogous to LDV
frequency shifting techniques. In this work, a very simple technique was used:
instead of gating the camera with two equal pulses, it was gated with a dash-dot
pattern. Thus the particle track images consist of lines followed by dots making
direction analysis unambiguous. This technique is more akin to PTV (Particle
Tracking Velocimetry) than pure PIV and it produces immediate images that,
if the particle seeding level is correct and uniform, are already essentially ve-
locity vector plots. Theoretically, each track of these images could be analyzed
for acceleration, turbulence, and vorticity since each has three distinct (z, y, t)
space/time tuples allowing 8%x/0t? and similar partial derivatives to be evalu-
ated numerically. Practically, however, the images do not have enough resolution
to support double derivatives.

6.3 RESULTS AND DISCUSSION

The soot formation and its control was studied in an annular diffusion flame
using laser diagnostics and hot wire anemometry [17, 18]. Air and fuel were
independently acoustically forced. The forcing altered the mean and turbulent
flow field and introduced coherent vortices into the flow. This allowed complete
control of fuel injection into the incipient vortex shedding process. The experi-
ments showed that soot formation in the flame was controlled by changing the
timing of fuel injection relative to air vortex roll-up. When fuel was injected into
a fully developed vortex, islands of unmixed fuel inside the air-vortex core led to

distributedcombustion unmixedfuelpocket

e a

OH OH
| diffusion
goodmixing A flame-likeOH
Oof F+A distribution
invortex ‘
flow F flow F
(a) (b)

Figure 6.2 Schematic of mixing with relative phase of fuel injection proper (a) and
improper (b) with respect to soot formation (traced from PLIF results): (a) low-soot
case; (b) high-soot case



high-soot formation (Fig. 6.2b). When fuel was injected into the incipient vor-
tex prior to roll-up initiation, a homogeneous mixture of air and fuel eliminated
soot formation (Fig. 6.2a). The proper phasing of the fuel injection decreased
soot formation in the flame to levels far below that under laminar (no vortex)
conditions or that present with air forcing only.

Measurements showed that the amount of soot produced by the flame was
affected by the mixing process between the air jet vortices, the fuel jets, and
naturally entrained external air. PIV and smoke flow visualization showed that
the air vortices induced strong external air entrainment into the main jet flow
very close to the exit plane when the phase angle between the fuel jets and air jet
were at the value for minimized soot production. When the wrong phase angle
was used, i.e., that which leads to soot formation, the air vorticity coherence
was reduced, the vortices appeared to develop further downstream, and the air
entrainment at the flame base was significantly reduced.

6.3.1 Soot Reduction

Experiments with propane and ethyl-

ene flames were performed to study :é
the effect of the soot control meth- 1 "'i
e

odology in low and highly sooting
flames. A quantitative measure of
the effect of soot emission control was
obtained by integrating the overall
soot black body emission of the flame
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lines and the propane flame by the 00017 L
solid lines. The variation of the soot o1 2 03 4 5 607

emission is given as a function of
the fuel forcing level. Comparison is
made between the fuel injection phase
shift corresponding to the maximum
soot level and that corresponding to a
minimum soot level. The differences
between the two conditions are more
pronounced for the ethylene flame.

Fuelforcinglevel/ VRMS

Figure 6.3 Comparison of uncontrolled
and controlled soot emissions for different
fuel forcing levels between propane (1 —
minimum and 2 — maximum soot level)
and ethylene (3 — minimum and 4 —
maximum soot level)

The initial-unforced emission level is nearly five times larger for the ethylene
flame. The drop in soot emission occurred at a certain threshold level of the fuel
forcing level. This level is lower in the propane flame relative to the ethylene
flame. Following this rapid drop, the slope of all the curves is similar. The



reduction of the soot emission level in the ethylene flame is over two orders of
magnitude, and nearly one order of magnitude for the propane flame.

6.3.2 Flow Field

The mixing process between the air jet vortices and the fuel jets affects the
amount of soot produced by the flame. A portion of the soot reduction effect
seen in the experiments was caused by the strong entrainment of surrounding
air into the main jet, induced by air vortices with subsequent reduction in the
fuel-to-air ratio. Figure 6.4a shows the PIV measured (cold flow) velocity vector
field map under the low-soot case of dual injection. The vortices are clearly
evident. Also evident is a very strong entrainment of surrounding air at the
base of the flame under the first vortex. The average centerline velocity is about
3 m/s yet the net average entrainment velocity near the exit is more than 1 m/s.
The entrainment under the second vortex is much weaker due to a stagnation
region from centerline flow moving outward between the vortices. Using PIV
it was found that the special combination of air and fuel forcing caused this
high-entrainment rate.

The velocity vector field map of the cold flow corresponding to the high-soot
case is shown in Fig. 6.4b. The change in the vortex roll-up location results in
reduced external air entrainment at the flame base as alluded to previously.

Figure 6.4 Velocity vector field map of (a) low-soot case with dual injection and
(b) high-soot case with dual injection, measured in a cold flow using PIV



The air entrainment velocity at
the flame base was measured using a 1.25
hot-wire anemometer at a distance of
0.14D above the surface. The radial
velocity variation with radial distance
from the flame edge is depicted in
Fig. 6.5. The entrainment velocity
was measured at four different forc-
ing conditions: unforced, forcing of
the air flow only, forcing of fuel and
air at a phase shift which produces
low soot, and at a phase shift pro-
ducing high soot. The highest en- 3
trainment velocity was measured for 0 N
the low-sooting flame. In fact, the
entrainment velocity exceeds 30% of
the centerline main jet velocity. It
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Figure 6.5 Radial entrainment velocity
was nearly double the level of that of measured at a distance of 0.14D above the

thg high—soqting ﬂame or the ﬂar.ne flame base plate for different flame forcing
with only air forcing. The entrain-  ¢onditions: 1 — proper fuel injection; 2 —

ment of the natural flame was all but wrong fuel injection; 3 — air forcing only;
negligible. and 4 — natural flame

Subsequent tests proved the im-
portance of the external air entrain-
ment to the controllability of soot formation in the flame. When the entrainment
into the flame base was blocked in the region between the base and 0.14D above
it, the soot formation could not be controlled at any phase of fuel injection. The
blockage shifted the vortex away from the flame base and reduced the smoke
entrainment into the flame in this region.

The timing of the three processes, the vortex formation, fuel jet injection,
and external air entrainment, is important to obtain mixing control for soot re-
duction. Three hot wires were placed on the main jet centerline, at the fuel jet
centerline, and near the jet edge to monitor entrainment. The three measure-
ments were performed at the flame base. The time traces of the three hot-wires
are shown in Fig. 6.6 for low- and high-soot conditions. Measurements [17, 18]
showed that the low-soot formation occurs when the fuel is injected initially into
the incipient air vortex and the subsequent fuel injection reaches the hot reacting
zone. In the flame with high-soot formation, the fuel injection interferes with the
air vortex formation and the fuel is injected into a fully developed vortex. These
observations are confirmed by the time traces which show that in the low-soot
flame the first fuel injection is completed just as the air flow is being accelerated
to initiate the vortex formation. In the sooty flame, the first fuel acceleration
occurs together with the air jet and interferes with the vortex formation by pro-
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Figure 6.6 Velocity—time traces of the main air jet at the centerline (1), fuel jet (2),
and external air entrainment (3), measured at the jet exit plane, for low-soot forcing (a)
and high-soot forcing (b)

ducing opposite vorticity. The fuel jets block the external air entrainment when
the air vortex is developing and thus it reaches its peak level between air vor-
tices and fuel injection and does not participate in the combustion. The external
entrainment in the low-soot flame coincides with the developing air vortex and
the fuel injection leading to proper fuel-to-air mixture ratios which improve the
combustion properties.

6.3.3 Heat Release

The external air entrainment affects not only the formation but also the energy
release. The temperature along the flame centerline, measured with thermocou-
ple, is shown in Fig. 6.7. The energy release of the low-sooting flame is closer
to this flame holder relative to the uncontrolled flame, and its temperature was
twice as high. The sooting flame temperature is close to that of the unforced
flame and the heat release is distributed further downstream. When the exter-
nal entrainment of the low-sooting flame was blocked, the temperature dropped
to the level of the sooting flame, even though the control parameters remained
unaltered.

External air was substituted by injecting additional air radially through the
ring which was blocking the entrainment. The control authority was regained
with an addition of 30% air relative to the mean central jet flow, the soot level de-
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Figure 6.7 Temperature distribution
along an open-flame centerline for differ-
ent control conditions: 1 — proper fuel in-
jection; 2 — air added through ring; 3 —
wrong fuel injection; 4 — proper injection
with blocked entrainment; and 5 — natu-
ral flame
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Figure 6.8 Effect of the flow rate of ex-
ternal air injected through a ring around
the flame base on the temperature on the
centerline at /D = 9.1. The air injec-
tion replaces the natural air entrainment
which is blocked by the ring
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Figure 6.9 Temperature distribution
along an enclosed flame centerline for dif-
ferent control conditions: 1 — low soot, no
secondary air; 2 — low soot, with secondary
air injection; 3 — high soot, no secondary
air; and 4 — high soot, with secondary air
injection

ture measured with free air entrain-
ment under proper phase forcing. It
is lower above and below that level.

The loss of control due to in-
terference with the external air en-
trainment process, resulting in an in-
creased soot production as well as
reduction in energy release, is signif-
icant especially in enclosed systems.
In enclosed combustors, external air

is not readily available at the flame base and the gases entrained at this region are
typically burned, air-depleted reaction products. The possibility to recover the
control authority by the secondary air injection at the flame base is important for



such an enclosed system. Figure 6.9 shows that this method is indeed applicable
to enclosed systems. In an enclosed system the differences between the heat
release of the low- and high-sooting flames are not large. However, injection of
secondary air at the flame base increases the temperature significantly. At the
high-soot conditions, the additional air has a slight adverse effect on the flame
temperature.

6.3.4 Mixing Process and Combustion

Laser diagnostics was employed to develop understanding of the mixing mecha-
nism causing the large change in the sooting and energy release characteristics
of the flame. A series of two simultaneous and instantaneous planar images of
the flame were taken at a time. The fuel injection and air vortical flow were
visualized during combustion and in cold flow tests by seeding acetone and mist
into the individual flows. Fuel injection was visualized simultaneously with OH
to determine the combustion location relative to fuel. The fuel injection was also
imaged concurrently with Mie scattering from soot. All images were taken for
a full sequence of the air and fuel vortices cycle for both the high- and low-soot
conditions.

The planar laser images of the air, fuel, and OH are shown in Fig. 6.10
for the low- and high-soot conditions. The fuel, in this case, was injected once
in every air vortex formation cycle. The air and fuel images were acquired
simultaneously while the OH image was acquired separately but at the same
phase relative to the vortex formation. The images show that for the low-soot
fuel phase angle the fuel is injected into the incipient vortex roll-up and ho-
mogeneously mixed with the air vortex yielding intense reaction downstream as
shown by the OH region above the vortex area (Fig. 6.10a). The homogeneous
mixture is emphasized by the gray color of the air—fuel mixture. A dynamic
sequence (computer-generated movie) which was produced by displaying the full
cycle of events during the vortex roll-up and fuel injection showed that the in-
jection of fuel into the incipient air vortex results in this homogeneous mixing.
The air—fuel forcing induces coherent periodic entrainment flow and this flow
mixes well with the fuel jets. The resulting flame is lifted (notice the OH stand-
off from the exit plane), periodic, and distributed like a premixed turbulent
flame.

The images corresponding to the high-soot flame (Fig. 6.10b) and the cor-
responding movie show that when the fuel is injected out of phase with the air
vortex cycle, the air vortex formation is partially inhibited, and the fuel remains
unmixed in pockets between air vortices resulting in alternating regions of high
and low stoichiometry. The entrainment rate is reduced and not as coherently
modulated. This leads to poor combustion and high-soot production. The re-
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Figure 6.10 Planar images of the air and fuel mixing pattern and reaction zone
imaged by OH fluorescence of the ethylene flame at single-fuel injection: low (a) and
high (b) soot conditions



action region as indicated by the OH is primarily at the external shear layer of
the jet where the fuel is mixed with the external air, and the OH has a typical
narrow “diffusion flame”-like appearance. This flame has a very high-sooting
level, which was not visualized in this figure, as the soot was concentrated above
the field of view of these images.

Another interesting fluid mechanics phe-
nomenon in this flame was the interaction of
= the fuel jets with the air jet and its effect on
the jet stability. Figure 6.11 shows that the
fuel jets have, under close examination, clearly
amplifying instability modes. It may be that
the combination of this fine spatial-scale tur-
bulence, in combination with the larger scale

.
p

Y folding of the air vortex, leads to good mix-
ing over many length-scales and therefore the
\ good low-soot combustion. If this is true, then

one can investigate the use of corrugated noz-
zles or other means to increase the fine-scale
turbulence that is lost when the fuel is liquid
instead of a gaseous jet.

Significant improvement of the combus-
tion energy release was obtained by introduc-
ing a dual-fuel injection scheme. Fuel is in-
jected twice per air vortex shedding. Fig-
ure 6.12a, low-soot case, shows that the first
fuel injection, which is synchronized with the
formation of the incipient vortex, mixes ho-
mogeneously and initiates intense combustion
in the vortex as it was convected downstream.
The second injection (Fig. 6.12b) penetrates the jet and brings the fuel into the
lean combustion products of the prior vortex. The process therefore emulated
staged combustion without mechanical stages. This configuration leads to high-
soot reduction as well as an increase in energy release rate close to the flame
holder (Fig. 6.7). The higher temperatures near the flameholder were also mea-
sured off-axis. The more efficient soot-free combustion results also in a higher
energy release near the flame holder.

The injection sequence, which results in a highly sooting flame (Fig. 6.13),
occurs out of phase with the air vortex formation. The first fuel injection misses
the air vortex and stays unmixed while also partially suppressing the roll-up of
this air vortex. The second-fuel injection enters the void between the air vortices
and stays separated from the air. The rich mixture results in the formation of
soot at this point as shown by the white spots. Temperature profiles also show
the energy release rate to be lower in this case.

Figure 6.11 Close-up of gase-
ous fuel jet showing instability
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Figure 6.12 Planar images of the air and fuel mixing pattern and reaction zone
imaged by OH fluorescence of the ethylene flame at low-soot conditions and dual-fuel
injection at the first (a) and second (b) injection time
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Figure 6.13 Planar images of the air and fuel mixing pattern and reaction zone
imaged by OH fluorescence of the ethylene flame and Mie scattering of soot, at the
high-soot phase and dual-fuel injection

6.3.5 Other Parameters

PAH: In the low-soot phase case no PAH PLIF was seen, nor was there any
soot LII. In contrast, the high-soot case clearly showed regions of PAH and soot
production. Figure 6.14 shows a PAH PLIF /soot LII image (frame a) along with
the corresponding OH (b), central air (¢), and fuel (d) images. In frame (a) the
PAH PLIF and soot LII are distinguished by arrows and this was determined
using the camera gate delay as mentioned in the experimental section. The PAHs
are formed early in the cycle close to the exit plane and these lead to formation
of soot further downstream (in the second vortex in frame a). Note that the
PAHs form in a fuel-rich region of diffusion-controlled combustion.

Aromatic fuel: The prior results were obtained using propane (not very sooty)
and ethylene (considerably more sooty) as fuels. The results were extended to
a very sooty aromatic fuel by choosing benzene, as it had a sufficient vapor
pressure to be entrained into the fuel flow.

The efficacy of this control system was demonstrated in both open and en-
closed systems with benzene introduced both into the ethylene fuel (as 20% of
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Figure 6.14 Single phase in vortex evolution showing (a¢) PAH PLIF and soot LII,
(b) OH PLIF, (c) central air, and (d) fuel (seeded acetone PLIF). Flow is bottom to
top in this set of images

the combustible content) as well as into the entrained airflow (as 66% of the
combustible content). When the proper phase angle of fuel injection was used,
soot formation could be entirely prevented, and a completely blue flame realized,
even when gaseous benzene constituted 66% of the combustible content.

The combustion efficiency of the benzene was beyond 99.999% even at an
overall equivalence ratio of 1.0 (including the entrainment air which was 30% of
the total air flow). With the controller off, the flame was extremely sooty and, in
fact, sooting, as the quartz tube would be blackened and the mass spectrometer
sampling probe clogged in a matter of seconds, and soot was sucked into the
scrubber system. This comparison between “controller off” and “controller on”
conditions with benzene fuel is extremely dramatic and shows the efficacy of
active combustion control in vortices to eliminating soot from diffusion flames.

Swirl: Since swirl is present in many propulsion burners, studies were under-
taken to test the robustness of the control system by imposing swirl in the central
air flow. Another objective of these studies was to see if added swirl could im-
prove the operation of the controller. The swirl was introduced by letting the
airflow into the central tube from two off-axis 90-degree inlets. The “percent
swirl” quoted here is the percent of the total central air flow that entered from
these swirl inlets as opposed to the nonswirling inlets. The average axial velocity
radial profile showed a strong minimum on the centerline, and at higher levels
of swirl the flame could actually be sucked back into the airflow.

The controlled flame was found to be largely unaffected by moderate swirl
(levels up to 40%) although the stability was slightly reduced. Heavy swirl
(beyond 75%) led to a further reduction in stability and intermittent formation
of soot. The unforced swirling flame was not nearly as efficient in reducing
soot formation as the controlled (forced) flame without swirl. The flame was
unstable, quite yellow, and spread out to impinge upon the dump diameter



(quartz tube of 130-millimeter internal diameter). At 80% swirl without the
controller on, the flame was very yellow and unstable and intermittently lifted
off. In addition, there was extremely strong naturally excited high-frequency
instability at 240 Hz. High-speed imaging showed the instability was associated
with coherent spanwise axisymmetric vortices being shed at 240 Hz at the dump.
Even with this naturally occurring vorticity the system was not particularly
stable and did not reduce soot nearly as much as the controlled system. In
summary, the actively controlled flame, with or without swirl, was much better
at preventing soot formation than the swirl flame without control.

6.4 CONCLUDING REMARKS

The efficacy of the active control system for soot reduction was demonstrated in
both open and enclosed combustion systems using gaseous fuels.

Two-fuel injection schemes were tested. In one the fuel was injected once per
air vortex formation cycle. In the other, the fuel was injected twice in each cy-
cle. Laser diagnostics was used to measure the mixing and combustion processes.
The air, entrainment air, fuel, OH, PAH, and soot were visualized in the center-
line plane. Analysis of the simultaneous images showed that in a single-injection
system, low-soot and high energy release could be realized when the fuel was
injected into the incipient vortices. For such timing, the fuel jet energized the
air vortex and also was homogeneously mixed with the air. At an injection phase
180° off the optimized conditions, the fuel jet interfered with the formation of the
air vortex partially inhibiting its roll-up. The fuel remained unmixed in pockets
between the air vortex resulting in poor combustion, PAH formation, and, subse-
quently downstream, soot formation. In the dual fuel injection scheme, the first
injection occurred at a phase similar to the single injection. The second injection
brought the fuel into the region of hot lean combustion products, intensifying
the reaction. The dual-injection scheme remained inefficient for the 180° phase
shift; the fuel remained unmixed and vortex formation was reduced.

The control system was also demonstrated in open and enclosed systems
with highly sooting fuels including benzene. When the proper phase angle of
fuel injection was used, soot formation could be prevented, and an entirely blue
flame realized, even when gaseous benzene constituted 66% of the combustible
content. The combustion efficiency of the benzene was beyond 99.999% even at
an overall equivalence ratio of 1.0.

The controlled flame was found to be largely unaffected by moderate swirl
although the stability was slightly reduced. Heavy swirl led to further reduction
in stability and intermittent formation of soot. The unforced swirling flame was
not nearly as efficient in reducing soot formation as the controlled (forced) flame
without swirl.



Flow visualization, hot-wire measurements, and PIV showed that the exter-
nal entrained air plays an important role in the controlled combustion process.
In the low-sooting flame, a strong vortex was formed close to the flame base,
entraining a large amount of external air into the flame very close to its base.
Blockage of this entrained air resulted in the loss of the control authority. This
fact was especially significant in an enclosed system in which the amount of
entrained air was limited by the geometry of the system.

It was shown that the naturally entrained air could be substituted by ade-
quate injection of air at the base of the flame. This injection had to be at the
proper angle, speed, flow rate, and location to be effective. By using this method,
it was possible to regain control in an open system in which the entrainment was
blocked, and in enclosed systems. The amount of entrained air needed to regain
control is 30% of the main flow.
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Chapter 7

COMBUSTION OF HIGH-ENERGY FUELS
IN AN AXISYMMETRIC RAMJET

K. Kailasanath and E. Chang

Understanding the combustion of high-energy fuels could lead to a ma-
jor breakthrough in the quest to attain increased range and speed for
missiles and other Navy propulsion systems. Numerical simulations can
play a major role in developing this understanding. With this objective,
a new computational model has been developed for simulating the com-
bustion of these high-energy fuels. The fuel droplets are considered to
be multicomponent, consisting of a solid cubane core surrounded by a
liquid phase carrier. The fuel droplets’ position in the flow field is com-
puted by solving the Lagrangian equations of motion for the droplets
taking into account the inertial drag force that depends on the droplet
size and density. Simulations using this newly developed model have
been used to study the differential dispersion of fuel droplets of various
sizes, soot control strategies such as timed fuel injection, and the effects
of microexplosion. These simulations indicate that microexplosions of
high-energy fuels can cause significant flow disruption and amplification
or attenuation of pressure fluctuations. When there is a strong coupling
between the energy released and the low-frequency pressure fluctuations
in the system, there is a tendency towards combustion instability. Phase-
coupled fuel injection has been demonstrated as a means to suppress
incipient combustion instabilities.

7.1 INTRODUCTION

A new class of high-energy fuels based on strained hydrocarbons is being de-
veloped. Thorough understanding of the combustion of these fuels is needed in
order to achieve a major breakthrough in the quest to attain increased range
and speed for missiles and other Navy propulsion systems. The properties of
high-energy fuels responsible for their excellent performance characteristics also



imply challenging combustor development problems. For example, some of these
fuels tend to microexplode and rapidly release their energy and this introduces
a new concern because microexploding fuels have not been tested and evaluated
in closed combustion systems such as those relevant to the Navy. Another basic
characteristic of most of the proposed fuels is their propensity to soot. There-
fore, techniques such as vortical control and timed fuel injection are investigated
to control the formation and destruction of soot. Some of these fuels are also
not in liquid form at standard operating temperatures. If they are diluted in
some other liquid fuel, one has to burn it as a slurry or if the base fuel quickly
vaporizes, as a gaseous fuel with distributed condensed particles of high-energy
fuels. The mixing and combustion characteristics of such a multiphase mixture
need to be understood.

There have been numerous studies on droplet motion and vaporization in a
flow. Early studies focused on the vaporization and combustion of single droplets
with little emphasis on the fluid flow (e.g., [1, 2]). Detailed description and dis-
cussion of these models and other early work can be found in several excellent
review articles [3-6]. More recent studies have considered the detailed dynamics
of jets, but have focussed on particles with constant diameter [7-11]. Studies
in which various vaporization models have been included in the simulation of
droplet-laden jet flows and sprays [12-16] are of more interest to us. However,
for flows seeded with strained hydrocarbon based high-energy fuels, knowledge
is limited because they have not yet been available in large quantities to conduct
extensive experiments. Therefore, numerical simulations provide an ideal means
to gain a better understanding of the mixing and combustion characteristics of
these high-energy fuels. These numerical simulations require input concerning
the physical and chemical characteristics of the fuels and these can be obtained
from limited experiments using small quantities of the fuels. However, even if
these input data were available when this study was initiated, there were no
numerical models readily available that could be used to simulate the dynamic
interaction between large-scale vortex structures and vaporizing and microex-
ploding droplets of high-energy fuels. The significant accomplishment reported
in this paper is the development of such a capability and the performance of
relevant time-dependent numerical simulations that address several basic issues
in the combustion of high-energy fuels.

Although several different system configurations have been simulated, the
focus of this paper will be on the unsteady, compressible, multiphase flow in
an axisymmetric ramjet combustor. After a brief discussion of the details of
the geometry and the numerical model in the next section, a series of numerical
simulations in which the physical complexity of the problem solved has been
systematically increased are presented. For each case, the significance of the
results for the combustion of high-energy fuels is elucidated. Finally, the overall
accomplishments and the potential impact of the research for the simulation of
other advanced chemical propulsion systems are discussed.



7.2 THE NUMERICAL MODEL

The geometry of the ramjet system simulated is shown in Fig. 7.1, which con-
sists of a cylindrical inlet connected to a central dump combustor that has an
exhaust nozzle. This specific geometry was chosen because extensive studies
have been made in the past of the interaction between acoustics, vorticity dy-
namics, and chemical energy release in this system [17-20]. These earlier gas-
phase flow studies are very helpful in interpreting the current multiphase flow
simulations.

The flow into the central dump combustor is computed by solving the com-
pressible, time-dependent, conservation equations for mass, momentum, and en-
ergy using the Flux-Corrected Transport (FCT) algorithm [21], a conservative,
monotonic algorithm with fourth-order phase accuracy. No explicit term repre-
senting physical viscosity is included in the model.

No artificial viscosity is needed to stabilize the algorithm due to the residual
numerical diffusion present, which effectively behaves like a viscosity term for
short wavelength modes on the order of the zone size. This damping of the short
wavelengths is nonlinear and the effects of the residual viscosity diminish very
quickly for long wavelength modes resulting in a very high effective Reynolds
number.

This approach called MILES (monotonically integrated large-eddy simu-
lation) is described in detail elsewhere [22]. This is the same approach used
in previous simulations of ramjet combustor flows [17-20].

The particles’ position in the flow field is computed by solving the Lagrangian
equations of motion for the particles with the inertial drag force, dependent on
the density and size of the particles taken into account.

Details of the model as well as more comprehensive discussion of the various
cases simulated have been published elsewhere [23-26] and only the highlights
and the overall significance of the work are presented here.
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Figure 7.1 Geometry of the idealized axisymmetric combustor used for the numerical
simulations. D = 6.35 cm



7.3 RESULTS AND DISCUSSION

For a typical case, an axisymmetric jet with a mean velocity of 100 m/s flows
through the cylindrical inlet of diameter D into a cylindrical combustion chamber
of twice the diameter. An annular or central exit at the end of the combustion
chamber is modeled to produce choked flow. Particles are injected from the
inlet—combustor junction with a streamwise velocity of 50 m/s and zero radial
velocity. If the number of particles is small (that is, for low-mass loadings), the
effect of the particles on the flow can be neglected. Still the flow has an effect
on the particles that depends on parameters such as the size and density of the
particles. Such systems are called one-way coupled systems and are discussed
next.

7.3.1 One-Way Coupled Systems

In Fig. 7.2, vorticity contours and particle positions within the combustor for
particles of different sizes are shown at a particular time, 20,000 timesteps
(~ 7.5 ms) from the start of the simulations. Since the system is axisymmetric,
only the upper half of the flow field is shown. The vorticity contours (Fig. 7.2a)
clearly show the presence of large-scale vortical structures that merge or pair
as they convect downstream. The other three frames in the figure highlight
the distinctly different interactions between the large-scale vortical structures
and particles of different sizes. Very small particles such as the 1 pum particles
(Fig. 7.2b) closely track the vortical structures and are a good marker for the
flow field itself. Very large particles such as the 30 um particles are not strongly
affected by the structures while the intermediate size particles show a strong
interaction in the sense that they appear to form distinct sheets as they are en-
trained along the outer regions of the vortical structures and are then flung out.
These observations support the different mechanisms for particle dispersion pos-
tulated in the earlier study of particle dispersion in axisymmetric jets [2]. The
significance of these results is twofold. First, for applications such as laser diag-
nostics, it indicates that the size of the seeding particles must be small enough
for tracking the flow and be useful as a flow visualization indicator. The spe-
cific size to be used depends on the flow velocity and other flow field dynamics,
as discussed below. The second significant implication of these results is that
intermediate sized particles are dispersed more than the very small particles that
track the flow. Similar results have been observed before in mixing layers and
free jets, but it is interesting that it carries over to confined systems where the
acoustics of the system also interacts with the flow field.

To generalize the above results, it is convenient to invoke the nondimensional
Stokes number (St) which is a ratio of the particle response time to a characteris-
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Figure 7.2 Instantaneous visualization of vorticity contours (a), and locations of
1 pm (b), 15 pum (¢), and 30 pm (d) diameter particles

tic flow time. Quantitative studies of the dispersion of the particles show that the
dispersion is maximized at Stokes numbers on the order of unity when the par-
ticles that have been deposited on the walls are neglected. The dominant role of
vortex shedding was further confirmed when the Fourier analysis of the particle
dispersion at various locations in the combustor showed that the vortex-shedding
frequency characterizes the dispersion, even at locations where the merging fre-
quency governs the local fluid flow. This property is observed for all particle sizes
studied except for cases at very low-Stokes numbers, where traces of the merging
frequency, as well as the harmonic associated with combining the merging and
shedding frequencies, were observed. A correlation between particle size and flow
vorticity has also been obtained and shows that high concentrations of particles
can be associated with high vorticity for small particles while the opposite is true
for moderate to large sized particles. With the insight from these simulations
on the mechanisms responsible for the enhanced dispersion, additional studies
were performed to enhance or suppress the dispersion as both may be desired in
specific situations.



7.3.2 Effects of Acoustic Forcing

Based on the initial studies of unforced flows described above, inflow was se-
lectively perturbed to investigate if the amount of particle dispersion and the
location of enhanced dispersion within the combustor can be shifted as desired.
Calculations were performed in which an acoustic perturbation was imposed from
the back wall of the combustor with an amplitude of 0.5% of the initial chamber
pressure and a frequency of 1380 Hz, 690 Hz, or 145 Hz, the characteristic fre-
quencies of the system under study. The vortex-shedding frequency was 1380 Hz,
the first-merging frequency was 690 Hz, and 145 Hz was the quarter-wave mode
of the inlet. In addition, simulations were also performed with forcing at a fre-
quency unrelated to the system, 1000 Hz. The particle size chosen for these
simulations was 15 pm in diameter (St = 0.97), since this size particles were
found to be optimally dispersed in the unforced flow case. All other parameters
remain unchanged from the unforced case discussed above.

Forcing at the shedding frequency has the greatest initial effect on dispersion.
In the front region of the combustor this is the characteristic frequency in the
shear layer and governs the dispersion. The forcing enhances development of
the flow structures (vortex shedding) and increases lateral dispersion via larger
centrifugal effects. As particles travel farther downstream, the characteristic
flow frequency changes from the shedding to the merging frequency. Therefore
forcing at the merging frequency has some effect at locations away from the step
in the combustor. Similarly, forcing at the inlet mode (145 Hz), which exists at
a low level throughout the combustor, has only a small effect. Finally, forcing at
1000 Hz did not lead to enhancement of any flow structures and no significant
gains in dispersion were achieved.

7.3.3 Timed Fuel Injection

To further control the particle dispersion, the particle (which simulates the fuel)
injection was timed in or out of phase with the forcing at the shedding frequency
of 1380 Hz. The injection rate is increased to one every 5 time-steps, but occurs
only when the pressure perturbation is either positive (in phase) or negative (out
of phase). Thus the average injection rate remains the same as in the previous
cases. Figure 7.3 shows the dispersion for injecting in and out of phase with
the forcing frequency. Dispersion is increased when injection is in phase with
the forcing, because the particles travel downstream with the flow structures.
Similarly, decreased dispersion is observed when injecting out of phase. Here,
particles are injected “in between” flow structures and centrifugal effects are
minimized.
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The time averaged axial particle distribution is shown in Fig. 7.4. Injection
in phase with the extended forcing increases dispersion, and a higher percentage
of particles do not travel as far downstream. Axial distribution is weighted
to the front of the combustor. Conversely, injecting out of phase allows par-
ticles to travel much further downstream. This demonstrates that by suitably
choosing the forcing frequency and timing the fuel injection, enhanced dispersion
of particles can be achieved at different locations in the combustor as desired for
particular applications. For example, in compact ramjet systems we would like
the fuel to be dispersed and mixed and burnt quickly, and hence in-phase timed
injection of fuel will be beneficial.

7.3.4 Two-Way Coupled Systems

In many practical applications, the amount of particles or droplets would be
large enough that the effects on the flow are not negligible. That is, two-way
coupling needs to be considered. In order to take the effect of the particles on the
gas-phase flow into account, the particle momentum and energy are calculated
for each particle location and a linear weighting scheme based on cell volume is
used to find the corresponding source terms for the gas-phase calculation at the
surrounding grid locations. Two different techniques are employed in order to
achieve significant particle mass loadings (particle mass flux in / gas-phase mass
flux in). In both, 1024 equally distributed azimuthal locations are assumed. In
the first technique, which is referred to as the direct simulation method, 16 radial



injection locations are used per azimuthal position. The first radial injection
location is at the combustor step and each subsequent location is 194.4 ym from
the previous location, inwards toward the combustor center. This guarantees at
least a 10 particle radius separation upon injection for the largest sized particles
used (32.4 pm diameter). As the surface generated vorticity associated with each
particle decays at a minimum rate (Stokes flow) of 1/r%, where r is the distance
from the particle, this spacing should be adequate for neglecting the presence of
neighboring particles. For higher particle Reynolds numbers, this decay would
be even faster. With this method, it was possible to obtain “real” mass loadings
of up to 20% using 32.4 pym diameter particles.

The second technique involves the use of “ghost” or “virtual” particles. This
is a method commonly used to obtain higher mass or volume loading without the
necessary computational expense of tracking every particle in the system (e.g.,
as in [15]). Instead, each particle in the simulation acts as a marker for a group
of virtual particles with a center of mass located at the simulation particle’s
position. It is assumed that each of the virtual particles has the same size and
mass of the simulation particle but its velocity and location are not explicitly
calculated as it is assumed to move with its associated marker particle’s velocity
and position. However, the momentum and energy from the virtual particles are
included in the coupling feedback source terms and are assumed to be located at
the same position as the marker particle. Thus, similar mass loadings as in the
direct simulation method can be achieved at a fraction of the computational cost.
In the simulations, 15 virtual particles were used for each simulation particle
and were injected either at the step corner (equivalent to the outer edge of the
particle stream used in the direct simulation method), at » = 3.01 cm (equivalent
to the center of the particle stream used in the direct simulation method), or
at 7 = 2.88 cm (equivalent to the inner edge of the particle stream used in the
direct simulation method). For the direct simulation method, particle diameters
of 1.5, 15, and 32.4 pum corresponding to 0.001%, 1%, and 10% mass loading
were used while for the virtual particle method only 32.4 pm diameter particles
were used. Flow modulation effects, due to the increased mass loading and the
differences observed between the two methods, are addressed below.

7.3.5 Direct Simulation Method

The effects of higher mass loading on the flow structure and composition using
the direct simulation method can be seen in Fig. 7.5, where the time averaged
RMS fluctuating velocity in the shear layer (at r = 3.175 cm) is shown as a func-
tion of downstream axial distance. The amplitude of the fluctuations decreases
significantly as the particle size, and therefore the mass loading, are increased.
This attenuation is also observed in the magnitude of the vortex-shedding fre-
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quency. The frequency itself remains at 1380 Hz. Although the amplitude of the
shedding frequency remains essentially unchanged for 0.001% mass loading, it
decreases substantially at higher loadings, indicating significant attenuation of
the intensity of the shed vortices.

7.3.6 Virtual Particle Simulation Method

Figure 7.6 shows the dispersion for the three different injection locations used
for the virtual particle simulations. As expected, dispersion is highest when
injecting at the center of the shear layer (r = 3.175 c¢m) and decreases as the
injection location is moved inward towards the axis of symmetry and away from
the shear layer center. When using the virtual particle technique, a small shift
in the vortex shedding and merging frequencies, not seen in the previous direct
simulations, can be observed even though the mass loading remains the same.
For example, a decrease in the flow fluctuation frequency is seen when injecting
at a radius less than that of the combustor step. Because the gas-phase flow
velocity increases with decreasing radius, particles that are injected closer to the
center of the combustor extract more momentum. This leads to a decrease in
the relative gas-phase flow velocity difference between the inner (above the step),
higher speed and outer (below the step), lower speed regions of the combustor
and a consequent thickening of the shear layer. A thicker shear layer results
in a reduction in the vortex-shedding frequency. Noticeable differences in the
fluctuating velocities in the shear layer are also observed with the virtual particle



simulation method. Therefore, this method must be used with some caution even
though it saves significant computer time.

7.3.7 Effects of Droplet Vaporization

So far the discussion has focused on gas—particle flows. However, the combustion
of high-energy and other fuels used in propulsion usually involves liquid droplets
that vaporize and burn as they are convected by the flow. The general treat-
ment of gas—particle flows presented above is still valid for this case, because
most of these models assume that information at the droplet level is included
as a sub-model. These sub-models are usually derived primarily from studies of
single-droplet vaporization and combustion. Some of the common droplet mod-
els in use are those based on the d?-law and the infinite conductivity model for
heat transfer. These have been included and studies have been carried out to
ascertain the effect of vaporization on the droplet dispersion in the axisymmetric
combustor considered here. The primary conclusion from these studies is that
the initial trajectories of the particles or droplets are the same and depend on
the initial size chosen. For example, starting with droplets (particles) of size
50 pm, the initial trajectories of the droplets or particles are not affected by
the flow due to the inertia of the large droplets. However, in the case of the
vaporizing droplet, the size reduces and soon there is stronger interaction with
the flow structures, and by the time the droplets reach a third of the combustor
they have been flung out of the vortical low. These results indicate that one
must be careful in generalizing observations based on constant-size particles for
application to flows involving vaporizing droplets.

7.3.8 Effects of Microexplosions

The fact that the combustion of high-energy fuels is more complex than those of
conventional liquid fuels has been shown by the experiments of Law [27] on the
burning of monodisperse droplet streams of high-energy fuels (such as cubane 1,4~
dimethyl ester) diluted in a carrier liquid, benzene. Those experiments showed
that the benzene gasifies first, leaving behind a droplet rich with cubane which
then microexplodes rapidly, releasing the stored energy.

To represent the above phenomena, the present simulations consider the
fuel droplets to be multicomponent, consisting of a solid high-energy fuel core
surrounded by a liquid carrier. For example, cubane has been used as the core
material embedded in n-heptane. n-Heptane was chosen because of the availa-
bility of experimental data, but in principle any other carrier liquid could be
used in the model. An infinite conductivity model is used to account for droplet
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Figure 7.7 Vorticity distribution and droplet positions in combustor with microex-
ploding droplets

heating and vaporization. The energy released during the microexplosion has
been obtained from thermodynamic considerations such as those discussed by
Davis [28].

In the simulations, the droplets are assumed to have a lifetime shorter than
that for the entire surrounding liquid to evaporate. This appears to be a good
approximation based on experiments [27] which show that the change in droplet
size can be approximated by that of the theoretical regression rate of a droplet
composed only of the surrounding fluid. In the simulations, each droplet is
assumed to have a lifetime based on the fractional value of the droplet size at
a given time compared to its original size. When this threshold is reached the
droplet is allowed to microexplode. This microexplosion is modeled as an extra
source of energy added to the flow based on the mass of the cubane core.

The effects of the rapid energy release from the droplet microexplosions on
the flow field can be seen in Fig. 7.7. Initially, vortex structures in the immediate
area of the microexplosions are disrupted. An examination of the pressure field
shows that an area of high pressure is
formed in the vicinity of the microex-
plosions. This high-pressure region al-
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phase flow velocity in the shear layer due to the microexplosions. The charac-
teristic shedding frequency (1360 Hz) as well as the acoustic quarter wave inlet
mode at 320 Hz are evident in the unseeded case. However, for the micro-
exploding case the flow has coupled to the acoustic mode creating large-scale
flow structures at the lower frequency. In addition, the inlet mode has shifted
to a slightly higher frequency, in this case to 340 Hz. This is due to an in-
crease in the combustion chamber pressure (and sound speed) caused by the
energy release. Further effects of microexplosions on the flow field are discussed
next.

7.3.9 Effects of the Size of the Microexploding Droplet

A key parameter in multiphase combustion is the droplet size. By varying the
droplet size, the lifetime of the droplet can be changed. The change in the life-
time will change the location of microexplosion and hence the location of energy
release. The coupling between the energy release and the pressure fluctuations
may change when the location of the energy release is changed and this could
result in significant changes in the flow field and the tendency of the system
towards combustion instabilities.

The effects of microexplosions of droplets of two different initial diameters
(but same core size) are shown in Fig. 7.9. The flow fields are significantly
different in the two cases. In the first case (Fig. 7.9a), there is some local
effect on the flow field but the overall flow is quite similar to the nonmicroex-
ploding case. When the initial droplet diameter is 50 pm, the droplet lifetimes

(b)

Figure 7.9 Vorticity distribution and droplet locations for microexploding droplets
of initial diameter 35 ym (a) and 50 pm (b)



are longer and they microexplode further downstream. In this case (Fig. 7.9b),
the flow field is drastically altered and is now composed of fewer and larger
vortical structures. Detailed analysis of these simulations [26] shows that in this
case, the low-frequency quarter-wave mode of the inlet has been excited and the
shear layer at the inlet—combustor junction is essentially forced at this frequency.
Further energy release in these larger structures sustains this low-frequency oscil-
lation.

7.3.10 Effects of Core Size

In another series of simulations, the overall droplet size was kept constant at
50 pm while the core size was varied from 1 pm to 25 pm. By varying the core
size, the amount of energy released was varied. The location of energy release
is essentially the same since it depends primarily on the overall droplet size.
Some variation in the location is to be expected since the droplet lifetimes also
depend on the temperature field which could change based on the amount of
energy released. However, this is only a secondary effect since the amount of
droplets in the flow field is small. Results from this series of simulations showed
that even a small amount of energy release, such as from the 1-micron core case,
could significantly amplify the pressure fluctuations at the low frequency. For
the smaller core sizes (1, 5, and 10 pm ), the amplification of the low-frequency
oscillation was prominent only for locations near the step in the combustor while
for larger core sizes (20 and 25 pm) the low-frequency mode was noticeably
amplified also at a location further downstream in the combustor.

7.3.11 Phase-Coupled Fuel Injection

As discussed earlier, the particle/droplet dynamics can be significantly modified
by timing the fuel injection to be in- or out-of-phase with the large-scale vortex
structures. To explore if timed fuel injection could alter the stability charac-
teristics, the flow was forced at the quarter-wave mode of the inlet and droplet
injection was timed to be in- or out-of-phase with the forcing. Results from
these simulations show that the pressure fluctuations at the quarter-wave mode
of the inlet can indeed be amplified or attenuated depending on the phasing of
the droplet injection.

This result along with the studies on the effect of core size, which show
that a small amount of energy release can make a significant change in the am-
plitude of pressure fluctuations, suggests that high-energy fuels may be a good
candidate for use as a secondary fuel-injection source to suppress combustion
instabilities in systems operating primarily with a different fuel source. This



idea has been explored further and demonstrated in simulations that use a small
amount of high-energy fuels in a system burning premixed propane—air mix-
tures.

7.4 CONCLUDING REMARKS

In summary, a computational model has been developed for the simulation of the
combustion of high-energy fuels. The unsteady gas-phase flow in the combustor
is computed by solving the conservation equations for mass, momentum, and
energy using the Flux-Corrected Transport (FCT) algorithm. The fuel droplets’
position in the flow field is computed by solving the Lagrangian equations of
motion for the droplets taking into account the inertial drag force that depends
on the droplet size and density. The fuel droplets are considered to be mul-
ticomponent, consisting of a solid cubane core surrounded by a liquid phase
carrier.

Using this newly developed model, simulations have been carried out to ad-
dress several basic issues in the combustion of high-energy fuels. The time and
location where the droplets microexplode have been varied by changing the size
of the droplets. The amount of energy released has been varied by changing
the core size. These simulations indicate that even a small amount of energy
release can significantly alter the level of pressure fluctuations in the combustor.
In general, microexplosions of high-energy fuels can cause significant flow dis-
ruption and amplification or attenuation of pressure fluctuations. When there
is a strong coupling between the energy released and the low-frequency pressure
fluctuations in the system, there is a tendency towards combustion instability.
Phase-coupled fuel injection has been explored as a means to suppress incipient
combustion instabilities. The simulations have also been used to study the dif-
ferential dispersion of fuel droplets of various sizes and soot control strategies
such as timed fuel injection. Another general use of the developed capability is to
investigate a variety of other problems involving multiphase flow and combustion
in chemical propulsion systems.
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Chapter 8

COMBUSTION OF ALUMINUM WITH STEAM
FOR UNDERWATER PROPULSION

J. P. Foote, B.R. Thompson, and J. T. Lineberry

Results of an experimental program in which aluminum particles were
burned with steam and mixtures of oxygen and argon in small-scale
atmospheric dump combustor are presented. Measurements of com-
bustion temperature, radiation intensity in the wavelength interval from
400 to 800 nm, and combustion products particle size distribution and
composition were made. A combustion temperature of about 2900 K
was measured for combustion of aluminum particles with a mixture of
20%(wt.) Oz and 80%(wt.) Ar, while a combustion temperature of
about 2500 K was measured for combustion of aluminum particles with
steam. Combustion efficiency for aluminum particles with a mean size of
17 pm burned in steam with (O/F) / (O/F)4 = 1.10 and with residence
time after ignition estimated at 22 ms was about 95%. A Monte Carlo
numerical method was used to estimate the radiant heat loss rates from
the combustion products, based on the measured radiation intensities
and combustion temperatures. A peak heat loss rate of 9.5 W/cm? was
calculated for the Og/Ar oxidizer case, while a peak heat loss rate of
4.8 W/em? was calculated for the HoO oxidizer case.

8.1 INTRODUCTION

Combustion of powdered aluminum with steam is a potentially attractive propul-
sion system for torpedoes, because of the very high-energy density (energy per
unit volume) that can be achieved. Since the oxidizer can be taken from the
environment, on-board storage is required only for the aluminum propellant. A
study of potential torpedo propellant/oxidizer combinations including Al, Zr,
Mg, and Li metals, hydrocarbon fuels, and typical solid rocket propellants, and



oxidizers including HoO, H9O4, and LiClO4 found that the Al/HyO combina-~
tion had the highest theoretical performance of any combination considered [1].
Additional calculations by the authors showed that B/H30 and Be/H20O combi-
nations have higher specific energy than Al/H;0; however, boron and beryllium
are much less desirable fuels than aluminum in terms of cost and toxicity.

The concept of using aluminum combustion with seawater as a torpedo
propulsion system has existed at least since the early 1940s, and research on
this concept was conducted during the 1940s and continued through the early
1960s [1-5]. However, little past technical literature on the practical requirements
for such a system has been discovered by the authors. Of particular interest are
ignition requirements, combustor heat transfer, and residence time requirements
for the combustion of powdered aluminum with steam. It is assumed that steam
can be generated by using water as a combustor coolant, thus eliminating the
need for vaporizing water in the combustor.

The goal of the present study is to provide the information needed for de-
sign of a practical underwater propulsion system utilizing powdered aluminum
burned with steam. Experiments are being conducted in atmospheric pressure
dump combustors using argon/oxygen mixtures and steam as oxidizers. Spec-
trometer measurements have been made to estimate combustion temperatures
and radiant heat transfer rates, and samples of combustion products have been
collected to determine the composition and particle size distribution of the prod-
ucts.

8.2 BACKGROUND

The combustion equation for aluminum and oxygen is
2Al(s) + 3/2042(g) — AlyO3(s) — 404.08 kcal/g-mole (298 K, 1 atm)

The heat of combustion amounts to 7483 cal/g of aluminum fuel and the
adiabatic flame temperature calculated by the NASA chemical equilibrium pro-
gram [6] is 4005 K. The combustion equation for aluminum and steam is

2A1(s) + 3H20(g) — AlyOs3(s) + 3Ha(g) — 230.69 keal/g-mole (298 K, 1 atm)

The heat of combustion amounts to 4272 cal/g of aluminum fuel and the
adiabatic flame temperature calculated by the chemical equilibrium program is
3036 K. Thus, the heat released when aluminum is burned with steam is about
57% of the amount released when aluminum is burned with Os. Many experi-
mental investigations have been carried out on the combustion of aluminum in
atmospheres where the primary oxidizer was Og [7-16], and also in atmospheres
where the primary oxidizer was HoO and/or COy [16-19]. There is general



agreement in the literature that single aluminum particles burn with a detached
spherical flame surrounding a liquid aluminum drop, with the combustion rate
being limited by the rate at which heat and oxidizer can diffuse to the drop
surface. In recent work, the radial profiles of AIO and Al,O3 concentrations and
temperature have been measured around a single burning particle, confirming
this basic view of how single aluminum particles burn [15].

The consensus concerning combustion of dense clouds of aluminum particles
is not clear, owing to the difficulty in making measurements in these conditions.
In general, as the concentration of aluminum particles increases the ignition time
becomes less than that for a single particle at the same gas temperature, due
to the additional supply of heat from particles already burning. Conversely,
the burning time increases due to the depletion of oxidizer in the gas stream.
According to [19], at a gas temperature of 2400 K and 50 atm pressure, the
ignition time for 70 pum particles decreased from 5 ms to less than 1 ms when
the aluminum concentration was increased from 0%(wt.) to 10%(wt.), while the
burning time increased by a factor of 5-8.

Most sources agree that in order for an aluminum particle to ignite in an
oxygen atmosphere, its temperature must be raised above the Al;O3 melting
point (2327 + 6 K), since vaporization of the aluminum within is impeded by an
oxide coating formed on the particle surface. Previous research indicates that
the ignition temperature for aluminum particles in an HoO atmosphere may be
as low as 1600-1700 K [16, 18]. It has been suggested that the reduced ignition
temperature in HoO atmospheres may be due to formation of a less protective
hydroxide or hydrated oxide layer on the particle surface.

8.3 EXPERIMENTAL PROCEDURE

Experiments were performed in refractory lined atmospheric pressure dump com-
bustors. The inner diameter of the combustion chambers was 4 in., with a two-
or three-inch thick high-alumina heavy castable refractory lining. The nominal
aluminum powder flow rate was 5 g/s, for a nominal combustor heat release rate
of 155 kW when using Oy as oxidizer. Reynolds S—592 aluminum powder, with
a volume average particle size of 17.3 pum, was used as fuel. Initial tests were
performed using mixtures of 80%(wt.) Ar and 20%(wt.) Og as oxidizer and later
tests were performed using superheated steam as oxidizer. Aluminum powder
was supplied from a fluidized bed and was pumped into the combustor using an
annular ejector. Part of the oxidizer (either argon or steam) was used as the
ejector motive gas. The remaining oxidizer was added in the ejector tailpipe; so
the aluminum/oxidizer stream entering the combustion chamber was premixed.
Injection velocities of about 400 ft/s and 100 ft/s were used for the O2/Ar and
H>O oxidizer tests, respectively.
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Figure 8.1 Experimental aluminum combustor. I — injector, 2 — removable head
section, 3 — refractory lining, and 4 — optical ports

The O2/Ar oxidizer tests and initial steam oxidizer tests were carried out in a
24-inch long combustion chamber. It was found that the 24-inch long combustion
chamber did not provide enough residence time to complete combustion, so a
48-inch long combustion chamber was constructed. The 48-inch long combustor
is shown in Fig. 8.1. The combustor was constructed from 10-inch carbon steel
pipe with a 3-inch thick refractory lining. Eight sets of ports are provided at
6-inch spacing along the combustor axis for optical measurements and extraction
of combustion product samples. The combustor has a removable head section to
simplify cleanout of deposits between test runs. The premixed aluminum/steam
mixture enters through a stainless steel tube 0.745-inch in inner diameter. About
10% of the steam is not premixed with the aluminum, but is introduced through
an annulus surrounding the injection tube. This arrangement reduces melting
of the fuel and buildup of recirculated combustion products at the injector exit.
The combustor is cooled by water running over an external wick.

Argon and oxygen for Oy /Ar oxidizer tests were supplied from high-pressure
gas bottles. Steam for HyO oxidizer tests was supplied by a 150 psig electric
steam boiler and was superheated to 600 °F using electric heaters. To start
a HoO oxidizer test run, the steam flow was first set to the required rate for
the test condition. An amount of oxygen sufficient to complete combustion of
the aluminum was then mixed with the steam, and a flow of propane into the
combustor was initiated.

The combustor was ignited on propane. After a short period of operation on
propane, aluminum flow was started and the propane flow was turned off. Once
aluminum combustion was established, the oxygen flow was gradually decreased
until only operation on HyO could be sustained. Typically, one to two minutes
of aluminum firing on an Oy/HsO mixture was required before the combustor
was warmed up enough to make HyO only operation possible. Total duration of
test runs was usually about 10 min. Preheating was not required for test runs
using an Oz /Ar oxidizer.



8.4 RESULTS
8.4.1 Temperature and Radiation Intensity Measurements

Measurements of thermal radiation intensity were made in the wavelength range
from 400 to 800 nm using a scanning spectrometer. The measured intensity
distributions were then fitted to a gray-body intensity distribution using the
Levenberg-Marquardt method to provide an estimate of combustion tempera-
ture. The temperature thus estimated is an average radiating temperature with
contributions from AlyO3 particles, aluminum metal particles, gas emission, and
the combustor walls. Radiation from the Al,O3 particles is expected to domi-
nate, due to their high-temperature and surface area.

A typical intensity distribution measured during a test run using an Og/Ar
oxidizer is shown in Fig. 8.2. The best fit to a gray-body intensity distribution is
also shown. Spectra measured during combustion of aluminum with an Og/Ar
oxidizer typically had a considerable amount of structure at wavelengths shorter
than about 600 nm, which is attributed to gas emission from partial oxidation
products [20]. Due to the gas emission at the short wavelengths, the temperature
fitting procedure was applied only in the region between 600 and 760 nm for
Oz /Ar runs. Spectra measured during runs using an HoO oxidizer did not include
the short wavelength gas emission noted in the Og/Ar runs. A typical intensity
distribution measurement obtained during combustion of aluminum with an HoO
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oxidizer is shown in Fig. 8.3. For HyO oxidizer runs, the temperature fitting
procedure was applied in the region between 450 and 760 nm.

Temperatures estimated from the measured intensity distributions at each
port location during an Os/Ar oxidizer run in the 24-inch long combustor are
plotted in Fig. 8.4, along with the measured hemispherical emissive power in the
wavelength range from 425 to 800 nm. (The hemispherical emissive power, E, is
related to the radiant intensity, I, by £ = wl. Radiant intensity is also referred
to as radiance.) The stoichiometry, (O/F)/(O/F)s, for this run was about
1.10. The measured combustion temperature was about 2900 K, as compared to
an adiabatic flame temperature of about 3650 K. The intensity measurements
indicate that ignition occurs about 12 in. downstream from the injector. The
intensity is near its peak at the most downstream port location, which indicates
that combustion is still underway at that location.

Temperatures estimated from the measured intensity distributions at each
port location during an HsO oxidizer run in the 48-inch long combustor are
plotted in Fig. 8.5, along with the measured hemispherical emissive power in
the wavelength range from 400 to 800 nm. The stoichiometry for the HoO oxi-
dizer run was also about 1.10, based on the combustion reaction 2Al + 3H,O —
Al;O3 4+ 3H;. The measured combustion temperature was about 2500 K, as
compared to an adiabatic flame temperature of about 3050 K. The intensity
measurements indicate that ignition occurs about 18 in. downstream from the
injector. The intensity is highest in the region 33 to 39 in. downstream from
the injector, and is significantly lower at the most downstream port location,
indicating that combustion is mostly complete at that point.



The measurements indicate that the 24-inch long combustor does not provide
enough residence time to complete combustion using the Os/Ar oxidizer mixture.
On the other hand, the residence time in the 48-inch long combustor appears
to be adequate. Residence times were estimated by simultaneously measuring
the radiation intensities at two-port locations using photodiodes and recording
the signals at 10 kHz. The two signals were then cross-correlated to estimate
the time of flight between the two ports. For the Os/Ar oxidizer case in the
24-inch long combustor, intensities were measured at locations 14 and 20 in.
from the injector. The maximum cross-correlation occurred at a delay time of
6.5 ms, which corresponds to a velocity of about 77 ft/s. An estimated combustor
length, from the ignition point to the exit, of 12 in., yields a residence time of
about 13 ms. For the HyO oxidizer case, intensities were measured at 33 and
39 in. from the injector. The maximum cross-correlation occurred at a delay
time of 5.6 ms, which corresponds to a velocity of about 89 ft/s. An estimate of
combustor length, from the ignition point to the exit, is 24 in., corresponding to
a residence time of about 22 ms.

8.4.2 Combustion Products Particle Size and Composition

Samples of combustion products have been collected and analyzed for composi-
tion and particle size distribution for both Oy /Ar and H2O oxidizer runs. During
tests using Os/Ar oxidizer, which were all conducted in the 24-inch long com-
bustor, particle samples were collected from the exhaust plume outside the com-
bustor. A sample was analyzed by X-ray diffraction and determined to be > 80%
0-Al; O3 with no matches to any other phase including Al metal. It was later rec-
ognized that unburned aluminum exiting the combustor was afterburning with
atmospheric O9; during testing of the 48-inch long combustor, samples have been
collected either through the ports or through a water cooled probe so there is
no mixing with atmospheric Oz. No Os/Ar runs have been made in the 48-
inch combustor to date; so no particle samples without afterburning have been
collected for Og/Ar runs.

The first method used for sampling the combustion products in the 48-inch
long combustor was simultaneous extraction of samples through ports at seven
locations along the combustor axis. Samples were extracted by using a vacuum
source to draw gas through each port and across a filter. A sample collected by
this method at the most downstream location during an HoO oxidizer run was
analyzed by X-ray diffraction and found to contain significant amounts of a-,
0-, and #-Al,O3 along with aluminum metal. No phases containing hydrogen
were detected. It was determined that samples extracted through the ports
contained more Al;O3 particles and less unburned Al particles than the bulk
flow, probably because the much larger size of the unburned particles makes it



more difficult to divert them into the port. In order to overcome this problem, a
water-cooled sampling probe was constructed to allow extraction of samples at
the combustor centerline. The probe had an inner diameter of 5/16 in. and an
outside diameter of 7/8 in. First the probe was inserted from the downstream
end of the combustor and an argon purge was used to keep particles from entering
the probe until it was inserted to the desired depth. Then the purge was turned
off and the downstream end of the probe was opened to atmosphere so a stream
of the particle-laden combustion gas was directed through the probe. After the
test, the sample is recovered from the inside of the probe using a bottle brush.
We believe that this sampling method provides samples that are representative
of the bulk flow at the point where they are collected.

Samples were analyzed for unburned aluminum using the eudiometer meth-
od [21]. In this method, the sample is mixed with a potassium hydroxide (KOH)
solution. KOH reacts with aluminum to form potassium aluminate according to
the reaction

2A1 4+ 2KOH + 2H,0 — 2KAIlOs + 3H,

By measuring the volume of hydrogen gas evolved, the weight of aluminum
metal in the sample can be calculated. The eudiometer analysis provides a lower
limit estimate of the amount of unburned aluminum in the sample, since some
unburned aluminum could be coated with a layer of Al,O3 that would keep it
from reacting. For a sample collected using the water-cooled probe at a location
45 in. from the injector (3 in. from the exit) during an H»O oxidizer run with
stoichiometry of about 1.10, the eudiometer analysis indicated that the sample
was about 3%(wt.) unburned aluminum. Assuming that the remaining sample
is all AlyOg3, this corresponds to a combustion efficiency (aluminum burned /
total aluminum in sample) of about 95%.

Samples were analyzed for particle size distribution using a Horiba LA-900
laser light scattering instrument, with the particles suspended in a liquid water
medium. The measured particle size distribution of a typical sample collected
through a downstream port during a HoO oxidizer run is shown in Fig. 8.6.
The size distribution is bimodal, with the large diameter fraction consisting of
unburned fuel and the small diameter fraction consisting of AlO3. The small
diameter fraction contains about 65% of the particle volume. Using standard
values for the density of Al metal and AloOg, and assuming that all of the larger
diameter fraction is Al and all of the smaller size fraction is Al,Og, the estimated
weight fraction of unburned aluminum in this sample is 43%. The particle size
distribution for a sample of combustion products collected from the exhaust
plume outside the combustor during an Os/Ar oxidizer run is shown in Fig. 8.7.
Also shown in Fig. 8.7 is the distribution for the small diameter fraction of the
H5O oxidizer sample shown in Fig. 8.6. The mean particle size of the HoO com-
bustion products is about twice the mean size of the Oy /Ar products, 0.30 pm vs.
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remain in the high-temperature gas stream for several milliseconds without ig-
niting. Thus, the explanation for the observed size distribution is not clear.

8.4.3 General Observations on Combustor Operation

It was found that when using an Oy/Ar oxidizer stable combustion could be
maintained with cold combustor walls, while a warmup period of approximately
two minutes assisted with Oy was required when using the HoO oxidizer before
H50-only operation was possible. Apparently, with the lower heat release using
the HyO oxidizer, the recirculated combustion products do not stay hot enough
to ignite the incoming fuel when the combustor walls are cold.

Buildup of combustion products inside the combustor is a potential problem
for long-term combustor operation, although probably less so on a larger scale.
After about one hour of total test time in the 24-inch long combustion chamber
using the Og/Ar oxidizer, deposit buildup in the area upstream from the jet
attachment point (about the first 12 in.) had reduced the inner diameter from
the original 4 in. down to about 3 in. At the same time, in the area downstream
from the attachment point, the diameter increased to about 4.9 in. at the largest
point due to melting of the lining. After a few minutes of operation, a stream
of liquid Al;O3 would typically begin to drip from the open end of the com-
bustor.

In contrast, during operation of the 48-inch long combustor on the HyO
oxidizer, a fairly uniform coating of ash deposited along the entire length of
the combustor during each run. Deposits were removed between runs; so it
was not determined if the deposit would eventually reach a stable thickness.
Typically, about 25% of the total ash generated during a run remained inside
the combustor. The combustor lining remained below its melting point through
the entire length of the combustor. Melting of deposits was noted only in the
downstream end where the outer surface of a thick deposit layer would sometimes
begin to melt.

Plugging the injection port was a problem during operation of the 24-inch
long combustor. Through a combination of melting of the incoming fuel stream
and/or buildup of recirculated combustion products around the injection port,
the injector would often plug after a few minutes of operation. The plugging
problem was effectively eliminated in the design of the 48-inch long combustor
by introducing about 10% of the oxidizer through an annulus surrounding the
main premixed fuel/oxidizer stream. The annular flow keeps the recirculated
combustion products from coming in contact with the fuel stream at the injector
exit; however, the annular flow does not completely eliminate melting of the
incoming fuel stream, as liquid aluminum is sometimes observed dripping from
the injector at the conclusion of tests.



8.4.4 Analysis of Test Data

Measurements of combustion temperatures, radiation intensity distributions in
the range from 400 to 800 nm, and particle size distributions of combustion
products have been made for the reaction of aluminum powder with both O /Ar
and H2O oxidizers in atmospheric dump combustors. The fraction of unburned
aluminum in the combustion products was also determined for the HoO oxidizer
case. An analytical study was performed to determine if the measurements are
consistent with each other and with theory, and also to estimate the rate of
heat loss from the combustion products. A Monte Carlo technique was used to
determine the expected spectral energy distribution that would be emitted from
a viewport located in the side of a combustion chamber containing products of
aluminum combustion.

The combustion chamber was modeled as a 4-inch diameter and 12-inch long
cylinder with diffuse-gray walls at the AloO3 melting temperature of 2300 K and
with a uniform emissivity of 0.60. The viewport location was assumed to be at
the center of the cylindrical wall, i.e., 6 in. from either end. The combustion
chamber was filled with a uniform mixture of particles and combustion gas at
temperature T.. Using the measured particle size distribution of the combus-
tion products and the known aluminum and oxidizer flow rates, the particle size
distribution and number density in the combustor can be estimated. The values
of the complex index of refraction, n — ik, for liquid Al;O3 in the temperature
range from 2320 to 3000 K have been estimated from experimental measurements
and are tabulated in [22]. Mie scattering calculations were performed using the
assumed particle size distribution and optical constants, using algorithms pre-
sented in [23]. Mie scattering theory gives the spectral extinction and scattering
efficiencies for a single particle, from which the extinction and absorption coef-
ficients for the medium can be calculated. These coefficients can be used along
with Planck’s spectral energy distribution to determine the emissive power of
the medium. The particles were assumed to scatter isotropically. Emission and
absorption by the gas and by unburned aluminum particles were not considered.

For both the Oy/Ar and H2O oxidizer cases, the value of T, assumed in the
calculations was varied and an effective radiating temperature, T's;, was deter-
mined by fitting the radiation intensity distribution calculated by the computer
program to a gray-body distribution, using the same fitting procedure that was
employed for the test data. The value of T, was varied parametrically until the
value of T's; was reasonably close to the experimental value. Another parameter
in the calculations was the reactedness, R, the fraction of the aluminum fuel
converted to AloO3. For example, if R = 0.6 the particle loading is 60% of the
value for a completely burned mixture. Results of the calculations are shown in
Table 8.1.

The close agreement between the experimental values for eg¢, which is the
emissivity of a surface emitting the same radiation as that exiting the port,



Table 8.1 Comparison of Monte Carlo Radiation Calculations with Test Data

O2/Ar Oxidizer, (O/F) / (O/F)s =~ 1.10
Data for Port 6 (17" downstream from injector): Tsae = 2860 K, €5t = 0.51
Monte Carlo results, assuming 7. = 3050 K and R = 0.6: T's = 2842 K, e5¢ = 0.49
Calculated rate of heat loss from gas/particle mixture: Q= 9.5 W/cm®

H,0 Oxidizer, (O/F)/(O/F)s =~ 1.10

Data for Port 5 (337 downstream from injector): Tae = 2494 K, €5 = 0.84
Monte Carlo results, assuming 7. = 2575 K and R = 1.0: T'a = 2476 K, e5¢ = 0.82
Calculated rate of heat loss from gas/particle mixture: Q = 4.8 W/cm?

and the calculated values for eg; for both the Og/Ar oxidizer and HoO oxidizer
cases is an indication that the values adopted for the Al,O3 optical constants,
particle size distribution, and particle loading are close to the actual values.
The calculations indicate that the particle temperature is approximately 200 K
higher than the measured effective radiating temperature for the Oy /Ar oxidizer
case and approximately 100 K higher for the HoO oxidizer case. The calculated
radiant heat loss rates are for a uniform mixture at T, and correspond to the
area of the combustor where the radiation intensity is highest.

Based on the measured distribution of radiation intensity along the com-
bustor length, the average radiant heat loss rate for the entire combustor volume
for the O2/Ar case is estimated at about 4.0 W/cm?, corresponding to a total
radiant heat loss of about 20 kW or 160 cal/g of combustion products. Heat loss
of 160 cal/g, together with an estimated combustion products temperature of
3050 K, implies that the reactedness of the mixture is on the order of 60% to 70%.
The lower estimate of reactedness corresponds to a case in which the unburned
aluminum never ignited. The higher estimate of reactedness corresponds to a
case where the unburned aluminum is at the same temperature as the rest of the
mixture, which implies that it is in vapor phase. The actual reactedness should
fall between these two extremes.

For the HoO oxidizer case, the average radiant heat loss rate for the entire
combustor volume is estimated at about 1.9 W/cm?, corresponding to a total
radiant heat loss of about 19 kW, or 420 cal/g of combustion products. A heat
loss of 420 cal/g, together with an estimated combustion products temperature
of 2575 K, implies that the reactedness of the mixture is on the order of 85%
to 95%, depending on whether we assume that the unburned aluminum never
ignited or that the unburned aluminum is at the same temperature as the rest
of the mixture.

The calculations indicate that the experimental measurements are generally
consistent with each other and with theory. A more detailed analysis would be
required to model the variation in the radiation intensity and combustion tem-



perature along the length of the combustor, since these parameters are influenced
by the combustor flow pattern, aluminum ignition and burning times, and both
convective and radiant heat transfer rates.

8.5 CONCLUDING REMARKS

In this study, measurements of the combustion temperature, radiation intensity,
combustion products particle size distribution, and combustion efficiency have
been made for combustion of aluminum particles with steam in a small-scale
atmospheric dump combustor. This data will be useful for designers of com-
bustion chambers for burning of aluminum powder with steam.

To date, data have been obtained for only a very limited number of cases.
Additional measurements at a variety of conditions are needed to investigate
the effects of firing rate, stoichiometry, aluminum particle size, and chamber
pressure on combustion performance. A detailed theoretical combustion model
of the process including the combustor fluid dynamics, a particle ignition and
burning model, and heat transfer is needed to relate the measured combustion
performance to fundamental properties such as the particle ignition and burning
times and the radiation properties of the combustion products, which can then
be used for design of full-scale combustors.
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Chapter 9
ADVANCES IN ANALYTICAL DESCRIPTION

OF TURBULENT REACTING FLOWS

F.A. Jaberi, F. Mashayek, C. K. Madnia,
D.B. Taulbee, and P. Givi

An overview of the major accomplishments in analytical description of
turbulent combustion is presented. This deals with mathematical model-
ing and large-scale numerical simulation of chemically reacting turbulent
flows, with a particular emphasis on capturing physical phenomena. A
presentation of the primary findings in probability modeling of turbu-
lent combustion, large-eddy simulation of turbulent reactive flows, and
the development of turbulence closures for multiphase flows is made.
The role of direct numerical simulation in aiding the modeling activities
is also highlighted. Due to the nature of this overview, the procedur-
al details are not discussed but a reasonably updated bibliography is
furnished.

9.1 INTRODUCTION

Turbulent combustion remains as a very difficult, and perhaps the most impor-
tant, problem in chemical propulsion [1, 2]. The challenges in establishing a
thorough understanding of this phenomenon have been well recognized [3]. De-
spite being the subject of widespread research, there are many physical issues
in enhancing our understanding of turbulent combustion that are yet to be re-
solved. These issues are not only associated with turbulence, but also include
other phenomena such as chemistry of combustion, multiphase transport, scalar
mixing, thermal radiation, compressibility, etc. [4]. All of these have been sub-
jects of research on their own merits; they are substantially more difficult when
considered in conjunction with turbulent transport.

The authors’ efforts have been primarily involved in analytical description
of turbulent reacting flows. This involves both modeling and simulation. These



terminologies are now standard in turbulence literature. The first is primarily
based on statistical and/or stochastic descriptions and is the traditional means
of dealing with turbulence [5]. The second approach is along the lines of what
Givi [6] refers to as model-free simulation, but is also known as direct numeri-
cal simulation (DNS), full turbulence simulation, detailed numerical simulation,
etc. [7-10]. All of these refer to numerical simulations in which turbulence is fully
captured without resorting to statistical and stochastic modeling. Simulation
is not mathematically rigorous as there are certain elements of one approach
in the other. Also, there are other approaches which involve both methodolo-
gies [11].

Due to its nature, this review is solely devoted to authors’ achievements,
rather than the procedural details or review of other contributions. Conse-
quently, the discussions and the references are strongly biased towards authors’
work. Also, due to space limitations it is not possible to discuss all of the prob-
lems considered in the work; the discussions are limited to three problems which
constitute the basic theme of authors’ activities:

(i) probability density function (PDF) modeling in turbulent combustion,
(i) large-eddy simulation of turbulent reacting flows, and
(iii) statistical modeling of two-phase turbulent flows.

These are discussed in the next three sections, followed by some concluding
remarks.

9.2 PROBABILITY MODELING
IN TURBULENT COMBUSTION

Modeling of scalar fluctuations in “Reynolds averaged” equations of turbulent
reacting flows has been the subject of broad investigations since the early work
of Toor [12]. An approach which has proven particularly useful in such mod-
eling is based on the probability density function (PDF) or the joint PDF of
scalar quantities [13-16]. The systematic approach for determining the PDF
is by means of solving the transport equation governing its evolution. In this
equation, the effects of chemical reaction appear in a closed form, constituting
the primary advantage of the PDF schemes over other statistical procedures.
However, modeling is needed to account for the PDF transport in the composi-
tion domain, and there are extra dimensions associated with this domain which
must be considered. An alternative approach in PDF modeling is based on a
field-parameterization method in which the form of the PDF is “assumed” in
terms of its (finite) lower order moments. Obviously, this approach is ad hoc
but is justified in cases where there is strong evidence that the PDF adopts a
particular distribution [17].



Both of these modeling strategies have been considered in this research.
The first approach is preferred if an appropriate closure is available to account
for the molecular action. Traditionally the family of models based on the coa-
lescence/dispersion (C/D) closures [18-20] or linear mean square estimation
(LMSE) methods [13] also known as the IEM [21] (interaction by exchange with
the mean) closure have been employed. Although these closures are convenient
from the computational standpoint and can be effectively simulated via Monte
Carlo numerical methods [14], there are several drawbacks associated with these
closures [18]. Some of these drawbacks are overcome by the Amplitude Mapping
Closure (AMC) [22, 23], as shown in a number of validation assessments of the
AMC by comparison with extensive data obtained by direct numerical simulation
(DNS) [24-27], and laboratory experiments [28]. However, the authors have also
experienced that the following issues associated with the AMC require further
investigations:

(i) the single-point nature of the closure,
(ii) its numerical implementation especially in multivariate statistical analyses,
(iii) its ability to account for migration of scalar “bounds” as mixing proceeds.

The first problem is shared with C/D models and reflects the deficiency of the
approach in accounting for variations of turbulent length and time scales. The
other issues are exclusive to the AMC. Despite these problems, it has been found
that the AMC is very convenient for predicting the “limiting” rate of reactant
conversion in homogeneous reacting flows with initially segregated reactants. In
several laboratory experiments in such flows (such as plug flow reactors) [29] it
has been observed that the PDF of the mixture fraction evolves from a double-
delta distribution (indicating the initially nonpremixed reactants) to an asymp-
totic Gaussian distribution. The AMC predicts this evolution reasonably well
(albeit not exactly), and the authors have been able to provide an analytical
relation for the limiting rate of the mean reactant conversion via this model, the
results of which compare well with both laboratory and DNS data [26, 28, 30].
However, the AMC is constructed in such a way that the asymptotic PDF of
the mixture fraction becomes approximately Gaussian. It has been shown that
this behavior is not universal [31]; it is possible to establish other mixing sce-
narios with an asymptotic behavior other than Gaussian [27, 32]. Nevertheless,
the closed form relation obtained for the limiting rate of reactant conversion via
AMC works reasonably well even for cases in which the PDF does not relax to
a Gaussian state.

For engineering predictions, it has been argued that assumed PDF methods
are more practical than the PDF transport equation approach. This is not to
suggest the superiority of assumed methods. Rather, it is to encourage further
research on the first scheme before it can be implemented routinely. Therefore,



a part of the research has been devoted to investigating the properties of some
of the assumed PDF methods [26, 30, 33]. The general conclusion drawn from
these studies is that in cases where the AMC has proven useful, other approaches
based on parameterized PDF's are also effective. For example, in homogeneous
turbulence the family of PDF's based on the “Johnson Edgeworth Translation”
(JET) [34, 35] can also be used. In fact, the solution generated by the AMC [23]
for the problem of binary scalar mixing can be categorized as a member of the
JET family. Furthermore, due to established similarities of the JET with simpler
distributions belonging to the Pearson Family (PF) of PDF's [36], it can be argued
that the PF can also be considered as a viable alternative. This is somewhat
pleasing as there is a long history of the application of PDF's via PF in turbulent
combustion [37—40]. In most applications to date, this family has been used in
the form of Type I and Type II distributions. This is due to the flexibility of
this density in portraying bimodal distributions.

The authors have studied the properties of this density in detail [24, 33]
and have observed some similarities between the PF and the AMC as well as
some differences. Both these methods are utilized in the context of a single-point
closure. Therefore, in both cases the magnitudes of moments up to second order
must be provided externally. Also, neither method accounts for migration of the
scalar’s bounds as mixing proceeds. This is portrayed by the evolution of the
conditional statistics of the scalar; namely, the conditional expected dissipation
and the conditional expected diffusion [41, 42].

For equilibrium homogeneous flows, both closures are satisfactory regardless
of the magnitude of the equivalence ratio [24, 26]. However, the actual imple-
mentation of the AMC appears difficult in inhomogeneous flows [23]. In these
cases, the application of the PF is much more straightforward but obviously
cannot be justified rigorously. The corresponding multivariate form of this PDF
for multiscalar mixing is the Dirichlet frequency [43, 44]. This frequency, also
referred to as a joint Beta density, has been used in several applications [45—
47]. The general conclusion is that the Dirichlet frequency parameterized by
the scalar-energy can be recommended, but with caution! This density yields a
Beta frequency for the marginal PDF of each of the reactants. This univariate
frequency is applicable for statistical treatment of both frozen and equilibrium
flows. But the model does not yield a consistent limiting condition for equi-
librium flows. Moreover, the Dirichlet distribution for the two reactants does
not yield Damkohler invariant statistics for the mixture fraction. This is due to
the inability of the distribution to include all of the first- and the second-order
moments in its parameterization. This problem is well recognized in statistics
and biometric literature [48].

It is possible to construct a modified multivariate density which overcomes
this problem. However, the parameters of the model may not be algebraically
related to input moments (because the PDF may not be analytically integrated);
thus the model cannot be recommended for practical applications [49]. The other



known multivariate frequencies such as the joint Gaussian (and distributions
generated by other schemes [44]) do not share this problem; rather they do not
possess some of the required physical properties.

9.3 LARGE-EDDY SIMULATION
OF TURBULENT REACTING FLOWS

Since the early work of Smagorinsky [50], significant efforts have been devoted
to large-eddy simulation (LES) of turbulent flows [7, 51-56]. The most promi-
nent model has been the Smagorinsky-eddy viscosity closure which relates the
unknown subgrid-scale (SGS) Reynolds stresses to the local large-scale rate of
flow strain [57]. This viscosity is aimed at mimicking the dissipative behavior of
the unresolved small scales. The extensions to “dynamic” models [58-59] have
shown some improvements. This is particularly so in transitional flow simu-
lations where the dynamic evolutions of the empirical model “constant” result
in (somewhat) better predictions of the large-scale flow features.

It appears that Schumann [60] was one of the first to conduct LES of a
reacting flow. However, the assumption made in this work to neglect the con-
tribution of the SGS scalar fluctuations to the filtered reaction rate needs to be
justified for general applications. As indicated in section 9.2, the importance of
such fluctuations is well recognized in Reynolds averaged procedures. Therefore,
it is natural to believe that these fluctuations are also important in LES. This
issue has been the subject of broad investigation [61-76].

In authors’ research, the efforts were concentrated on the use of PDF meth-
ods for LES of turbulent combustion. This approach was suggested by Givi [6]
and its first application is due to Madnia and Givi [77]. In this work, the PF
distributions are assumed to characterize PDF of SGS scalars in homogeneous
turbulence under chemical equilibrium. This procedure was also used by Cook
and Riley [65]. The extension of assumed PDF methods for LES of nonequilibri-
um reacting shear flows is reported by Frankel et al. [78]. While the generated
results are encouraging, they do reveal the need for more systematic schemes
in which the transport of the PDF of SGS scalar quantities are considered.
Pope [79] introduced the concept of “filtered density function” (FDF) which is
essentially the PDF of SGS scalar variables. With the formal definition of the
FDF, Pope [79] demonstrates that the effects of chemical reaction appear in a
closed form in the FDF transport, thus making it a viable candidate for LES of
chemically reacting flows. Gao and O’Brien [64] develop a transport equation
for the FDF and offer several suggestions for modeling the unclosed terms in this
equation.

Colucci et al. [80] demonstrate that the FDF does indeed provide a very pow-
erful means of conducting reliable LES of turbulent combustion. In this work,



a modeled transport equation is developed for the FDF in which the unclosed
terms are modeled in a fashion similar to that in PDF methods [14, 16]. In
particular the LMSE closure is employed for modeling the SGS mixing and the
gradient diffusion approximation is used for SGS convection of the FDF. It is
also shown that the Lagrangian Monte Carlo scheme [14] provides the most con-
venient means of solving the FDF transport equation numerically. The scheme
is applied for LES of two- and three-dimensional flows under both nonreacting
and reacting conditions. The simulated results are compared with those based
on a “conventional” LES in which the effects of subgrid scalar fluctuations are
ignored (LES-FD), and those via DNS of flows with identical values of the phys-
ical parameters. The convergence of the Monte Carlo generated results and the
consistency of the FDF formulation are demonstrated by comparisons with the
LES-FD results of nonreacting flows. The superiority of the FDF over LES-FD
is demonstrated by detailed comparative assessments with DNS results of react-
ing flows. It is shown that the SGS scalar fluctuations impose a very significant
influence on the filtered reaction rate; the neglect of these fluctuations results in
overpredictions of the filtered reactant conversion rate. Thus the LES via FDF
is superior to LES-FD. The extension of the methodology for LES of variable
density turbulent reacting flows is also completed [81]. In doing so, the concept
of the “filtered mass density function” (FMDF) is introduced which is essentially
the density weighted FDF. An excellent agreement is observed between FMDF
and data obtained by DNS and laboratory experiments. The latest contributions
via FDF include LES of a turbulent round jet [82], and a methane/air planar jet
flame [83]. Currently, the FDF methodology is extended to also account for the
SGS of the velocity field [84].

The computational requirement for LES via FDF (or FMDF) is as expected,
more than that for conventional LES (LES-FD), but is significantly less than
that for DNS. The range of flow parameters (such as the Reynolds and the
Damkohler numbers) that can be considered by FDF is significantly larger than
can be treated by DNS, and the results are more accurate than those by LES—
FD. These comparisons could be made only in flows for which DNS was possible,
i.e., low Damkohler and Reynolds number values. At higher values of these
parameters, the computational cost of DNS would be exceedingly higher than
that of FDF. Thus for practical flows for which DNS is currently impossible,
FDF would be a good alternative.

9.4 TURBULENCE MODELING
IN TWO-PHASE FLOWS

Another important, but very complicated, issue in the theoretical description
of turbulent combustion is the phenomenon of “dispersion” of discrete particles



(liquid or solid) [85]. With the presence of such a dispersed phase in a turbulent
flow of a gas or liquid (the “carrier phase”), the physical complexities, due to
multiphase transport including the couplings between the various phases, make
the mathematical description of the problem very complex. Due to its inherent
physics, dispersion is best understood when analyzed in the Lagrangian con-
text [86]. This alone would make investigations via laboratory experiments very
challenging.

A variety of statistical models are available for predictions of multiphase
turbulent flows [85]. A large number of the “application oriented” investigations
are based on the Eulerian description utilizing turbulence closures for both the
dispersed and the carrier phases. The closure schemes for the carrier phase
are mostly limited to “Boussinesq” type approximations in conjunction with
modified forms of the conventional k—e model [87]. The models for the dispersed
phase are typically via the “Hinze-Tchen” algebraic relation [88] which relates
the eddy viscosity of the dispersed phase to that of the carrier phase. While
the simplicity of this model has promoted its use, its nonuniversality has been
widely recognized [88].

Authors’ efforts in this part of the work have been concentrated on devel-
oping turbulence closures for the statistical description of two-phase turbulent
flows. The primary emphasis is on development of models which are more rigor-
ous, but can be more easily employed. The main subjects of the modeling are the
Reynolds stresses (in both phases), the cross-correlation between the velocities of
the two phases, and the turbulent fluxes of the void fraction. Transport of an in-
compressible fluid (the carrier gas) laden with monosize particles (the dispersed
phase) is considered. The Stokes drag relation is used for phase interactions and
there is no mass transfer between the two phases. The particle—particle interac-
tions are neglected; the dispersed phase viscosity and pressure do not appear in
the particle momentum equation.

The models are of second order and are expressed via both: (I) differential
equations, and (IT) explicit algebraic equations. In (I), the operational proce-
dure requires the construction of transport equations for the second-order mo-
ments, and modeling of various terms in these transport equations. In (1), the
additional steps involve simplification of the transport differential equations to
implicit “algebraic equations,” and solution of the algebraic equations to generate
“explicit” algebraic models. The mathematical derivations in each of these steps
are rather involved but are detailed in [89, 90]. Here a brief outline is provided
of this procedure. The differential equations are obtained by standard averaging
of the governing equations of the dilute two-phase flow. Models are required for
the pressure—strain correlation, pressure—void fraction gradient correlation, and
pressure—dispersed phase velocity gradient correlation. To close these equations
the starting point in deriving a model for the fluid pressure-strain correlation is
the “Poisson’s equation” [91] which, for the two-phase flow, is obtained from the
carrier phase momentum equation. With imposition of the physical restrictions



(continuity, symmetry, and normalization [91]) a linear relation is obtained for
each of these correlations. The final model involves some additional empirical
constants, but the model reduces identically to those in [92, 93] in the limit of
single-phase flows. The authors could not find sufficient experimental data for
determination of the empirical constants appearing in the final second-order mo-
ment transport equations. Therefore, an extensive DNS of particle laden flows
was conducted in both isotropic and homogeneous shear flows [89, 94-101]. With
use of the data generated in these simulations, the values of the constants were
specified. The final model was further assessed by comparison with experimental
data [102] and encouraging agreements were observed.

Despite the excellent performance of the second-order differential closures,
their application for “routine” predictions of complex flows is not straightfor-
ward. Therefore, some time was devoted to development of “algebraic models.”
The procedure for deriving algebraic equations from the differential equations is
similar to that in single-phase flows [92, 93]. The primary assumption is that
the flow is in “equilibrium” state. With this assumption, the acceleration terms
in the normalized Reynolds stress equations vanish, yielding a set of coupled
algebraic equations for the second-order moments. The resulting algebraic equa-
tions can be used directly in conjunction with the mean equations. However,
the “implicit” form of these equations makes them inconvenient for actual com-
putations. This has been the primary factor in motivating the development of
explicit algebraic closures in single-phase flows [103]. To present the solution in
the explicit form, a rather liberal use of the “Cayley—Hamilton Theorem” (CHT)
was used [104]. The procedure is analogous to, but significantly more complex
than those in single-phase turbulent flows [71, 72, 79]. The complexity is due to
the fact that the Reynolds stress tensor is a function of “three tensors” (mean
strain, mean vorticity, and the fluid—particle velocity covariance) in contrast to
the case of a single-phase flow where the Reynolds stresses are dependent on only
two tensors (mean strain and mean vorticity). With the additional parameter,
new integrity basis and irreducible matrix polynomials must be specified. For
two-dimensional mean flows with three-dimensional turbulence, it has been pos-
sible to identify the integrity basis and the corresponding matrix polynomials.
By doing so, it has been possible to express the Reynolds stresses via a “finite”
set of polynomials in which the expansion coefficients are expressed explicitly.
While the mathematical derivation leading to the final equations is somewhat
involved, the final form of the model is easy to implement. The results predicted
by the model are observed to be very close to those via the differential equation
model and compare well with DNS and laboratory experiments.

The authors’ latest work on turbulence modeling of multiphase flow is via
PDF methods based on the recent kinetic equation model of Pozorski and
Minier [106]. This model is being applied for PDF modeling of evaporating
droplets, the results of which will be appraised via comparative assessments
against the DNS data bank [96-101] and laboratory data.



9.5 CONCLUDING REMARKS

There is clearly a strong need for further developments of analytical schemes
for description of turbulent reacting flows. Based on the authors’ work, as sum-
marized in this chapter and also recent contributions by others, there are some
suggestions for future work. These suggestions are outlined briefly in this section
together with a projection of achievements within the foreseeable future.

The authors feel that statistical methods are the most practical means of
predicting engineering turbulent reacting flows; PDF schemes remain the most
powerful tool in such predictions. The use of assumed PDF methods can be
justified in some cases, but the emphasis must be placed upon the PDF transport
equation. For that, improved closures are needed for the subcomponents of the
PDF model, together with inclusion of heterogeneous effects, complex geometry
(e.g., wall effects), thermal radiation, and development of improved schemes for
numerical solution of the PDF. Amongst these, modeling of molecular action
effects in scalar mixing requires special attention [107-109] as these effects are
present in simplest flows with absence of other physical complexities.

The encouraging results obtained by FDF (or FMDF) warrant further im-
provements and implementations of this methodology for a wider class of react-
ing flows. Future works should be concentrated on improvements of the closures
of various terms in the FDF transport equation, consideration of the velocity—
scalars, improvements of the numerical procedure for solving the FMDF trans-
port equations, and simulations of flames in complex geometries. With such
developments, it is conceivable that LES of reactive flows with realistic chem-
ical kinetics may be conducted for engineering applications in the near future,
if the computational overhead associated with the FDF can be tolerated. In
this regard the scalar FDF methodology is attractive in that the present Monte
Carlo solver can be used directly in commercially available CFD codes. Sim-
ilar to PDF methods, the closure problems associated with the FDF are the
correlations involving the velocity field (such as SGS stresses and mass fluxes).
This may be overcome by considering the joint velocity—scalar FDF similar to
that in PDF [110]. Several means of reducing the FDF’s computational require-
ments are possible; e.g., see [111]. In general, the FDF methodology will benefit
from ongoing and future improvements in PDF schemes from both modeling and
computational standpoints [112].

Further development of statistical closures, especially in the algebraic form,
is strongly recommended for description of two-phase flows. Of interest is in-
clusion of evaporation in the modeling strategies. It is expected that optimum
closures will remain at the level of single-point, one-time, second-order moment.
Consideration of differential transport equations for such moments appears to be
computationally excessive; so algebraic closures are expected to be more widely
utilized. These closures portray the simplicity of zero-order schemes, yet preserve
(some of) the capabilities of second-order closures. In more complicated flows, it



is not clear if these closures can be expressed explicitly. The degree of complex-
ity depends on the extent of polydispersity, flow compressibility, exothermicity,
and dimensionality amongst other factors. With optimal manipulation of CHT
(possibly augmented by an efficient use of symbolic computation procedures), it
may be possible to furnish an explicit solution to a model algebraic equation.
The “usefulness” of such a solution, however, must be established before it can
be recommended for routine predictions [113]. In some cases it might be better
to leave the closure, or a portion of it, in an implicit form if it does not cause
numerical stability problems.

Direct numerical simulation is expected to play a more dominant role for
analytical treatment of turbulent flames. In addition to capturing physical phe-
nomena, the authors feel that a very powerful role of DNS is its capability for
model validations. In fact, in most of our modeling activities, DNS has been
the primary means of verifying “specific” assumptions and/or approximations.
This is partially due to difficulties in laboratory measurements of some of the
correlations and also in setting configurations suitable for model assessments. Of
course, the overall evaluation of the “final” form of the model requires the use
of laboratory data for flows in which all of the complexities are present.
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Chapter 10

COUPLED TURBULENCE, RADIATION, AND SOOT
KINETICS EFFECTS IN STRONGLY RADIATING
NONPREMIXED FLAMES

P.E. DesJardin and S. H. Frankel

A computational study of coupled turbulence, chemistry, and radiation
interactions in an idealized strongly sooting and radiating nonpremixed
turbulent planar jet flame has been conducted. The two-dimensional,
density-weighted, spatially filtered compressible Navier—Stokes, energy
and species equations were numerically integrated using a second-order
time, fourth-order space accurate compact finite-difference scheme in the
context of the Large-Eddy Simulation (LES) technique. The subgrid-
scale (SGS) stress tensor, scalar flux vectors, and related subgrid corre-
lations were closed using the dynamic Smagorinsky turbulence model.
An idealized single-step, irreversible exothermic chemical reaction of the
type F+rO — (14 r)P with Arrhenius kinetics was employed. The
filtered chemical source terms were closed using a scale-similarity fil-
tered reaction rate SGS combustion model. An extension of the laminar
flamelet concept to soot in the form of a presumed soot volume fraction
state relationship was employed. The radiative transfer equation was
integrated using an Sy level discrete ordinates method and the gray gas
assumption. The results show that the LES model was able to capture
several unique features of strongly radiating turbulent flames consistent
with previous experimental and numerical observations, including the ef-
fects of radiative cooling on flame structure and the highly intermittent
behavior of the soot volume fraction.

10.1 NOMENCLATURE

Ay Chemical kinetics rate constant
c Speed of sound



C, Specific heat at constant volume

(& Specific heat at constant pressure
Ch Fuel-dependent soot constant

Cs Blackbody radiation constant

D Slot width

E Nondimensional radiative emission
E, Activation energy

hy, Enthalpy of formation (chemical energy) for the ith species
I Nondimensional radiative intensity
MW, Molecular weight of the ith species
Total number of species
Oxidizer species
Product species
Stoichiometric ratio of oxidizer to fuel
Gas constant (Re/MW wix)
e Universal gas constant
rad Radiation source term
Unit vector

HN»O I ™ v =

Nondimensional temperature
Weighting factor for DOM
Mixture fraction

g

N

Greek Symbols

Kp Nondimensional Planck mean absorption coefficient
P Nondimensional density
AU Difference between the core and co-flow velocities

&, mi, ni  Directional cosines for the ¢th direction discrete ordinate

10.2 INTRODUCTION

Future combustion devices may burn alternative fuels with higher carbon-to-
hydrogen ratios and operate at higher pressures. The combustion of such fuels
under these conditions will result in more intense turbulence, higher levels of
soot, formation, and the associated increase in radiative heat loss compared to
more traditional fuels burned at lower pressures. Depending upon the design
objectives, it may be desirable to control soot levels using predictive capabilities.



In numerical modeling of soot emissions in strongly radiating turbulent
flames, it is important to accurately account for the coupling between turbu-
lent mixing, finite-rate combustion and soot chemistry, and radiation effects due
to the highly nonlinear behavior of these phenomena [1]. Traditional modeling
approaches based on moment methods have difficulties because of a lack of de-
tailed, e.g., temporally and spatially resolved, information or accurate models
to account for turbulence—chemistry-radiation interactions [2]. Several recent
efforts have begun to address some of these coupling effects (see citations in [3]),
but transient simulations are still needed.

In Large-Eddy Simulation (LES), the conservation equations are spatially
filtered to remove small scales and therefore they only describe the space and
time dependence of the large or resolved scales. As a result of this filtering oper-
ation, nonlinear terms generate unknown SGS correlations which require closure
models. One of the major obstacles to applying LES to turbulent combustion is
related to closure of the filtered reaction rate term, which appears in the filtered
species mass fractions and energy conservation equations [4]. The flame thick-
ness is typically smaller than the smallest resolved scales, making this problem
even more difficult. There have been several recent efforts reported in the lit-
erature directed at this subgrid closure problem. These have included assumed
probability density function (PDF) methods [5, 6], eddy breakup models [7, 8],
linear eddy modeling [9, 10], laminar flamelet models [11, 12], and PDF trans-
port methods [13]. Each method has its advantages and disadvantages, but there
is a considerable need for improvement.

Recently, both scale-similarity and dynamic modeling ideas have dominated
the nonreacting LES literature (see [14] for recent review). Scale-similarity as-
sumes that the largest of the unresolved scales, which contain most of the SGS
energy, have a similar structure to the smallest of the resolved scales. A model
for the SGS stress tensor could then be constructed from the stress computed
from the resolved field. The dynamic modeling approach involves filtering the
grid-scale field with a larger filter width and relating SGS stresses at the two
levels via Germano’s identity to allow direct evaluation of SGS model constants.
The scale-similarity and dynamic modeling ideas have been very useful in SGS
modeling for nonreacting flows and need to be exploited in LES of reacting flows.

The focus of the present study is to develop and apply the LES tech-
nique to strongly radiating turbulent jet flames in order to address issues re-
lated to turbulence—chemistry-radiation interactions. The present study is re-
stricted to planar, two-dimensional jets in the near-field region. The assumption
of two-dimensional flow precludes the vortex stretching mechanism and three-
dimensional structure, but does allow for enhanced mixing, coherent structures,
and unpredictability, which are important features of turbulent flows [15]. It also
makes the LES calculations more affordable, allowing for comparison to direct
numerical simulations in simple cases, and is generally considered to be a logical
first step in the simulation of turbulent flows [16]. In addition, near-field tran-



sitional mixing in turbulent jets is thought to be dominated by two-dimensional,
large-scale coherent structures, which are captured in the simulations.

The rest of the paper is organized as follows. In the next three sections,
details of the LES models, the soot and radiation models, and the computational
details are presented. The key results of the study follow. The conclusions of
the study are then summarized.

10.3 LES MODELS

The physics of the problem under study is assumed to be governed by the com-
pressible form of the Favre-filtered Navier—Stokes energy and species equations
for an ideal gas mixture with constant specific heats, temperature-dependent
transport properties, and equal diffusion coefficients. The molecular Schmidt,
Prandtl, and Lewis numbers are set equal to 1.0, 0.7, and 1.43, respectively [17].

The SGS turbulence model employed is the compressible form of the dynamic
Smagorinsky model [17, 18]. The SGS combustion model involves a direct closure
of the filtered reaction rate using the scale-similarity filtered reaction rate model.
Derivation of the model starts with the reaction rate for the ith species, w ;"”,
which represents the volumetric rate of formation or consumption of a species
due to chemical reaction and appears as a source term on the right hand side of
the species conservation equations:

wi"=w " (p, T, Y1,Ys, ..., Yy) (10.1)

where p, T, and Y; are the density, temperature, and ith species mass fraction,
respectively, and n is the total number of species in the mixture. In LES, the
spatially filtered species conservation equations involve evaluation of the filtered
(indicated by overbar) reaction rate:

wi"=w"(p,T,Y1, Y ..., Y,) (10.2)

This term is decomposed as:

wi”/:wi//,<;7faﬁ7?/27"'7?;l>
+ w " (P> T7 Y17 Y2a R Yn) - w " (Ea T) ,Y\/h },/:/Qa tet {/\;l) (103)
WsGS

where ¢ is a Favre-filtered variable defined as %/E This decomposition breaks
the filtered reaction rate into a filtered large-scale and SGS contribution. The
underbraced term, wggs, represents the contribution of SGS fluctuations and



requires a model. To develop a closure for this term, the above expression is
filtered again at the same filter level resulting in:

w" = w" (;7 T,Y1, Yo ..., Yn) + Wsas (10.4)

and then expressed in terms of large-scale and SGS contributions to the twice-
filtered reaction rate, using the same decomposition strategy as in Eq. (10.3):

O (;fﬁgfn)

b 00 (0 T Ve Voo V) = (;, 7 V. Vo ... yn) +osas (10.5)

Loy
where 5 is computed as ;5/ ; and the underbraced term represents the con-
tribution of the resolved fluctuations to the twice-filtered reaction rate and is
denoted as L. Invoking scale-similarity one can assume that:

WsGs — Kﬁw (10.6)

where K is a model coefficient chosen equal to 1 [17]. The final form for the
filtered reaction rate is:

WM = wi”/(;,f,ﬁ,%,...,ﬁ)

+K<wi///<;7f7/y\]/.7}7/27'--7yn>_ WLNI(;>T7)//\]/.7}7/277§\;L>)(107)

Physically, this closure attempts to model the effect of SGS fluctuations on the
filtered reaction rate by assuming that the largest of the SGS are dynamically
similar to the smallest of the resolved scales. The influence of the smallest
eddies, in particular Kolmogorov eddies, on the filtered reaction rate is assumed
negligible because the large viscosity in the flame tends to rapidly dissipate these
scales [19]. Further discussion and assessment of this model with comparisons
to other SGS combustion closures and DNS results can be found in [17].

10.4 SOOT AND RADIATION MODELS

Soot formation is a complicated process involving nucleation, surface growth,
particle coagulation, and oxidation [20]. These processes pose a great challenge



to the development of simplified chem-
ical reaction kinetics mechanisms. In
this study, the soot model involves a
direct extension of the laminar flamelet
concept through the use of a soot vol-
ume fraction state relationship, e.g.,
fo(Z) (f, denotes the soot volume
fraction and Z is the gas-phase mix-

' ture fraction in a locally homogeneous
08 1.0 flow approximation [21]). The form of
the soot volume fraction state relation-
ship used in this study is presented in
Fig. 10.1, which represents a fit to the
type of scatter observed in soot mea-
surements in laminar flames [2, 22].
Previous work has shown this model to
be effective in the over-fire region of turbulent flames [2, 23] and was in qual-
itative agreement with results obtained using a soot transport and finite-rate
kinetics model [3]. In this study, the location of the peak value of the soot
volume fraction in mixture fraction space, Z = 0.3, is exaggerated towards the
rich side of stoichiometric, Z4 = 0.07. This is done to increase soot levels for
the mixing environment produced in the present jet simulations. The filtered by
convoluting the state relationship with a presumed SGS filtered density function
for mixture fraction. Here, a Dirac delta function is used which does not account
for SGS mixture fraction fluctuations.

Luminous thermal radiation from soot is treated by solving the filtered ra-
diative transfer equation (FRTE) for a nonscattering, gray gas using an Sy level
discrete ordinates method (DOM) with open-boundary conditions [24]. The gray
gas assumption for the absorption and the S, approximation allows for more ef-
ficient computations and is consistent with previous studies [25]. The discrete
radiative transfer equation is nondimensionalized by the quantity, 0To*, where
o (=5.67-10"8 W/(m2K?)) is the Stefan-Boltzmann constant. This equation
is then spatially filtered resulting in the following nondimensional form of the
FRTE:

Figure 10.1 Soot volume fraction state
relationship used in LES

oI, 0l ol; T
fia—x +77ia—y+,ui$—fip (7—Iz'> (10.8)

where xp is the Planck mean absorption coefficient and 72» is the discrete ver-
sion of the local filtered radiation intensity for the ith discrete ordinate direc-
tion [24]. Here, kp = K f, T, where K = 3.83DT(Cy/Cy = 1863DT) is a nondi-
mensional parameter chosen as 10000, consistent with the conditions of typical
turbulent flames. The constants Cy ( = 7) and Cy ( = 0.014388 m-K) are the



fuel dependent soot constant and the second Planck-mean coefficient [24], re-
spectively. The Boltzmann number, Bo = poC,, AU/(cTo3), which is the ratio
of the convective-to-radiative heat fluxes, is chosen as 2000. The nondimen-
sional discrete version of the radiation source term that appears in the energy
conservation equation is:

1

m —4I{PT4 + Z wmpfi (/8\1) (109)

i=1

@rud =

where w; are the quadrature weights associated with the m directions of §; [24].
The parameters M (= AU/¢g) and v (= C,,/C,) are the reference Mach number
and specific heat ratio, which are set at 0.3 and 1.4, respectively.

As a first step, SGS turbulence-radiation interactions associated with the
nonlinear correlations in Egs. (10.8) and (10.9) are neglected, thus:

L oL o (s
" Ox ”’ay Hitg, =P\ & !

— EP T4 s T o~
rad = 55 | 4T L (55 10.1
Ot oy Sy | 4T3 w60 (10.10)

rp=Kf,T ~Kf,T

10.5 COMPUTATIONAL DETAILS

The flow involves fuel, F', issuing from a central slot of width D with an oxidizer,
O, co-flow with both streams at the reference temperature, Ty. A global single-
step, irreversible, exothermic chemical reaction of the type F' +rO — (1 +r)P
with an Arrhenius reaction rate coefficient is assumed. A hot layer of combustion
products, P, at the inlet serves to separate the fuel and oxidizer streams and
acts as an ignition source. The inlet conditions for the velocity, temperature,
and composition are shown in Fig. 10.2. The ratio of the inlet velocities of the
fuel to oxidizer streams is chosen as 4. Inlet velocity forcing is used to induce
early roll-up and pairing of the jet shear layer vortices.

The governing equations are nondimensionalized using the fuel slot width,
D, the difference between the inlet fuel and oxidizer velocities, AU, and T.
The jet Reynolds number, Re = DAUpgy/uo, where py and pg are the refer-
ence density and viscosity, respectively, is chosen as 5000. The nondimensional
Damkéhler (Da = DpoAys/(AUMW o)), Zel'dovich (Ze = E,/(RT)y), and heat
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Figure 10.2 Inlet conditions, computational domain, and mesh used in the LES

release parameter (Ce = —h° s, (C,T)o~ ! = (Taa — T0)/To) are chosen as 10,
5, and 5, respectively, where T,4 is the adiabatic flame temperature. The stoi-
chiometric oxidizer-to-fuel mass ratio, r, is chosen as 13.2 to mimic acetylene—air
combustion.

The LES equations are numerically integrated using an explicit second-order
time, fourth-order space accurate compact finite-difference scheme [26]. The
computational domain extends 15 slot widths in the axial direction and 10 slot
widths in the transverse direction and is discretized with a 101 x 75 LES nonuni-
form grid, as shown in Fig. 10.2. Box filtering is employed with grid-filter width
twice the grid size and test-filter width four times the grid size. No attempt
has been made to explicitly account for the commutation errors associated with
the filtering and differentiation operators. Navier—Stokes low-reflection charac-
teristic boundary conditions for multicomponent reacting flow are employed on
all sides of the computational domain [27].

In the next section, LES results are presented and discussed for cases both
with and without the effects of radiation. Qualitative comparisons to laboratory
data are made when possible.

10.6 RESULTS AND DISCUSSION

An instantaneous snapshot of the jet showing soot volume fraction contours and
radiation heat flux vectors is shown in Fig. 10.3. The soot forms immediately
downstream of the jet exit as a result of the mixing controlled soot formation
model. The soot appears in thin streaks in physical space which is consistent with
previous experimental observations [2]. The radiation heat flux vectors are seen
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Figure 10.3 Instantaneous soot volume fraction contour plot with radiation heat
flux vectors

to be emanating from the soot layer and are minimum in the central region of the
fuel jet. In Figs. 10.4a and 10.4b, the mean (T") and RMS temperature o1 profiles
at several different downstream locations are shown, both with and without the
effects of radiation. Radiative cooling lowers the mean flame temperatures. This
lowers the molecular viscosity and increases large-scale mixing in the jet, which
would tend to increase temperature RMS levels near the flame zones. Also
notice that the transverse location of the peak mean temperature corresponds to
the minimum in the temperature RMS due to the laminarization effect of heat
release. In addition, radiative cooling selectively attenuates high temperatures,
which tends to decrease temperature RMS levels outside the flame zones. The
enhanced mixing with radiative cooling can be seen in Fig. 10.5, which shows an
increase in the vorticity thickness ¢, with radiation.

To examine the effects of radiative cooling on the flame structure, instan-
taneous scatter plots of temperature and reaction rate are plotted in Figs. 10.6
and 10.7, respectively, without and with radiation. These plots are constructed
by collecting numerical data at several locations in the jet flame over a pe-
riod of time. Figures 10.6a and 10.7¢ demonstrate turbulence—chemistry in-
teractions without radiation effects. Figures 10.60 and 10.7b show effects of
radiative cooling causing a depression in the temperature scatter in regions
where the soot levels are high, showing how soot acts as an enthalpy sink.
These regions radiate energy received from the flame via diffusion. This re-
sults in a unique flame structure for strongly radiating flames, first reported
and discussed in [22]. As a result of the decrease in flame temperature due
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Figure 10.4 Transverse profiles of (a) mean and (b) RMS nondimensional temper-
ature at five axial locations without (1) and with (2) radiation



to radiative cooling, the chemical re-
action rate is partly suppressed, as
shown in Fig. 10.7. The observed in-
crease in reaction rates with radia-
tion is due to an increase in density
and large-scale mixing. Consequently,
product formation is diminished with
radiation due to the lower reaction
rates, but is also enhanced due to the
increase in reaction rates. The net ef-
fect of these trends can be observed in
the product thickness d,, plot shown
in Fig. 10.8, which highlights the
importance of chemistry-radiation
interactions in this strongly radiating
flame.

Figure
ity thickness vs. streamwise distance with-
out (1) and with (2) radiation

10.5

Inlet-normalized vortic-

The transverse profiles of the mean and RMS of the soot volume fraction
are shown at the same axial locations in Fig. 10.9. The figure shows that soot
fluctuations are larger or on the same order as the mean. These behaviors are in
qualitative agreement with several previous experimental and numerical studies
of strongly radiating turbulent flames [3, 28-30]. This highly intermittent behav-
ior is suggestive of long-tailed PDFs, high kurtosis, short integral scales, and a
flat power spectrum [29]. Similar behavior for soot volume fraction statistics has
been observed in homogeneous turbulence simulations of strongly radiating non-
premixed flames using finite-rate soot chemistry and therefore is not an artifact
of the soot volume fraction state relationship used here [3].
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Figure 10.6 Instantaneous scatter plot of nondimensional temperature vs. mixture
fraction: (a) without radiation; (b) with radiation
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Figure 10.7 Instantaneous scatter plot of nondimensional reaction rate vs. mixture
fraction: (a) without radiation; (b) with radiation
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Figure 10.8 Inlet-normalized product
thickness vs. streamwise distance without
(1) and with (2) radiation

In order to examine the effects of
large-scale turbulence-radiation inter-
actions, transverse profiles of the time-
averaged radiative emission and the
radiative emission expressed in terms
of the time-averaged temperature and
Planck mean soot absorption coeffi-
cient at several axial locations are
shown in Fig. 10.10. The absolute
value of the nondimensional radiative
emission term is defined as E =
4kpT*/(Bo(y — 1)M?). From this fig-
ure, neglecting large-scale turbulence—
radiation interactions results in a se-
vere underprediction of the mean ra-
diative emission term, suggesting that

they need to be accounted for in strongly radiating flame computations. This is
due to the nonlinear dependence of the radiation source/sink term on the soot

volume fraction and temperature.

10.7 CONCLUDING REMARKS

The interaction between turbulence, chemistry, and radiation from soot in a two-
dimensional, planar jet diffusion flame was investigated using LES. A dynamic
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SGS turbulence model and a scale-similarity filtered reaction rate SGS com-
bustion model were employed to close the governing equations. The calculations
involved a soot volume fraction state relationship model and a discrete ordinates
method solution of the radiative transfer equation for a gray gas. The effects of
radiative cooling on flame structure and soot statistics were studied. Compar-
isons were made to the case without radiation. The results showed that radiative
cooling lowered mean flame temperatures. Radiative cooling increased RMS tem-
perature levels in certain regions of the flame due to lower viscosity and more
large-scale mixing, and decreased RMS temperature levels in other regions of the
flame due to selective attenuation of high temperatures. A unique flame struc-
ture, showing an inflection point in the temperature vs. mixture fraction scatter
plot, previously discussed by [22], due to radiative cooling in high-soot regions,
was observed. The effect of radiation on reaction rates and product formation ob-
served herein was twofold. First, radiative cooling lowered reaction rates due to
lower temperatures, which decreased product formation for /D < 10. Second,
radiative cooling tended to increase the reaction rate due to higher density and
enhanced large-scale mixing, which increased product formation for z/D > 10.
The soot volume fraction exhibited a highly intermittent behavior, showing
RMS levels greater than the mean. Finally, significant underprediction in the
calculation of the mean radiative emission term was observed when large-scale
turbulence-radiation interactions were neglected. Future work should involve
simulation of more realistic turbulent flames, include the effects of soot transport
and finite-rate soot chemistry, and address subgrid-scale modeling of turbulence—
soot-radiation interactions such as begun in the companion study in [3].
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Chapter 11

VORTICITY AND ENTRAINMENT IN A JET
SUBJECTED TO OFF-SOURCE VOLUMETRIC
HEATING

A. J. Basu and R. Narasimha

The effect of volumetric heating on the distribution of vorticity and the
entrainment characteristics of a temporally evolving jet has been inves-
tigated. The data from a set of 1283 simulations have been used for this
purpose. The simulations show very good qualitative similarity with ex-
periments on a jet subjected to volumetric heat injection between two
chosen diametral stations. In addition, it is shown that the baroclinic
torque resulting from heating enhances the vorticity dramatically in all
three directions, with a preferential amplification at the higher wavenum-
bers that results in a rich fine structure at later times in the evolution
of the jet. Large expulsive motions are seen in the ambient fluid near
the heated flow; this results in an entraining velocity field that is quali-
tatively different from that around unheated turbulent jets.

11.1 INTRODUCTION

Entrainment and mixing are problems of major concern when one attempts to
understand, control, or model combustion flows in air-breathing propulsion sys-
tems, as well as in such geophysical problems as the evolution of clouds. A
variety of experimental studies carried out in recent years have illuminated the
connections between the coherent structures found in turbulent shear flows and
entrainment, chemical reaction, and combustion [1-3]. It is important to realize
that in experiments on reacting flows, the heat released is a result of chemi-
cal reactions, and that the rate of such reactions is determined by the amount
of mizing (in the sense of molecule-to-molecule interaction) that takes place.
The mixing itself depends on — and in turn affects, through the chemical reac-
tion — the structure of turbulence in the flow. Turbulence, mixing, and reaction
therefore form a tightly coupled system. To understand the mutual influences in



such a complex problem, there is need for considering a flow situation in which
this cyclical connection between mixing, combustion, and heat release can be
broken, and one may focus on the specific effect on turbulence of substantial
amounts of heat release. With this objective in view, a series of simulations have
been performed here using a pseudospectral method to compute the evolution
of a jet-like flow with volumetric heat injection.

This disassociation of the heat release from chemical reaction enables the
investigation of the effect of heating on mixing, the two together accounting
for the dynamics of turbulence in reacting flows. Such a separation permits
the use of the Boussinesq approximation, which is not directly applicable to
most combustion problems, but describes what may be an important ingredient
of mutual influences. Interestingly, the Boussinesq approximation happens to
be quite realistic in many geophysical applications (see, e.g., [4]). Furthermore,
recent experimental work on such flows ([5] and [6]) can provide a basis for mutual
validation and enhanced understanding. The studies by Bhat and Narasimha [6],
which are of great relevance here, have been performed over a Reynolds number
range (based on initial jet diameter and velocity) of 1360 to 3200, which are low
enough to be computed using the Direct Numerical Simulation (DNS) technique.
The jets studied in [6] are, however, spatially evolving, and so direct quantitative
comparisons with those experiments cannot be made. It is gratifying, however,
that strong qualitative similarities with the experiments have been observed in
the present simulations.

The experimental studies show that heating accelerates the flow and arrests
jet growth; absolute values of turbulence intensity increase but not as rapidly as
the mean velocities. So, normalized turbulence intensities are lower. The effects
of the amount of heating and its distribution on the evolution of the computed
jet have been previously reported in [7]. These results show all the qualitative
features that have been found in the experiments. In this paper, the findings
of the study related to the effects of heat release on the vortical structure and
entrainment characteristics of the jet are described.

11.2 NUMERICAL METHOD

The temporal development of a cylindrical mixing layer under local volumetric
heating is investigated. It is assumed that the Boussinesq approximation is valid
in the given situation — that is, density changes in the flow (because of heating)
introduce a buoyancy term in the momentum equation, and the changes in the
inertial terms or the values of the transport parameters are negligible (see [4]
for a critical discussion of this approximation). The heat deposited into the flow
appears as a source term in the energy equation. The governing equations for
the problem are therefore



V-V =0 (11.1)
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where p is the density of the fluid, v the kinematic viscosity, p the pressure, V
the velocity vector, g the acceleration due to gravity, a the coefficient of thermal
expansion, x the thermal diffusivity, J the rate of heat addition per unit volume,
¢p the specific heat at constant pressure, and 7" is the change in temperature
above ambient.

Equations (11.1)—(11.3) respectively express conservation of mass, momen-
tum, and energy. To nondimensionalize these equations, the initial diameter dg,
the initial centreline velocity Uy, and a characteristic temperature difference T
are used as scales. If the heat is deposited uniformly over a unit volume at a
constant rate J, for a total time t;, into the flow, Ty may be defined as the
resultant net temperature change that would result if this heat was deposited:
Ty = Jtn/pep.

Nondimensionalizing the energy equation based on the above characteristic
quantities (using * for nondimensional variables), one obtains:

oT* 1 do
VT = ——V2T* + —— 114
o= TVV) Repr” L YUY (r) (11.4)

where Re = Ugdp /v is the Reynolds number, Pr = v/« is the Prandtl number,
and g(r) is a prescribed radial distribution function.
Similarly, nondimensionalizing the momentum equations, one obtains:

ov* 1 _o
*. *:_ * _ * * 11.
e + (V*V)V Vp +Rev V*+ GC,T (11.5)
where
gadp? J
= — 11.
G pey Und (11.6)

and dj,, Uy, are respectively the relevant length and velocity scales in the heating
region. Now G is a heating parameter that is analogous to the nondimension-
al heat release number introduced by Bhat and Narasimha [6], except that
Eq. (11.6) incorporates a modification to take account of the fact that in the
present simulation the heat release occurs over a finite duration ¢; in time, and
not over a finite region in space as in [6]. Either version of G is a measure of
the ratio of buoyancy to inertia forces, like the Richardson number. The other
nondimensional parameter in Eq. (11.5) is

o, = Untndo (Un),
ML d, \ Uy




whose value will remain constant during the present study. (This corresponds
to fixing the spatial region over which heat is added in a real jet.)

Since G and C}, appear only as a product, G* = GC, is used as the relevant
nondimensional parameter governing heat release in the present studies. The
other governing parameters for this flow are Re and Pr, along with the precise
strength and distribution of the source term in the energy equation.

Equations (11.4) and (11.5) are solved, along with the continuity equation
(which does not change upon nondimensionalization), in a Cartesian coordinate
system using the Fourier—Galerkin (spectral) technique under periodic boundary
conditions in all three space dimensions. The scheme is similar to that used by
Orszag [8] for direct solution of the incompressible Navier—-Stokes equations.
More details can be found in [9] and [7], and the scheme may be considered to
be “pseudospectral.”

Small errors in computation that may result in pockets of small negative
temperature 7™ can have disastrous effects here since temperature is an active
scalar, and influences the flow directly (unlike passive scalars like dye concen-
tration). To maintain positivity of temperature, a simple procedure used by
Riley et al. [10] is followed, which merely involves setting any small negative
temperature that may arise to zero at every time step. It has been shown [10]
that one is still able to get superalgebraic convergence using this simple filter.

The initial conditions for the velocity components are set up so that there
is a tubular shear layer aligned along the z-direction at time ¢ = 0. The w-
velocity has a top-hat profile with a tan-hyperbolic shear layer. Streamwise and
azimuthal perturbations are introduced to expedite roll-up and the development
of the Widnall instability. The details can be found in [7]. The initial velocity
field is made divergence-free using the Helmholtz decomposition. The size of the
computational domain (one periodic cubical box) is 4dy on each side.

11.3 EFFECT OF HEATING ON VORTICITY

In order to examine in detail the effect of heating on vorticity, two simulations
based on the 1283 grid are considered specifically. The first case is an unheated
jet whose evolution has been computed up to nondimensional time ¢t = 40; in
the other case, heat is applied between the times ¢t = 25 and ¢ = 32 and the flow
evolution is computed up to ¢t = 35. The relevant parameters for the computa-
tions are Re = 1600, Pr = 7, G* = 0.04. The time step used for computing the
evolution of the unheated jet is At = 0.0025, whereas for the heated jet it has
been reduced to At = 0.00125.

The vorticity transport equation can be obtained by taking the curl of
Eq. (11.2):
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where the terms on the left are familiar from classical, incompressible flow theory.
The term on the right is a source of vorticity; it arises from the baroclinic torque
VpxVp when the pressure gradient Vp is replaced by its value in the hydrostatic
approximation, and the density gradient Vp by the temperature gradient, to
which it is proportional in the approximation used.

By decomposing the vorticity into a mean @ and a fluctuation w’, the mean
baroclinic generation terms are

ag @ oT

T M (118)

for w,, Wy, and w,, respectively.

11.3.1 Vorticity Components

The effect of heating on the azimuthal and streamwise components of the vortic-
ity field is shown in Fig. 11.1; the effect on the radial component is comparable
to that on the azimuthal component, and is therefore not separately shown. The
vorticity distributions at the same nondimensional time ¢t = 35 are plotted side
by side for the unheated and heated case for each component. The positive and
negative values of vorticity are shown by solid and dotted lines, respectively.

The dramatic effect of heating on the vortical structures is quite evident from
Fig. 11.1. There is a large overall increase in vorticity strength in the flow, along
with the emergence of intense small-scale structures. In general, the vorticity
field with heating reveals much less organization than the unheated case.

11.3.2 Enstrophy

To quantify the vorticity increases due to heating, the total enstrophy and also
the enstrophies corresponding to the azimuthal, streamwise, and radial compo-
nents of vorticity are examined. Computed values are shown using a linear-log
scale in Fig. 11.2. In the absence of heating, the total as well as the component
enstrophies all fall beyond time ¢ = 25, as would be expected in a fully devel-
oped turbulent jet. When heat is applied, there is a virtually exponential rise
of the enstrophies after some time. At ¢t = 35, the enstrophies are one order of
magnitude higher with heating than without.

It is interesting to note that the streamwise enstrophy is almost as large as
the other two components, although the generation term for mean streamwise



Figure 11.1 Streamwise sections (in the yz-plane passing through the axis of the
jet) of different components of vorticity in the unheated (a), (¢) and heated (b), (d)
jets at time ¢ = 35; (a), (b) — azimuthal vorticity, (¢), (d) — streamwise vorticity.
Negative contours are shown using dotted lines in steps of —0.5 starting from —0.5,
while positive contours are in solid lines in steps of 0.5 starting from 0.5
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Figure 11.2 Comparison of evolution
of enstrophy in the heated (thick lines)
and unheated (thin lines) jet. The en-
strophy components are: total (solid line),
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Figure 11.3 Comparison of computed
spectra for the azimuthal component of
vorticity for the heated (dashed curve)
and unheated (solid curve) jets. The
spectra are plotted on log—log scales

streamwise (long-dashed). Note logarith-
mic scale on y-axis

vorticity is zero, from Eq. (11.8). It is concluded that intercomponent transfer,
from nonlinear interactions, must therefore be substantial.

11.3.3 Spectra

The computed spectra of the three vorticity components at time ¢ = 35 for
both the unheated and heated jets are shown in Fig. 11.3. The heated jet has
higher energy in all modes, but there appears to be a preferential amplification
at higher wavenumbers. Thus, while the increase in enstrophy is about dozen
times at low wavenumbers, it is 34 dozens at the highest wavenumbers. As
vorticity generation depends on the temperature gradient, there is an additional
weighting at higher wavenumbers due to the derivative in the source term in
Eq. (11.7).

11.3.4 Vorticity Fluctuations

Figure 11.4 shows the radial profile of the RMS vorticity fluctuations at ¢ = 25,
30, and 35, representing conditions before, during, and immediately after heat
deposition. The large increases in vorticity fluctuations on heating are evident.
It is interesting that the azimuthal fluctuation w'p shows a rather flat maximum
around 7 >~ 0.6 (so does W', although it is not included in the figure), whereas the



Figure 11.4 Radial distributions of the RMS of the fluctuating vorticity components
at different times for the unheated (left column) and heated (right column) jet. The
times are: ¢t = 25 (dotted curve), t = 30 (dashed curve), and ¢ = 35 (solid curve)

streamwise fluctuation w’, shows a sharp peak at r ~ 0.8. It is presumably this
peak that is responsible for the strong expulsive motions seen in the entraining
velocity field discussed in the next section.

11.4 EFFECT OF HEATING ON ENTRAINMENT

A major question concerning the development of jet flow subjected to heating
is the effect on entrainment. Now because of the periodic boundary conditions
imposed on the computational domain in the present simulation, the net entrain-
ment over the domain has to vanish. Nevertheless, as shown below, considerable
insight into the problem can be obtained by examining the “entraining velocity
field,” which displays velocity vectors in the ambient fluid in the immediate
neighbourhood surrounding the jet.

Figure 11.5 shows the computed entraining velocity fields at the widest trans-
verse cross-sections at ¢ = 35 in the heated and unheated jets. (This corresponds
to looking at the flow in the plane of the cross-section of the spatially developing
jet.) The figure shows velocity vectors in the ambient fluid, and contours of
streamwise vorticity within the jet.



e

LR

'\.-,\ """
RN =
NN et
5 o) NN
- Oy )
Sop n Bglloe

A
NARAANN

(a) (f)

Figure 11.5 Comparison of computed entraining velocity fields at the widest trans-
verse sections of the (a) unheated and (b) heated jet at time ¢ = 35. The contours of
streamwise vorticity, at intervals of 0.5, are shown using solid lines for positive values,
and dotted lines for negative values. Contour for level 0 is not shown

The enormous increase in vorticity due to heating is once again displayed, but
it will be noted that there are striking differences in the entraining velocity field
in the two cases. In the unheated case, the dominant motion is inward, and may
be attributed to velocities induced in the ambient fluid by the toroidal component
of the coherent vorticity. As already suggested, this toroidal component appears
structurally disrupted by the heat addition. Now the induced velocities in the
heated flow are actually much higher, but the chief difference is that the dominant
motion (at least in the transverse section shown) appears to be outward: thereisa
considerable expulsion of fluid from the vortical core of the flow. These expulsions
are highly localized, and are clearly due to vorticity on a scale between a fifth and
a tenth of the total width of the flow. The strength and direction of the motion in
the horizontal plane suggests that it is due to streamwise vortex pairs. Although
much more detailed analysis is required in order to be sure, it can be specu-
lated that the enhancement of streamwise vorticity, due to vortex-stretching and
transfer from other components generated by the baroclinic torque, results in
intense small-scale vortex dipoles that tend to expel core fluid into the ambi-
ent. The present simulations therefore suggest a plausible physical explanation
for the lower entrainment observed in the experiments when heat is deposited:



namely, that it is the consequence of two reinforcing factors, the enhancement
of local streamwise vorticity and a disruption of organized azimuthal vorticity.

11.5 CONCLUDING REMARKS

The present temporal simulations have shown qualitative similarity with previ-
ously published experimental results on a jet subjected to local volumetric heat-
ing. In addition, they have shown that heating leads to dramatic increases in the
different components of vorticity in the flow, and to striking differences in the
flow characteristics. It is found that, due in part to vortex stretching induced
by the acceleration of the flow due to buoyancy, the streamwise vortices be-
come intense, leading to large expulsive motions in the ambient neighbourhood.
Together with a disruption of the coherent structures in the flow, this causes
dramatic changes in the entraining velocity field. In the future, it is planned to
investigate how selective heating can be used to control turbulence.
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Chapter 12
MODELING OF CONFINED FLAME STABILIZATION
BY BLUFF BODIES

S. M. Frolov, V.Ya. Basevich, A. A. Belyaev,
V.S. Posvianskii, and Yu. B. Radvogin

New computational approaches are developed to explore flame stabi-
lization techniques in subsonic ramjets. The primary focus is statistical
modeling of turbulent combustion and derivation of the adequate bound-
ary conditions at open boundaries. The mechanism of flame stabilization
and blow-off in ramjet burners is discussed. The criterion of flame sta-
bility based on the clearly defined characteristic residence and reaction
times is suggested and validated by numerical simulations.

12.1 INTRODUCTION

One of the widely applied means for flame anchoring in high-speed flows is flame
stabilization by bluff bodies. The wake of a bluff body placed into the flow
can maintain continuous ignition of the reactive mixture by recirculating hot
combustion products. The flame originating in the wake can spread throughout
the whole combustor cross-section, resulting in significant acceleration of burned
gases in the direction of the flow.

The technique of flame stabilization by bluff bodies has been used for a
long time; however, the mechanism by which the fresh gases are ignited, the
flame spreads and blows off, is not well defined. Even for the simplest case of
premixed flame stabilization there are still a number of uncertainties that are
reflected in inconsistencies as indicated in available literature. As for the flames
of fuel sprays, a topic of significant practical importance, the understanding of
relevant phenomena is far from satisfactory.

Available experimental studies of premixed flame stabilization focus on the
effect of the bluff-body (stabilizer) configuration, combustion chamber geometry



and operating conditions on the flame spreading process, flame stability lim-
its, combustion efficiency, and pressure loss associated with the flame-holding
devices.

The most important aspect for ramjet combustion is the fuel-air ratio range
during operation. Many investigators studied this factor in detail (e.g., [1-12]).
It has been found that larger flame holders, higher pressures, higher inlet tem-
peratures, and lower velocities give wider stability limits in unconfined flows.
Several other variables influence the stability limits in terms of the mixture
equivalence ratio, namely, fuel type, flame-holder temperature, turbulence of
the entering stream, stabilizer type, blockage ratio, channel wall properties, and
channel length. Choosing among various combinations of quantitative parame-
ters relevant to these variables can result in an optimum design of the ramjet
burner, which accounts for multiple compromises between combustion require-
ments and vehicle design requirements.

Bluff-body flame stabilization in nonpremixed and partially premixed gase-
ous systems is complicated by the mixing of fuel and oxidizer. In addition to the
aspects considered above, it is necessary to control the fuel distribution in the
burner.

Theoretical studies are primarily concentrated on the treatment of flame
blow-off phenomenon and the prediction of flame spreading rates. Dunskii [12] is
apparently the first to put forward the phenomenological theory of flame stabili-
zation. The theory is based on the characteristic residence and combustion times
in adjoining elementary volumes of fresh mixture and combustion products in
the recirculation zone. It was shown in [13] that the criteria of [1, 2, 5] reduce
to Dunskii’s criterion. Longwell et al. [14] suggested the theory of bluff-body
stabilized flames assuming that the recirculation zone in the wake of the baffle is
so intensely mixed that it becomes homogeneous. The combustion is described
by a second-order rate equation for the reaction of fuel and air.

The available criteria of flame blow-off do not provide complete understand-
ing of the phenomenon. There is no evidence of the effect of multiple variables
on flame stability mentioned above.

Early theoretical treatments of bluff-body stabilized flame spreading have
been based, in general, on the assumption that the flame is a discontinuous
surface separating gas streams of different densities and temperatures [1, 15-17].
These theories neglect the finite thickness of turbulent flame zone and predict
the increase of the spreading rate both with the density ratio across the flame,
and with the increase in the laminar flame velocity of fuel-air mixture. This
does not correspond to experimental observations (e.g., [8, 10]).

The effect of the finite thickness of the turbulent flame was introduced in
theories [18, 19]. In [18], the set of governing gas dynamic equations is supple-
mented by the empirical dependency of flame thickness on the distance to the
ignition source, obtained by means of statistical processing of the instantaneous
position of a thin wrinkled flame front in model experiments. Semi-empirical the-



ories [18, 19] provided satisfactory predictions and were used for designing simple
ramjet burners. A number of theoretical models are based on mixing-controlled
combustion in the flame spreading from the bluff-body stabilizer [20-22]. The
basic drawback of the theory is that it does not predict the effect of chemical
kinetic factors on flame spread and stability.

Currently, computing the structure of bluff-body stabilized flames has be-
come a subject of intense activity. The general objective of numerical studies
is to describe the phenomenon by solving the fundamental differential equations
coupled with turbulence and combustion closures. Since there are many possible
approaches, more or less substantiated, the reported results are often contra-
dictory. Apparently, this is caused by the lack of basic understanding of the
physico-chemical phenomena accompanying flame stabilization and spreading.

Thus, theoretical modeling of bluff-body flame stabilization cannot yet com-
pete with the experimental approaches. Partially, it is due to the fundamental
problems relevant to the turbulent combustion theory. The underestimation of
the role of theory is also due to the lack of systematic studies based on existing
models.

The present study is to elaborate on the computational approaches to ex-
plore flame stabilization techniques in subsonic ramjets, and to control combus-
tion both passively and actively. The primary focus is on statistical models of
turbulent combustion, in particular, the Presumed Probability Density Function
(PPDF) method and the Pressure-Coupled Joint Velocity—Scalar Probability
Density Function (PC JVS PDF) method [23, 24].

The results of numerical simulation of bluff-body stabilized premixed flames
by the PPDF method are presented in section 12.2. This method was devel-
oped to conduct parametric studies before applying a more sophisticated and
CPU time consuming PC JVS PDF method. The adequate boundary condi-
tions (ABC) at open boundaries derived in section 12.3 play an essential role in
the analysis. Section 12.4 deals with testing and validating the computational
method and discussing the mechanism of flame stabilization and blow-off.

12.2 PRESUMED PDF METHOD FOR MODELING
TURBULENT COMBUSTION

The PC JVS PDF method [23, 24] requires remarkable computational power
for attaining reasonable accuracy of results. Hence an alternate mathematical
method is needed to determine interrelations between various governing parame-
ters. This method should have acceptable accuracy to obtain necessary estimates
relatively fast and to test the efficiency of various approaches to passive and ac-
tive combustion control. The corresponding estimates obtained would be used
for more detailed studies by the PC JVS PDF method.



Such a method has been additionally developed. The method uses the mean
values of temperature and species concentrations and applies a presumed PDF,
to obtain the mean reaction rate. The PDF takes into account the effect of
fluctuating temperature on the mean reaction rate.

Mathematically, the PPDF method is based on the Finite Volume Method
of solving full Favre averaged Navier—Stokes equations with the k—e model as
a closure for the Reynolds stresses and a presumed PDF closure for the mean
reaction rate.

The mean rate of energy release S and the rate of consumption/production
of species j, r;, are calculated on the basis of the detailed or reduced reaction
mechanism of fuel oxidation in air and a single-point bimodal normalized PDF
of temperature P(T,T) in the turbulent flame brush:

S = Z /Djwj(T)P(T, T)dT

]To

. (12.1)
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where T is the local instantaneous temperature, T is the local mean temperature,
Ty and T, are the initial and combustion temperatures, respectively, D; is the
heat of decomposition of jth species to atoms [25], W; = >~ ;W,; is the rate of
change in the jth species concentration in all reactions, 7 is the reaction number,
and Wy; and Wy, are the rates of production and consuption of the jth species
in all reactions.

The rates W;, W1, and Wy; in a turbulent flame are assumed to be similar
to those in a laminar flame. Thus, prior turbulent flame calculations, W;, W,
and Wy;, are tabulated in the form of look-up tables.

In general, the PDF P(T,T) should be obtained from the solution of a PDF
transport equation, or taken from experimental or DNS studies. In this study,
a simple bimodal PDF of temperature was applied, which qualitatively corres-
ponds to experimental findings [26-28].

The PDF is constructed as follows. For any mean temperature To < T < T
the PDF is defined as:

T.-T
—CT - at T=T
T.— T, 0
P(T,T)={ T-T, (12.2)
0 a4t T=T.
T.-T, °
Pr(T,T) at (To+A)<T < (T.—A)



For intermediate temperatures (7o +A) < T < (T. — A), a preset constant
value Pr(T,T), similar for all T and T, is used. The “thickness” of PDF, A, is
also the parameter of the model. The PDF is normalized as

T,
P(T,T) = P(T, T)//ﬁ(T, T)dT

To
to satisfy the condition
T,
/P(T7T) dT =1 (12.3)
To

Clearly, such a definition of P(T,T) implies a finite width of the turbulent flame.
The other definition of the PDF was also applied, effectively accounting for
flame quenching under high-turbulence intensities:

1 at T:To

PrTy=q T=To o 7_p (124)
Tc - TO
Pr(T,T) at (To+A)<T< (T.—A)

The parameters Pr(T,T) and A are used to construct the PDF in such a way
that the model predictions for well-defined conditions correspond to experimental
measurements. For constructing a proper temperature PDF, the PPDF method
was applied to the problem of planar turbulent flame propagation.

12.3 ADEQUATE INLET-OUTLET BOUNDARY
CONDITIONS

One of the basic elements of the computational algorithm is the determination
of dependent variables at the inlet/outlet boundaries of a computational domain
representing a finite length combustor. The essence of the problem lies in the
fact that the nonstationary flow field has to be considered throughout a whole
(unbounded) physical space, and only in this case the problem is mathematically
well-posed. When solving a specific problem numerically, one has to consider a
computational domain of a finite size, in which boundary conditions at artificial
boundaries are to be imposed.



12.3.1 Adequate Outlet Boundary Conditions

Assume that to the left of the combustor outlet boundary, x = 0, there exists
a stationary solution of the Euler equations: p = pg, p = pg, u = ug, where pq,
po, and ug are the constant pressure, density, and velocity. Flow velocity has a
single nonzero component, ug, along the z axis. The flow is assumed subsonic,
ie, M = ug/cop < 1, where ¢g is the speed of sound. We consider the solution
of the nonstationary Euler equations and linearize the problem in the vicinity of
the stationary solution by assuming that

p=P0+PI, P=P0+,0’7 u=ug+u

where p’, p/, and u’ are the variations of the corresponding parameters in the
sound wave (p’ << pg, p' << po, v << wg). Standard transformation of the
Euler equations results in the following equation for p’ (“prime” is removed for
convenience):

Pit + 2Pty + U0 Paz = o> AP (12.5)

At ug = 0, Eq. (12.5) reduces to the standard wave equation. In the 2D Cartesian
coordinate system, the Laplace operator A is given by

The boundary condition at impermeable walls and symmetry planes at y = 0
and y = a (a being the width of the combustor exit) is dp/dy = 0.

Assume that the geometry of the channel allows for separation of variables
in Eq. (12.5). In Cartesian coordinates, this can be expressed in the form

p=Y(z,t)f(y) (12.7)

In this case, the ABC can be derived analytically. In a case of arbitrary geometry,
the separation of variables is hardly possible.

Substitution of Eq. (12.7) into Eq. (12.5) results in the following equation
for the nth mode of solution ¥ (™):

Y™ 4 2u0Y 1™ — (co? — u6?)Y 2™ + ¢2k2Y ™ =0 (12.8)

where k = mn/a and n is the arbitrary integer.

ABC at z = 0 for function Y (")(z, t) which satisfies Eq. (12.8) at = < 0 is
now constructed.

Equation (12.8) has two families of characteristics (see Fig. 12.1). For an
arbitrary point P at = > 0, one can plot characteristics BP and AP to some
points A and B at x = 0, such that

on BP: Cj{—f = —(ep —up) = —co(1 — M)
on AP: dr _ (co +up) = co(1+ M)



Since for an arbitrary function, dF' = (0F/0x)dx + (0F/0t)dt, then

OF 1 OF
) ) (12.9)
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Let at t =0 and 2 > 0 Y(z,0) =0,
and Y, (0,0) = 0. Clearly, in this case
Y‘Ap = 0, and in particular Y/(P) = 0.

B Equation (12.8) can be treated as the
= P equation with initial conditions speci-

fied on section AB, and the solution to
be found at > 0. Since the solution is

A | zero at P, the Cauchy values of Y and

0 ; 9Y [0z for Eq. (12.8) are not arbitrary,
Figure 12.1 Flo‘w characteristics at the and there exists a C.ertain r(?lations.hip
outlet boundary between these functions. This relation-

ship is nothing other than the ABC.

For solving the problem, the Riemann method is applied. Riemann func-

tion V(x, ¢, ) for the problem under solution is the function which satisfies
Eq. (12.8) for variables x and t under the boundary condition V|Bp =1 (point
B corresponds to time t = 6).
Define the operator L as
82 82 2
L= @"‘2’&0% — (C02 —
The standard procedure then gives:
LY =0, LV =0, VLY =YLV =0,
VLY =YLV =(VY; =YV}

+ug[(VY = YV)e + (VY = YV,)] — (co? —up®)(VY, = YV),
(12.10)

It follows from Eqgs. (12.10) that
(VY —YV,) +uo(VY, - YV,
— (o> —ue)(VY, —YV,) —ug(VY; =YV, =0  (12.11)

Integrating Eq. (12.11) in triangle APB in a counterclockwise direction, and
applying Green’s formula and Egs. (12.9), one arrives at the required boundary

condition B

cY(B) + /[(c02 —ug?) VY, =YV, —u(VY, =YV )]dt =0  (12.12)

A



Note, that function V is defined with the accuracy of an arbitrary (allowed)
boundary condition at AB. In particular, one can require that V‘ Aap = 1. Then,

Eq. (12.12) is transformed to a simpler form
B

Y(B) = co(l—l—M)/(YVx —Y,)dt (12.13)
A

Condition (12.13) can be replaced by condition
B

Yi4co(l+M)Y, = —co(1+ M)/(YVM) dt (12.14)
A

obtained by differentiating Eq. (12.13) with respect to ¢. Applying Laplace trans-
formation and the standard technique of taking contour integrals, the analytical
form for function V ,; is obtained:

a?  Jileo(1—M)(0 —t)a]
1+M 0 —t)a
where o? = k*(1 +M)/(1 — M) and J; is the Bessel function of the first order.
Finally, for either nth mode, the function Y'(")(z, t) takes the form
¢

1[0()(]. — M)(t — T)O[]
t—T1

Vit = (12.15)

Vi 4 o (14+ MY, ™ = —coa / (0,77 dr (12.16)
0

For the initial function p(z,t), Eq. (12.16) can be rewritten in the final form
pe + co(1+M)p, =

e /%Z/ym)(oj) Jl[co(l_ﬁd)f”)‘” cos(ky)dr  (12.17)

L]

Equation (12.17) represents the required boundary condition. It should be
emphasized that it is essentially nonlocal both in space and time. In general, the
numerical implementation of the operator in the right hand side of Eq. (12.17)
is a nontrivial task.

The boundary condition of Eq. (12.17) can be simplified. Note that at £ <
0.5 the function J;(§)/€ under the integral in the right hand side of Eq. (12.17)

° 1) <o

By using this asymptotics, Eq. (12.1%) can be rewritten as

t
1+M
pi +co(14+M)p, = _% an;?/Y(") (0, 7) cos(ky)dr (12.18)

0



which is equivalent to

t
21+ M
pe+co(1+ M)p, = %/pyy(o, 7)dr (12.19)

0

If the flow is described by first N harmonics, then the applicability condition
of Eq. (12.19) is

t* (12.20)

Qa
< -
2007’(’N\/1 — M2

Thus, ABC approximated in the form of Eq. (12.19) can be efficiently applied
for ensuring nonreflecting outlet boundaries for two-dimensional disturbances.
Such disturbances leave the computational domain for a limited time interval
At. Clearly, at At < t*, the approximation of Eq. (12.19) is satisfactory.

If the flow at the outlet boundary is quasi-one-dimensional, then p,, becomes
small, the right hand side of Eq. (12.17) vanishes, and one gets the local boundary
condition

pt+co(1+M)p, =0 (12.21)

which is often applied as an approximation of ABC [29).

Figure 12.2 (left part) shows the example of applying the ABC of Eq. (12.19)
when solving full 2D Navier—Stokes equations coupled with the standard k—e
turbulence model. The problem considered is the propagation of pressure dis-
turbance in a 2D duct with the flow of nonreacting stoichiometric methane-air
mixture. The flow enters the duct through the left boundary (inlet) at 40 m/s
and leaves the computational domain through the right boundary (outlet). The
upper boundary is the rigid wall and the lower is the symmetry plane. Initially, a
provision for the small region with pressure differential Ap/py = 0.5 was made in
the flow nearby the outlet. The solution with standard von Neumann conditions
at the outlet boundary is shown in Fig. 12.2 (right part) for comparison. Con-
trary to the von Neumann (and Dirichlet) conditions, the ABC of Eq. (12.19)
provide the transparency of the outlet to the pressure wave.

12.3.2 Adequate Inlet Boundary Conditions

Similar considerations can be used for deriving the Adequate Boundary Condi-
tions at combustor inlet. The analogs of Eqgs. (12.17) and (12.19) at the inlet
will take the form
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Figure 12.2 Application of the nonreflecting boundary conditions (left part) and
standard von Neumann boundary conditions (right part) in the problem on pressure
disturbance propagation in a flow reactor with open left and right boundaries. Time
instants: (a) 10 ps, (b) 20 ps, (¢) 30 us. Flow velocity at the inlet 40 m/s, po = 0.1 MPa,
To = 300 K, ko =9 J/kg, lo = 2 mm. Initial pressure differential Ap/po = 0.5. The
size of the computational domain is 3.3 X 2 cm

pe — co(1—=M)p, =

cos(ky)dr (12.22)

t
1+M J1leo(T+ M) (¢t — 7)a]
e M (n) 1l
o 1_MZk/Y (0,7) i~
Px

n

i — co(1 = M)p, = w / Dyy(0,7) d7 (12.23)
0

In the 1D case, the precise ABC at the combustor inlet are obtained by omitting
the right hand sides of Egs. (12.22) and (12.23), i.e.,

pt—co(l—M)p, =0 (12.24)



In addition, the entropy-based boundary condition should be specified for
the energy equation at the inlet. This latter condition can be written in the form

1/~ pol/ 0
cpIn—— =¢, In
P

(12.25)

P Po
where « and 7o are the specific heat ratios at inlet and at infinity upstream of
the flow; ¢, and ¢, are the corresponding specific heats at constant pressure.

12.4 CONFINED TURBULENT FLAMES STABILIZED
ON BLUFF BODIES

The behavior of confined flames differs considerably from that of unconfined
flames. Acceleration of the gases, caused by confinement, results in the gener-
ation of shear stresses and turbulent motions, which decrease the influence of
approach stream turbulence and the effect of chemical kinetic factors. How
the implementation of the ABC and the PPDF method helps to obtain the
experimentally observed flow patterns and to understand the mechanism of flame
stabilization and blow-off is demonstrated in this section.

12.4.1 Flow Patterns

Numerical tests show that the boundary conditions of Egs. (12.19), (12.23), and
(12.25) provide well-defined short- and long-time solutions of full 2D Navier—
Stokes equations coupled with the k—e model of turbulence and with the PPDF
model of turbulent combustion. The conditions avoid considerable numerical
reflections of pressure waves at open boundaries, which are characteristic to
standard Dirichlet and von Neumann conditions.

Figure 12.3 shows some computational examples of nonreactive and reactive
turbulent flows in a combustor with the bluff-body flame holder. The size of the
combustor in Fig. 12.3 is 35 x 8 cm. The characteristic height and length of the
bluff body is H = 2 cm. The left boundary is set as inlet, right boundary as
outlet, and the upper and lower boundaries as rigid walls.

Figure 12.3a shows the absolute mean velocity distribution in a nonreactive
flow at time 98 ms, which is considered to be a long-time asymptotics.

For initial conditions in Fig. 12.3a, uniform flow of stoichiometric methane—
air mixture with u, = 30 m/s, u, = 0.0, kg = 0.54 J/kg, lp = 4 mm, py =
0.1 MPa, Ty = 293 K is assumed throughout the whole combustor, with z-axis
directed along the mean flow.

Boundary conditions at the inlet are the conditions provided by Eqgs. (12.23),
(12.25). In addition, constant turbulent parameters and constant mixture com-
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Figure 12.3 Predicted flow patterns in a combustor with semi-cylindroid flame
holder. Premixed stoichiometric methane—air mixture. (a) Absolute mean velocity
distribution in a nonreactive flow at ¢ = 98 ms; (b) absolute mean velocity; and (c) tem-
perature fields at t = 22.1 ms in a reactive flow after symmetrical ignition behind a
bluff body. The isoterms divide the entire temperature interval from Ty to T into 10
uniform parts. Boundary condition at outlet is ABC of Eq. (12.19). (d) absolute mean
velocity and (e) temperature fields at ¢ = 22.1 ms at standard von Neumann boundary
conditions at the outlet. Mean velocity at inlet 30 m/s (a) and 10 m/s (b, ¢, d, e).
Other conditions: (a) po = 0.1 MPa, Ty = 293 K, ko = 0.54 J/kg, lo = 4 mm; (b, ¢, d,
e) po = 0.1 MPa, Ty = 293 K, ko = 0.06 J /kg, lo = 4 mm



position are specified. Outlet boundary conditions are the conditions provided
by Eq. (12.19). At the rigid wall, no slip and constant temperature conditions are
specified. Clearly, the flow in Fig. 12.3a exhibits vortex shedding with the fre-
quency about 300 Hz. This frequency corresponds to the Roshko correlation [30]
for cylindrical bluff bodies at high-Reynolds numbers.

Figures 12.3b and 12.3¢ show mean velocity (Fig. 12.3b) and mean tempera-
ture (Fig. 12.3¢) fields under bluff-body stabilized combustion of stoichiometric
methane-air mixture at inlet velocity 10 m/s, and ABC of Eq. (12.19) at the
combustor outlet. Functions W;, Wy;, and Wy; in Eq. (12.1) were obtained
by solving the problem of laminar flame propagation with the detailed reac-
tion mechanism [31] of C;—Cz-hydrocarbon oxidation (35 species, 280 reactions)
including CH, oxidation chemistry. The PDF of Eq. (12.4) was used in this
calculation.

Ignition is triggered by making a provision for a hot region of combustion
products enveloping the bluff body. Preliminary studies have indicated that
such an arrangement of mixture ignition avoids vigorous pressure disturbances
at initial stages of flow development. This decreases considerably the CPU time
required for attaining a stabilized flow pattern.

Application of ABC of Egs. (12.19), (12.23), and (12.25), on the one side, and
standard Dirichlet or von Neumann boundary conditions at open boundaries, on
the other side, reveals the drastic effect of outlet boundary conditions on the
flow pattern.

In the case of nonreflecting boundaries (Figs. 12.3b and 12.3¢), the flow is
smooth, symmetrical, and no vortex shedding is detected. It is to be noted that
the symmetrical flame is developed irrespective of the ignition arrangements.
Qualitatively, the pictures correspond to numerous experimental observations
with symmetrical flames (e.g., [2, 10]). Similar to [2, 10], the stabilized flame (see
Fig. 12.3¢) first diminishes in size and reaches its smallest width approximately
1.7 baffle diameters downstream of the baffle. Then, the flame width increases
almost linearly with the distance from the baffle, showing a small spreading angle
(about 3° to 5°). In the case of von Neumann or Dirichlet (reflecting) boundary
conditions, the flow is irregular and exhibits strong longitudinal pressure oscil-
lations, resulting in vortex shedding. Flame behavior is unusual, and does not
correspond to experimental observations (see Figs. 12.3d and 12.3¢).

12.4.2 Flame Spread

Analyzing Fig. 12.3, it is noticed that the flame width in the bluff-body stabi-
lized flame increases almost linearly with the distance from the baffle with the
spreading angle of about 3° to 5°. Since the flame spreading angle directly af-
fects the ramjet combustion efficiency, it is important to check the performance
of the ABC by applying it to combustors with different tailpipes.
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Figure 12.4 The comparison of predicted mean temperature fields in long and short
combustors at ¢ = 14.9 ms (a), 22.1 (b), and 58.1 ms (c) after ignition behind a bluff
body. Boundary condition at outlets is ABC of Eq. (12.19). Mean velocity at the inlet
uin = 10 m/s. Other conditions are: pg = 0.1 MPa, Ty = 293 K, ko = 0.06 J/kg,
lo = 4 mm. A set of graphs below compares mean absolute velocity distributions in the
different cross-sections (I to VII) of both combustors (from left to right: = = 0, 80,
100, 112, 135, 235, and 330 mm). Solid line — short combustor, dashed line — long
combustor, Ymax is the height of the corresponding cross-section of the combustor

Figure 12.4 provides the direct comparison of temperature fields in long and
short combustors, other conditions being similar to those relevant to Figs. 12.3b
and 12.3c. Because of the symmetry of the flow pattern discussed in subsec-
tion 12.4.1, only a half of the combustor was modeled. The lower boundary of
the computational domain is taken as the symmetry plane. Clearly, the flame
spreading angle at the outlet of the shorter combustor is the same as the flame
angle in the corresponding cross-section of the longer combustor. The flame cone
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Figure 12.5 Calculated mean temperature fields in combustors with a set of similar
open-edge V-gutter flame holders of height H = 3 c¢m and apex angle of 60°. The
isoterms divide the entire temperature interval from the initial temperature Ty to
combustion temperature T'. into 10 uniform parts and correspond to t = 27.5 ms. The
combustor is 1 m long and the distance between the planes of flame holders is 0.05 m.
Flame holders are shifted in longitudinal direction by 0H (no shift) (a), 1H (b), 2H (¢),
3H (d), and 5H (e). Combustion of stoichiometric methane—air mixture at the mean
inlet velocity win = 20 m/s, po = 0.1 MPa, Ty = 293 K, ko = 0.24 J/kg, lo = 4 mm.
The lower and upper boundaries of the computational domain are the symmetry planes

angle slightly decreases with the distance from the flame holder, being about 3°
at z = 10H and falling down to 1.5° at x = 25H. This corresponds both quali-
tatively and quantitatively to the experimental observations [10]. In general,
the flow fields in the shorter combustor reproduce quite precisely those com-
puted for the longer combustor. This is substantiated by graphs below the flow
patterns, which compare mean absolute velocity distributions in the different
cross-sections of both combustors.

For attaining higher combustion efficiencies with shorter tailpipes, a provi-
sion should be made for several flame holders in the combustion chamber. The
optimum arrangement of the flame holders in the combustor in terms of the
combustion efficiency, flame stability, and pressure loss should be found. The
methodology suggested in sections 12.2 and 12.3 helps to solve this problem.

Figure 12.5 shows the calculated temperature fields in the combustors with a
set of similar 3-centimeter wide open-edge V-gutter flame holders with the apex
angle of 60°. The combustor is 1 m long and the distance between the planes of
flame holders is 0.05 m. Depending on the location of the flame holders relative
to each other, five combustor configurations were considered. Figure 12.5a cor-



responds to the zero longitudinal shift, 0H in the location of the flame holders.
Figures 12.5b to 12.5e correspond to the cases when the flame holders are shifted
in longitudinal direction by 1H (b), 2H (c), 3H (d), and 5H (e).

The analysis of Fig. 12.5 shows that all the configurations provide the com-
bustion efficiency of about 96% at the combustor outlet located 0.76 m
downstream of the tip of the lower flame holder. The deficit of 4% is explained
by the presence of CO and other products of incomplete combustion at the com-
bustor outlet. When the tailpipe of the combustor is shortened to 0.5 m, the
combustor configurations in Fig. 12.5 are graded in terms of the descending com-
bustion efficiency as follows: 0H, 5H, 1H, 2H, and 3H. Note that the flames
in Figs. 12.5a and 12.5e are unstable and blow off at later stages. Flames in
Figs. 12.56—12.5d are stable only on the upper flame holders. Thus, the highest
stable combustion efficiency is attained for the case with 1H shift. An increase in
the inlet velocity from 20 m/s to 30 m/s, other conditions being equal, results in
the following grading of the combustor configuration in terms of the combustion
efficiency: 0H, 2H, 1H, 5H, and 3H. Note that at the inlet velocity of 30 m/s,
only the configuration with 3H shift provided stable combustion on the upper
flame holder in the long run. The efficiency of the configurations in terms of
pressure loss was not analyzed.

12.4.3 Mechanism of Flame Stabilization and Blow-Off

So far, the flow patterns around bluff bodies in combustible flows are not under-
stood completely. However, a recirculation zone in the immediate wake of the
stabilizer which takes the form of a pair of eddies, similar to isothermal flows,
is known to exist. The length Lgryz of the recirculation zone differs for 2D and
axisymmetric bluff bodies. For 2D bodies (V-gutters, rods, prisms), the meas-
ured values of Lry/H range from 3 to 6 depending on the operating conditions
of combustor [11], which is considerably larger than for isothermal flows, where
Lyz/H = 2 [11]. For axisymmetric bluff bodies (discs, cones, cylinders), at low-
blockage ratio Lry/H = 2 [32], which is similar to isothermal flows [32, 33], or
Lpz/H =~ 2.5-4 [34], or even Lyz/H ~ 10-11 [35].

As mentioned in section 12.1, Dunskii [12] was the first who put forward
the phenomenological theory of flame stabilization. The theory is based on the
characteristic residence time, ¢,., and combustion time, t., in adjoining elementa-
ry volumes of fresh mixture and combustion products in the recirculation zone
behind the bluff body. Dunskii’s condition for flame blow-off is t,. /t. = Mi, where
Mi is the Mikhelson number close to unity (for example, for cone flame holder
the measurements give Mi = 0.45 [36]). Residence time t, is taken proportional
to the flame holder size, H, and inversely proportional to the approach flow
velocity, U, i.e., t, = H/U. Combustion time is estimated as t, = a;/S?, where



ay is the temperature diffusivity coefficient and Sy, is the laminar flame velocity.
Thus, at the blow-off limit

t.  HSL?

=228 Mix const (12.26)
tc Uat

or when taking into account that Sr?/a; is the function of fuel-air ratio, @, it
reads as

d=f <IU{) (12.27)

Williams et al. [1] and Longwell [2, 5] arrived at the same criterion.

Apparently, the criterion (12.27) does not provide the complete understand-
ing of the phenomenon. There is no evidence of the effect of multiple variables
on flame stability mentioned in section 12.1. Moreover, the physical grounds for
estimating the characteristic times ¢, and ¢. entering the Dunskii’s criterion re-
main unclear. Therefore the interpretation of ¢,. and t. in the relevant literature
is quite ambiguous.

The application of the PPDF method of section 12.2 and ABC of section 12.3
sheds light on some important peculiarities of the phenomenon. Figures 12.6
and 12.7 show the set of calculated flow patterns for the bluff-body stabilized
stoichiometric methane—air flames in terms of temperature isolines. The com-
bustor under study is a plane channel 1 m long and 0.2 m wide. The bluff bodies
are the open-edge V-gutters with the apex angle 60° and height 10 cm (Fig. 12.6)
and 5 cm (Fig. 12.7), introducing a considerably different blockage to the flow.

In Fig. 12.6, frames a to e show the transformation of the flow pattern
with increase in the combustor inlet velocity from 40 m/s (a) to 50 (b), 60 (c),
70 (d), and 80 m/s (e). Similarly, in Fig. 12.7 frames a to e correspond to
the inlet velocity of 30 m/s (a), 40 (b), 50 (c¢), 60 (d), and 70 m/s (e). All
the flow patterns are plotted for time ¢ = 50 ms. The patterns in Figs. 12.6a
and 12.60 and Figs. 12.7a—12.7¢ are steady-state, while the residual flames in
Figs. 12.6¢-12.6e and Figs. 12.7d-12.7e blow out with time.

To understand the reason of the abrupt change in the flame behavior when
the inlet velocity approaches a certain limiting value, it is imperative to fol-
low the trajectories of fluid particles in the steady-state flowfield. Figure 12.8
shows five such trajectories for the flow pattern presented in Fig. 12.6b. The
recirculation zone behind the bluff body is clearly seen in Fig. 12.8. Three
of the five trajectories have the turning points where the flow changes to the
opposite direction. There exists the limiting trajectory (marked by the arrow)
which separates the nonturning and turning trajectories in the flow. The present
analysis of numerous computations of bluff-body stabilized flames revealed that
the turning point of the limiting trajectory is of significant importance to flame
stability.

When following the mean temperature evolution along the limiting trajec-
tory, it was observed that a flame is definitely stable if the temperature attains
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Figure 12.6 Calculated mean tem-
perature fields in the combustor with an
open-edge V-gutter flame holder of height
H = 10 cm and apex angle of 60°. The
isoterms divide the entire temperature in-
terval from To to T. into 10 uniform
parts and correspond to t = 50 ms. The
combustor is 1 m long and 0.2 m wide.
Combustion of stoichiometric methane—
air mixture at the mean inlet velocity
uin = 40 (a), 50 (b), 60 (¢), 70 (d),
and 80 m/s (e). Other conditions: py =
0.1 MPa, Ty = 293 K, turbulence inten-
sity 2%, lo = 4 mm. The lower boundary
of the computational domain is the sym-
metry plane

Figure 12.7 Calculated mean tem-
perature fields in the combustor with an
open-edge V-gutter flame holder of height
H = 5 cm and apex angle of 60°. The
isoterms divide the entire temperature in-
terval from To to T. into 10 uniform
parts and correspond to t = 50 ms. The
combustor is 1 m long and 0.2 m wide.
Combustion of stoichiometric methane—
air mixture at the mean inlet velocity
uin = 30 (a), 40 (b), 50 (c¢), 60 (d),
and 70 m/s (e). Other conditions: py =
0.1 MPa, Ty = 293 K, turbulence inten-
sity 2%, lo = 4 mm. The lower boundary
of the computational domain is the sym-
metry plane

the value T, close to T (eventually, T ~ 0.95T.) before reaching the turning
point. If this temperature T' = T, is attained after passing the turning point at
the limiting trajectory, the flame is definitely unstable. In the latter case, even
if T, is attained very close to but after the turning point, the flame inevitably
blows off, though, exhibiting a few violent longitudinal oscillations.

Quantitatively, these observations can be treated in terms of the charac-
teristic residence time ¢, and the characteristic reaction time t., introduced by



Figure 12.8 Calculated trajectories of fluid particles in the combustor with flame
holder (solid lines) and the curves of constant dimensionless residence time ¢/t, (dashed
curves). The residence time ¢, is defined as the time taken for the fluid particle to
reach the turning point at the limiting trajectory (marked by the arrow). Conditions
are similar to Fig. 12.6b

Dunskii. Defining the residence time as the time taken for the imaginary fluid
particle to reach the turning point at the limiting trajectory, the calculated
curves t/t, = const (dashed curves) to illustrate the flow field behind the bluff
body are shown in Fig. 12.8. Clearly, the fluid particles entering the wake of
the bluff-body lag considerably behind the particles moving in the free stream.
The reaction time is defined as the time taken for the fluid particle to attain
temperature T, ~ 0.957T .. Then, the flame stability criterion will read as

L —_Mi>1 (12.28)

Table 12.1 summarizes the calculated data for ¢,., t., and Mi for various flow
patterns including those shown in Figs. 12.6 and 12.7 calculated on the basis of
mean velocity fields at ¢ = 50 ms irrespective of combustion stability. In addition
to the inlet velocity wu;,, the calculated values of maximum flow velocity in the
narrowest cross-section of the combustor, wu,,, are also presented in Table 12.1.
In confined flows, flame stability is determined by the values of w,, rather than
Ui, in spite of the fact that they are closely connected to each other. As fol-
lows from Table 12.1, the Mikhelson number of unity, defined by Eq. (12.28),
separates the solutions with stabilized and unstable flames. The limiting inlet
velocity can be estimated as the intersection of ¢,.(u;n) and t.(u;,) curves as
shown in Fig. 12.9. It follows from Fig. 12.9 that the limiting inlet velocity for
the 5-centimeter V-gutter is higher than for the 10-centimeter V-gutter. This
is caused by a considerable increase in the maximum velocity u,, in the latter
case and agrees with experimental observations [36]. Quantitatively, the limit-
ing values of the maximum flow velocity u,, = 40-100 m/s are in a reasonable
agreement with experimental findings for the stoichiometric methane—air flame
stabilization (50-60 m/s for the 2-centimeter cylindrical bluff body at block-
age ratio 0.3 [37]). Note that the calculations under discussion were performed



Table 12.1 Calculated characteristic reaction time t., residence
time t¢,, and the Mikhelson number Mi for the combustion of the
stoichiometric methane—air mixture in a combustor with the open-
edge V-gutter flame holder of height H and apex angle 60° at the
mean inlet velocity u;,. Also presented is the maximum approach-
stream velocity um,. Signs “+” and “—” correspond to stabilized
flame and unstable flame, respectively

H Uin

Um

te

128

em m/s m/s s s Mi Stability
40 85 4.4 8.4 1.9 +
10.0 50 106 6.4 7.6 1.2 +
60 130 8.0 6.4 0.8 -
20 28 3.5 11.2 3.2 +
50 40 57 4.4 8.8 2.0 +
50 72 5.6 7.2 1.3 +
60 87 7.6 6.0 0.8 -
20 23 4.4 8.8 2.0 +
2.0 30 35 4.6 5.6 1.2 +
40 47 6.4 4.8 0.75 -
with the PDF of Eq. (12.4). The use of
the PDF of Eq. (12.2) allows increas-
14 ing the limiting maximum flow velocity
121- U, to 60 m/s for the 2-centimeter V-
10+ gutter.
_:E_ 8- The typical evolution of the flow
6k pattern at Mi slightly less than 1.0 is
il s shown in Fig. 12.10 in terms of tem-
L perature fields for the 3-centimeter
o TR V-gutter of the same apex angle (60°).
10 20 30 40 50 60 70 The time interval between frames is
Hy, [ TS 2 ms. After ignition, the combustion
Figure 12.9 To the determination zone is divided into two parts, the wake

of the limiting inlet velocity u., for the
stabilized combustion of the stoichiomet-
ric methane—air mixture in the combustor
with open-edge V-gutter flame holders.
Solid curves correspond to the calculated
residence time t,.. Dashed curves corre-
spond to the calculated reaction time t..
Flame holders with H = 10 cm (1),
5 cm (2), and 2 cm (3). Conditions are
similar to those in Figs. 12.6 and 12.7

flame and the trail flame. The former
tends periodically to “catch” the lat-
ter, resulting in energetic jumps of the
flame tongue downstream of the recir-
culation zone. However, due to expan-
sions of the recirculation zone, an en-
hanced flow of unburned mixture re-
peatedly cuts the flame tongue, result-
ing in splitting the flames. In the long
run, the flame blows-off.



Figure 12.10 Typical evolution of the mean temperature field under combustion of
stoichiometric methane—air mixture at the Mikhelson number Mi slightly less than 1.0.
Time interval between frames is 2 ms. The isoterms divide the entire temperature
interval from T'o to T'c into 10 uniform parts. Flame holder is the open-edge V-gutter
of height H = 3 cm and apex angle 60°. The combustor is 1 m long and 0.2 m wide.
Combustion at u;, = 50 m/s, po = 0.1 MPa, Ty = 293 K, turbulence intensity 2%,
lo = 4 mm. The lower boundary of the computational domain is the symmetry plane



12.5 CONCLUDING REMARKS

The Presumed Probability Density Function method is developed and imple-
mented to study turbulent flame stabilization and combustion control in subsonic
combustors with flame holders. The method considers turbulence—chemistry
interaction, multiple thermo-chemical variables, variable pressure, near-wall ef-
fects, and provides the efficient research tool for studying flame stabilization and
blow-off in practical ramjet burners. Nonreflecting multidimensional boundary
conditions at open boundaries are derived, and implemented into the current
research. The boundary conditions provide transparency to acoustic waves gen-
erated in bluff-body stabilized combustion zones, thus avoiding numerically in-
duced oscillations and instabilities. It is shown that predicted flow patterns in
a combustor are essentially affected by the boundary conditions. The derived
nonreflecting boundary conditions provide the solutions corresponding to exper-
imental findings.

Numerical studies of combustion control in simple combustors with flame
holders have been made. The criterion of flame stabilization, based on the un-
ambiguously defined characteristic residence and reaction times, is suggested and
validated against numerous computational examples. The results of calculations
were compared with available experimental findings. A good qualitative and
reasonable quantitative agreement between the predictions and observations were
attained. Futher studies are planned to include mixing between fuel jets with
oxidizer and to extend the analysis to transonic and supersonic flow conditions.

ACKNOWLEDGMENTS

The authors would like to acknowledge ONR and RFBR for sponsoring the
project.

REFERENCES

1. Williams, G.C., H.C. Hottel, and A.C. Scurlock. 1949. Flame stabilization and
propagation in high-velocity gas streams. 3rd Symposium on Combustion, Flame
and Explosion Phenomena Proceedings. Baltimore: The Williams and Wilkins Co.
21-40.

2. Longwell, J. P.; J. E. Chenevey, W. W. Clark, and E. E. Frost. 1949. Flame stabiliza-
tion by baffles in a high-velocity gas stream. 3rd Symposium on Combustion, Flame
and Explosion Phenomena Proceedings. Baltimore: The Williams and Wilkins Co.
40-44.

3. Nicholson, H. M., and J.P. Field. 1949. Some experimental techniques for the in-
vestigation of the mechanism of flame stabilization in the wakes of bluff bodies.
3rd Symposium on Combustion, Flame and Explosion Phenomena Proceedings.
Baltimore: The Williams and Wilkins Co. 44-68.



10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

DeZubay, E.A. 1950. Characteristics of disk-controlled flame. Aero Digest
61(1):54-56.

. Longwell, J.P. 1953. Flame stabilization by bluff bodies and turbulent flames in

ducts. 4th Symposium (International) on Combustion, Combustion and Detonation
Waves Proceedings. Baltimore: The Williams and Wilkins Co. 90.

Williams, G. C., and C. W. Shipman. 1953. Some properties of rod-stabilized flames
of homogeneous gas mixtures. 4th Symposium (International) on Combustion,
Combustion and Detonation Waves Proceedings. Baltimore: The Williams and
Wilkins Co. 733-42.

Zukoski, E. E.; and I. E. Marble. 1955. The role of wake transition in the process of
flame stabilization on bluff bodies. In: AGARD combustion research and reviews.
London: Butterworths.

Solntsev, V. P. 1961. Influence of turbulence parameters on the combustion process
of homogeneous gasoline—air mixture behind a stabilizer under conditions of con-
fined flow. In: Flame stabilization and the development of combustion in turbulent
flow. Ed. G.N. Gorbunov. Moscow: Oborongiz. 75.

Filippi, F., and L. Fabbrovich-Mazza. 1962. Control of bluff-body flameholder sta-
bility limits. 8th Symposium (International) on Combustion Proceedings. Balti-
more: The Williams and Wilkins Co. 256.

Wright, F. H., and E. E. Zukoski. 1962. Flame holding: Selected engine combustion
problems. 8th Symposium (International) on Combustion Proceedings. Baltimore:
The Williams and Wilkins Co. 933.

Solokhin, E.L. 1961. Study of flame propagation and stabilization behind a V-
gutter stabilizer. In: Flame stabilization and the development of combustion in
turbulent flow. Ed. G.N. Gorbunov. Moscow: Oborongiz. 48.

Dunskii, V. F. 1949. A study of the mechanism of flame stabilization behind a bluff
body. Dissertation. Moscow.

Iliashenko, S. M., and A.V. Talantov. 1964. Theory and design of ramjets. Moscow:
Mashinostroenie.

Longwell, J.P., E. E. Frost, and M. A. Weiss. 1953. Flame stability in bluff-body
recirculation zones. Ind. Eng. Chem. 45(8):1629-33.

Zel’dovich, Ya.B. 1944. Remarks on combustion of a high-speed flow in a duct.
Sov. J. Technical Physics XIV(3):162.

Tsien, H.S. 1951. J. Applied Mechanics. 188.

Tida, H. 1956. Combustion in turbulent gas streams. 6th Symposium (International)
on Combustion Proceedings. Baltimore: The Williams and Wilkins Co. 341-56.
Talantov, A.V. 1958. Fundamentals for evaluating the simplest ramjet combustor.
Izv. Vuzov USSR, Ser. aviation techn. 2.

Vlasov, K.P. 1961. To the evaluation of the simplest combustor of a ramjet type.
In: Flame stabilization and the development of combustion in turbulent flow. Ed.
G. M. Gorbunov. Moscow: Oborongiz. 128.

Spalding, D.B. 1959. Theory of rate of spread of confined turbulent premixed
flames. 7th Symposium (International) on Combustion Proceedings. Baltimore:
The Williams and Wilkins Co. 595-603.

Spalding, D. B. 1967. The spread of turbulent flames confined in ducts. 11th Sympo-
sium (International) on Combustion Proceedings. Pittsburgh, PA: The Combustion
Institute. 807-15.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Spalding, D.B. 1971. Mixing and chemical reaction in steady confined turbulent
flames. 13th Symposium (International) on Combustion Proceedings. Pittsburgh,
PA: The Combustion Institute. 649-57.

Pope, S. B. 1985. PDF methods for turbulent reactive flows. Progress Energy Com-
bustion Science 11:119.

Frolov, S.M., V.Ya. Basevich, M.G. Neuhaus, and R. Tatschl. 1997. A joint
velocity-scalar PDF method for modeling premixed and nonpremixed combus-
tion. In: Advanced computation and analysis of combustion. Eds. G.D. Roy,
S. M. Frolov, and P. Givi. Moscow: ENAS Publ. 537.

Gurvich, L. V., . V. Veiz, V. A. Medvedev, et al. 1978. Thermodynamic data of
individual substances. Moscow: USSR Academy Science Publ.

Kokushkin, N. V. 1958. A study of combustion of a homogeneous mixture in a tur-
bulent flow by means of recording temperature oscillations. Izv. Academy Science
USSR, Technical science ser. 3.

Shepherd, G., and J. B. Moss. 1983. Combustion Science Technology 33:231.
Basevich, V. Ya., and S. M. Kogarko. 1975. On characteristics of the burning surface
of a turbulent flame. Archivum Termodyn. Spalan. 6(1):95.

Grinstein, F. 1994. Open boundary conditions in the simulation of subsonic turbu-
lent shear flows. J. Compt. Physics 115(1):43.

Roshko, A. 1953. On the development of turbulent wakes from vertex streets.
NACA TN 2913, March.

Basevich, V. Ya. 1990. Chemical kinetics in the combustion processes. In: Handbook
of heat and mass transfer. Ed. N. Cheremisinoff. Houston: Gulf Publ. 4:769.
Dudkin, V. T., and V. A. Kosterin. 1978. Effect of a trout device on the performance
of a ramjet combustor. In: Combustion in flow. Ed. A.V. Talantov. Kazan: Kazan
Aviation Inst. Publ. 2:14.

Davies, T. W., and J. M. Beer. 1971. Flow in the wake of bluff-body flame stabiliz-
ers. 13th Symposium (International) on Combustion Proceedings. Pittsburgh, PA:
The Combustion Institute. 631-38.

Winterfeld, G. 1965. On process of turbulent exchange behind flame holder. 10th
Symposium (International) on Combustion Proceedings. Pittsburgh, PA: The Com-
bustion Institute. 1265-75.

Shepherd, 1. G., J.R. Hertzberg, and L. Talbot. 1992. Flame holding in uncon-
fined turbulent premixed flames. In: Major research topics in combustion. Eds.
M.Y. Hussaini, A. Kumar, and R.G. Voigt. ILAE/NASA LaRC ser. New York:
Springer-Verlag. 253-70.

Raushenbakh, B. V., S. A. Belyi, L. B. Bespalov, V. Ya. Borodachev, M. S. Volynskii,
and A.G. Prudnikov. 1964. Physical fundamentals of the operation process in the
combustion chambers of ramjets. Moscow: Mashinostroenie.

Basevich, V. Ya., and S. M. Kogarko. 1972. Comparison of limiting flame blow-off
velocities for different types of stabilizers. Sov. J. Combustion, Explosion, Shock
Waves 8(4):582.

Frolov, S.M., V. Ya. Basevich, and A. A. Belyaev. 1999. Flame stabilization in a
ramjet burner. 12th ONR Propulsion Meeting Proceedings. Eds. G.D. Roy and
S.L. Anderson. University of Utah, Salt Lake City, UT. 76-81.



Chapter 13

VORTEX DYNAMICS, ENTRAINMENT,
AND NONPREMIXED COMBUSTION
IN RECTANGULAR JETS

F.F. Grinstein

An overview of recent investigations of low-aspect-ratio (AR) rectangu-
lar jets based on numerical simulations is presented. The main focus of
this work was to characterize the effects of the unsteady vorticity dy-
namics on jet entrainment and nonpremixed combustion, including ef-
fects of Reynolds and Lewis numbers. The understanding of the effects
of initial conditions on axis-switching phenomena is discussed, with spe-
cial focus on the underlying dynamics and topology of coherent vortical
structures. Qualitatively different vorticity topologies characterizing the
near-flow field of low-AR rectangular jets involve () self-deforming and
bifurcating vortex rings, including interacting ring and rib (braid) vor-
tices, (ii) single ribs aligned with corner regions (AR > 2), and (éii) rib
pairs (hairpins) aligned with the corners (AR = 1), and (iv) smaller
scale elongated “worm” vortices in the turbulent jet regime. The near-
field entrainment and nonpremixed combustion properties of low-AR
rectangular jets are largely determined by the characteristic jet vortex
dynamics and topology.

13.1 INTRODUCTION

Improved mixing of a jet with its surroundings is of considerable interest in prac-
tical applications that demand enhanced combustion between injected fuel and
background oxidizer. In this context, there is a crucial interest in recognizing
and understanding the local nature of jet instabilities and their global nonlinear
development in space and time. The vorticity dynamics and mixing processes
determine the overall heat release pattern within the flame. Regions with en-
hanced mixing and proper air-to-fuel ratio, where the combustion process is



intense, and localized combustion-inactive regions are included. By understand-
ing these combined processes it is possible to select optimal jet initial conditions
and fuel injection features to improve jet combustion.

Mixing between a turbulent jet and its surroundings occurs in two stages: an
initial stage of bringing relatively large amounts of the fluids together (large-scale
stirring), and a second stage promoted by the small-scale velocity fluctuations
which accelerate mixing at the molecular level. The entrainment rate of the jet
is especially important as it measures the rate at which fluid elements from the
jet and from its surroundings become entangled, or mixed, as they join at the
mixing layers. The entrainment-controlling large-scale vortices tend to be coher-
ent and easily recognizable features, hence their name coherent structures (CS)
(e.g., [1]). Control of the jet development is strongly dependent on understand-
ing the dynamics and topology of CS. In particular, it is important to know how
the jet properties can be affected through control of the formation, interaction,
merging, and breakdown of CS.

Extensive studies have been devoted to the investigation of passive shear-
flow control methods to enhance the three-dimensionality of the flow and hence
entrainment and mixing [2]. Passive mixing-control strategies are based on geo-
metrical modifications of the jet nozzle, which can directly alter the flow develop-
ment downstream relative to using a conventional circular nozzle. Jet studies
using nonaxisymmetric nozzles show that as the jet spreads, its cross-section
can evolve through shapes similar to that at the jet exit, but with the axis
successively rotated at angles characteristic of the jet geometry, which is de-
noted as the axis-switching phenomenon. Axis switching is the main mechanism
underlying the enhanced entrainment properties of noncircular jets relative to
those of comparable circular jets (Fig. 13.1), and results from self-induced Biot—
Savart deformation of vortex rings with nonuniform azimuthal curvature, and
interaction between azimuthal and streamwise vorticity.

Rectangular jet configurations are of particular interest because they offer
passively improved mixing at both ends: enhanced large-scale entrainment due
to axis switching, and enhanced small-scale mixing near corner regions and far-
ther downstream — due to faster breakdown of vortex-ring coherence and hence
faster transition to turbulence. In addition, jet entrainment can be affected
further by streamwise vorticity production through suitable vortex generators
placed at the jet nozzle exit (e.g., [3]). Theoretical studies gave insights on mech-
anisms by which jet initial conditions can promote the azimuthally nonuniform
growth characteristic of rectangular jets (e.g., [4, 5]). Laboratory experiments
(e.g., [6-8]) demonstrated complex vortex evolution and interaction related to
self-induction and interaction between azimuthal and axial vortices leading to
axis switching; however, the laboratory experiments can typically show only the
end outcome of the physical processes, exhibiting complex three-dimensional
(3D) flame structure with many unexplained features such as the distribution
and evolution of the geometry of the reaction zones.
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Figure 13.1 Near-field entrainment measurements in noncircular jets based on
experimental and computational studies [16]. Subsonic regimes. Experiments: 1 —
elliptic [37]; 2 — square [16]; 3 — round [38]. Simulations: 4 — square [16]. A:
(De/Q0)(dQ/dx) ~ 0.36; B: ~ 0.24

In this paper, an overview of recent jet investigations is presented describing
the details and clarifying the mechanisms of the vorticity dynamics and chemical-
reaction exothermicity effects on the behavior of rectangular (low-AR) tran-
sitional diffusion flames. First, the main features of the numerical jet model are
outlined that were used to study the compressible (subsonic) moderately high-Re
jet regimes investigated. Next, the understanding gained on the dynamics and
topology of CS underlying axis-switching phenomena is discussed, with special
focus on the role of initial conditions, self-induced vortex deformation, braid
vortices, and AR effects. The database of low-AR rectangular jet investigations
is used to relate unsteady entrainment and fluid dynamics, and to address the
significance of basic vorticity topological features and AR effects in the context
of nonpremixed jet combustion.

13.2 NUMERICAL JET MODEL

The time-dependent simulations of free jets discussed here focus on the vortex
dynamics and transition to turbulence downstream of the jet exit. For the sake
of computational efficiency, the author concentrates on the study of jet flow
initialized with laminar conditions with a thin rectangular vortex sheet having
slightly rounded-off corner regions and uniform initial momentum thickness [9].
Initial conditions for the simulated jets involve top-hat initial velocity profiles



and nonpremixed conditions modeled in terms of appropriate top-hat and step
profiles for the reacting species concentrations.

The numerical jet model [9-11] is based on the numerical solution of the
time-dependent, compressible flow conservation equations for total mass, en-
ergy, momentum, and chemical species’ number densities, with appropriate in-
flow/outflow open-boundary conditions and an ideal gas equation of state. In the
reactive simulations, multispecies temperature-dependent diffusion and thermal
conduction processes [11, 12] are calculated explicitly using central difference
approximations and coupled to chemical kinetics and convection using timestep-
splitting techniques [13]. Global models for hydrogen [14] and propane chem-
istry [15] have been used in the 3D, time-dependent reactive jet simulations.
Extensive comparisons with laboratory experiments have been reported for non-
reactive jets [9, 16]; validation of the reactive/diffusive models is discussed in [14].

The nonreactive jet systems investigated consist of spatially developing low-
AR (AR = 1-4) rectangular air jets emerging into ambient air background.
The jets emerge at uniform temperature Ty and Py = 1 atm into quiescent
background (also at the same uniform Ty and Py), with Mach number M ~ 0.3
0.6, and ratio D./6y = 50-75, where D, is the circular-equivalent jet diameter
and 6y is the initial shear layer momentum thickness. The reactive jets are
made of propane (hydrogen) diluted in nitrogen, and the background consists
of oxygen also diluted in nitrogen, with reactant molar concentrations chosen
to be the same and equal to 0.4, so that the jet-to-background mass density
ratio is s = p;j/py = 1.16 (0.6). A temperature T' = 1400 K was used for
the reactive cases to ensure autoignition for the chosen initial conditions. For
the reactive cases, the heat release parameter Ce = T'pear/To (Ce ~ 2.5-2.8)
gives a characteristic measure of chemical exothermicity, and peak Damkdhler
numbers Da ~ 1000 are typically involved [10]. Lewis numbers (Le) are based
on appropriate free-stream gas-mixture thermal conductivities, mass densities,
and diffusion coefficients for the jet and background; for the hydrogen—nitrogen
jet studies, the ratio of jet-to-background Le varied between Le;/Le, = 0.3/1.1
and Le;j/Le, = 1.1/1.1 (reference case used to assess Le effects) [11]; for the
propane-nitrogen jet studies a ratio closer to unity, Le;/Le; = 0.94/0.80, was
involved [12]. For the nonreactive cases, more generic jets with s = 1 and Le = 1
were considered, with Ty = 298 K, and both jet and background made of air.
Typical values of Re for the jets studied here with the monotonically integrated
LES (MILES) approach [17, 18] involve Re = U,;D./v > 78000 (Rer > 90) —
based on upper bounds for the effective numerical viscosity of the Flux-Corrected
Transport (FCT) algorithm [19] (or comparisons with DNS turbulence data [18]);
the direct numerical simulations involve Re = 3200-4450 (Rer = 20), based on
the mean free-stream gas-mixture kinematic viscosity. Discussion of subgrid-
scale (SGS) modeling issues, and comparative studies using MILES and various
other typical LES approaches for compressible nonreactive [18, 20] and reactive
[21] shear flows, have been recently reported.



13.3 NONREACTIVE JET DYNAMICS
13.3.1 Axis Switching and Jet Initial Conditions

The occurrence of axis switching for a given noncircular nozzle geometry depends
on initial conditions, such as azimuthal distribution of momentum thickness 6,
ratio D, /6, turbulence level, and jet forcing [16], and on the presence of stream-
wise vorticity at the jet exit due to secondary flows within the nozzle [2] or
due to vortex generators placed at the rim of the nozzle [3]. Even if effectively
absent at the jet exit, the streamwise vorticity has an increasingly more im-
portant role on the jet development further downstream. In contrast with the
plane free mixing layer — where primary 2D spanwise vortex rollers are contin-
uously supported downstream by the imposed constant shear — the jet velocity
decreases downstream towards the end of the jet potential core, thus attenuat-
ing the shear supporting the vortex rings in the jet. Sufficiently far downstream,
three-dimensionality is the inherent feature of jets with moderate-to-high Re and
high M. The streamwise vorticity has the crucial role in entraining fluid from the
surroundings [28], and large-scale vortices other than vortex rings dominate the
jet dynamics as one moves downstream. The discussion that follows focuses on
the vorticity dynamics underlying axis switching when the initial conditions at
the jet exit are such that (azimuthal) nonuniformities of the momentum thickness
and presence of streamwise vorticity are negligible.

13.3.2 Axis Switching and Vortex Dynamics

In the early views of axis switching (e.g., [4, 8, 22]), the dynamics of vortex
rings was presumed to dominate the jet development, axis switchings of the jet
cross-section were directly associated with successive self-induced axis rotations
of vortex rings, and the important role of jet initial conditions and braid vortices
was not recognized. In noncircular jets, vortex-ring deformation can take place
without the aid of azimuthal forcing, as a result of Biot—Savart self-induction [23]
associated with azimuthal nonuniform shear layer curvature. Such self-induced
deformation is clearly distinct from vortex-ring distortion due to azimuthal in-
stabilities [24], which also affects the noncircular ring dynamics. Simulations
of the development in space and time of isolated low-AR pseudo-elliptic [25]
and rectangular [26] vortex rings showed that such rings undergo quite regu-
lar self-induced nonplanar deformations for AR < 4, approximately recover-
ing shape and flatness with axis rotated with respect to its initial configura-
tion, and with axis rotation periods exhibiting nearly linear dependence on AR.
Vortex-ring splitting was observed for 4 < AR < 12; vortex bridging and thread-
ing were demonstrated to be the main mechanisms underlying the circulation-



redistributing vortex “fission” proc-
ess [26] — roles that had been conjec-
tured [22], but not captured by the pre-
vious flow visualizations of these phe-
nomena [8, 22, 25].

The dynamics of nonisolated vor-
tex rings in developed jets can be sig-
nificantly different from that of iso-
lated rings. Further downstream away
from the jet exit, strong interactions
with other large-scale vortices are to
be considered. The free square jet de-
velopment is illustrated in Fig. 13.2
(from [9]); it is controlled by the
dynamics of interacting vortices in-
cluding (i) deformation of virtually
flat (square) initial vortex rings due
to Biot—Savart self-induction, (4i) hair-

Figure 13.2 Instantaneous volume vi-

sualizations of the vorticity magnitude for
the M = 0.6 square jet [9]: I — hair-
pin (braid) vortices, 2 — vortex rings, and
3 — “worm” vortices

pin (braid) vortices aligned with the
corner regions that form in the initial
jet shear layer due to vorticity redistri-
bution and stretching induced by the

self-deformation of the vortex rings,
and (4) strong coupling of these vortices into ring—hairpin bundles. Vortex
interactions and azimuthal instabilities lead to more contorted vortices; stretch-
ing, kinking, and reconnection of vortices lead to their breakdown, and to a more
disorganized flow regime farther downstream, where the jet flow is characterized
by slender, tube-like “worm” vortices [9, 18] — as observed in fully developed
turbulent flows [29, 30]. The important role of streamwise braid vortices on the
jet dynamics was recognized only recently [9]. Braid (rib) vortices were identified
in studies of square [31], elliptic [32], and rectangular [33, 34] jets; these vortices
appear as a result of redistribution and stretching of the streamwise vorticity in
the high-strain-rate braid regions between vortex rings into vortices aligned with
fixed azimuthal locations (e.g., corner regions) characteristic of the geometry
at the jet exit. In addition to enhancing fluid entrainment from the jet sur-
roundings, braid vortices induce further vortex-ring deformation and triggering
of azimuthal instabilities, and thus have a direct role in affecting axis switching
and the transition to turbulence.

Depending on the particular jet initial conditions, several or no axis rotations
can occur in the first few diameters of jet development (e.g., [3, 16]). Results
of experiments, stability analysis, and simulations support the concept that the
basic mechanism for the first axis rotation of the jet cross-section is the self-
deformation of the vortex rings due to nonuniform azimuthal curvature at the
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Figure 13.3 Instantaneous isosurfaces of the vorticity magnitude for the square
jet [9] at two times ¢1 (a) and t2 (b). 1 — hairpin rib pairs, 2 — vortex rings, 3 —
vortex lines, 4 — flow ejection, and 5 — vortex-ring flattening

initial jet shear layer. However, subsequent axis rotations of the jet cross-section
are not linked to successive vortex-ring axis rotations. Strong interactions with
braid vortices and other rings can inhibit axis rotations of nonisolated rings —
which do not recover shape and flatness after the initial self-deformation. In
the square jet case [9], for example, the faster jet spreading in the corner-region
directions necessary to have a second axis rotation of the jet cross-section is
directly related to the strength of the hairpin vortices, inducing flow ejection at
corner regions and flattening on the upstream portions of the undulating vortex
rings (Fig. 13.3).

Laboratory investigations of elliptic [37] and rectangular [6] jets with
AR > 2 indicate that the spreading of the jet in the direction of the flow is
accompanied by deformation of its transverse section, with the minor-axis side
increasing while the major-axis side decreases, the jet cross-section approaching
an approximately rhomboidal shape, and then, with subsequent development,
the minor and major axis directions being interchanged, thus undergoing a 90°
axis rotation.



Figure 13.4 Instantaneous isosurfaces of the vorticity magnitude for the AR = 3
rectangular jet [34]. 1 — single ribs aligned with corners, 2 — vortex rings, and 3 —
braid (rib) vortices

The unsteady jet vorticity dynamics for AR = 3 is illustrated in Fig. 13.4. In
the first phase of the rectangular ring deformation, its corner regions move ahead
faster due to the self-induced velocity; the higher-curvature portions left behind
(at major-axis locations) then move quickly ahead, and further self-induced de-
formation of the ring follows, where the minor sides of the ring stretch and
effectively move faster downstream, while the centers of the longer sides tend to
stay behind and move away from the jet centerline. However, rather than an
approximate recovery of its flatness and shape, as in the isolated ring case [26],
the ring is a nonplanar vortex ring with a transverse cross-section and formally
switched characteristic axes (compared to those at the jet exit).

As noted above, the dynamical mechanisms underlying axis switchings sub-
sequent to the first cannot be attributed to just vortex-ring self-deformation. As
one moves downstream, the jet development is controlled by strong interactions
between ring and braid vortices, which combined with azimuthal instabilities
will eventually lead to their breakdown and to the turbulent flow regime down-
stream. Rectangular jets with AR > 2 are characterized by single ribs aligned
with corner regions [34] — in contrast with pairs of counterrotating ribs aligned
with the corners for square jets (cf. Fig. 13.3 and Fig. 13.4).

Further distinct topological features of the jet vorticity dynamics are ex-
pected for larger AR (e.g., for AR > 4), for which vortex-ring bifurcation has
been observed [8, 22, 25, 26].



13.4 NONPREMIXED COMBUSTION DYNAMICS
13.4.1 Square Jets

The database of the jet simulations has also been used to obtain insights on the
close relationship between unsteady fluid and nonpremixed-combustion jet dy-
namics [10-12, 35]. The combustion of propane—nitrogen (hydrogen—nitrogen)
square jets emerging into a quiescent gaseous background of oxygen—nitrogen
was investigated [10-12], with focus on: (1) regimes with a moderately high
Reynolds number, for which chemical exothermicity affects the jet development
mainly through inviscid volumetric expansion and baroclinic vorticity production
mechanisms; (2) regimes with sufficiently low Re, for which local temperature
changes in the flow due to chemical energy release and compressibility combined
with temperature-dependent viscous effects play a major role controlling the
flow dynamics. Investigation of the effects of density differences, exothermic-
ity, relaminarization, and preferential diffusion on the jet dynamics produced
the first detailed documentation of temperature and mixedness distributions in
reactive square jets, and the relation between combustion and underlying fluid
dynamics.

The instantaneous product formation rates were shown [10] to be closely
correlated with entrainment rates (D./Qo)dQ/dx — found to be first significant
in the regions of roll-up and initial self-deformation of vortex rings, and then
farther downstream, where fluid and momentum transport between jet and sur-
roundings are considerably enhanced by the presence of braid vortices (Fig. 13.5).
The role of Re and nonunity-Le effects was also addressed [11]: associated with
lower Re and jet Le less than unity, the reactive simulations generally predicted
a significantly reduced jet entrainment (Fig. 13.6a), as well as higher jet tem-
peratures (Fig. 13.60) and fuel burning rates (Fig. 13.6¢). In contrast with the
only slight stabilizing effect of reducing Re for the nonreactive cases, consider-
able viscous damping effects are found for the reactive jets (Figs. 13.6a) because
of exothermicity and the monotonically increasing dependence of viscosity with
temperature [11, 12]. Viscous damping has the effect of smoothing the flow,
reducing its small-scale content and characteristic vortex strengths, which re-
flects on reduced jet spread, lower temperatures, and reduced entrainment and
combustion.

Chemical exothermicity influences the jet development by effectively modi-
fying the jet shear layer initial conditions [10, 14, 35] and by directly affecting
the vorticity dynamics through expansion and baroclinic torque effects (e.g., as
in [36]). Specific combustion features of the observed reactive jet development
include: (1) distinct high-temperature regions associated with local chemical
exothermicity and the convective concentration of burnt gas governed by the
dynamics of vortex rings and hairpin vortices; (2) instantaneous fuel burning oc-
curring mainly at the outer sides of the jet shear layer, at the interfaces between
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Figure 13.5 Unsteady nonpremixed combustion and fluid dynamics: (a) contours
of the vorticity magnitude 2 in planes indicated to the right; (b) cross-sectional aver-
aged measures of instantaneous chemical product and product formation (left frame),
instantaneous unconstrained and vorticity-bearing (€ > 5% peak-value) streamwise
mass flux @ (right frame). 1 — product, 2 — instantaneous production, 3 — Qo = 0,
and 4 — QO/Qpeak =0.05
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Figure 13.6 Preferential diffusion
and Reynolds number effects in the com-
bustion of a hydrogen—nitrogen square
jet with oxygen—nitrogen background [11].
1 — Re > 85000, Le = 1.1/1.1; 2 —
Re = 2600, Le = 1.1/1.1; 3 — Re >
85000, Le = 0.3/1.1; 4 — Re = 2600,
Le =0.3/1.1. A — high Re, B — low Re,
C — nonreactive

reactants, where most of the mixing
takes place in thin laminar diffusion
layers; (3) high-strain regions (spatial-
ly uncorrelated with high-rate fuel-
burning regions) in the jet outer-edge
regions aligned with the corners — due
to the strong interaction between ad-
vanced vortex-ring corners and hairpin
tips, and in inner flame edges between
vortex rings [12]. As a result of vortex-
ring self-deformation and presence of
braid vortices, there is enhanced near-
jet mixing and combustion in regions
aligned with the nozzle flat-side cen-
ters.

13.4.2 Aspect Ratio Effects

The database of jet simulations can
also be used to obtain insights on
the potential impact of AR on non-
premixed rectangular-jet combustion.

By design, the jets with AR = 1
and AR = 2 compared in Fig. 13.7
(from [34]) only differ on the actual
shape of the initial jet cross-section
but have otherwise identical initial
conditions, e.g., including the same
cross-sectional jet outlet areas. The
near-jet entrainment and nonpremixed
combustion properties are largely de-
termined by the characteristic braid-
vortex topology and vortex-ring axis
rotation times. Because of the initial
enhanced entrainment associated with
rib pairs aligned with the corner re-
gions, the square jet nonpremixed com-
bustion turns out to be more effective
immediately downstream of the noz-
zle; on the other hand, the jet with
AR = 2 exhibits better combustion far-
ther away from the jet exit, reflecting
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Figure 13.7 Aspect ratio effects on the combustion of a propane-nitrogen jet with
oxygen—nitrogen surroundings. Instantaneous visualizations; temperature distributions
superimposed on vorticity isosurfaces [34]: (a) AR =1; (b) AR =2

better entrainment there due to the azimuthally more stable vortex rings and on
the axis-switching process being completed farther downstream — since vortex-
ring axis-rotation times increase with AR [25, 26].

Axis-rotation times are typically twice as large for AR = 2, compared with
AR = 1; because of this difference in timescales, axis switchings occur closer to
the jet exit and can be more frequent in the near jet for AR = 1, e.g., first axis
switching occurring at x & D, for AR = 1, compared with its occurrence at
x =2 3D, for AR = 2, for the jet initial conditions considered.

An important open question relates to whether an optimal AR exists with
regard to entrainment enhancement. Laboratory jet experiments with pseudo-
elliptical geometries [27] suggest that an optimal AR with regard to nozzle-
geometry-enhanced entrainment might be at a value AR = 3. However, the
experiments are not conclusive since they involved AR up to 3.5 and nonuniform
momentum-thickness distributions, which are known to also affect the entrain-
ment process [5]. Moreover, the possible effects on jet entrainment of other
more complicated interactions such as vortex-ring bifurcation still need to be
established.



13.5 CONCLUDING REMARKS

The goal of this work has been to characterize the effects of the unsteady vor-
ticity dynamics on jet entrainment and nonpremixed combustion. The main
focus of the numerical simulations of rectangular jets has been on the vortic-
ity dynamics underlying axis switching when the initial conditions at the jet
exit involve laminar conditions, negligible streamwise vorticity, and negligible
azimuthal nonuniformities of the momentum thickness.

Simulations of compressible (subsonic) jet regimes with AR = 1-4 and
moderately high Reynolds numbers were discussed. Qualitatively different vor-
ticity topologies characterizing the near-flow field of low-AR rectangular jets
were demonstrated, involving (4) self-deforming and bifurcating (AR = 4) vortex
rings, interacting ring and rib (braid) vortices — including (i7) single ribs aligned
with corner regions (AR > 2), (4) rib pairs (hairpins) aligned with the corners
(AR = 1), and (iv) elongated “worm” vortices in the turbulent jet regime. Even
if effectively absent at the jet exit, the streamwise vorticity has an increasingly
important role in affecting the axis-switching dynamics as one moves down-
stream, by inducing motions directly affecting the transverse jet cross-section.

The reactive jet simulations reviewed included hydrogen—air and propane—
air jet systems, and cases with nonunity AR. The jet development is controlled
by the dynamics of interacting vortex rings and braid vortices. The reactive jet
shows distinct high-temperature regions associated with local chemical exother-
micity and the convective concentration of burnt gas, and instantaneous chemical
production occurring mainly at the outer edges of the fuel jet. Most of the mixing
scalar dissipation is found to be concentrated in thin laminar diffusion layers.
The instantaneous product formation rates are closely correlated with the local
entrainment rates controlled by the vorticity bearing fluid.

The reactive simulations generally predict higher jet temperatures and sig-
nificantly reduced jet entrainment associated with lower Re and jet Le less than
unity. The near-jet entrainment and nonpremixed combustion properties of low-
AR rectangular jets are largely determined by the characteristic braid-vortex
topology and vortex-ring axis-rotation times. The vorticity dynamics and en-
suring mixing processes determine the regions of combustion within the flame
and thus the overall heat release pattern. By understanding these combined
processes it is possible to select optimal fuel injection features to improve jet
combustion.
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Chapter 14

TURBULENT COMBUSTION
OF POLYDISPERSED MIXTURES

N. N. Smirnov, V.F. Nikitin, and J. C. Legros

A model for theoretical investigation of turbulent mixing and combustion
of polydispersed mixtures in confined volumes is developed. The nu-
merical model and the created software make it possible to determine
the characteristics of polydispersed mixtures turbulent combustion and
ignition. The model is validated against with experiments on dust com-
bustion in confined volumes under different initial turbulization of the
mixture.

14.1 INTRODUCTION

The problems of polydispersed mixtures ignition and combustion modeling are
very acute for the description of processes taking place in motor chambers and
burners of different types as well as for making forecasts of accidental explo-
sions.

The problem of dust particle evolution in turbulent stratified flows near the
sources of accidental heat release is of great practical importance for description
of dust explosions and large fires.

The aim of the present investigation is to create adequate semi-empirical
physical and mathematical models that describe dynamics of turbulent com-
bustion in heterogeneous mixtures of gas with polydispersed suspended particles.

Long-term investigations of the processes of turbulent combustion in dust
explosions have contributed to great progress achieved in this branch of sci-
ence [1].

The existing theoretical models, accounting for the influence of turbulence on
the transport processes and the chemical reaction rates, use, as a rule, two differ-
ent types of approaches to the phenomenon. One is to apply Reynolds average



equations for modeling the mean values of parameters introducing different mod-
els for turbulent fluxes to close the system of equations [2]. The method works
rather effectively for determining mean characteristics for gaseous mixtures but
becomes complicated for heterogeneous systems with polydispersed phases. The
complication is due to an enormous number of additional terms arising in av-
eraging that can hardly be modeled to close the system of equations. Different
definitions need to be introduced for average values of various parameters to
maintain consistency of the approach. The other approach is based on the as-
sumption that instability plays a predominant role in the nature of turbulent
flows. The model presents direct numerical modeling of unstable flows and drift
of vortices (the modeling for “infinite Reynolds numbers” [3]), thus obtaining
results that are not microscopically reproducible, but that correspond with the
nature of the phenomenon.

The present investigation applies deterministic methods of continuous me-
chanics of multiphase flows to determine the mean values of parameters of the
gaseous phase. It also applies stochastic methods to describe the evolution of
polydispersed particles and fluctuations of parameters [4]. Thus the influence of
chaotic pulsations on the rate of energy release and mean values of flow param-
eters can be estimated. The transport of kinetic energy of turbulent pulsations
obeys the deterministic laws.

Theoretical investigations of the problem were carried out on the base of the
mathematical model, combining both deterministic and stochastic approaches
to turbulent combustion of organic dust—air mixtures modeling. To simulate the
gas-phase flow, the k— model is used with account of mass, momentum, and en-
ergy fluxes from the particles’ phase. The equations of motion for particles take
into account random turbulent pulsations in the gas flow. The mean characteris-
tics of those pulsations and the probability distribution functions are determined
with the help of solutions obtained within the frame of the k— model.

The model for phase transitions and chemical reactions takes into account
thermal destruction of dust particles, vent of volatiles, chemical reactions in the
gas phase, and heterogeneous oxidation of particles influenced by both diffusive
and kinetic characteristics.

The ignition process was modeled as an energy release in a relatively small
volume inside the vessel with the power as a given function of time.

14.2 PRINCIPLES OF MODELING

The system of equations for gas phase was obtained by Favre averaging the
system of multicomponent multiphase medium. The modified k— model is used
to describe the behavior of the gas phase. The generalization of this model will



take into account the influence of the other phases as well as the combustion and
heat and mass transfer in the gas phase.

14.2.1 Balance Equations in the Gas Phase

Using the Favre averaging procedure [2, 5] one obtains the following set of equa-
tions for the gas phase in a multiphase flow [6] (the averaging bars are removed
for simplicity):

Oi(ap) + V-(apil) = M (14.1)

Oy (apY i) + V-(apilY ) = —V-Ij, + M}, + wj, (14.2)
84 (apid) + V-(api ® @) = apf — aVp + Vor + K (14.3)
di(apE) + V-(apiE) = apig — V-pi — VI, + V-(rd0) + E (14.4)

where « is the volume fraction of the gas phase, p is fluid density, @ is the fluid
velocity vector, M is the specific mass flux to the gas phase, Y is the mass
fraction of the kth gas species, I, , is the turbulent diffusive flux to the kth gas
species, M, and wy, are, respectively, mass fluxes to the kth gaseous species due
to mass exchange with particles and due to chemical reactions, @ ®b is the tensor
with components a;b;, ¢ is the acceleration of gravity vector, p is the pressure, 7
is the turbulent viscosity tensor, K is the specific momentum flux to gas phase,
FE is the specific energy of fluid, I ¢ is the turbulent energy flux, and F is the
specific energy flux to gas phase. Equations (14.1)—(14.4) include mass balance
in the gas phase, mass balance of the kth component, momentum balance, and
energy balance, respectively. The following relations hold between the terms in
Egs. (14.1) and (14.2):

Zkyk:17 ZkMk:M, ZkkaO, kak:()

The state equations for gaseous mixture are the following:
p= RngZkYka, E = Zkyk(cva+h0k) +ﬁ2+k (145)

where R, is the universal gas constant, 7" is the temperature, W, is the molar
mass of the kth species, ¢, and hq are, respectively, the specific heat at constant
volume and the specific internal energy of the kth species, and k is the turbulent
kinematic energy.

Two chemical reactions in the gas phase were considered: generalized vola-
tiles component L oxidizing (unidirectional) and carbon monoxide CO oxidizing



(reversible). The kth component mass origination wy was calculated using the
Arrhenius law for the reaction rate; averaged magnitudes for mass fractions,
temperature, and density were used in the law as the first approximation. The
turbulent heat flux was split into two terms:

fq = jq+Zk(Cpk:T+h0k>fk (14.6)

where J, ¢ could be interpreted as the turbulent conductive heat flux.

The eddy kinematic viscosity v’ is expressed according to the k— model as
v = C,K?/e, where C), is the k— model constant.

Using the standard k— model for compressible flows [5], the turbulent fluxes
are modeled in the following way:

2 2
T=a(u+pv) <Vﬁ+ vil — g(Vﬁ)U> - gozpk:U (14.7)
- v
I, =—ap (D + —) VY (14.8)
od
= V/
J,=—a <>\ +)° kcpkpa—J v.T (14.9)

where p is the effective laminar viscosity, U is the unit tensor of the 2nd range,
D is the overall laminar-diffusive coefficient, o; and o4 are the model constants,
and A is the effective laminar termoconductivity.

The model is closed then by two equations for k& and e:

!

Oi(apk) + V-(apiik) = V-(a (,u + pgy—> Vk)+7": Vi —ape (14.10)
k
O (ape) + V-(apiic) =

!
V- (a (ﬂ + p?—) Vs) + %(0157’ : Vi — Cocape) (14.11)

where oy, 0., Cic, and Ca. are the other model constants. The constants take
the following standard values [2, 5]:

C, =009, Cy.=145 Co =192

oq=1, 0:;=09, op=1, oc.=1.13

To close the model, one needs the expressions for mass, momentum, and
energy fluxes from the other phases.



14.2.2 Particulate Phase Modeling

The motion of polydispersed particulate phase is modeled making use of a
stochastic approach. A group of representative model particles is distinguished.
Motion of these particles is simulated directly taking into account the influence
of the mean stream of gas and pulsations of parameters in gas phase. Properties
of the gas flow — the mean kinetic energy and the rate of pulsations decay —
make it possible to simulate the stochastic motion of the particles under the
assumption of the Poisson flow of events.

A great amount of real particles (for instance, liquid droplets) is modeled by
an ensemble of model particles (their number is of the order of thousands). Each
model particle is characterized by a vector of values, representing its location,
velocity, mass, and other properties. The following vector, determined for each
model particle, is introduced:

{N, m, mg, 7, U, W, w, Ts};, i=1,...,N, (14.12)

where N is the number of real particles represented by the model particle, m is
the mass of the model particle, m is the mass of carbon in the model particle,
7 and ¥ are, respectively, the radius-vector and velocity vector of the model
particle, 1 is the random term in the velocity of fluid in the neighborhood of the
model particle, w and T'; are, respectively, the volume and temperature of the
model particle, and N, is the total number of model particles. The values of N;
are initialized to satisfy the equality ¥; N;m; = M, and are not changed in the
process of calculations. When a particle is burnt out, its mass m; is set to zero,
and the particle is excluded from calculations.

Modeling the particles phase, therefore, is split into two stages. The first
stage is to evaluate the vector (14.12) for each model particle. The second stage
is to evaluate the particle’s phase volumetric share, as =1 — «, and fluxes M k>

M, K , E that are used in equations describing the gas phase behavior.

To model the motion of particles, the approach described in detail in [6, 7]
is used. The laws of ith particle motion are
dr;
dt

d’l_}'i 5 m; -
mi—— =m;g — 7Vp+ fa,

b =7 (14.13)
where the force affecting the particle consists of gravity and Archimedus forces,
drag force, and Langevin force (with j?d denoting the resultant force). The
Langevin force that models turbulent pulsations is evaluated together with the
drag force for each model particle using the random vector, w;. The details of
this force evaluation are shown in [7].

The decay of mass from a particle is evaluated by

dmi
dt

S (14.14)



The decay of volume was determined by the decay of mass of carbon component
rather than by the total mass decay. Thus, the extraction of volatiles causes the
decay of mean density of the particle.

The internal energy of the particle, e; = ¢;T; + h;", changes because of heat
exchange with the surrounding gas and phase transitions or, if any, chemical
reactions on the surface

dee
Mo = i + Qsi (14.15)

where @Q4; is the heat release on the surface of the ith model particle, and g; is
a heat flux between the gas and a particle:

i = mdANw; (T — T';) (14.16)

Here d is the model particle diameter; Nu is the Nusselt number. The Nusselt
number for the ith particle is determined as

Nu; = 2 + 0.16Re;?/?Pr?/3

where Pr is the Prandtl number and the Reynolds number Re; is determined by
the influence of turbulent pulsations of velocity which induce oscillations in the
heat flux between gas and particles.

The internal energy for the case of multicomponent particles is determined
by the formula

L
e = Z(Cisti + hi))Y i
j=1

where c;; is the heat capacity of the jth component within the ith particle
and hijo are the terms representing energy release in gas-phase reactions and
L is the number of components in the particulate phase. The heat release or
absorption on the surface of the particle due to chemistry or phase transitions
can be determined by the formula

L
Qsi = g 1mjhj
=1

where m;; is the mass rate of consumption (or extraction) of the jth component
from the 7th particle; h;; is the enthalpy of surface chemical reactions or phase
transformations.

14.2.3 Fluxes from Model Particles

The mass exchange processes between a particle and the gaseous phase can take
place because of phase transitions (evaporation or condensation on the surface



of liquid droplets), devolatilization of dust particles, chemical transformations
on the interface, etc. A mixture of gas with organic dust particles is considered
with due account for a possibility of volatiles extraction and chemical reactions.
Two overall reactions are assumed to take place on a particle surface together
with volatiles extraction. The reactions are

C+0.50, — CO, C+ CO2 — 2CO

Thus, three species from the gas phase, Oz, CO, and COs, take part in the
reaction, and the generalized volatiles component, L, is extracted. The following
formulae for the volatiles extraction and carbon decay rates from the ith model
particle are used:

Y W
2 2

(14.18)

Yo, iWc

-1
] 1g< nWo,

where

0.5Wo d
K — d2 2 1
L=7 (WcAm(TS,») + pDNui>

0.5Wo d; _
Ko = d2 2 1
2 T (WCACQ(TM') pDNuZ>
o=k k=1,2
m

Here sub/superscripts 1 and 2 denote carbon oxidation by oxygen and by carbon
dioxide, respectively; Ar(Ts;), Ac1(Tsi), Aca(Tsi) are the Arrhenius functions
for heterogeneous kinetics depending on the surface temperature T'g;.

Equations (14.18) are the generalization of the solutions obtained in [8] for
quasisteady heterogeneous diffusive combustion of the spherical particles. Under
the condition Y ;W < yi Wy, for at least one of the species (k=1 or k = 2),
the respective formula (14.18) could be essentially simplified:

Yk,iWC>

mcf:Kklog <1+ W
k

The rate of particle mass decrease and rates of gaseous species CO, COq,
and Oy release from a particle are calculated (subscript ¢ omitted for simplicity):

) ) . ) .1 Wo
m = mlc+miq, mo, = 0.5mlc z
c
) .5 Wco . ) . Weco
mco, = 0.5m20 —2 mco = (mlc + mc2) —2

W We



Momentum and energy fluxes are calculated as follows:
ki =1t — fri, €= q; + (e + 0.5]T|) — (0, F;)

where F',; is the drag force.

Fluxes M s M, K , to gas phase as well as the volumetric share of particles
phase as, are obtained evaluating corresponding fluxes from model particles and
volume of model particles. The procedure of recalculating (see [6, 7]) is the
following.

For each grid node n with the volume €2, attached to it, one evaluates at

the first stage:
1
F,! Z

| i@imenn”

where F' is an element of the set defined on the grid: F' € {ax, M, My, K., K,,
E}, and f is an element of the corresponding set defined on model particles
via the values from the particle vector (14.12) and fluxes evaluated from it:
f e {w, i, g, ke, \/ky + ks, €}

Then, one applies the procedure smoothing the fields of F!' in order to ensure
stability of calculations. The detailed description of the algorithm can be found
elsewhere [6, 7].

14.2.4 Overall Method of Computation

Calculations were performed in the cylindrical geometry with the uniform grid
61 x 41 and 5000 model particles. Each time step contained the calculations of
model particles motion, determining fluxes from particles to the gas phase and
recalculating them to the grid. Then, two half-steps to calculate gas dynamics
parameters were taken, accounting for fluxes from the particulate phase. Used
at each half-step was the space splitting in x and r coordinates as well as the
splitting in three physical processes: chemistry and turbulent energy production,
convection (hyperbolic part of the equations), and diffusion (parabolic part of the
equations). The hyperbolic part was solved using the explicit FCT technique [9];
the parabolic part was solved implicitly. The time step was calculated using the
CFL criterion. The gas dynamic part of the scheme was found to be validated
after comparing it with standard solutions. The present set of calculations was
made for combustion in a closed cylindrical vessel filled with an air and dextrin
dust suspension. The volatiles composition and model chemistry for the dextrin
dust was described in [6] and [7].

The dust—air mixture was ignited in the center of the site by the energy
release in a ball-shape volume.



14.3 RESULTS AND DISCUSSIONS
14.3.1 Flame Zone Evolution in a Closed Vessel

Results of the flow parameters calculation for the stage of ignition of the air—
dust mixtures are shown in [6]. Here, the results are presented for the volatiles
oxidizing intensity M, /p for the following stages of the process: the formation of
a flame ball at time ¢t = 10 ms just after switching off the igniter (Fig. 14.1a); the
formation of the turbulent flame at time ¢t = 40 ms after the ignition (Fig. 14.1b);
the developed flame at t = 66 ms (Fig. 14.1¢); and further evolution of the flame
at t = 91.6 ms when the flame forefront nearly reaches the walls (Fig. 14.1d).

22.88
19.14
15.40
11.66
7.92
4.18
(a)
22.88
19.14
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4.18
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Figure 14.1 Flame intensity after ignition of a polydispersed particle suspension in
air at (a) t = 10 ms; (b) 40; (¢) 66.3; and (d) 91.6 ms

(d)



It is seen from Fig. 14.1a that there is a hot spot in the center of the volume
where the ignition took place. The rate of volatiles oxidation is high there
because many particles within the ignition zone were devolatilized completely
and the concentrated volatiles cluster had just begun to burn. The short line
segments reflect the propagation of a weak compression wave in the gas caused
by the ignition energy input. The wave is being overtaken by the other one
formed in expansion of the ignited gas—volatiles mixture in the zone of ignition.
The reaction rate decreases in the center and the reaction zone forms a rather
thick expanding spherical layer.

The results from Fig. 14.1b show the developing turbulent flame zone. The
nonsymmetries of the reaction rate field are due to inhomogeneity of the polydis-
persed mixture, i.e., nonsymmetrical distribution of model particles and their ve-
locities. The reaction front is under formation: oxygen and partially the volatiles
in the center are burnt out, but the reaction front is not sphere-shaped yet. The
nonuniformity of the model particles distribution was induced initially due to
the stochastic modeling of the particulate phase.

Figure 14.1c¢ illustrates the reaction rate in the well-developed flame at ¢ =
66 ms. The reaction front is nearly ball-shaped. Some nonsymmetries due to

initial nonsymmetry of particles
distribution are still present and
some hot spots are evident within
229‘;’ the reaction zone. The hot spots are
:?;; very unstable; they appear and die
g 255 Within the reaction zone arbitrarily.
5.87 Figure 14.1d illustrates the
4.174 state of the process when the flame
front is about to reach the walls.
The flame front deviates from a
sphere not only by nonsymmetries
of the particles distribution but al-
so by its proximity to the walls.

After the flame reaches the
walls it propagates toward the cor-
ners (Fig. 14.2) causing the inten-
sive gas flow out of the corners and
towards the center.

The results were obtained for the polydispersed mixtures possessing the fol-
lowing characteristic properties of particle size distribution function (Figs. 14.1-
14.2):

Figure 14.2  Flame intensity in a
polydispersed particle suspension in air at
t = 114.5 ms after ignition

dmin = 10_5 m, dmed = 5'10_5 m, dmax = 7'10_5 m

The second set of numerical simulations was performed for the polydispersed
mixture characterized by the presence of larger particles:



oin = 107°m,  dpeda =5107° m, dpax = 107* m

and the increased initial concentration of oxygen. The list of problem parameters
is given in Table 14.1.

The dynamics of the reaction zone (volatiles oxidizing intensity) and the
particles’ temperatures are shown in Figs. 14.3-14.4. It is clearly seen that
the width of the reaction zone is larger, for the present case, and irregularities
in the reaction zone are stronger. That is mostly because the larger particles
have a longer induction time for ignition and longer combustion time. Large
particles due to the large content of volatiles cause nonuniformities in the volatiles
concentration field, promoting the formation of hot spots in the reaction zone
(Fig. 14.3). An increase in the initial content of oxygen widens the reaction

Table 14.1 Problem parameters list for Figs. 14.1-14.2

Parameter Description Value Unit
Grid points along OX 61

Grid points along OR 41

Number of model particles 5000

Vessel dimension along the axis 1.18 m
Vessel radius 0.59 m
Initial pressure 1.013-10° Pa
Initial temperature 300 K
Initial turbulent energy 50 J/kg
Initial turbulent rate of decay 100 J/(kg-s)
Mass concentration of Os in volatiles 0

Mass concentration of HoO in volatiles 0

Mass concentration of COs in volatiles 0.081

Mass concentration of CO in volatiles 0.256

Mass concentration of N2 in volatiles 0.128

Mass concentration of CHy in volatiles 0.438

Mass concentration of Hs in volatiles 0.097

Mass concentration of NHs in volatiles 0

Specific heat of condensed volatile component 1000 J/(kg-K)
Initial volume concentration of O2 0.22

Initial volume concentration of volatiles 0

Initial volume concentration of HoO 0

Initial volume concentration of CO» 0

Initial volume concentration of CO 0

Initial volume concentration of No 0.78

Initial density of dust 0.22 kg/m?
Initial density of each particle 1800 kg/m3
Initial porosity (volumetric share of voids) 0.1

Initial volumetric share of carbon in a particle 0.1

Minimum diameter of particles 1075 m



Table 14.1 Problem parameters list for Figs. 1-2 (Continued)

Parameter Description Value Unit
Medium diameter of particles 5.107° m
Maximum diameter of particles 7.107° m
Initial particles temperature 300 K
Volatiles oxidizing heat 1.881 — 107 J/kg
CO oxidizing heat 2.23-10° J/mol
C oxidizing to CO heat 1.105-10° J/mol
Volatiles extraction heat 5-10° J/kg
Volatiles oxidizing rate: Arrhenius coefficient 2:10° st
Volatiles oxidizing rate: activation energy 2.10* J/mol
Volatiles oxidizing rate: minimum temperature 400 K
C+ O — COg forward rate: Arrhenius coefficient 5.89-10° st
CO + Oz — COq forward rate: activation energy 1.72.10% J/mol
CO + O2 — COq forward rate: minimum temperature 400 K
CO + Oz — COg reverse rate: Arrhenius coefficient 2.75-10° st
CO + Oz — COq reverse rate: activation energy 1.83-10° J/mol
CO + O2 — COg reverse rate: minimum temperature 700 K
C + Oz — CO rate: Arrhenius coefficient 10 s 'm™?
C 4+ O2 — COxq rate: activation energy 1.0775-10° J/mol
C + Oz — CO rate: minimum temperature 500 K
C 4+ CO2 — CO rate: Arrhenius coefficient 1010 s™tm™2
C + CO2 — CO rate: activation energy 1.9113-10° J/mol
C + CO2 — CO rate: minimum temperature 500 K
Volatiles extraction rate: Arrhenius coefficient 1.5-10* st
Volatiles extraction rate: activation energy 4.4-10* J/mol
Volatiles extraction rate: minimum temperature 380 K
Total ignition energy 3000 J
Ignition time 1072 S
Vertical position of the ignition point 0.59 m
Ignition spark inner radius 1073 m
Ignition spark outer radius 1072 m
Energy consumption factor for particles 0.8

zone because heterogeneous combustion of particles continues after the gas-phase
reaction has terminated.

The results show that the dynamics of the reaction zone in a turbulent flame
can be traced by the evolution of the volatiles oxidation intensity field. Ignited
in the ball-shaped volume, the turbulent flame expands as a relatively wide
spherical layer containing strong nonuniformities of the reaction rate. Similar
nonuniformities were also detected in the experiments by means of direct optical
registration of the flame-ball dynamics [10]. Thus, the numerical results quali-
tatively reflect the influence of dust concentration nonuniformities that existed
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Figure 14.3 Flame intensity in a polydispersed particle suspension in oxygen:
(a) t =34.8 ms and (b) 41.8 ms
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Figure 14.4 Particulate phase temperature in polydispersed particle suspension in
oxygen: (a) t = 34.8 ms and (b) 41.8 ms

in the experiment. The width of the reaction zone increases with time and is
thicker than that in combustion of homogeneous mixtures.

14.3.2 Numerical Model Validation

The model was validated by comparing the numerical results with experimental
data for macroscopic characteristics: flame zone dynamics and pressure growth



in a closed vessel. The validation
was based on a set of experiments

g 0.6 on ignition and combustion of
= dextrin—air mixtures [10] in a cy-
2 0.5 lindrical 1.25 m? vessel.

é0.4 The mean flame trajectory
203 being a result of averaging is
£ 0.2 shown in Fig. 14.5 for a high ini-
g - tial level of turbulence (RMS =
CE“O-l 9.7 m/s). The right axis of

<
=)

0.0 Fig. 14.5 reflects the pressure in-
crease inside the vessel detected by
a pressure gauge located on the
wall. Arrows on the curves point
the axis relating to the curve. Dif-
ferent symbols reflect the dynam-
ics of flame forefront position for
different directions from the center
and different experiments. Those
results reflect irregularity of the flame zone behavior. The solid curve presents
the averaged trajectory of flame front expansion from the center.

The dashed zone in Fig. 14.5 presents the results of the numerical modeling
of turbulent flame propagation for the same value of initial turbulence. The
flame boundaries were detected along five central rays (in horizontal, vertical
directions and 45° to the horizon) as points of maximum gradient of oxidizer on
each ray. The dashed zone in Fig. 14.5 presents the flame trace being the result
of averaging in those five directions. The dashed curves 1 bounding the dashed
zone were obtained by estimating the position of the forefront and the rear front
of the flame. The dashed curve 2 in Fig. 14.5 shows the growth of the mean wall
pressure obtained as a result of averaging the ratio of pressure integral to the
wall surface area.

Experimental results show the increase of the mean flame propagation veloc-
ity and the rate of pressure growth with the increase of the initial turbulization
of the flow. The pressure growth is rather slow in the beginning when the flame
occupies a relatively small central zone of the vessel but then it increases with the
increase of the radius of the flame-ball. The increase of pressure continues after
the leading flame front reaches the walls due to continuation of combustion and
devolatilization of particles in a thick combustion zone. Theoretical results agree
well with the experimental data. The theoretical curve 2 has a slight shift in
time in comparison with the experimental one at ¢ < 65 ms. It can be explained
by different initiation conditions. The energy of ignition was probably released
more rapidly in the experiments than it was assumed in numerical modeling. Af-
ter ¢ > 60 ms the theoretical curve grows faster than the experimental one, and

| | | | | |
0 10 20 30 40 50 60 70
Time / ms

Figure 14.5 Comparison between exper-
imental and theoretical results for turbulent
flame front position and pressure-time line.
Cornstarch with air at pg, = 0.22 kg/m?



this could be due to the fact that the heat loss in the chamber was not accounted
for in the calculations. Since the walls were assumed adiabatic in the numerical
investigations, the resulting temperature in the chamber was higher than that
obtained in the experiments. This led to higher values of pressure when the
combustion process has developed within a significant portion of the chamber.

14.3.3 Influence of Governing Parameters on Flame Propagation
and Ignition Dynamics

The numerical investigations of flame propagation in the initially turbulized
mixture of air with dextrin particles were performed in [11] and compared with
the available experimental data.

The initial conditions for all the experiments were nearly the same but for
the initial turbulence and initial density of the particulate phase. It was shown
that for the larger RMS values the combustion zone was wider and the flame
propagated faster. Thus the increase of the initial level of the flow turbulization
promotes the flame propagation in polydispersed mixtures due to the increase of
the turbulent transport processes.

Now, let us consider the influence of the initial flow turbulization on the
mixture ignition. The ignition energy was Eg = 3-10% J, the ignition time
to = 1072 5. The data on flame propagation velocities for different RMS values
and particulate phase averaged density are given in Table 14.2. Table 14.2 shows
that the increase of dust share and initial turbulization of the flow promotes the
flame propagation. But near the ignition limits the increase of the turbulence
inhibits the ignition.

To understand the mechanisms leading to such a phenomenon one needs
to investigate in detail the radiative ignition dynamics. The peculiarity of the
radiative ignition of the air—dust mixtures is the following. At the first stage,
the ignition energy is mostly consumed by the particles; chemical reaction starts
on their surface and then gas is gradually heated and gas chemistry proceeds,
switching on the convective-conductive flame propagation mechanisms. If the
initiation energy is sufficient, the propagating flame zone originates as shown
in Figs. 14.1-14.3. Near the limit conditions, a long delay time is necessary for
the ignited particles to burn out and heat the gas and then the flame starts its
propagation. Below the limit conditions, the particles ignited by the igniter burn
out but do not initiate essential combustion in the gas phase due to rapid diffusion
of energy. Thus, high temperature and the surface chemistry are maintained
for some time in the ignition zone after switching off the igniter, and then the
reaction extinguishes.

For high levels of turbulence, the heat delivered to the gas phase from the
ignited particles diffuses very rapidly due to high rates of turbulent transport in



the gas. The necessary heating of gas
tion velocities at different RMS veloci- sufficient to launch the gas .Chemls1iry
ties and particulate phase-averaged den- does not occur and combustion extin-
sities guishes some time after switching off
the igniter.

To investigate the influence of the

Table 14.2 Predicted flame propaga-

RMS Pav Flame propagation

3 .

m/s kg/;g Velocg}; m/s ignition conditions (the energy Fy and
10 0.22 6.5 duration ¢¢) a set of numerical calcu-
0.13 No ignition lations for the case of low-limit dust

0.35 57 concentrations was performed. All the

1.4 0.22 5.0 parameters of the air-dust mixtures
0.13 3.5 were maintained constant. The vari-

able parameters were Fq, to, and the

RMS value. The ignition was assumed
to take place if the flame propagated in self-sustaining mode after switching off
the igniter. The results are shown in Table 14.3. The dust content was assumed
to be pgy = 0.13 kg/m3 for all the calculations.

The results show that the increase of the ignition energy and the decrease
of the duration promote the ignition.

The increase of the initial turbulence creates less favorable conditions for the
ignition for all the values of the ignition energy and time (E( and tg).

The domain of parameters wherein the ignition takes place and the domain
wherein the ignition does not occur are separated by the zone of parameters cor-
responding to “slow ignition.” The introduced notation “slow ignition” denotes
the process wherein the combustion does not start simultaneously on ignition
but there exists a relatively long period after switching off the igniter when the
flame zone does not propagate and the mean temperature in the ignited zone is
T =~ 1000 K. The chemical reactions proceed relatively slow. Then temperature
increases very quickly up to T ~ 2000 K and self-sustaining flame propagation
starts.

The results shown in Table 14.3 explain the situation with the absence of
ignition in one of the cases regarded in Table 14.2. Under ignition conditions
No. 3 (Table 14.3) the mixture was not ignited. But this result does not mean
that the mixture could not be ignited. Under ignition conditions No. 1, the same

Table 14.3 Predicted ignition performance of the air—dust
mixture with the dust content pg, = 0.13 kg;/m3

No. 1 2 3 4

Eo (kJ) 10 3 3 1

to (ms) 1 1 10 10
RMS=14m/s Yes Yes Slow ignition No

RMS =10m/s Yes Slow ignition No No




Table 14.4 Predicted ignition performance of the oxygen—dust
mixtures

Eo (kJ) 3 2 1.6 1.5 1.45 1.25 1
Ignition Yes Yes Slow ignition No No No No

mixture is ignited and comes to a self-sustaining flame propagation with the
characteristic velocity of 4.8 m/s.

The next series of numerical experiments was performed for the oxygen—
dust mixtures with the values of governing parameters taken from Table 14.1.
The dust concentration, initial turbulization, and the ignition duration were
maintained constant: pg, = 0.21 kg/m®, RMS = 1.4 m/s, to = 1072 s. The
results are shown in Table 14.4*. It is seen that the increase of oxygen fraction
in the oxidizer promotes the ignition and reduces the necessary ignition energy.

14.4 CONCLUDING REMARKS

Physical and numerical models are created describing the dynamics of turbu-
lent combustion in heterogeneous mixtures of gas with polydispersed particles.
The models take into account the thermal destruction of particles, chemistry in
the gas phase, and heterogeneous oxidation on the surface influenced by both
diffusive and kinetic factors. The models are validated against independent ex-
periments and enable the determination of peculiarities of turbulent combustion
of polydispersed mixtures.

The developed mathematical model is used for numerical investigation of
the sensitivity of the polydispersed mixture initiation limits to the variations
of the governing parameters. The combustion zone in heterogeneous mixtures
is shown to be very wide having an irregular structure with a number of hot
spots. Its propagation velocity strongly depends on initial turbulence, particles
size distribution, and concentration of oxygen in gas. The increase of particles
size and oxygen concentration brings an increase of the reaction zone width and
irregularity. The increase of the initial level of turbulence promotes the flame
propagation but inhibits ignition near the limits. The decrease of the mean
concentration of the dispersed phase lowers the flame propagation velocity and
creates less favorable ignition conditions near the limits.

The preliminary results obtained show that the initiation limits for polydis-
persed mixtures and stability of flame propagation strongly depend on inhomo-
geneity of particles (droplets) concentration distribution typical for the majority
of practical cases wherein the ignition and combustion of polydispersed mix-
tures take place. Thus to ensure stable ignition and combustion characteristics

*Reported values of ignition energies seem to be too overestimated (Editor’s remark).



in technical propulsion systems, further development of modeling and experi-
mentation is necessary, especially for polydispersed mixtures with nonuniform
condensed-phase distribution.
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Chapter 15

TURBULENT COMBUSTION
REGIME CHARACTERISTIC OF
A TAYLOR-COUETTE BURNER

R. C. Aldredge, I

The first experimental measurements of turbulent flame speeds in
gaseous reactants using a cylindrical Taylor-Couette burner have been
made. A decreasing sensitivity of the turbulent flame speed to increases
in turbulence intensity is found to occur beyond turbulence intensities
of approximately 2.5 times the laminar flame speed. It is determined
using dimensional analysis that this observed behavior is a result of a
transition to a nonflamelet combustion regime where flame propagation
is influenced by both small-scale flame-structure modification and large-
scale flame-front wrinkling. It is also found that chemical heat release
enhances turbulent combustion, giving rise to increased flame propa-
gation rates. Results are compared both with those obtained by earlier
investigators using other experimental apparatuses and theoretical pre-
dictions.

15.1 NOMENCLATURE

Dy Damkohler number characterizing Kolmogorov-scale fluctuations
D, Damkohler number characterizing large-scale fluctuations

1 integral length scale

Pe Peclet number

Pr Prandt]l number

R; turbulence Reynolds number

U turbulence intensity

U; laminar flame speed



Greek Symbols

«  thermal diffusivity of the reactive mixture at 298° and 1 atm
0  laminar flame thickness
€  ratio of laminar flame thickness to turbulence integral scale
¢  equivalence ratio

Subscripts
T turbulence

15.2 INTRODUCTION

A variety of combustion configurations have been employed by previous in-
vestigators in studies of turbulent burning velocities of premixed flames. These
include (1) rod-stabilized v-flames; (2) tube-stabilized conical flames;
(3) stagnation-flow stabilized flames [1]; (4) weak-swirl stabilized flames [2]; and
(5) fan-stirred chambers [3]. All of these configurations suffer to varying degrees
from turbulence that is inhomogeneous, unsteady, or subject to significant mean
flow velocity or mean strain.

In contrast, most models of turbulent flame speeds assume homogeneous
isotropic turbulence with no mean flow or strain. This leads to substantial
differences between model predictions and experimental observations [4].

For example, in configuration (1), the vertex of a v-shaped flame is attached
to a round rod positioned at the exit of a nozzle. Although the flame brush
on either side of the rod is relatively planar, the turbulence length scales and
turbulent flame structure both vary with the distance away from the rod. In
configuration (2), the turbulent flame can be stabilized over a wide range of
turbulence intensities with the use of a pilot flame, and if the tube diameter
is large enough (e.g., 50 mm) a uniform profile of turbulence intensity may be
achieved; however, a disadvantage is that the structure of the turbulent flame is
not uniform along the length of the flame brush.

Although a nearly planar premixed turbulent flame is maintained in the
stagnation-flow burning configuration (3), the divergence of flow-field streamlines
results in mean strain rates which also modify the turbulent flame structure and
burning rates.

In configuration (4) a turbulent premixed flame is stabilized at the exit of
a tube by a pressure gradient along the direction of mean flame propagation,
induced by transverse swirl, but again the turbulence is inhomogeneous and
there is appreciable mean flow.

The constant-volume fan-stirred combustion chamber used by Abdel-Gayed
et al. [3], configuration (5), offers an advantage of high-turbulence intensities
while having negligible mean flow velocities. The disadvantage is that in the
early stages of propagation the flame kernel is small compared to the turbulence



integral length scale and therefore develops unsteadily, whereas later in the latter
stages thermal expansion in the constant-volume chamber leads to unsteady and
nonuniform mean reactant temperature and pressure.

Recently Ronney et al. [5] employed turbulent Taylor—Couette (TC) flow to
study freely propagating nearly isothermal aqueous chemical fronts. As discussed
by Ronney et al. [5] and Aldredge [6], the TC flow offers several key advantages
over burning configurations (1-5) discussed above, including: (a) turbulence
characteristics that are statistically steady upstream of the flame and uniform
over most of the flame surface area; (b) turbulence intensities that are inde-
pendent of the mean flow speed along the direction of flame propagation; (¢) the
mean strain rate, which is known to affect burning velocities and extinction con-
ditions of turbulent flames [7], is zero over most of the annulus width; (d) capa-
bility to generate either large-scale, low-intensity, or small-scale high-intensity
turbulence, depending on the Reynolds numbers of the inner and outer cylin-
ders; and (e) independent control of heat loss and buoyancy influences on flame
propagation by appropriate selection of the cylinder Reynolds numbers and the
annulus gap width.

The focus of the present work is the extension of the isothermal-front ex-
periments of Ronney et al. [5] to measurements of turbulent flame speeds in
exothermic hydrocarbon—air mixtures, as originally proposed by Aldredge [6].
Of course, a number of differences are expected. In particular, the presence
of thermal expansion in the gaseous flames may lead to wrinkling induced by
flame instabilities not present in the aqueous systems [8]. Also, some differ-
ences will occur because, as discussed by Ronney [4], the aqueous systems are
nearly isothermal and not influenced by heat losses, whereas it is well known that
gaseous flames are strongly influenced by these losses. Furthermore, since the
laminar “burning velocities” of the autocatalytic reactions are smaller than those
of hydrocarbon-air mixtures by a factor of 10~% to 10~°, much higher turbulence
intensities are required in the gaseous combustion system to achieve moderate-
to-high turbulence intensities relative to the laminar front speed (although the
Reynolds numbers in the two systems will be comparable). Even though turbu-
lence intensities up to 500 times the local laminar front propagation speed were
achievable in the constant-density TC experiments of Ronney et al. [5], lower
turbulence intensities, below 20 times the local front speed, were precluded by
viscous dissipation. The present study provides new data for this lower range of
moderate-to-high intensities for turbulent flame propagation with heat release.

In an earlier phase of this work [9] the intensities of axial and circumferential
components of velocity fluctuation were measured in the TC annulus, using Laser
Doppler Velocimetry (LDV), for a wide range of cylinder rotation speeds. On
average, the intensities of axial velocity fluctuations were found to be within
25% of the intensities of circumferential velocity fluctuations [9]. As in Ronney et
al. [5], turbulence intensities were found to be nearly homogeneous along the axial
direction and over most of the annulus width, and to be linearly proportional



to the average cylinder speed. The integral scale of turbulence [ was found
to be essentially equal to half the cylinder gap, i.e., [ = d/2. Moreover, the
mean circumferential flow velocity and the mean strain rates were shown to be
nearly zero across the entire cylinder gap except very near the walls, where no-
slip conditions must apply. In this sense the TC flow in the Reynolds-number
regimes studied here can be thought of as high-Reynolds-number channel flow
with zero mean flow and the two walls moving in opposite directions.

15.3 EXPERIMENTAL APPROACH

products products A schematic of the TC apparatus
T * employed with rounded numerical

dimensions is shown in Fig. 15.1.

It consists of two concentric cylin-

540 mm ders which can be rotated indepen-

’\U‘{,\W /,;\S\f‘ dently in either direction at up to

outer * tilrlklgllsgt * 600 mm 3450 revolutions per minute. The
cylinder flame inner cylinder is made of aluminum
and has an outer-surface radius of

11 mm 158 mm 79 mm, while the outer cylinder
inner width is of Pyrex construction to allow
EE Ei optical access into the TC annu-

= I= lus and has an inner-surface radius

allp of 90 mm. Each cylinder has a

length of 600 mm, giving an aspect

reactive mixture ratio (of cylinder length to annu-

lus width) of 55, consistent with
that attained in earlier investiga-
Figure 15.1 Schematic diagram of the {ions [5,10] and large enough to
Taylor-Couette apparatu? used for studies of 50050 cylinder-end effects. The
turbulent flame propagation annulus of width 11 mm is sealed
at the bottom of the apparatus and
open to the atmosphere at the top. A more detailed description of the experi-
mental facility, including the LDV configuration, is given in Vaezi et al. [9].
The methane-air mixtures were introduced into the annulus through 900
holes at the bottom of the inner cylinder, each 2 mm in diameter. After allowing
at least 2.5 annulus volumes of gas to pass through the apparatus, the mixtures
were then ignited at the top of the annulus causing a flame to propagate down-
ward until all of the reactants were consumed. Since the hole diameter is smaller
than the quenching distance, the flame does not propagate into the supply line.
By igniting the mixture at the open end of the tube, the effects of thermal ex-



pansion are minimized because the flame front is not being pushed ahead by an
expanding slab of hot products as it would if the flame were propagating from
the closed end of the tube towards the open end. For the same reason, studies
of flammability limits in tubes [11] employ the same strategy. A video camera is
used to record the downward progression of the flame at 30 frames per second.
The turbulent flame speed is calculated from this video record; the turbulent
flame speed (the speed of the flame brush relative to the upstream reactant
flow) is obtained by adding the mean upward speed of the reactants, maintained
at 5 cm/s in all cases, to the downward rate of flame propagation measured in
the laboratory frame of reference. This upward reactant speed of 5 cm/s is small
compared to the turbulence intensities and flame propagation speeds character-
istic of the experiments and therefore is considered to have a negligible effect on
the results. Higher values than this make calculation of the reactant equivalence
ratio less accurate as a result of a pressure increase in the rotometers, while lower
values make the establishment of a completely annular flame ring more difficult
when the cylinders are not rotating. It should be noted also that the Reynolds
number based on the annulus gap and the axial mean flow velocity is only 37
and is much lower than that based on the cylinder wall velocities.

Reynolds numbers Re; and Re, are defined for the inner and outer cylinders,
respectively, and are based on the annulus width d and on the tangential velocity
of the inner and outer cylinders. Hence, Re; = Q;r;d/v, and Re, = Q,r,d/v,
where €2; and 2, are the angular rotation rates and r; and r, are the radii of
the inner and outer cylinders, respectively; v is the kinematic viscosity of the
reactive mixture. The onset of fully developed turbulence in the TC apparatus
occurs when Re; > 50,000 if the outer cylinder is fixed [12]. However, if the
outer cylinder is rotated in the direction opposite to that of the inner cylinder, a
significantly lower minimum Reynolds number of approximately 1000 defines the
fully developed turbulence regime [10]. In this case, Re, and Re; must be of the
same order of magnitude, with the magnitude of the ratio Re,/Re; being larger
than unity. If the magnitude of this ratio is too small then steady Taylor vortices
are present, while if it is too large then steady laminar Couette flow exists [13].
As in Ronney et al. [5], for all of the present experiments Re,/Re; = —1.4 was
maintained, as this value accesses the featureless turbulence regime of the TC
flow identified by Andereck et al. [10].

15.4 RESULTS

In Fig. 15.2 the average relative flame position in the TC apparatus, measured
from the top of the TC annulus, is plotted vs. time (measured from the time
of ignition) for the equivalence ratio ¢ = 1.1 and average Reynolds number
Regve = 7500. The square (diamond) symbols represent the location of the left
(right) side of the annular flame, relative to the fixed location of the observer,
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Figure 15.2 The ensemble-averaged absolute flame position in the TC apparatus,
measured from the top of the TC annulus, plotted vs. absolute time (measured from
the time of ignition) for ¢ = 1.1 and Reqve = 7500: 1 — left; 2 — right

and close proximity of these two symbols to each other at a given time indicates
a statistically planar annular flame. The average flame position is based on a
minimum of six measurements of the flame position under identical parametric
conditions at each of the fixed time intervals indicated in the figure. A short time
after ignition the flame becomes statistically planar and propagates downward
at a steady rate. This is the case for the other values of ¢ and Regyqe considered
(0.8 < ¢ < 1.5 and 0 < Regpe < 10,500) as well.

The turbulent flame speed Ut is calculated by determining the rate of in-
crease of the average relative flame position with respect to time (obtained, for
example, from Fig. 15.2), over the range of time where a statistically steady
flame exists, and then adding the upward mean reactant speed of 5 cm/s. In
Fig. 15.3, Ur is plotted vs. the turbulence intensity u’, the square root of the
ensemble-averaged total turbulence kinetic energy of axial and circumferential
velocity fluctuations. The turbulent flame speed generally increases with in-
creasing u’ (for fixed values of ¢), as expected, with the highest turbulent flame
speeds obtained for stoichiometric and slightly rich mixtures (1 < ¢ < 1.3).

In Fig. 15.4, the measured turbulent flame speeds, normalized with mixture-
specific laminar flame velocities obtained recently by Vagelopoulos et al. [14], are
compared with experimental and theoretical results obtained in earlier studies.
Also shown in the figure are the measurements made by Abdel-Gayed et al. [3]
for methane—air mixtures with ¢ = 0.9 and ¢ = 1; a correlation of measured
turbulent flame speeds with intensity obtained by Cheng and Shepherd [1] for
rod-stabilized v-flames, tube-stabilized conical flames, and stagnation-flow stabi-
lized flames, Ur /U, = 14+3.2(v' /U ); a correlation of measured turbulent flame
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Figure 15.3 Measured turbulent flame speeds plotted vs. measured turbulence
intensities for fixed equivalence ratios from 0.8 to 1.5: 1 — ¢ = 0.8, 2 — 0.9, 3 — 1.0,
4—11,5—12,6 13,7 14, and 8 — 1.5

speeds with intensity obtained by Bedat and Cheng [2] for weak-swirl stabilized
flames, Up /U = 14 2.5(u'/UL); theoretical PDF-based predictions by Anand
and Pope [15]; and a prediction by Yakhot [16] obtained using renormalization
group theory.

Many models of the relationship between Ur /Uy and u'/Uy, appear in the
literature; some recent ones are summarized by Ronney [4]. Of those mod-
els which include the effects of thermal expansion, the one that most nearly
matches the present experimental data is the PDF-based prediction of Anand
and Pope [15]. This model has been heuristically modified in Fig. 15.4 to read
Ur/Up =1+ c(u'/UL) to obtain the proper behavior Ur /Uy, — 1 in the limit
4u' /U, — 0. The parameter ¢ increases from a value of 1.5, for flames with
large heat release (where the ratio of burnt- and unburnt-gas temperatures is
at least 4), to a value of 2.1 for flames with no heat release. Ronney et al. [5],
who studied the propagation rates of constant-density aqueous chemical fronts
in the same type of TC flow as employed in this work, found that the rela-
tion Uz /Uy, = exp((v’'/U7)?) obtained by Yakhot [16] for constant-density flow
using renormalization group theory agreed well with their results obtained for
u' /U above 20. Other constant-density experiments by Ronney et al. [5] in
high-intensity capillary-wave turbulence and by Shy et al. [17] in vibrating-grid
turbulence also agreed with Yakhot’s result. However, Yakhot’s prediction is
seen in Fig. 15.4 to lie well below the predictions of Anand and Pope [15]. While
Anand and Pope’s model predicts U7 /Uy, to decrease with increasing heat re-
lease, for fixed u' /U, the opposite is suggested by both the agreement between
Yakhot’s constant-density model and earlier constant-density experiments, and
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Figure 15.4 A comparison of turbulent flame speeds measured in the TC apparatus
with theoretical predictions and measurements by earlier investigators using other types
of burners: 1 — TC results, 2 — Abdel-Gayed et al. [3], 3 — Chang and Shepherd [1],
4 — Bedat and Cheng [2], 5 — Anand and Pope [15], and 6 — Yakhot [16]

a comparison of Yakhot’s prediction with the present TC results for flame prop-
agation with heat release. Theoretical models by Bray [18] and Cambray and
Joulin [19], on the other hand, do predict enhancement of the normalized turbu-
lent flame speed with increasing heat release. Thus, to our knowledge, there is
still no model of premixed turbulent combustion which can accurately model ex-
perimental flame propagation rates in both the zero and large thermal-expansion
limits, even for a relatively simple turbulent flow field such as that which the
TC apparatus provides.

Figure 15.4 shows good agreement of the present normalized turbulent flame
speeds with those of Cheng and Shepherd [1] over the low range of «' /U, for
which their correlation is valid. There is also good qualitative agreement between
the present results and those of Bedat and Cheng [2] for v//UL up to about 4,
beyond which the bending effect exhibited in the present data becomes signifi-
cant. The normalized turbulent flame speeds obtained by Abdel-Gayed et al. [3]
are significantly lower than those measured in the authors’ TC apparatus. This
might be expected, because in the constant-volume chamber they used the un-
steady increases in reactant temperature and pressure during flame propagation
which may result in substantial damping of turbulent velocity fluctuations and
an increase in the speed of the laminar flame and its ability to resist turbulent
wrinkling. In fact, values of U, measured in their apparatus, which they used for
normalizing Ur, were 42 cm/s for ¢ = 0.9 and 51 cm/s for ¢ = 1, considerably
higher than the more recent laminar flame speed measurements of Vagelopou-



los et al. [14] at the same equivalence ratios, of approximately 32 and 38 cm/s,
respectively.

15.5 COMBUSTION REGIMES

In order to identify the regimes of turbulent combustion characterizing flame
propagation in the TC apparatus the Damkohler number Dy, characterizing the
largest turbulence time scales relative to the characteristic chemical reaction time
of the methane—air mixture, is plotted vs. the turbulence Reynolds number R,
in Fig. 15.5, following Lifidn and Williams [20]. With D; = (I/v')/(6/U) and
R; defined above, it can be shown that D; = (Pe?/4Pr)R; !, where Pr = v/a
is the Prandtl number, Pe = U, /d/« is the Peclet number, and § is the flame
thickness, estimated as a/Up. In the logarithmic coordinates of Fig. 15.5 the
relation between D; and R; is represented by a straight line having a slope
equal to —1 and bounded by 70 < R; < 375 (the range of turbulence Reynolds
numbers considered in the present experiments). The height of this straight line
increases with increasing Pe which ranges from 50 to about 200 for the laminar
flame speeds obtained by Vagelopoulos et al. [14] plotted in Fig. 15.3. Values
of the turbulent combustion parameters characterizing the present experiments
therefore lie within the trapezoid shown in Fig. 15.5, the boundaries of which
are determined by the ranges 70 < R; < 375 and 50 < Pe < 200 which were
considered and the assumption Pr = 0.7.
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Figure 15.5 A Damkohler-Reynolds number plot revealing the turbulent combus-
tion regimes characterizing flame propagation in the TC apparatus, identified by the
region enclosed by the parallelogram



Also plotted in Fig. 15.5 are the ratios /6 and «'/Up, and the Damkoéhler
number Dy based on the smallest turbulence time scale, associated with
fluctuations on the Kolmogorov length scale, obtained from the relation Dy =
(Pe?/4Pr)R;~3/2. Parameter values in regions above (below) the line Dy = 1
(D; = 1) in Fig. 15.5 characterize a flow having turbulence length and time scales
which are all larger (smaller) than the laminar flame thickness and chemical reac-
tion time, respectively. For turbulent combustion parameters in regions between
the two lines D, = 1 and D; = 1 the largest (smallest) turbulence length and time
scales are larger (smaller) than the laminar flame thickness and chemical reaction
time, respectively. This assertion is consistent with theoretical work by Ronney
and Yakhot [21] which predicted that at sufficiently low Dy (which is inversely
proportional to the Karlovitz number they employed) flame-structure modifi-
cation by small-scale turbulence causes Ur /Uy, to decrease below the Huygens
propagation speed (i.e., the value of Ur /Uy in the limit Dy — o0), for fixed
values of u//Uy. It can be shown that v/ /Uy = (Pr-Pe/2)'/3 when D’} = 1.
Since the smallest value of Pe is 50 (based on velocities plotted in Fig. 15.3),
this means that turbulent flame propagation in the TC apparatus is likely influ-
enced to some extent by small-scale flame-structure modification when ' /U7, is
above about 2.5. Indeed, examination of Fig. 15.4 reveals that the bending effect
observed in the present data begins at w’ /U, approximately equal to 2.5.

When Pe is less than about 46, heat loss effects on U rc may be appre-
ciable. If an analogy is made with turbulent flames using a turbulence Peclet
number defined by Per = Urd/ar, where ar = 0.058Re;v [21, 22], it is readily
shown that Per is substantially above 46 for all of the present turbulent flame
experiments. The influence of heat loss is therefore not likely a contributor to
the bending effect exhibited in Fig. 15.4.

15.6 CONCLUDING REMARKS

The first measurements of flame speeds in turbulent, exothermic TC flow have
been obtained and comparisons of these measurements with experimental and
theoretical results from earlier studies have been made. Good agreement of
present results with those of Cheng and Shepherd [1] and Bedat and Cheng [2]
is found for w’' /Uy, up to about 4, beyond which the bending effect exhibited in
the data becomes significant.

Direct comparison with earlier measurements by Ronney et al. [5] of tur-
bulent front propagation in constant-density TC flow was not possible because
the lowest normalized turbulence intensities they considered are twice as large
as the highest values achieved in the present study. However, good agreement of
their results for constant-density front propagation in high-intensity turbulence
with the constant-density theoretical model of Yakhot [16], and a comparison



of present results for flame propagation with heat release with Yakhot’s model,
in Fig. 15.4, suggest that heat release enhances turbulent flame propagation.
This conclusion, corroborated by theoretical models by Cambray and Joulin [19]
and Bray [18], however, is inconsistent with the model of Anand and Pope [15]
which predicts Ur /U, to decrease with increasing heat release, for fixed values
of v//Uy. There is therefore still no model of premixed turbulent combustion
to our knowledge which can accurately model experimental flame propagation
speeds in both the zero and large thermal-expansion limits, even for a relatively
simple turbulent flow field such as that which the TC apparatus provides.

In a log—log plot of turbulent combustion parameters using Damkaohler and
Reynolds coordinates (Fig. 15.5), following Lindn and Williams [20], regimes
characterizing the present turbulent combustion experiments were identified. For
the lower turbulence intensities considered, flame propagation is governed by
large-scale flame front wrinkling by eddies having long lifetimes relative to the
laminar flame thickness and chemical reaction time, respectively. For values of
u' /U, above about 2.5, however, dimensional analysis predicts that turbulent
flame propagation in the TC apparatus is likely influenced, to some extent, by
small-scale flame-structure modification. Graphical examination of the present
results in Fig. 15.4 corroborates this prediction, revealing that the bending effect
observed in the data begins when v’ /Uy, is about 2.5. This assertion is consis-
tent with theoretical work by Ronney and Yakhot [21] which predicted that at
sufficiently low D flame structure modification by small-scale turbulence causes

Ur /UL to decrease below the Huygens propagation speed for fixed values of
U//UL.
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Chapter 16

SPRAY FLAME CHARACTERISTICS
WITH STEAM-ASSISTED ATOMIZATION

A. K. Gupta, M. Megerle, S.R. Charangudia,
and C. Presser

Atomization of kerosene with steam as the atomization fluid is shown to
be finer than with air, using a commercially available air-assist atomizer.
Data on droplet size, and velocity, were obtained using a phase Doppler
interferometer. The higher viscosity of steam, as compared to air, results
in finer atomization of fuel. Enhanced vaporization of liquid fuel from
the enthalpy of the steam in gas-assisted spray flames, as well as the
decrease of fuel viscosity by heating-up the fuel nozzle, is believed to
result in smaller droplet sizes as compared to the same atomizer operated
with air. The effect of steam enthalpy is simulated by preheating the
atomization air to higher temperatures. Near the nozzle exit, enhanced
vaporization of the fuel with preheated air is found to be similar to
that of steam. Steam is miscible with kerosene so that the droplets
contain two liquids with widely different boiling points. It is conjectured
that the presence of these widely different boiling-point liquids within
the droplet may assist in the further breakup of the droplet. However,
due to the presence of negligible oxidant near the nozzle exit on the
centerline of the spray, the process of combustion is somewhat retarded.
The droplet size, vaporization, and trajectory are different with steam
than air as the atomization fluid. Furthermore, the flame plume size
is different for steam and air. The combination of steam with air or
oxygen enables one to control the droplet size and fuel vapor distribution
in sprays and flames. The flame stability limits were not found to be
affected significantly by steam under the examined conditions. Steam
also influences the flame radiative heat transfer. The results suggest
that the use of steam yields finer liquid atomization and enhanced heat
transfer. The results also suggest that a suitable combination of steam,
preheated air, or oxygen-enriched air may enhance the performance of
twin-fluid atomizers.



16.1 INTRODUCTION

Most previous studies have used air as the atomizing fluid in air-assist or air-blast
sprays [1-5]. Our current level of understanding is only based on atomization
using air as the fluid. Previous studies have also shown that physical and chemi-
cal properties of the gas have a significant influence on atomization quality [1, 2].
The atomization gases examined were argon, carbon dioxide, nitrogen, and air.
These gases were used to study the effect of gas density and heat capacity on
the atomization quality. The effect was examined by maintaining the mass or
momentum flux of atomization gas fixed to the fuel nozzle. The results showed
that maintaining a constant-momentum flux with the different gases yields the
same size distribution. Enrichment of atomization air with oxygen was also
found to have a significant effect on the flame dynamics and flame radiation
characteristics [3].

The purpose of this study is to investigate the effect of using steam for the
atomization of kerosene fuel in a twin-fluid atomizer on spray flame character-
istics. The use of steam in place of air will not significantly alter the thermal
loading (much less than one percent) so that the power output of the system
remains essentially unchanged. The energy associated with the fuel is of the
order of 45 MJ/kg while that for steam is only about 2 MJ/kg. The amount
of steam used per kg of fuel is typically about 10% so that less than 0.5% of
the energy is associated with the steam. By preheating the atomization air so
that the total energy contained in steam and preheated atomization air is the
same, the effects of the thermal energy in the air are obtained. Characteristic
properties of steam, preheated air, and normal air are given in Table 16.1.

Table 16.1 Characteristics of the atomization gases

Atomization Density  Kinematic viscosity
gas kg/m? (m?/s) x 10°
Steam 0.71 12.4
Preheated Air 0.78 3.44
Normal Air 1.16 1.57

16.2 EXPERIMENTAL APPARATUS

Experiments were carried out in a spray combustion facility that can simulate
the combustion behavior of many practical combustion systems. The facility



consists of a swirl burner in which 12 swirl vanes rotate simultaneously to im-
part swirl (both co-flow or counter-flow) to the combustion air that surrounds
the centrally located fuel nozzle. The fuel nozzle is a commercially available
twin-fluid nozzle having a solid-cone spray with a nominal 75° spray cone angle.
Further details on the experimental facility are given in [3].

Results are presented for swirling spray flames with steam, normal air, and
preheated air as the atomization gas. The use of preheated atomization air
simulated the enthalpy associated with steam, while the normal atomization
air isolated the chemical effects on atomization. The swirl vane angle in the
burner was fixed at 32°; this corresponded to a geometric swirl number of about
0.29. This swirl number provided stable flames at all operating conditions. The
swirl number needed to stabilize the flame is dependent on several parameters
including fuel nozzle type, burner geometry, atomization gas, and burner op-
erating parameters. The momentum of the atomization steam and air, meas-
ured in the gas delivery passage at entrance to the fuel nozzle, was maintained
constant at 3.94-10* kg-m/h? between the three gases. This momentum cor-
responds to a steam atomization mass flow rate of 0.57 kg/h. Total combus-
tion air and kerosene fuel flow rates were 210 and 4.1 kg/h, respectively. The
combustion air was therefore almost two orders of magnitude greater than the
atomization gas. The combustion air swirl and fuel flow rate was maintained
constant for all data reported here. This provided an inlet equivalence ratio of
approximately 0.28. The burner was mounted on a stepper-motor-controlled,
three-dimensional traversing mechanism that permitted measurement of differ-
ent spatial profiles.

A two-component phase Doppler interferometer (PDI) was used to determine
droplet size, velocity, and number density in spray flames. The data rates were
determined according to the procedure discussed in [5]. Statistical properties
of the spray at every measurement point were determined from 10,000 validated
samples. In regions of the spray where the droplet number density was too small,
a sampling time of several minutes was used to determine the spray statistical
characteristics. Results were repeatable to within a 5% margin for mean droplet
size and velocity. Measurements were carried out with the PDI from the spray
centerline to the edge of the spray, in increments of 1.27 mm at an axial position
(2) of 10 mm downstream from the nozzle, and increments of 2.54 mm at z =
15 mm, 20, 25, 30, 35, 40, 50, and 60 mm using steam, normal-temperature air,
and preheated air as the atomization gas.

Global feature of the spray and spray flames were observed using planar
Mie scattering. A CW Argon-ion laser sheet was used to illuminate vertical
cross-sections of the spray. A 35-millimeter camera placed nearly normal to the
illuminated spray cross-section was used to record the results using a narrow
depth of field and short exposure times (~ 1/125 s). This also provided the
flame stand-off distance, which is defined as the distance between the fuel nozzle
exit and mean upstream position of the flame.



16.3 RESULTS AND DISCUSSION

16.3.1 Global Features of the Spray and Spray Flames

The global structure of the spray and spray flames was observed to be influenced
significantly by the atomization gas. Photographs of the flame, obtained with
steam, preheated air, and normal air as the atomization fluids, are shown in
Fig. 16.1. The stand-off distance of the flame from the nozzle exit was largest
(about 25 mm) with steam as the atomization fluid (see Fig. 16.1a), as compared
to the two air cases. For the case of preheated air, the flame was stabilized closest
to the nozzle exit. This increase in stand-off distance with steam is attributed to
the decreased availability of oxygen immediately downstream of the nozzle exit.
The variation in flame stand-off distance for the three flames, although small (= 1
to 2 mm), provided the same relative trends between the three gases. Preheating
the atomization air developed the highest flame luminosity; see Fig. 16.1b. Low-
est flame luminosity was found with the normal (unheated) air; see Fig. 16.1c.
The flame was shorter and wider (and also appeared hotter) with preheated
atomization air. A comparison of steam with normal air revealed a lack of ini-
tial oxygen for the steam case that resulted in a wider flame plume; compare
Fig. 16.1a with Fig. 16.1c. The lack of oxygen availability immediately down-
stream of the nozzle exit is observed from the increase in flame stand-off distance.
The flame radiative heat transfer from the steam case was in between the two
air cases, i.e., highest for preheated air and lowest for normal air. Quantitative
data on heat flux from flames formed with different operational conditions will
be reported in a future publication.

Photographs of the spray under nonburning conditions with steam, pre-
heated air, and normal unheated air as the atomization fluids are shown in
Fig. 16.2. The addition of enthalpy to the fuel for the steam and preheated-
air cases enhanced initial droplet vaporization under nonburning conditions, as
compared to the normal-air case (compare the spray pattern shown in Figs. 16.2a
and 16.2b with Fig. 16.2¢ near to the nozzle exit). Further downstream, the
general spray features for the two air cases are essentially the same except for
the significantly reduced number of droplets in the preheated-air case. Droplets
appear to be smaller for steam than for the two air cases, with few larger size
droplets. The presence of a mist of droplets for the steam case, Fig. 16.2a, is
attributed to the finer droplet atomization. Fuel viscosity is reduced as a result of
enthalpy transfer from the steam to the fuel, and viscosity of the steam increases
relative to the normal or preheated air.

These results show that droplet vaporization must be different between the
three flames. Droplet and fuel vapor transport must be significantly different
for these flames and must affect combustion efficiency. The solid-cone nature of
the spray flame was found to be preserved irrespective of the atomization gas.
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Figure 16.1 Observed features of spray
flames with three different atomization
gases, (a) steam at 195 °C, (b) preheated
air at 185 °C, and (c) normal air at 25 °C

(c)

Figure 16.2 Observed features of
the spray with three different atomization
gases, (a) steam at 195 °C, (b) preheated
air at 185 °C, and (c¢) normal air at 25 °C



Chemical composition and reactivity of the atomization air, therefore, affects
droplet vaporization and transport in spray flames. In order to determine quanti-
tatively the extent of this variation, information was obtained on the spatial
distribution of droplet size and velocity, as well as their temporal distributions
at various spatial positions in the spray flames.

16.3.2 Droplet Size and Velocity Measurements

The observed flame features indicated that changing the atomization gas (normal
or preheated air) to steam has a dramatic effect on the entire spray character-
istics, including the near-nozzle exit region. Results were obtained for the droplet
Sauter mean diameter (D3s), number density, and velocity as a function of the
radial position (from the burner centerline) with steam as the atomization fluid,
under burning conditions, and are shown in Figs. 16.3 and 16.4, respectively,
at axial positions of z = 10 mm, 20, 30, 40, 50, and 60 mm downstream of the
nozzle exit. Results are also included for preheated and normal air at z = 10 and
50 mm to determine the effect of enthalpy associated with the preheated air on
fuel atomization in near and far regions of the nozzle exit. Smaller droplet sizes
were obtained with steam than with both air cases, near to the nozzle exit at all
radial positions; see Fig. 16.3. Droplet mean size with steam at z = 10 mm on the
central axis of the spray was found to be about 58 ym as compared to 81 pm with
preheated air and 96 pum with normal unheated air. Near the spray boundary
the mean droplet sizes were 42, 53, and 73 pm for steam, preheated air, and
normal air, respectively. The enthalpy associated with preheated air, therefore,
provides smaller droplet sizes as compared to the normal (unheated) air case
near the nozzle exit. Smallest droplet mean size (with steam) is attributed to
decreased viscosity of the fuel and increased viscosity of the gas.

An increase in droplet size with axial position is observed for all three gases.
However, the relative trend of smallest droplet mean size with steam and largest
with normal (unheated) air remains unchanged. As an example, at 50 mm
downstream from the nozzle exit at r = 0, droplet mean size for steam, preheated
air, and normal air were found to be 69, 86, and 107 pm, respectively; see
Fig 16.3. The droplet size with steam is also significantly smaller than air at all
radial positions; see Fig. 16.3. The droplet size with preheated air is somewhat
smaller than normal air due to the decreased effect of preheated air at this
location and increased effect of combustion. Early ignition of the mixture with
preheated air (see Fig. 16.1) must provide a longer droplet residence time which
results in a smaller droplet size. In addition, the increased flame radiation with
preheated air increased droplet vaporization at greater distances downstream
from the nozzle exit. Indeed, the results indicate that the measured droplet
sizes with preheated atomization air are smaller than normal air in the center
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of the spray and at positions located radially outwards. At z = 60 mm the data
arrival rate in the center of the spray flame was too low to obtain any meaningful
statistics for the two air cases.

These results indicate that the enthalpy associated with air (and also steam)
has an effect on the resulting droplet size. A larger droplet size with preheated
air than steam reveals that there must be effects other than just the enthalpy
associated with steam. Some of the possible factors include viscosity and den-
sity differences between the gases, and that water contained in steam may be-
come miscible under these conditions. In this case, the large differences in the
boiling points between the two fluids (water and kerosene) may lead to dis-
ruptive breakup of the liquid fuel, even at 10 mm, via rapid heat transfer from
the flame.

At z = 10 mm, the results indicate two maxima in the value for droplet size,
one occurring near to the center of the spray and the other near to the spray
boundary for all three atomization gases. The peak near to the spray center-
line decays rapidly as one progressively moves radially outwards towards the
edge of the spray cone and surrounding combustion air; see Fig. 16.3. The size
distribution obtained near to the nozzle exit is quite different with the three at-
omization gases. Therefore the enthalpy associated with steam (and also heated
atomization air) must have a significant effect on the initial breakup of the lig-
uid fuel. Farther downstream (at z > 30 mm) only the central peak remains.
This is due to the presence of a flame cone envelope and combustion air swirl on
the spray cone boundary which assists to transport larger size droplets from the
spray boundary to the center (colder) regions of the spray [3]. Near to the outer
flame cone the temperatures are expected to be higher than those in the inner
regions of the spray. This will then enhance droplet vaporization in the outer
regions as compared to the inner regions of the spray. This effect would therefore
diminish the outer peak more than the inner peak as one moves progressively
downstream of the nozzle exit. It is also to be noted that a solid-cone spray was
used in this study.

The droplet number density presented in Fig. 16.4 indicates the solid-cone
nature of the spray except in the immediate vicinity downstream of the nozzle
exit. On the spray centerline at z = 10 mm, steam provides a lower number
density as compared to the two air cases. This is due to the expansion of the
spray jet at a relatively lower Reynolds number with steam and rapid vaporiza-
tion of smaller sized droplets. At increased radial positions and z = 10 mm, a
peak in the number density corresponds to the spray cone boundary. This peak
shifts radially outwards with an increase