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Abstract

This report documents the results of a project funded by DoD’s Strategic Environmental
Research and Development Program (SERDP) on the science behind development of predictive
models for soot emission from gas turbine engines. Measurements of soot formation were
performed in laminar flat premixed flames and turbulent non-premixed jet flames at 1 atm
pressure and in turbulent liquid spray flames under representative conditions for takeoff in a gas
turbine engine. The laminar flames and open jet flames used both ethylene and a prevaporized
JP-8 surrogate fuel composed of n-dodecane and m-xylene. The pressurized turbulent jet flame
measurements used the JP-8 surrogate fuel and compared its combustion and sooting
characteristics to a world-average JP-8 fuel sample. The pressurized jet flame measurements
demonstrated that the surrogate was representative of JP-8, with a somewhat higher tendency to
soot formation. The premixed flame measurements revealed that flame temperature has a strong
impact on the rate of soot nucleation and particle coagulation, but little sensitivity in the overall
trends was found with different fuels. An extensive array of non-intrusive optical and laser-based
measurements was performed in turbulent non-premixed jet flames established on specially
designed piloted burners. Soot concentration data was collected throughout the flames, together
with instantaneous images showing the relationship between soot and the OH radical and soot
and PAH. A detailed chemical kinetic mechanism for ethylene combustion, including fuel-rich
chemistry and benzene formation steps, was compiled, validated, and reduced. The reduced
ethylene mechanism was incorporated into a high-fidelity LES code, together with a moment-
based soot model and models for thermal radiation, to evaluate the ability of the chemistry and
soot models to predict soot formation in the jet diffusion flame. The LES results highlight the
importance of including an optically-thick radiation model to accurately predict gas temperatures
and thus soot formation rates. When including such a radiation model, the LES model predicts
mean soot concentrations within 30% in the ethylene jet flame.
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Background

The health effects of fine particulate matter in ambient air are becoming increasingly evident.
These particles are able to deeply penetrate lung tissue and have been shown to have a number of
deleterious effects associated with the pulmonary and cardiovascular systems, leading to
increased human morbidity and mortality [1-8]. As a consequence, the U.S. Environmental
Protection Agency (EPA) has been setting increasingly strict ambient air quality standards for
particulate matter with an aerodynamic diameter less than 2.5 micrometers (PMZ2.5).
Furthermore, local regulatory agencies are working to minimize emissions of fine particulates or
of gaseous compounds (such as sulfur and ammonia) that generate fine particulates in the
atmosphere. Airports and military bases are receiving increased attention in this regard, as they
can be significant point sources for emissions of these pollutants. Gas turbine engines are
important sources of PM2.5 emissions at these locations. In addition, in-flight emission of fine
particulates from gas turbine engines has effects on contrail/cloud formation and climate forcing

[9].

In light of these considerations, in addition to considerations of infrared signatures and excessive
heating of the gas turbine liner, there is a strong interest in reducing the emission of particulate
matter (dominated by soot particles) from military gas turbine engines. In particular, it is
desirable to have a truly predictive modeling capability for soot emission, considering the
influence of changes in the fuel chemical composition (either bulk composition or with the
inclusion of additives) and in the engine design and operation.

The traditional approach to predicting soot emissions from gas turbine engines is to use one of a
large number of empirical correlation formulas that have been developed relating soot emission
to bulk fuel composition and/or the laminar smoke point of the particular fuel. These correlations
have been based on fuel hydrogen content, H/C ratio, aromatic content, and naphthalene content,
among other variables [10]. However, soot emissions vary considerably with combustor
operating conditions (i.e. idle, cruise, and takeoff settings), as would be expected with the
resultant variations in combustor inlet temperature and pressure [11,12]. Therefore, the most
advanced empirical correlations attempt to take into account the effects of operating conditions,
for example as they relate to the characteristic residence times in the fuel-rich primary zone and
the oxidating secondary zone [13]. Even with this degree of sophistication, however, empirical
correlations generally do not offer predictability better than a mean standard deviation of 40%
for a range of fuels and operating conditions, for a given engine design [13]. Furthermore, the
range of applicability of a given correlation is usually very narrow and the use of the correlation
is generally limited to the gas turbine combustor in which the correlation is developed.
Consequently, the empirical approach has not yielded effective predictability of soot emissions.

In the last 10-15 years, several computational fluid dynamic (CFD) modeling approaches have
been attempted for prediction of soot emissions from gas turbine combustors, using standard k-¢
models to describe mean turbulence properties [14-19]. The soot formation and oxidation rates
have been based on laminar flamelet approaches for non-premixed flames, assuming that the
presence of soot does not affect the structure of the laminar flamelets (i.e., low soot limit). Most
of the calculations to-date have used various simplifying assumptions: (a) soot oxidation by O,
only, (b) soot formation constants taken from studies using propane or ethylene, and/or (c)
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calculations performed for steady laminar flamelets. Furthermore, in all case radiant heat transfer
from soot was ignored. These modeling attempts largely failed to accurately predict engine-out
soot emission (usually the only soot measurement available), even with some partially tuned
parameters and often when only making comparisons against a single engine/operating
condition. In some cases, the predicted soot masses were exceedingly high (by orders of
magnitude), while in others they were low. All of the simulations have shown that the soot
concentrations in the primary combustion zone are several orders of magnitude higher than the
exhaust soot concentrations, demonstrating that accurate predictions of soot oxidation rates are
as important as predictions of soot inception and mass growth rates for determining engine-out
soot emissions.

Recent efforts at improving the accuracy of CFD modeling of gas turbine combustors have
focused on the development of large eddy simulation (LES) approaches [20-24]. LES, in contrast
to the traditional CFD approach known as Reynolds-averaged Navier Stokes (RANS), accurately
tracks large unsteady vortical motions and properly accounts for their effect on mean flow
quantities. In gas turbine combustor flows, fluid mixing is driven by such vortices, so LES is
expected to give superior results in comparison to RANS approaches. The long timescales
associated with soot formation make it especially sensitive to large-scale vortex mixing
processes [25,26], and therefore make its accurate prediction much more likely with LES.
However, the computational demands for LES are much greater than for RANS, so currently
only relatively crude LES models have been employed to simulate actual gas turbine combustor
operation. In the future, as LES is further developed and computational capabilities improve, it is
expected that LES models with the capability of calculating soot concentrations will be
employed for simulating gas turbine combustors.

Currently, LES modeling is being used to further the understanding of chemistry-turbulence
interactions in simpler, idealized flame geometries such as open jet flames [27-33]. Much of this
work has been coordinated as part of a collaborative international research effort associated with
the International Workshop on Measurement and Computation of Turbulent Nonpremixed
Flames (www.ca.sandia.gov/TNF), led by researchers at the Combustion Research Facility of
Sandia National Labs. Under funding from the U.S. DOE Basic Energy Sciences program,
several canonical flame systems have been investigated in Sandia’s Turbulent Combustion
Laboratory (TCL) using an array of laser diagnostic techniques to provide an extensive
experimental database for comparison with model predictions. Flames studied in the TCL have
been selected to address a progression in chemical-kinetic and flow-field complexity, starting
with simple hydrogen jet flames. Specific experiments, as well as the overall progression of
flames, have been designed to allow separate physical processes and individual submodels to be
isolated. For example, a series of H, flames with helium dilution allowed a detailed evaluation of
NO predictions, independent of uncertainties in the radiation model [34]. Jet flames of CO/H2/N;
[35] and CH4/N,/H; [36] have added kinetic complexity, while maintaining the simple, attached
jet-flame geometry. The series of piloted CHa/air jet flames [37] includes increasing degrees of
localized extinction that tests the ability of models to treat strong interactions of turbulence and
chemistry. This systematic progression is essential to the development of robust, predictive,
integrated models that have a solid basis in fundamental combustion science.
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In this project, we built on this established hierarchy of canonical turbulent non-premixed flames
and focused on flames that include soot and the relevant fuel chemistry for military gas turbines
(i.e. a JP-8 surrogate). As with the previous flames investigated in the TCL, a variety of laser
diagnostic methods were employed to provide the best-possible experimental database for
detailed comparisons with model predictions. For the sooty flames investigated in this project,
several of the laser diagnostic approaches that have been routinely employed in the nonsooting
TNF workshop flames (such as Raman scattering and Rayleigh scattering) cannot be effectively
employed. However, previous research at Sandia has demonstrated that several different
techniques that give important information about the flow field, flame structure, soot field, and
radiation field can be effectively employed in unsteady sooty non-premixed flames, and these
techniques were employed in this investigation. In addition, the geometric, boundary and flow
conditions associated with the flame system were carefully controlled and recorded, allowing
modelers to identically match these conditions. In contrast, other existing experimental databases
for sooty turbulent non-premixed flames involve a scarcity of measured parameters (typically
only soot concentrations and mean temperature) and usually involve poorly defined boundary
conditions. Consequently, flame modelers have insufficient data available with which to validate
proposed models of soot formation and oxidation.

Pressure and ambient temperature are known to have strong influences on soot formation in non-
premixed flames. Over the past ten years, the effects of the liquid fuel injection process and
ambient pressure and temperature conditions on flame ignition and soot formation under diesel
combustion conditions have been systematically investigated in Sandia’s Engine Combustion
Simulation Lab. Recently, interest in the Single-Fuel Concept for the U.S. military has led to
research on JP-8 jet flame properties under simulated diesel combustion conditions. In this
project we capitalized on this existing dataset with world-average JP-8 and a natural gas Fischer-
Tropsch (FT) JP-8 fuel to compare the combustion performance of the JP-8 surrogate chosen by
the SERDP Soot Science research group against these fuel standards. Furthermore, we
performed measurements under appropriate takeoff conditions for military gas turbines to
provide insight into the important parameters for soot formation and for validation data for future
modeling predictions of soot formation.

Finally, to incorporate a realistic chemical kinetic model of the soot formation and oxidation
processes into a high-fidelity LES code, a significant effort of this project has been to generate
appropriate detailed and reduced chemical kinetic mechanisms for the combustion and pyrolysis
reactions of the investigated fuels. Clearly, use of a full, detailed chemical kinetic mechanism for
JP-8 (or even for a JP-8 surrogate), with at least 200 chemical species and over 1000 reactions is
not computationally feasible for all but the simplest CFD solver, unless this information is
conveyed in laminar flamelet lookup tables. Rather, for a high-fidelity LES model of a turbulent
jet flame no more than approximately 20 reactive scalars can currently be carried in the
calculation. Therefore, only the essential chemical species to describe the primary combustion
reactions and to describe the primary steps of soot formation, growth, and oxidation can be
incorporated into the model. Determining these species and the associated reduced chemical
steps and rate constants is a key part of development of an effective LES architecture for
predicting soot concentrations.
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Another key ingredient of successful soot modeling in non-premixed flames, not fully
recognized at the beginning of this project, is the incorporation of a suitable radiation model. The
incorporation of radiation effects is important to yield accurate flame temperature predictions,
which in turn control soot formation and oxidation rates. There are many different approaches to
radiation modeling, with vastly differing computational requirements and overall accuracy,
depending on the optical thickness of the flame in question. To keep computational costs
reasonable, we investigated the influence of the simplest type of radiation model (assuming an
optically thin environment with no radiant absorption) and a reasonably accurate model for
flames with some optical thickness (i.e. with radiant absorption).

Research Approach

This project consisted of several distinct but interacting efforts, as shown in Figure 1.
Experimental measurements were performed in laminar premixed flat flames, turbulent non-
premixed jet flames, and pressurized spray flames. In addition, a reduced-chemistry soot model
was developed and applied via LES to the investigated turbulent ethylene non-premixed jet
flame. The information derived from the laminar flame studies fed (together with literature data)
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Figure 1.  Graphical representation of major activities in this research project, leading to
the production of a validated reduced soot chemistry model for predictions of
soot emissions from gas turbine engines.
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into the development of the reduced chemical and soot model, while the turbulent flame
measurements and the reduced model fed into the LES modeling effort. The pressurized spray
flame investigation provided an important check on the combustion and soot formation
tendencies of the two-component SERDP JP-8 surrogate fuel under practically relevant
conditions. Ethylene and prevaporized JP-8 surrogate were investigated in the laminar flat
flames and the turbulent nonpremixed jet flames, while the liquid JP-8 surrogate was
investigated in the spray flames.

Ethylene was chosen as the initial fuel for investigation because its combustion chemistry is well
understood and it has seen extensive investigation in previous studies of soot formation. Also, a
semi-detailed model for soot formation in non-premixed flames has been developed, with
specific application to laminar ethylene flames [38] and served well as a test case for
predictiveness in the LES computations of the non-premixed turbulent jet flames. JP-8, in the
form of a simplified chemical surrogate mixture, was also chosen for investigation in this
project, to provide direct relevance to aviation-fueled engines.

Soot Chemistry Model

A predictive model of soot formation includes three logical parts: (i) a gas-phase chemistry
model describing the rate of heat release and fuel ignition; (ii) a gas-phase model predicting the
production and destruction of relevant precursor species for soot nucleation, namely polycyclic
aromatic hydrocarbons (PAH); and (iii) a gas-surface and aerosol dynamics model for soot
nucleation and mass growth. In this project, an updated detailed gas-phase chemistry model for
ethylene combustion was compiled and combined with a PAH model. This model was then
validated against experimental measurements of laminar flame speed, ignition delay (shock
tube), and individual species concentrations in flat flames and flow reactor experiments.

Participants from the current set of SERDP soot program projects chose to use a common JP-8
surrogate, with consideration of the recommendations from the Surrogate Working Group and
the MURI projects that were recently initiated on this topic. This surrogate composition was
chosen to be a blend of 77 vol-% n-dodecane and 23 vol-% m-xylene. A detailed chemical
kinetic model for this surrogate was constructed, based on a mechanism for n-dodecane
combustion derived from the JetSuRF alkane combustion mechanism developed at USC and an
m-xylene reaction mechanism developed by the Nancy research group in France.

Although many fundamental soot models have been proposed over the last 15 years, the physical
and chemical processes in these models are fundamentally the same as those proposed in the
early 1990’s [39-41]. The formation and mass growth of polycyclic aromatic hydrocarbons
include the hydrogen-abstraction-carbon-addition mechanism (HACA) [39] and the more
recently recognized kinetic processes involving resonantly stabilized species [42,43]. Though the
exact mechanism of soot inception remains somewhat empirical, this obstacle does not seem to
notably affect soot mass predictions [44]. The formation and growth of soot particles are
described by collision-induced coalescence, surface reaction/oxidation, and surface
condensation, and, when particles exceed a certain size, by particle-particle agglomeration,
leading to fractal-like aggregates. Several methods of solution of aerosol dynamics have been
proposed, including the moment [39,40], sectional [45], Galerkin [46], and stochastic methods
[44,47,48]. Because of limitations on the number of species and variables high-fidelity LES
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models are able to handle, the moment method remains the most promising near-term solution to
soot aerosol dynamics and was used in this project.

Flat Flame Measurements

SMPS characterization of soot PSDFs was performed in premixed, burner-stabilized C,Hy
flames (see Fig. 2) over a range of flame temperature and C/O ratios, using previously
established experimental methods and procedures [44,49,50]. A schematic of the experimental
arrangement for performing particle sampling and analysis by either SMPS or thermal desorption
mass spectrometry is shown in Fig. 3. Special attention was placed on the evolution of soot
aerosol dynamics from coalescence to agglomeration. Various degrees of particle carbonization
were studied by characterizing flames over a wide range of post-flame temperature and residence
time.

Figure 2.  Photograph of typical sooting ethylene premixed
flat flame, stabilized on a McKenna burner.
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Figure 3. Schematic diagram of flat flame soot sampling and analysis by SMPS or thermal
desorption chemical ionization mobility mass spectrometry (TD-CIMMS).
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Since the mobility diameter (measured by the SMPS) gives a direct measure of the particle size
only if the particles are spherical, some transmission electron microscopy (TEM) grid samples
were collected to examine the morphology of soot. For fractal aggregates, the relation between
mobility diameter and fractal aggregate properties is currently being developed [51]. The results
from this element of study improved the understanding of the evolution of soot optical
properties, specifically during the critical transition from particle coalescence to particle
agglomeration during the soot mass and size growth process.

Soot Chemistry Model Reduction

Current computational capabilities place an upper limit of approximately 20 reactive scalars for
high-fidelity LES simulations of jet flames with sufficient spatial resolution. Though the
permissible number of scalars is likely to increase in the next several years, simulations using a
full, or even skeletal, soot chemistry model are probably not feasible for many years to come.
Because of the wide ranges of timescales involved in soot chemistry, the problem of model
reduction was approached using an array of suitable techniques. The detailed reaction model was
first reduced to a skeletal model that could account for fuel ignition and heat release as well as
the formation of the first aromatic ring. Subsequently, the skeletal reaction mechanism was
reduced to 20 species using the Method of Importance (MOI) approach. The PAH chemistry was
reduced using a neural network approach. In the neural network approach, the production rate of
a soot-precursor PAH (e.g., pyrene) was mapped as a function of the local concentrations of the
hydrogen atom, acetylene, and molecular oxygen, residence time, and temperature in a piecewise
fashion over the entire space of the independent variables. This procedure ensured the PAH
production rates to be continuous in the entire independent-variable space. Lastly, the soot
number density and mean particle diameter was modeled with a 2-moment method. In this way,
the total number of reactive scalars was limited to 20 chemical species, plus the concentration of
a characteristic PAH and two variables to describe soot chemistry. Development and validation
of the reduced model was based on the detailed-chemistry model previously discussed.

Turbulent Non-Premixed Flame Measurements

A detailed set of measurements of soot, flow field, and chemical properties was performed on
open jet turbulent non-premixed flames with well-documented boundary and initial conditions.
Ethylene was chosen to be the first fuel investigated to act as a bridge between the nonsooting,
small-hydrocarbon flames that have traditionally been used to develop models of turbulence-
chemistry interactions and the more heavily sooting kerosene flames. Following the ethylene
flame measurements, the two-component SERDP JP-8 surrogate was investigated.

When using liquid fuels, it is advisable for comparisons with high-fidelity models to separate out
the spray injection and evaporation problem from the flame problem itself, so prevaporization of
the liquid fuel was performed in the jet flame experiments. While Sandia’s TCL has a number of
established burners for different types of gas jet flames, none has a heated fuel supply line, as is
required for prevaporized liquid fuels, so a vaporization system and heated fuel supply line was
designed and constructed as part of a new burner. Also, the high molecular weight of kerosene
fuels necessitated due consideration of the gas jet flow rate, jet diameter, and resultant flame
height.
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Experience derived from the TNF Workshops has shown that a jet Reynolds number of
approximately 20,000 is preferable for turbulent jet flame modeling. Jets with this Reynolds
number contain a sufficient level of turbulence to generate substantial turbulence-chemistry
interactions, but have a minimal amount of local flame quenching. Also, for higher flow or less
reactive fuels, a flame pilot is desirable to maintain an attached flame (lifted flame phenomena
introduce significant difficulties in modeling). The optically accessible heights above the fuel
tube in the TCL are limited to just over 0.5 m. These considerations were used to make an
assessment of the proper fuel diameter to use for kerosene-type turbulent non-premixed flames.
Using a correlation for visible flame lengths [52,53], predicted visible flame heights for n-decane
are shown in Fig. 4 as a function of jet Reynolds number and fuel tube diameter (when this
project began, the chemical composition of the surrogate fuel had not been decided upon, so n-
decane was used for the purposes of estimating flame heights). From these results, it appeared
that a fuel tube diameter of less than 4 mm was desired for the kerosene fuel, in order to keep the
overall flame height below 1 m.
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Figure 4. Calculated visible flame length of n-decane
(vapor) fueled turbulent jet flame for
different fuel tube diameters.

Laser diagnostic techniques that were employed in this research included planar laser-induced
fluorescence (PLIF) of hydroxyl radical (OH+) and polycyclic aromatic hydrocarbons (PAH),
laser-induced incandescence (LII) of soot, particle-image velocimetry (PIV), and laser
extinction/emission of soot. The PLIF measurements yield semi-quantitative, instantaneous
concentrations of hydroxyl radical, the dominant oxidizing species of soot in flames (fully
quantitative fluorescence measurements of concentrations is virtually impossible in soot-laden
turbulent flames) and qualitative measurements of concentrations of PAH, associated with soot
inception and mass growth. The PLII measurements give semi-quantitative, instantaneous
measurements of soot concentration, once calibrated against laser extinction measurements in a
laminar flame. Simultaneous measurements of PLII and OH- PLIF were also conducted, yielding
information about the location of soot relative to the active flame zone. Similarly, simultaneous
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measurements of PLII and PAH PLIF gave information about the location of soot relative to
regions of active fuel pyrolysis. PIV yields planar measurements of the instantaneous velocity
field. In contrast to the instantaneous but discrete planar information provided by the
aforementioned techniques, the laser extinction/emission technique provides time record
information at a given location in the flow and is therefore useful for measuring soot-turbulence
statistics. In addition, the laser extinction/emission technique yields simultaneous measurements
of soot concentration and temperature. To achieve suitable spatial resolution, this technique
requires the use of a small gas-purged probe that was expressly developed for this project.

In addition to the aforementioned measurements, Rayleigh scattering measurements were
performed along a horizontal line, just above the burner lip, to define the thermal boundary
conditions for modeling of these flames.

Pressurized Spray Combustion

Soot formation and oxidation during pressurized spray combustion was investigated in Sandia’s
optically accessible constant-volume combustion vessel, which has been used to study fuel jet
combustion under diesel-engine-like conditions for over 15 years [54-57]. A schematic of the
combustion vessel is shown in Fig. 5. The vessel has a cubic combustion chamber, 108 mm on a
side. The fuel injector is mounted in a port as shown in the top-view. Optical access is provided
by sapphire windows located in four other ports that permit line-of-sight and orthogonal optical
access to the injected fuel jet.
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Figure 5. Schematic of the constant-volume combustion vessel
and the optical setup for soot measurements.

The preparation of the ambient gas mixture begins by filling the vessel to a specified density
with a premixed, combustible-gas mixture. This mixture is then ignited with spark plugs,
creating a high-temperature, high-pressure environment in the vessel. As the products of
combustion cool over a relatively long time (~1 s) due to heat transfer to the vessel walls, the
vessel pressure slowly decreases. When the desired temperature and pressure is reached, the fuel
injector is triggered and fuel injection, autoignition, and combustion processes ensue.
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Throughout an experiment, the mixing fan at the top of the combustion chamber operates. This
fan maintains a spatially uniform temperature environment (£2%) in the combustion vessel up to
the time of fuel injection [55,56]. Fuel injection typically occurs over time periods as short as 4
ms for investigations of diesel engine combustion, but was extended to 7 ms in this study.
Previous studies have shown that once the leading edge of the injection jet has passed the
viewing section (typically within 2 ms), the injected jet undergoes a quasi-steady combustion
process [54-57]. Therefore, with the rapid laser diagnostics employed in interrogating this
combustion process, the derived information is applicable to the steady injection process
characteristic of gas turbines.

The temperature, density, and composition of the ambient gas in the vessel at the time of fuel
injection can be widely varied with this simulation procedure. The ambient gas temperature and
pressure at injection are determined from the ambient gas pressure at the time the fuel injector is
triggered and the mass of gas initially transferred into the vessel (a constant up to the time of the
injection event). The ambient temperature can be varied from 1300 K down to 500 K, and the
ambient pressure can be varied up to 350 bar. For most experiments, a combustible-gas mixture
of 68.1% N, 28.4% O,, 3.0% C,H,, and 0.5% H; (by volume) is used. The product composition
of this combustible mixture simulates air, having a composition of 21.0% O,, 69.3% N,, 6.1%
CO3, and 3.6% H,O (by volume) and a molecular weight of 29.5. The JP-8 surrogate fuel was
investigated in this study. Two combustion conditions were investigated: a pressure of 2.7 MPa
and initial temperatures of 800900 K, representative of jet engine takeoff conditions, and a
pressure of 6.7 MPa and initial temperatures of 900-1000 K, representative of diesel engine
conditions. The takeoff pressure and temperature ranges that were investigated were based on
recommendations from our project monitors at Pratt & Whitney and GE Aircraft Engines. The
SERDP JP-8 surrogate was investigated under the diesel engine conditions for the purpose of
comparing its combustion and soot formation tendencies with those that have been previously
determined in this experimental device for a range of JP-8 fuels. As the SERDP surrogate only
involves two species and had not been previously investigated before this work, there was
substantial interest among all of the SERDP Soot Science program members to compare its
performance against actual JP-8 fuels under practically relevant combustion conditions.

Several different optical diagnostics were employed in the constant-volume combustion vessel
experiments, as indicated in Fig. 5. These included line-of-sight laser extinction, PLII imaging,
natural soot luminosity imaging, and OH- chemiluminescence imaging. The laser extinction
technique is used for measuring the soot optical thickness across a fuel jet, while the PLII
imaging is used for visualizing the spatial location of soot in a fuel jet. The spatial soot profiles,
provided by PLII, and quantitative optical thickness from laser extinction are then combined to
obtain soot volume fraction distributions throughout the jet. OH- chemiluminescence images
were used for determining the ignition delay after the start of spray injection and the lift-off
length of the combusting region of the fuel jet during its quasi-steady combustion phase. The lift-
off length measurement is used to estimate the amount of air entrained into the fuel jet, and
therefore the extent of partial premixing at the flame stabilization point, using a relationship
developed for a 1-D model fuel jet [55,58]. This information is important for interpreting the
measured amounts of soot formation, because partial premixing of the jet reduces its tendency to
form soot.
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Large Eddy Simulations

The baseline theoretical-numerical framework combines a general treatment of the governing
conservation and state equations with state-of-the-art numerical algorithms and massively-
parallel programming paradigms [59-63]. The numerical formulation treats the fully-coupled
compressible form of the conservation equations, but can be evaluated in the incompressible
limit. The theoretical framework handles both multicomponent and mixture-averaged systems,
with a generalized treatment of the equation of state, thermodynamics, and transport processes. It
can accommodate high-pressure real-gas/liquid phenomena, multiple-scalar mixing processes,
finite-rate chemical kinetics and multiphase phenomena in a fully coupled manner. For LES
applications, the instantaneous conservation equations are filtered and models are applied to
account for the subgrid-scale (SGS) mass, momentum and energy transport processes. The
baseline SGS closure is obtained using the mixed dynamic Smagorinsky model by combining the
models of Erlebacher et al. [64] and Speziale [65] with the dynamic modeling procedure [66-68]
and the Smagorinsky eddy viscosity model [69]. There are no tuned constants employed
anywhere in the closure. The property evaluation scheme is derived using the extended
corresponding states model [70,71] and designed to handle multicomponent systems. The scheme
has been optimized to account for thermodynamic nonidealities and transport anomalies over a
wide range of pressures and temperatures.

The numerical framework provides a fully-implicit all-Mach-number time-advancement using a
fully explicit multistage scheme. A unique dual-time approach is employed with a generalized
(pseudo-time) preconditioning methodology that treats convective, diffusive, geometric, and
source term anomalies in an optimal manner. The implicit formulation allows one to set the
physical-time step based solely on accuracy considerations. The spatial differencing scheme is
optimized for LES using a staggered grid arrangement in generalized curvilinear coordinates.
This provides non-dissipative spectrally clean damping characteristics and discrete conservation
of mass, momentum and total-energy. The scheme can handle arbitrary geometric features,
which inherently dominate the evolution of turbulence. A Lagrangian-Eulerian formulation is
employed to accommodate particulates, sprays, or Lagrangian based combustion models, with
full coupling applied between the two systems. The algorithm is massively-parallel and has been
optimized to provide excellent parallel scalability attributes using a distributed multiblock
domain decomposition with a generalized connectivity scheme. Distributed-memory message-
passing is performed using MPI and the Single-Program—Multiple-Data (SPMD) model. It
accommodates complex geometric features and time varying meshes with generalized
hexahedral cells while maintaining the high accuracy attributes required for LES. The numerical
framework has been ported to all major platforms and provides highly efficient fine-grain
scalability attributes. Sustained parallel efficiencies above 90-percent have been achieved with
jobs as large as 4096 processors on the NERSC IBM SP platform (Seaborg). The code is fully
vectorized and has been optimized for both vector and commodity architectures.

Our combustion modeling approach for the high-fidelity LES facilitates direct treatment of
turbulence-chemistry interactions and multiple-scalar mixing processes without the use of tuned
model constants. The systematic development and validation of this approach is currently a
major focal point. Unlike conventional models, chemistry (and the associated mechanisms
developed under this grant) is treated directly within the LES formalism. The filtered energy and
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chemical source terms are closed by employing a moment-based reconstruction methodology
that provides a modeled representation of the local instantaneous scalar field. Model coefficients
are evaluated locally in closed form as a function of time and space using the dynamic modeling
procedure. In the limit as the grid resolution and time-step approach the smallest relevant scales,
contributions from the subgrid-scale models approach zero and the limit of a direct numerical
simulation (DNS) is achieved.

All of the subgrid-scale models for combustion developed to-date are relatively simple due to
past computational limitations and the long-standing requirement of fast turnaround times for
calculations. Approaches aimed at obtaining accurate closure schemes include the assumption of
fast chemistry, the assumption of laminar flamelets, the conditional moment closure (CMC), and
PDF transport models. Klimenko has established the relation between CMC and unsteady
flamelets [72]. There are several limitations associated with each of these approaches, and each
exhibit clear trade-offs between model accuracy and the validity of the modeling assumptions.
More recently, a new class of reconstruction subgrid-scale models has been proposed that
combine the purely mathematical approximate deconvolution procedure with physical
information from an assumed scalar spectrum to match specific scalar moments [73,74].
Approximate reconstruction using moments provides an alternative approach that avoids the
intermediate step of modeling the joint-PDF associated with subgrid-scale fluctuations. The
instantaneous scalar field is estimated using an approximate deconvolution operation that
requires the filtered moments of respective scalars to match to a specified order. The estimated
scalar field is then used as a surrogate for the exact scalar field to calculate the subgrid-scale
contribution and the additional set of derived coefficients can be obtained in a consistent manner
using the dynamic procedure. Research to-date suggests that this method cannot be reliably used
to close the filtered chemical source terms directly. It has been shown, however, that it can be
used to obtain highly accurate representations of polynomial nonlinearities associated with terms
such as subgrid-scale scalar variances.

Here, we extend the approach described above by using the highly accurate representations of
the subgrid-scalar scalar variances and coupling this to a stochastic reconstruction methodology
to obtain a modeled representation of the instantaneous scalar field. This, in turn, is used to
obtain accurate representations of the filtered chemical source terms. The approach allows one to
track the evolution of multiple scalars in both time and space and accounts for finite-rate
chemistry in a time-accurate manner.

A focal point of our effort under this grant is to incorporate a suitable radiation model closure
and to incorporate a method-of-moments soot model into the LES framework. Soot particulates
are treated both directly in the Eulerian frame and also using a Lagrangian particle model to
simulate a statistically relevant sample of soot “parcels”. This model is directly coupled to an
appropriately reduced chemical mechanism that accounts for the instantaneous production soot
particles, subject to nucleation from the gas phase and coagulation in the free molecular regime.
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Results and Accomplishments

Substantial accomplishments were achieved in all 4 major project tasks: development of
chemistry and soot models, evaluation of JP-8 surrogate performance during pressurized spray
combustion, measurement of soot and flame properties in turbulent non-premixed jet flames, and
large eddy simulation of turbulent non-premixed jet flames. The results of work in each of these
project areas is described under the appropriate subheadings below.

Development and Validation of Ethylene Chemical Kinetic Mechanism

A new, detailed chemical kinetic model for ethylene combustion, including the chemistry of
PAH formation, was developed. The model is based on USC-Mech II for C1-C4 hydrocarbon
combustion (http://ignis.usc.edu/USC_Mech_II.htm). In collaboration with Meredith Colket of
UTRC, a set of PAH chemistry was added to the base hydrocarbon combustion model. The result
is a detailed reaction model (currently called SERDP v0.1), which contains 170 species and 1002
chemical reactions. The model was validated against a large set of experimental data including
laminar flame speeds, shock tube ignition delay, species profiles in flow reactors, species
profiles in shock tubes (as a function of temperature), and species profiles in premixed flat
flames. In additional, comparisons were made against existing, state-of-the-art reaction models
for ethylene combustion. In general, the new mechanism shows good agreement with the
experimental data and is superior to previous mechanisms. Examples of the comparison of the
new SERDP mechanism with the data and with competing ethylene mechanisms are shown in
Figs. 6 and 7. The complete results of the model validation study are presented in ref. 76. Based
on the favorable comparisons with the available experimental data, SERDP v0.1 was accepted by
consensus as the base ethylene combustion model for this and other SERDP Soot Science
research teams modeling ethylene combustion.
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Figure 6. Experimental (symbols) and computed (lines) ignition
delay times behind reflected shock waves. Experimental
data are taken from ref. 75. The ignition is measured by
the onset of CH* chemiluminescent emission.
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Figure 7. Experimental (symbols) and computed (lines) species profiles during ethylene
oxidation in a flow reactor at a pressure of 5 atm and temperature of 950 K.
Computed profiles are time-shifted (SERDP v0.1: -40 msec; WF97: -0.5 sec;
NIST: -1.1 sec; Utah: -1.2 sec) to match experimental data.
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Reduction of Ethylene Chemical Kinetic Mechanism

The detailed chemical kinetic model for combustion and pyrolysis of ethylene that was described
in the previous section was reduced to 17 species using a two-step process. First, the full
ethylene mechanism (with 1002 reactions involving 170 species) was reduced to a skeletal
mechanism using the Level of Importance (LOI) method. Skeletal mechanisms with different
degrees of reduction were evaluated by comparing the reduced model predictions of hydroxyl
radical concentrations in an adiabatic perfectly stirred reactor (PSR) to the uncertainty bands of
the full model (determined via a spectral expansion method). With this methodology, it was
determined that one could reduce the mechanism to 30 species in the skeletal model and still
keep within the uncertainty bands for hydroxyl in the active reaction stage (i.e. for residence
times greater than 10 ps in the PSR simulations shown in Fig. 8). Having reduced the skeletal
model as far as possible via LOI, it was reduced a final step using the quasi-steady state (QSST)
approach. This reduced the final mechanism to 17 species, suitably small for inclusion in LES
calculations.
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Figure 8. Test of skeletal models in adiabatic PSR. The error bars
are the uncertainty of the detailed model and were
determined by a spectral expansion method [76].

Development of a Detailed Chemical Kinetic Mechanism for the SERDP JP-8
Surrogate

Following the successful development and validation of the detailed chemical kinetic model for
ethylene combustion, a chemical kinetic model was constructed for the SERDP JP-8 surrogate,
in collaboration with Med Colket at UTRC. This model is composed of three components: USC
Mech II as the kinetic foundation for H,/CO/C;-C4 hydrocarbon oxidation, JetSurF 1.0 for n-
dodecane combustion, and the Battin-Leclerc model [77] for m-xylene combustion. As shown in
Fig. 9, the model does quite well in predicting the combustion behavior of n-dodecane. However,
comparisons with existing data for m-xylene combustion are not very promising, especially with
respect to laminar flame speeds, as shown in Fig. 10. The current SERDP program research
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being conducted by Ken Brezinsky at UIC is, in part, devoted to developing an improved
chemical kinetic model for m-xylene combustion.
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Figure 9. Comparison of experimental n-dodecane-air flame speed
measurements [78] (left) and ignition delay measurements
[79] (right) with predictions from the detailed chemical
kinetic model for SERDP JP-8 surrogate.
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Figure 10. Comparison of experimental m-xylene-air flame speed
measurements [80] (left) and ignition delay measurements
[77] (right) with predictions from the detailed chemical
kinetic model for SERDP JP-8 surrogate.

To assist in the development of a suitable m-xylene model, a study was undertaken of the
product branching ratio of the important O + benzene reaction step. This reaction step is an
important part of a benzene reaction model that, together with a toluene reaction model, is a
subcomponent of the m-xylene model. The reaction proceeds mainly through the addition of the
O atom to benzene, forming an initial triplet diradical adduct, which can either dissociate to form
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the phenoxy radical and H atom, or undergo intersystem crossing onto a singlet surface, followed
by a multiplicity of internal isomerizations, leading to several possible reaction products. In
collaboration with Craig Taatjes at Sandia National Laboratories, the product branching ratios
were examined over the temperature range of 300 to 1000 K and pressure range of 1 to 10 Torr.
The reactions were initiated by pulsed-laser photolysis of NO, in the presence of benzene and
helium buffer in a slow-flow reactor, and reaction products were identified by using the
multiplexed chemical kinetics photoionization mass spectrometer operating at the Advanced
Light Source (ALS) of Lawrence Berkeley National Laboratory. Phenol and phenoxy radical
were detected and quantified. Cyclopentadiene and cyclopentadienyl radical were directly
identified for the first time. Finally, ab initio calculations and master equation/RRKM modeling
were used to reproduce the experimental branching ratios, yielding pressure-dependent rate
expressions for the reaction channels, including phenoxy + H, phenol, cyclopentadiene + CO,
which are proposed for kinetic modeling of benzene oxidation. Details are provided in ref. 81.

Measurement of Soot PSDFs for Different Flame Temperatures

The evolution of the soot particle size distribution function (PSDF) and particle morphology
were studied for premixed ethylene-oxygen-argon flat flames at a common equivalence ratio ¢ =
2.07 over a range of maximum flame temperatures. Experiments were carried out using an in situ
probe sampling method in tandem with a scanning mobility particle sizer (SMPS), yielding the
PSDF for various distances from the burner surface. Within the particle size range that can be
detected, the PSDF transitions from an apparent unimodal PSDF for high temperature flames (7
> ~1800 K) to a bimodal PSDF at lower temperatures (7y < ~1800K). The two extremes in
PSDFs are shown in Figs. 11 and 12. The bimodal PSDFs have a noticeable trough that separates
the nucleation and coagulation modes of particle growth. This mode-transition trough had been
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Figure 11. Evolution of PSDFs measured for ethylene flat flame with a
maximum temperature of 1900 K. Symbols are experimental data
and lines are fits to data using a bi-lognormal distribution function.
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Figure 12. Evolution of PSDFs measured for ethylene flat flame with a
maximum temperature of 1660 K. Symbols are experimental data
and lines are fits to data using a bi-lognormal distribution function.

previously thought to occur at a fixed particle size, but these results show a continuous shift of
the trough location towards smaller sizes with increasing flame temperature. The morphology of
the particles was examined by transmission electron microscopy (TEM) and atomic force
microscopy (AFM). TEM images show the particles are spherical, even when the PSDF is
bimodal, suggesting that the bimodality occurs as the primary particles grow by coagulation, and
is not a result of particle aggregation. AFM of substrate-deposited particles shows that particles
spread and form hill-like structures upon impact with the substrate surface, indicating they are
liquid-like at the time of impact (see Fig. 13). Additional details are presented in ref. 82.
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Figure 13.  AFM images of soot collected from an ethylene flat flame
with a maximum temperature of 1740 K.
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Measurement of Soot PSDFs for Benzene-Doped Ethylene Flames

Particle size distribution functions of nascent soot were studied in a spatially resolved manner by
online sampling/scanning mobility particle sizer in two burner-stabilized, premixed ethylene—
oxygen—argon flames with two different levels of benzene doping, amounting to up to 1/3 of the
total fuel carbon. Particle morphology was analyzed by atomic force microscopy (AFM) of
substrate-deposited samples. An aerosol electrometer was introduced to extend the lower
detection limit to 1.6 nm in diameter. The results show that the bimodal behavior of particle size
previously observed for neat ethylene fuel is also applicable to the benzene-doped flames
studied. The variation of the size distribution from flame to flame is conclusively attributed to
flame temperature variation. Under the condition of an equal carbon concentration, benzene
doping leads to negligible changes in the characteristics of the size distribution. For all flames
studied, AFM observations show that nascent soot is liquid-like and spreads extensively upon
impact on a substrate surface. Further details are provided in ref. 83.

Development of an Improved Soot Probe Technique for Premixed Flat Flames

A burner-stabilized, stagnation flame technique was developed, to improve comparisons between
modeling and experiments in premixed flat flames. In this technique, the previously developed
sampling probe is combined with a water-cooled circular flame stabilization plate such that the
combination simultaneously acts as a flow stagnation surface and soot sample probe for mobility
particle sizing. The technique provides a rigorous definition of the boundary conditions of the
flame with probe intrusion and enables less ambiguous comparison between experiment and
model. Tests on a 16.3% ethylene-23.7% oxygen—argon flame at atmospheric pressure show
that, with the boundary temperatures of the burner and stagnation surfaces accurately
determined, the entire temperature field may be reproduced by pseudo one-dimensional
stagnation reacting flow simulation (see Fig. 14). Soot particle size distribution functions were
determined for the burner-stabilized, stagnation flame at several burner-to-stagnation surface
separations. It was found that the tubular probe developed earlier perturbs the flow and flame
temperature in a way that is better described by a one-dimensional stagnation reacting flow than
by a burner-stabilized flame free of probe intrusion. Further details are provided in ref. 84.

Measurement of Soot PSDFs for n-Dodecane Flames

n-Dodecane is an important component of jet fuel surrogate. We experimentally investigated the
evolution of particle size distribution of incipient soot formed in laminar premixed n-dodecane-
oxygen-argon flames. The flames were established on a porous flat flame burner with an
equivalence ratio of 2 and a maximum flame temperature around 1800 K. Detailed particle size
distributions were obtained by the burner-stabilized stagnation-flow (BSSF) sampling approach
using a nano-scanning mobility particle sizer and are shown in Fig. 15. The flame temperature
profiles were determined for each separation distances between the burner surface and stagnation
surface/probe orifice. As the size distributions are obtained using the recently developed BSSF
approach, it was shown that the flames can be modeled using an opposed jet flame code without
having to estimate the effect of probe perturbation. The measured and simulated temperature
profiles show good agreement. The evolution of the soot size distributions for #n-dodecane flames
was found to be similar to that obtained from ethylene flames. The size distributions are
characteristically bimodal indicating strong, persistent nucleation over a large range of residence
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times in the flame. Under similar conditions, the nucleation mode in the n-dodecane flames is
stronger than that in the ethylene flames. Further details are provided in ref. 85.
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Figure 14. Comparison of measured and radiation corrected gas
temperature (symbols) and calculated temperature profiles in
an ethylene flame as a function of distance from the burner
surface. The sampling plate position relative to the burner
surface is marked by the dashed lines. The computation
assumes a stagnation flow field.

Measurement of Aliphatic Compounds in Flat Flame Soot

Previous studies suggest that soot formed in premixed flat flames can contain a substantial
amount of aliphatic compounds. The pesence of these compounds may affect the kinetics of soot
mass growth and oxidation in a way that is currently not understood. Using an infrared
spectrometer coupled to a microscope (micro-FTIR), we examined the composition of soot
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Figure 15. Repeat measurements of the evolution of PSDFs in an n-dodecane
flat flame with a maximum temperature of 1660 K.

sampled from a set of ethylene-argon-oxygen flames we recently characterized [82], all with an
equivalence ratio ¢ = 2.07 but varying in maximum flame temperatures. Soot was sampled at
three distances above the burner surface using a probe sampling technique and deposited on
silicon nitride thin film substrates using a cascade impactor. Spectra were taken and analyses
performed for samples collected on the lowest five impactor stages with the cut-off sizes of Dso=
10, 18, 32, 56 and 100 nm. The micro-FTIR spectra revealed the presence of aliphatic C-H,
aromatic C-H and various oxygenated functional groups, including carbonyl (C=0), C-O-C and
C-OH groups. Spectral analyses were made to examine variations of these functional groups
with flame temperature, sampling position and particle size. Results indicate that increases in
flame temperature leads to higher contents of non-aromatic functionalities. Functional group
concentration was found to be ordered as follows: [C=0] < [C-O] < [aliphatic C-H]. Aliphatic C-
H was found to exist in significant quantities, with very little oxygenated groups present. The
ratio of these chemical functionalities to aromatic C-H remains constant for particle sizes
spanning 10-100 nm. The results confirm a previous experimental finding: a significant amount
of aliphatic compounds is present in nascent soot formed in the flames studied, especially
towards larger distances above the burner surface. Further details are provided in refs. 86 and 87.

Ethylene TNF Burner Development

An existing burner at Sandia, known as the “)s-scale Sydney burner,” was installed in the
Turbulent Combustion Laboratory (TCL) and used to support ethylene flames burning in
coflowing air. This entailed the installation of appropriate air conditioning screens to yield a
fully conditioned coflow that matched conditions typically used in the Turbulent Nonpremixed
Flame (TNF) Workshop series flames that have been extensively modeled and demonstrated to
have good flow boundary conditions. The pilot flame for this existing burner was observed to be
spatially uneven and to have variable flame conditions over time. Furthermore, as the jet
Reynolds number was increased to 20000 and higher, a hole was observed to form in the flame
on one side just above the fuel tube. This hole increased in size as the jet fuel velocity increased.

34



Comparisons of the pilot flame design with the full-sized Sydney burner that has been
extensively utilized in TNF flame studies revealed that the /2-scale burner had an undersized and
poorly constructed pilot flame area, consisting of a single row of irregularly drilled pilot flames,
compared to the three interwoven, machine-drilled concentric rows for the full-sized Sydney
burner (see Fig. 16). To correct for these deficiencies, it was decided to design and construct a
new burner that featured a pilot flame design similar to the Sydney burner design, but with a
smaller diameter fuel tube appropriate for use with ethylene.

%y i1
Figure 16. Photographs of the pilot flames for the “/4-scale Sydney

burner,” on the left, and the actual full-scale Sydney
burner, on the right.

While the '5-scale Sydney burner was installed, scoping studies were conducted to determine the
overall characteristics of turbulent ethylene jet flames. First, it was determined that a pilot flame
is required to avoid flame lift-off for reasonably high Reynolds numbers (Re > 15,000). Flame
lift-off is undesirable in the current study, as it complicates modeling efforts and makes
comparisons of soot formation modeling with data more difficult to interpret. Evaluation of the
ethylene flame height as a function of Reynolds number showed that the flame was
approximately 1 meter in height and the flame height increased slowly with increasing jet Re.
OH PLIF images of the near-burner high shear region where flame quenching first occurs
revealed that local extinction begins to occur for a jet Re ~ 20,000, as shown in Fig. 17.

Re =10.000 Re = 15,000 Re =20.000 \ i Re =25,000

Figure 17.  PLIF images of OH® over heights of x/D from 2.3 to 15.6 (i.e. from x = 8.7 mm
to x = 58.8 mm) for four different ethylene jet flow velocities, corresponding to
Re =10,000 to 25,000, on the "2-scale Sydney burner. The light blue inner
structures evident in interior regions of the flame arise from PAH PLIF.

Based on considerations of flame height, available polished tube diameters, and the estimated Re
at which local flame extinction was likely to begin to occur, it was decided to construct a new
burner for ethylene jet flames with a fuel tube ID of 3.2 mm (compared to 3.8 mm for the '%-
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scale Sydney burner). In addition, type 304 stainless steel was chosen for the burner material.
Photographs of the burner and the pilot plate design are shown in Fig. 18. Tests with the new
burner demonstrated good flame attachment for the ethylene jet flame for Re > 30,000, even
when using an ethylene/air pilot flame with a heat release rate that was only 2% of that of the
main fuel jet. Fast-shutter digital photographs (revealing the degree of flame wrinkling) of the
ethylene jet flames stabilized on the new burner are shown in Fig. 19. For a target flame of Re =
20,000, this burner produced a flame with a height of less than 900 mm, which was accessible
with our burner translation system.

Figure 18. Photographs of the complete ethylene burner assembly (top) and burner face (left).
The pilot plate design with three concentric rows of pilot flames that provide
uniform heating is shown to the right.

Re = 10,000 20,000 30,000

Figure 19. Fast-shutter (1/1600 s) photographs of ethylene
jet flames stabilized on the new jet flame burner.
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Line Rayleigh imaging was performed with a 532 nm doubled YAG beam just above the burner
lip (5 mm downstream) to quantify the thermal boundary condition provided by the pilot flame
and to validate the uniformity of flow through the pilot. As shown in Fig. 20, the pilot flame
indeed performed well and provided a uniform thermal boundary condition for use with CFD
modeling. The temperature profile could not be computed through the active flame region
because of uncertainties over the local Rayleigh scattering cross-section of the chemical species
mix in these areas.
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Figure 20. Sample Rayleigh scattering image (top) and derived temperature field (bottom), up
to the flame boundary, 5 mm downstream from the burner lip. The anomalous
profile for Re = 10,000 results from the nonlinear response of a mass flow
controller for the pilot flame when used near its lower flow limit.

Surrogate JP-8 Fuel Vaporization and TNF Burner Development

To utilize a liquid fuel, such as the SERDP JP-8 surrogate fuel, in a turbulent non-premixed jet
flame, without adding additional modeling complications associated with spray development and
evaporation, a liquid fuel vaporizer and heated vapor transport line needed to be constructed. A
schematic of the liquid fuel handling system design that was adopted is shown in Fig. 21. This
system consists of a fuel tank, a metering pump, to allow fine control of the liquid flow rate, a
liquid accumulator (not shown in the diagram), downstream of the pump, to dampen out pump
oscillations, a hollow-cone diesel spray nozzle, to provide fine fuel atomization, and a heated
vaporizer. To assist in rapid vaporization of the fuel spray and minimize or eliminate droplet
carryover from the vaporizer, the vaporizer was constructed with embedded aluminum fins, as
shown in Fig. 22. Fig. 23 shows a photograph of the vaporizer. To verify that the vaporization
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process did not introduce any distillation or thermal cracking of the SERDP JP-8 surrogate fuel,
the vaporized fuel was recondensed and analyzed by mass spectrometry. Only the original fuel
mass spectral peaks associated with n-dodecane and m-xylene were present in the recondensed
sample (thereby showing no indication of thermal cracking, which would have resulted in lower
and upper mass spectral peaks) and the peak area ratio agreed with that in the original fuel
(thereby showing no evidence of distillation effects).
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Figure 22. Design drawing of finned aluminum heat exchanger for
rapid vaporization of fuel spray.

A burner with a similar design as the ethylene burner, but with a smaller fuel tube diameter (2.5
mm ID) and with a heated fuel line, was designed and constructed. As with the ethylene burner,
the pilot flame was fed with a slightly lean (¢ = 0.95) ethylene/air mixture, at a flow rate
corresponding to 2% of the heat release rate of the main fuel jet. Fig. 24 shows a photograph of
the base of the heated burner when supporting a SERDP JP-8 surrogate flame.
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Figure 23. Photograph of liquid fuel vaporizer, with externally

clamped electrical heaters. The side port tubing is for
nitrogen purging of the system.

Figure 24. Photograph of the flame base of SERDP JP-8 surrogate
TNF flame.

Jet Flame Measurements: Simultaneous OHe PLIF and Planar LII

As suggested by Fig. 17, interrogation of OH- PLIF images in the high-shear near-burner region
of ethylene jet flames showed occasional local extinction for a jet Reynolds number of 20,000,
and more frequent extinction events at higher Re. Based on the judgments of Dr. Robert Barlow
(principal organizer of the TNF workshops) and Dr. Joseph Oefelein, the extinction events at Re
= 20,000 are infrequent enough to avoid affecting the downstream flame structure and therefore
posing a problem for flame modeling that doesn’t treat local extinction and reignition.
Conversely, the Re = 15,000 flame was judged to lack sufficient turbulent characteristics to be
desirable as a target flame for experiments and modeling. Consequently, the Re = 20,000 flame
was chosen to be the canonical ethylene flame for detailed characterization. The mean gas exit
velocity for this flame is 55 m/s.

Simultaneous OH- PLIF and LII imaging were performed both in this canonical ethylene jet
flame and in a JP-8 surrogate flame with the same calculated fuel jet Reynolds number.
Diagnostic details are provided in ref. 88. Figure 25 shows the process by which overlay images
of OH and soot were produced and gives four examples of the instantaneous planar distribution
of soot and OH- in a particular location within the ethylene flame. At this height, OH- exists as
continuous layers and its presence serves as a marker of the stoichiometric flame zone. Soot is
largely confined within the inner edge of OH., with occasional penetrations into the high-
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temperature flame zone. The soot layers display vortex-like features, which isn’t surprising
because, as a result of its non-diffusive nature, soot largely follows the local streaklines (except
for the influence of thermophoresis in low-strain regions). This characteristic of soot does mean
that at least qualitative information regarding the velocity field is provided by the soot layer
imaging.

OH- PLIF Soot PLII

Soot OH ' - :
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rid

Figure 25. Instantaneous distribution of soot and OH- in a turbulent non-premixed ethylene
jet flame, as revealed by simultaneous LII and OH PLIF imaging. False-color
structures are from the LII images, on which have been overlaid OH- structures,
in an inverted grayscale. z and r designate the axial and radial coordinates.

The evolution of OH- and soot with height of the flame is shown in Fig. 26. Marching
downstream from the jet exit, OH- structures evolve from straight, thin layers near the nozzle to
increasingly wrinkled, thick structures. Local flame extinction occasionally occurs at heights
from 50 mm to 100 mm, where the strain rate is expected to be high. Measurable soot starts to
appear 80 mm downstream as localized streaks or pockets before becoming thick and
interconnected downstream in the flame. Up to 300 mm downstream, soot is primarily contained
within the OH- layer (or flame sheet); beyond that, fuel-rich soot structures are ‘penetrated’ by
OH- and eventually form isolated islands.
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Figure 26.  Evolution of OH- and soot structures within a Re = 20000 turbulent non-premixed
ethylene jet flame, as revealed by simultaneous LII and OH PLIF imaging.

OH- imaging in the JP-8 surrogate flame showed three differentiating effects from the imaging in
the ethylene flame: (1) excitation of fluorescence from the m-xylene component of the fuel vapor
and/or from closely related aromatic species produced from fuel pyrolysis (low in the flame,
along the fuel jet axis), (2) significant degradation of the OH- signal on the far side of the flame
relative to laser beam propagation (due to laser light extinction in the flame), and (3) the
appearance of soot structures at the top of the flame that are not surrounded by OH- (suggesting
quenching of the local flame sheet surrounding the soot). The simultaneous OHs-soot images
from the JP-8 flame clearly show both of these effects, as seen in Fig. 27.

Jet Flame Measurements: Simultaneous PAH PLIF and Planar LlII

By tuning the dye laser wavelength off of the OH- excitation lines near 283.6 nm and adjusting
the UV camera detection bandpass to include wavelengths from 330—480 nm, broadband, red-
shifted fluorescence from aromatic species can be detected [89]. Performing these measurements
in concert with LII, in the same manner as was done with the OH- fluorescence measurements,
allows detection of the regions where pyrolytic chemistry is occurring together with detection of
the soot field. Detailed studies in laminar flames have linked soot formation and mass growth to
these regions of pyrolytic chemistry, so the simultaneous detection of these signals provides at
least qualitative information on the extent of this linkage between PAH formation and soot
formation in turbulent flames. Figure 28 shows a series of time-resolved “snapshots” of the PAH
LIF overlayed with soot LII. The PAH structures tend to be relatively diffuse, so, for the
purposes of the overlay they are indicated by their boundaries, as projected on the LII images.
From Fig. 28, it is clear that PAH forms before any measurable soot is formed in the flame (as
expected), and the PAH are generally constrained to the inner core of the jet, where the most
fuel-rich regions are generally present. Also, the stronger soot LII signals occur in regions on the
hot, outside edge of the PAH layers, suggesting an evolution of PAH into soot as the PAH
undergo pyrolysis at high temperatures. Near the top of the flame, where soot formation has
ceased, the soot PAH signals are very weak.
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r?d
Figure 27. Evolution of OH- and soot within a Re = 20,000 turbulent non-premixed JP-8
surrogate jet flame, as revealed by simultaneous LII and OH- PLIF. Images on the

left show LIF from OH- and PAH (in interior regions, particularly low in flame),
whereas images on the right show soot LII, with boundaries of OH- in white.

10 5 []
rid

5

n'nd
Figure 28. Evolution of PAH and soot structures within a Re = 20,000 turbulent non-
premixed ethylene jet flame, as revealed by simultaneous LII and PAH PLIF
imaging. The images show soot LII, with boundaries of PAH denoted in magenta.
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Jet Flame Measurements: Soot Volume Fraction

The planar LII measurements have been quantified in terms of soot volume fraction by
calibrating against a laminar ethylene flame, anchored on the same jet burner. The calibration
constant was determined by comparing the LII signal and the measured soot volume fraction
derived from the laser extinction method, when using a best-available value of 9.3 for the
dimensionless extinction coefficient of soot at 632.8 nm [90]. Note that this value for the
dimensionless extinction coefficient (K,) is approximately a factor of two higher than the values
assumed by many combustion researchers, despite a wide array of data supporting such high
values of K,. Figure 29 compares the radial distribution of soot volume fraction measured by LII
with that by extinction. As the laser extinction measurement is path-integrated, it needs to be de-
convoluted (i.e. one needs to apply tomographic inversion) to give the spatial profile of soot
volume fraction. We have used three inversion methods, including the Abel three-point and two-
point methods and the onion peeling method [91]. All three methods give approximately the
same results, with the Abel three-point method being smoothest. In general, the spatial profile
from LII agrees quite well with those from laser extinction, giving good confidence in the
determined calibration constant. Figure 30 compares the soot volume fraction integrated across

the flame at different heights, J:OO 1 (r)dr, as determined by these two methods. Good

consistency is obtained, with deviations likely due to non-uniform flat-field response of the LII
camera [92].
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Figure 29. Radial distribution of soot volume fraction at a height of 41.5 mm in a laminar
ethylene jet flame as measured by laser extinction and LII. Measurements
from extinction are de-convoluted with three algorithms: Abel three-point
inversion (Abel 3), Abel two-point inversion (Abel 2), and onion peeling.

Instantaneous, mean, and rms soot volume fractions are presented in Fig. 31 for the turbulent
ethylene jet flame. Each distribution is composed of stacked slices at different heights, with
statistics at each height collected from 500 instantaneous images. Discontinuities between
adjacent slices are evident and result from the non-uniform flat-field response of the camera
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system, which is exacerbated by the vignetting effect from a small lens aperture that was used to
correct for spherical aberrations in the lens. We are currently quantifying this flat field so we can
correct these images for this effect.
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Figure 30. Axial profile of soot volume fraction integrated across the canonical ethylene
jet flame measured by laser extinction and LII. A and B indicate results from
LII images obtained at two different heights.

Probability density functions (PDFs) of soot volume fraction are shown in Figs. 32 and 33. In
general, PDFs of soot volume fraction at all locations behave as clipped-Gaussian distributions,
with significant zero-clipping. As zero-clipping is an indication of intermittency, this finding
suggests that soot volume fraction is a highly intermittent scalar, which is consistent with the
localized features of soot observed from instantaneous LII images and is also consistent with
recent results reported for a turbulent jet flame fueled with natural gas [93]. Figure 32 shows the
PDFs at various axial locations. The zero-clipping is initially dominant at upstream locations
where soot appears as localized streaks and mostly stays away from the jet axis (Fig. 26), and
then becomes less dominant when moving downstream, reaching a minimum at the height of 375
mm, where soot becomes connected and more evenly distributed. Near the flame tip, where soot
only exists in distinct islands and is subject to strong oxidation, the PDF again shows prominent
zero-clipping.

Figure 33 shows the evolution of the PDFs along the radial direction, where the height of 475
mm approximately corresponds to the peak mean soot volume fraction. It can be seen that at this
height, although soot volume fraction has about the same range of variation at all radial locations
(varying from O to 2.5 ppm), the degree of zero-clipping becomes greater when moving away
from the jet centerline, where soot oxidation is expected to be more active and where eventually
one moves outside the main flame brush. In fact, as shown in Fig. 34, the soot intermittency can
be expressly evaluated from the series of LII images by defining a lower threshold for signal-
noise that cleanly rejects all spurious signals (the threshold was defined to be equivalent to 0.03
ppm of soot). The intermittency shows the expected trends with axial and radial position within
the flame.
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Figure 31. Instantaneous, mean, and rms soot volume fractions measured by LII imaging in a
Re = 20,000 turbulent non-premixed ethylene jet flame. The mean and rms
statistics are computed from 500 instantaneous images taken at each height.

Instantaneous, mean, and rms soot volume fractions are presented in Fig. 35 for the turbulent JP-
8 surrogate jet flame. As with the ethylene flame data, each distribution is composed of stacked
slices at different heights, with mean values and statistics at each height derived, in this case,
from 1000 instantaneous images. Discontinuities between adjacent image slices are even more
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strongly evident than was the case for the ethylene flame, for unknown reasons.
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Figure 32. PDFs of soot volume fraction at six axial locations along the jet centerline in a Re =

20,000 turbulent non-premixed ethylene jet flame. The statistics are computed from

1000 instantaneous images.
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Figure 34. Soot intermittency in the ethylene jet flame (a) as a function of axial
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Jet Flame Measurements: Laser Extinction and Correction for Signal Trapping

Optical and laser-based measurements in sooty flames are inherently complicated by the strongly
absorbing nature of soot. As a consequence of this optical extinction, the local laser strength is
typically reduced from that entering the flame, and the instantaneous laser strength depends on
the amount of soot that the laser beam has passed through in reaching the optical probe volume.
Similarly, laser-generated signals in interior regions of the flame must pass through soot layers
before they can exit the flame and be measured on photodetectors. Unlike the laser beam
extinction, which depends only on the instantaneous soot concentrations along the laser line-of-
sight, the signal extinction depends on the instantaneous soot concentrations within the optical
acceptance angle cone of the camera imaging system (and thus is affected by soot within a broad
region of the flame, particularly when using fast imaging optics). This attenuation of optical
signals from interior regions of a flame is generally referred to as “signal trapping.”

Optical extinction by soot nominally follows a A dependence at visible and near-infrared
wavelengths [94]. To minimize the influence of optical extinction on the LII measurements of
soot concentration, an excitation wavelength of 1064 nm (YAG fundamental) was used in this
project, which limits the extinction of the laser beam itself and also allows detection of the LII
signals at wavelengths through the visible region, limiting the extinction of the LII signal in
comparison to typical LII signal detection around 400 nm. Use of a long-wavelength excitation
wavelength for LII also has the distinct advantage of severely limiting the extent of C, and C;
LIF produced from LII excitation [95].

To compensate for the decrease in the LII laser excitation strength as the beam propagated across
sooty flames, the LII measurements were conducted in the fluence “plateau” region of the laser
excitation power dependence curve, as indicated in Fig. 36. One of the unique and very useful
aspects of LII measurements is that there typically exists a region of laser power (or, more
properly, laser fluence, which is the amount of energy contained in a laser pulse) over which the
resulting LII signal is approximately independent of the laser power. The precise shape of the
laser power dependence curve and the size and “flatness” of this fluence plateau region strongly
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Figure 35. Instantaneous, mean, and rms soot volume fractions measured by LII imaging in a
Re = 20,000 turbulent non-premixed JP-8 surrogate jet flame. The mean and rms
statistics are computed from 1000 instantaneous images taken at each height.

depend on the characteristics of both the laser pulse and the detection optics and filters [96,97].
For the laser and LII detection system that we have employed here, Fig. 36 shows that the signal
response is approximately constant from laser fluences of 0.25 — 0.7 J/cm®. For this reason, we
have employed a mean laser fluence of 0.6 J/cm®, which allows for 60% extinction of the laser
beam before significant influences on the generated LII signal would be expected. Indeed, as is
evident in Fig. 27, the measured LII signal intensity does not show any significant side-to-side
variations, even at locations where strong attenuation of the OH PLIF laser sheet (at 283 nm)
results in negligible OH LIF signal on the far side of the flame from where the laser beams enter.
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Figure 36. Experimentally measured laser fluence dependence
of LII signals measured on the laser-incident side
of a laminar ethylene flame.

To account for LII signal trapping in the sooty turbulent jet flames, extinction measurements
were performed using a HeNe cw laser (632.8 nm) and an integrating sphere, to minimize beam-
steering losses [98]. A schematic of the experimental configuration used is shown in Fig. 37. A
polarizer was necessary to clean up the output of the HeNe laser such that a vertically polarized
laser source was transmitted downstream of the polarizer, to polarization-sensitive optics such as
the plate beamsplitter that directed a reference beam to a detector. With the use of an appropriate
laser-line spectral filter in front of the transmitted beam detector, no measurable signal was
apparent from natural flame emission, so there was no need to employ laser beam modulation
and lock-in detection. During experiments, the burner was traversed axially and radially to
measure extinction along different chords through the flame, as shown in Fig. 38.

N far
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|

Laser-line filter SPD () PD (I,)

Integrating

spher?_\l ! He-Ne Laser
2 SN C )

Figure 37. Schematic of experimental setup for performing laser

extinction measurements across a turbulent jet flame “PD”
stands for silicon photodiode detector.

Extinction measurements were performed using a data acquisition rate of 40 kHz, allowing good
resolution of turbulent fluctuations at fine spatial scales. A typical time series of soot optical
thickness is shown in Fig. 39 in terms of the “KL factor,” which is a measure of the product of
soot concentration and soot layer thickness, as shown in Eq. 1.
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Figure 38.  Map of extinction measurement chord locations

at a mid-height region of the turbulent jet flames.

KL= 1n(][—°j:(§eijV(z)dz ey

where /j is the incident laser intensity, / is the transmitted laser intensity, K, is the dimensionless
extinction coefficient, A is the laser wavelength, f, is the soot volume fraction, and d!/ is the
differential path of the laser light across the flame. If one defines a ‘typical’ value of the flame
thickness, then the KL factor is equivalent to a measure of the ‘average’ soot concentration
across the flame.
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Figure 39. A sample time record of measured soot optical thickness for
the ethylene flame at z/d = 135, r/d = 0.

From Fig. 39, it is clear that the KL factor shows strong and rapid fluctuations, and occasionally
gives a value of zero, implying very little soot along the beam path, which is consistent with the
spatial intermittency of soot as observed by LII imaging. Fig. 40 shows the power spectral
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densities (PSDs) of the KL factor measured at five different heights of the ethylene jet flame.
Except for z/d = 50, where the presence of soot along the centerline is highly intermittent, the
PSDs largely collapse, implying similar frequency components. All the PSDs show constant-
slope portions in the log-log plot, a feature characteristic to the turbulent inertial subrange.
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Figure 40. Power spectral densities (PSDs) of soot optical thickness for
the centerline of the ethylene flame at five different heights.

By calculating the mean laser transmittance for each measurement chord and applying a two-
dimensional interpolation algorithm that is included in the MATLAB software, the mean laser
transmittance can be calculated throughout the PLII measurement domain within the turbulent jet
flames. Dividing these values by a factor of two, to account for signal trapping across half the
projected flame width, the signal transmittance field can be calculated, as shown in Fig. 41. For
the ethylene flame, this transmittance reaches a minimum of approximately 0.88, at mid-height,
towards the center of the flame. From these calculated values of LII signal transmittance, the
mean PLII measurements of soot volume fraction can be corrected for signal trapping, as shown
in Fig. 42.

Signal Transmittance

114 0.98
112 0.96
R 110 002
108 0.9
106 0.88
-10 -5 0 5 10
r/d

Figure 41. Derived mean LII signal transmittance at mid-height of the
ethylene jet flame.
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Figure 42. Original (top) and signal-trapping-corrected (bottom) LII
data at mid-height of the ethylene jet flame.

Jet Flame Measurements: Joint Statistics of Soot Temperature and Volume
Fraction

Knowledge of the joint statistics of soot concentration and temperature in the canonical jet
flames is important for accurate predictions of soot radiation intensity and also for validation of
soot formation and oxidation rate expressions (because the relevant kinetic rates are strong
functions of temperature). A measurement technique known as the “3-line” diagnostic, which
combines a local laser extinction measurement of soot concentration and a two-color pyrometry
measurement over the same probe volume, has been previously developed and applied in
turbulent non-premixed flames to measure these joint statistics [99-102]. The diagnostic setup
used in the current research is shown in Fig. 43.

A key aspect of this technique is the need to insert a two-ended probe into the flame to limit the
length of the optical interrogation region. In previous studies, these probes have typically been
constructed of water-cooled steel or aluminum tubing, in some cases with insulation wrapped
around the outside of the probes. With this design approach, the probe tubes are necessarily quite
large and also provide a thick thermal quench layer. To minimize probe perturbation of the
flowfield and flamesheets, for this project we adopted the approach first used by Sivathanu and
Faeth [99], with tapered refractory probe ends that are uncooled, as shown in Fig. 44.

A 10 mm probe end separation was used for most of the measurements, but some data were also
collected for probe separations of 5 mm and 20 mm. Calibration of the two-color pyrometry
diagnostic was performed using a high-temperature blackbody source and a mirror that
redirected the blackbody light towards the avalanche photodiode detectors. Bandpass filters with
center wavelengths of 850 nm and 1000 nm were used for the pyrometry measurement.
Extinction of a
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Figure 43. Schematic of diagnostic configuration used to perform 3-line measurements of
soot temperature/concentration statistics in the turbulent jet flame.

Figure 44. Optical probe for performing 3-line measurements of soot temperature/
concentration statistics in the turbulent jet flame. Aluminum optical housing
(left) is water-cooled and provides N, purge gas. Refractory probe ends (right)
are uncooled.

632.8 nm HeNe laser beam was used to determine soot volume fraction, by employing Eq. 1
with an assumed value for K, of 9.3, based on the measurements of Williams et al. [90]. Fig. 45
shows a sample data record of transmission and emission signals from the ethylene flame at a
mid-height position, along with the deduced soot volume fraction and temperature variation.
Note that the apparent mean soot volume fraction of ~ 0.5 ppm compares favorably with the
mean fv deduced from LII measurements in this region of this flame (Fig. 31). The pyrometry
measurements show that the soot temperature is typically within the region of 1350 — 1650 K.

Jet Flame Measurements: Thermal Radiation

Turbulent non-premixed flames using higher molecular weight fuels typically have substantial
thermal radiation loss, on account of strong contributions from radiating soot. This radiant loss
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Figure 45. Optical probe for performing 3-line measurements of soot temperature/
concentration statistics in the turbulent jet flame. Aluminum optical housing
(left) is water-cooled and provides N, purge gas. Refractory probe ends (right)
are uncooled.

reduces the peak flame temperature and also acts to moderate both soot formation and oxidation,
because of the high characteristic activation energies of these two processes. As will be
demonstrated in a successive section on flame modeling, accurate modeling of soot formation
and oxidation requires that soot radiation also be modeled accurately, because a model that
predicts the correct soot concentrations within a flame or emitted from a flame but erroneously
calculates the soot temperature will not be extendable to other flames. For this reason,
measurements of thermal radiation from model flame systems are important components of
model validation. As with other experimental measurements, the better the temporal and spatial
resolution of the measurement, the more useful the data are for model validation. For this reason,
a radiometer was constructed using a thin-film thermopile with a CaF, window. The use of the
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CaF, window material makes the radiometer equally sensitive to radiant emission from 0.13—11
pm, encompassing nearly all of the energy-containing radiation from the flame. The thermopile
that was chosen for this measurement is 1 mm in diameter and has a characteristic response time
of 12.8 ms (corresponding to a -3 dB cut-off frequency of 12.4 Hz). A black-anodized, 250 mm
long water-cooled steel tube with an ID of 2 mm minimizes light reflections within the probe and
restricts incident radiation to a small solid angle (Q) of 1.065x107*sr. The detector sensor is
located 500 mm away from the jet axis. During experiments, the burner is transversed axially or
radially to measure radiation along different paths. As the radiative heat exchange and the
electronic response of the thermopile detector are affected by its own temperature, great care has
been taken to stabilize the thermal environment of the detector, such as covering the detector
case with aluminum foil to shield flame radiative heating. In addition, three thermocouples are
attached to the detector case to monitor its temperature, which is used to correct for the effects
due to detector temperature rise as described below. The radiometer was calibrated by
positioning the end of the light pipe at the exit of a high-temperature blackbody source, as shown
in Fig. 46.

Figure 46. Photograph of radiometer, with water-cooled light
pipe attached, positioned at exit of a blackbody
source, to calibrate the radiometer output.

Figure 47 shows a sample time record of radiation measured at mid-height of the ethylene flame,
along the flame axis. Figure 48 shows the time-averaged statistics of radiant intensity measured
across the jet axis for both ethylene and JP-8 surrogate flames. It can be seen that these two
flames have similar mean radiant intensity profiles as a function of flame height. The radiant
intensity has near-zero values near the flame base, rapidly increases when moving downstream,
and eventually peaks at mid-height. For the ethylene flame, the peak is at z/d = 135, and for the
JP-8 surrogate flame, the peak is at z/d = 175. Above the radiant peak, the radiant intensity
experiences a gradual decline, and again reaches a low value near the flame tip. The rms profiles
show much broader peaks than the mean intensities and also peak at somewhat greater flame
heights. It should be recalled that with the partial low-pass filtering provided by the detector
response, the magnitude of the true rms intensities are underestimated. It is also interesting to
note that, although these two flames have different flame heights and considerably different fuel
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composition, the mean radiant intensities within the two flames are almost the same for the first
135 jet diameters.
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Figure 47. A sample time record of measured radiant intensity for the
ethylene flame at z/d = 135, r/d = 0.
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Figure 48. Axial profiles of mean and rms radiant intensity measured
within the ethylene and JP-8 surrogate flames. To avoid data
cluttering, error bars are only drawn at selected positions.

Figure 49 plots radial profiles of time-averaged radiant intensity at different heights within the
ethylene and JP-8 surrogate flames. At all the heights, the radial profile peaks at r/d = 0, which
corresponds to the radiation path cross the jet axis. In general, the radial profile becomes broader
when moving downstream, suggesting a steady increase in mean flame width with z/d.
Comparison between the two sides of Fig. 49 reveals similar radial profiles for z/d up to 135,
implying similar spread of mean flame contour and similar radiative heat source in this near-
nozzle region. Integrating the radiant intensity profiles across the entire flame, the JP-8 surrogate
flame radiates much more than the ethylene flame and therefore possesses a greater radiant
fraction, since these two flames have approximately the same heat release rate of 16.5 kW.
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Figure 49. Radial distributions of mean radiant intensity at several different heights within
the ethylene (left) and JP-8 surrogate (right) jet flames. To avoid data cluttering,
error bars are only drawn at selected positions.

Jet Flame Measurements: Velocity Field

Velocity field measurements are desirable to verify that the overall mixing intensities predicted
in flame simulations match well with the actual flames. For this purpose, particle image
velocimetry (PIV) was employed in the turbulent ethylene jet flame. Performing such PIV
measurements in relatively large, highly turbulent flames is quite difficult, on account of the
need for high-density particle seeding, multi-frame data collection at each measurement position,
and the limited spatial domain for each measurement. Furthermore, when performing PIV in
strongly radiant flames, the long-duration camera gating that exists in certain PIV systems (such
as the system owned by Sandia) can lead to obscuration of the particle scattering signals by the
portion of the broadband luminosity that passes through the laser-line optical filter attached to
the camera. During the course of this project, a specialized burner coflow system was designed
and constructed which allowed for seeding of the flow immediately surrounding the burner, such
that both the fuel jet and the surrounding coflow could be seeded. Fig. 50 shows a photograph of
the PIV laser sheet passing just above the burner nozzle, when both the nozzle flow and the
surrounding air coflow are seeded with particles. As is evident in this figure, the seeding in the
coflow is quite uniform, and the seeding in the fuel jet illuminates the vortical mixing along the
jet centerline. Unfortunately, as these measurements were the final ones performed during this
project, insufficient time and funds were available to complete a definitive dataset of PIV data in
this flame.

Coupled Treatment of Soot and Radiation Models in LES Simulations

Our model development approach was to first establish an understanding of the effects of
thermal radiation on the predictions of soot, then to formulate a coupled soot and thermal
radiation model to be used in both high-fidelity and engineering-based Large Eddy Simulations.
The analysis was
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Figure 50. Photograph of the base of the ethylene jet flame
when applying PIV to the seeded flow within the
fuel jet and in the surrounding coflow air.

done using the reduced mechanism developed by H. Wang (22 species, 107 reactions) using the
established soot model developed by Leung et al. [38] as a baseline. The Wang reduced ethylene
model (whose development was previously described) consists of 22 species (H, O, OH, HO,,
H,, H,0, H,0,, O,, CH3, CH4, HCO, CH,0, CH;0, CO, CO,, C;H,, H,CC, C,Hs, C,H4, HCCO,
CH,CHO, and N,) and 107 reactions. The Leung et al. soot model accounts for nucleation,
growth, oxidation and coagulation and includes the first two moments to account for the soot
number density and volume fraction. The strategy is to be complementary to other research
efforts affiliated with this project, which focused on detailed aspects related to development of
the soot model approach itself while assuming an optically thin medium. Here, we have
developed a detailed understanding of the coupled effects of soot and thermal radiation and
established a baseline engineering model for soot based on a systematic set of studies.

Modeling sooting flames and incorporating these models into a turbulence closure hinges on
achieving simultaneous and balanced levels of accuracy with respect to a coupled set of
submodels. The key models are the chemical kinetics mechanism, the soot model, including
descriptions of soot inception, growth and oxidation, and a radiation model that is accurate for
the medium of interest. All of this must of course be coupled with turbulence. Given the
objectives outlined above, we systematically worked toward this goal as follows. First, a
systematic study was performed that compared Wang’s reduced mechanism to the original full
mechanism (111 species, 784 reactions [102]). Fig. 51 shows a comparison of CHEMKIN
SENKIN results (calculating thermal runaway) for an ethylene/air mixure when using the full
mechanism and the reduced mechanism. Comparisons of premixed flame calculations with the
data of Bhargava & Westmoreland [103] also served to verify that the reduced mechanism
performed well, as shown in Fig. 52.
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Figure 51.
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The soot model of Leung et al. [38] was then incorporated into the LES code and results were
compared to premixed flame data provided by Appel et al. [104] and diffusion flame data from
Wang et al. [105] (see Figs. 53 and 54). In both cases the temperature and soot volume fraction
were shown to compare well with the data. Having established this agreement, we then focused
on the sensitivity of the soot model to various radiation models. Here we used the optically thin
approximation as a baseline, and incorporated a progressively more accurate (albeit more
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expensive) set of models to account for gray and non-gray mediums. The primary goal was to
establish the limitations of the optically thin model in the context of soot model development.
Results indicate that the radiation model itself has a more profound effect on soot predictions
than isolated improvements on just the soot part itself indicating that the combined effects of
soot and radiation must be considered for models developed for routine use in optically thick
media.

(=]
N
T

Soot volume fraction (f )

o
Y
T

Figure 53. Comparison of premixed experiment from Appel

et al. [104].
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Figure 54. Comparison of diffusion flame experiment from
Wang et al. [105].

The optically thin radiation model [106] was used to establish a bound in this commonly
assumed limit. This model provides a simple algebraic equation for the radiative heat flux and is
well known to underpredict temperature and therefore underpredict soot volume fraction. The
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primary reason for this is that the optical thin assumption only includes radiant emission and
neglects radiant absorption. To account for optically thick mediums, we used the P; gray and P,
FSK (non-gray) model from Wang et al. [107], which accounts for both emission and absorption
with various levels of fidelity. The P; gray model is a Helmholtz equation with variable
coefficients and a source term. The model also accounts for gas and soot radiation through the
absorption coefficient and the evaluation of the Planck—mean absorption coefficients. The
database for the gas phase is based on HITEMP from Modest [106]. The P; nongray model
employs a Helmholtz equation and needs to be solved as a function of spectral location. We
employ a Gaussian quadrature technique for its solution. Generally, around ten Helmholtz
equations are required to solve the radiative heat flux. The absorption coefficient is a function of
normalized spectral space. Each models described above provides a better prediction of
temperature in optically thick mediums but includes additional complexity and cost. Thus, it is
important to quantify the compounding effect of inaccurate temperature predictions on the soot
model itself.

Soot Model

The semi-empirical soot model from Leung et al. [38] uses the following soot chemistry
mechanism

C,H, —»2C(s)+ H,,
nC(s)a+C,H, - (n+2)C(s)+ H,,
C(s)+%02 — CO,

n—)(n—l).

This mechanism includes nucleation, growth, oxidation, and coagulation and is coupled through
source terms as a function of C,H,, CO, O, and H,. The first two moments are considered to
account for the number density and soot mass per volume. The soot mass fraction and particle
number density are

on Onu ; ov,

+ =—"+0,
ot 8xj ax_/.
0 opYu. ov
st + p s J - _ ¥ +be
ot 6xj 8xj )

respectively. The soot diffusion term is

sz—prli L M _gss6v 0T
ox,\ Le,, p T ox,

Browniam Diffusion Thermophoresis
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where M is either n or gt;. The Lewis number for soot particles is in general large and the

Brownian diffusion term is neglected. The source terms for the species, soot mass fraction and
particle density are

S - 2N, _R,,

Cmin
S, =W.(2R, +2R, - R,),
a)CZHZ = _WCZHZ (Rl +R, )=

: R,

C‘)HZ = _WHZ (Rl +R, )9

Oco =WeoRs,

and the reaction rates are (kmol/m’/s)

R, =0.1E5 exp(_ 2 1T000 j[csz ]

R, = 0.6154exp(_12T100j[czH2 /4, ,

R, =0.1E5T"? exp(_ 19;68())[02 l4,,

1/6 1/2 1/6
R4 :2C0[6WC] (6KTJ LvaJ l’l”/(),
ﬂ.ps ps WC

2/3
A =7{6PYS] 03
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Note that the total density including soot and the internal energy is e=Y, e, + Y, e,. The soot

volume faction is f, = pYS where pg =1850kg/m’ which is defined as the soot density and
Ps

Cnin=100. The constants C,= 9.0, x = 1.38E-23 (J/K), and N, = 6.022E26 (particles/’kmol) are
the agglomeration rate constant, incipient carbon particle Boltzmann constant, and Avogadro's
number, respectively.

Radiation Model

Thermal radiation is represented by Q, , and gives rate of radiation heat loss per unit volume.

This term enters into the energy equation as the divergence of the radiative heat flux and
quantifies the loss or gain of thermal energy due to both emission and absorption as
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Here, 7 is the wave-number, £ is the solid angle, x, is the spectral absorption coefficient and 7, is
the spectral radiative intensity, G, the spectral incident radiation and b denotes a black-body

property.

From Wang and Modest [106,108], the P; non-gray radiation model is

0, = —j.ku(47z_'lb -G, )dg.

0

Where £ is the reordered local mixture absorption coefficient and is a function of the spectral g
variable weighted by the Planck function. The quantity u is a scaling function that incorporates
the spatial variations of the absorption coefficient, and a is a nongray stretching factor
accounting for varying local temperatures in the Planck function. Term G, is the spectral
incident radiation in g-space. The P; approximation is given by

1
V. VG, = (G, —4ral,) (1)

The boundary conditions for equation (1) are

—Mﬁ-VG +kuG, = drkual,
38 4 g

where ¢ is the surface emittance. If the wall emittances is zero (¢ =0), then VG, =0. The

incident radiation Gq is calculated at spectral locations as a function of g. To compute Q, for the

non-gray radiation, the integration is performed by numerical quadrature. If Gaussian quadrature
is used, then equation (1) is approximated by

M
0, ~ —Za)jkjuj(47rajlb —Gg)
=1

A simpler method is to assume that medium is gray, which yields

0, = —(47ncplb - /ch)
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where I, = oT". Here, G is the spectral incident radiation and k, is the Planck mean absorption

coefficient. The incident radiation G is solved by the spherical harmonic P; method with self-
absorption term which is defined as

1
V-—VG =3k, (G, -4m,1,) ()

Kp

The boundary conditions for equation (2) are

—Mﬂw}w G=dnx I,
3(9 P P

The model accounts for gas and soot radiation through the absorption coefficient and the
evaluation of the Planck--mean absorption coefficients are from Zhang and Modest [29]. The
database is based on HITRAN96 and HITEMP using curve-fitting for CO,, H,O, CH4, and CO.
The absorption coefficient for soot is from Kent and Honnery [109] which is modeled as

a,,, =18.62f,T. Therefore, the absorption coefficient is «, = pZiKp,[(T )+a,,, [109-111]. For

optically thin radiation, G is zero. Therefore, O, = —4zk 0T ‘)

Sensitivity Analysis

To understand the sensitivity of the coupled system of soot and radiation models, we compare
results to the premixed flame from Appel et al. [104] and a diffusion flame from Wang et al.
[105]. Figure 3 is a comparison of a premixed flame from Appel et al. and figure 4 is a
comparison of a diffusion flame from Wang et al. The symbols denote the experiment and the
simulation is the solid line. Note that reasonable agreement is obtained for the premixed flame.
As for the diffusion flame, Leung et al. soot model over-predicts the peak soot volume fraction
and under-predicts the soot away from the peak value. The under-prediction is also observed
from Wang et al. using a method of moments with interpolative closure.

Figures 55 illustrates the sensitivity of the soot predictions to minor changes in temperature from
radiation effects, particularly the effect of including both absorption and emission. We applied
the P, gray radiation model to an unsteady, unstrained diffusion flame that mimics the conditions
of our piloted ethylene jet flame. This problem is a good canonical case to study the effects of
radiation as a function of time at conditions analogous to those observed in the jet flame.
Relatively small effects of radiation on temperature predictions have a significant effect on the
soot volume fraction predictions. The maximum temperature with no radiation model, optically
thin radiation, and P1 gray model are 2240 K, 2170 K and 2155 K, respectfully. The maximum
soot volume fraction with no radiation, optically thin radiation, and P, gray model are 1.62 ppm,
0.75 ppm and 0.68 ppm, respectfully. This simulation illustrates that a small change in
temperature (~85 K) can induce an order of magnitude change in soot production. Figure 7
shows the calculated soot volume fraction error between the optically thin radiation model and
the P; gray model, where P, gray model is assumed to be the correct solution. Errors as great as
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100 percent are observed (albeit on the edge of the soot profile), which highlights the need to
advance both the soot and radiation models concurrently.
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Figure 55. Unsteady, unstrained ethylene-air diffusion flame showing soot volume fraction
which compares the optically thin radiation model, P; gray radiation model and no
radiation model.
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Figure 56. The calculated error of soot volume fraction
between the optically thin radiation model to the
P, gray model, where P, gray model is assumed to
be the correct solution.
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LES of the Ethylene-Air Non-Premixed Jet Flame

Using the models and insights above, we performed an LES of the piloted ethylene-air flame
experiment described previously. The goal was to establish the baseline accuracy of a flamelet
model designed for engineering that incorporates both soot and detailed treatment of radiation in
a manner that complements Carbonell et al. [111], Watanabe et al. [112] and Chan et al. [113].
To account for the coupled effects of soot and optically thick radiation for flame structures that
are consistent with the flamelet approximation, we have incorporated the soot and radiation
“sub” models described above into the baseline flamelet equations. This provides both a base
model for engineering LES and also a mechanism to incorporate and test more detailed
treatments of soot chemistry using both full and reduced mechanisms. The transport equation for
the mixture fraction is defined as

ot Ox . Ox .

J

80Zu
opz  optu; _ & [pD az}
J

The flamelet equations are written as [109]

0y, &Y, 1] 1 9
Pk = PX §+_( 1}{ (D) PZ}
ot 2Le, 0Z° 4\Le, D, aZ

? a,
ﬁ_@aT{ PL Ly | PLS Cpi }£+%+&
C C

oo =202 |2¢, @ " 2¢,Le, & |

where y =2D, ——— 1is the scalar dissipation. Temperature, species, specific heat, enthalpy,
j
rate of production and heat loss are 7, Yx, ¢,k hi @, , and Qg, respectively for the kq, species.

The flamelet transformation for non-gray modeling of equation (1) is

7 0”2G+5G1{ \ oy x D, g ﬂcu} 3)
2D, Z* JZ | AD, L 4D, oZ 2D,ku &

=3k (G, —4ma L) =l M
The boundary conditions for equation (3) are

22— g)
kY 124

+k uG, =4k ual,.

For gray mediums, the radiation model in mixture fraction space (Eq. 2) is
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The boundary conditions for equation (4) are

22—
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For soot modeling, the two-equation flamelet model from Carbonell et al. [111] is used, i.e,

oY. 0%y YV, .
p S — pZ 2S _ Z p S S + a)Y‘
ot 2Le, oZ 2D, & '
ON 0*N ANV .
p S — pZ 2S _ Z p S S + a)N .
ot 2Ley 0Z 2D, ‘

This system handles the soot model of Leung et al. as well as Pitsch et al. [114]. Generally, the
Lewis number for soot particles is large and is neglected. The thermophoresis term is

v ——0ss6Y | X T
| T\2D, &

The coupled system of models described above was used to simulate the CRF piloted ethylene
jet experiment for a jet Reynolds number of 20,000. The experiment conditions are list in Table
1. The computational domain and qualitative comparison with the experiment are shown in Fig.
57. Green is the fuel jet (i.e., isocontour where the mixture fraction is 0.8). Yellow is an
isocontour that represents where the soot volume fraction is 5% of the peak value in the field.
Purple is an arbitrary value of soot volume fraction in the vicinity of the peak value. Here we use
the soot volume fraction to qualitatively mark a region in approximately the same vicinity as the
luminosity in the photograph of the actual flame. This shows a qualitative correspondence in the
turbulence structure between the simulated and actual flames.

Table 1: Operating conditions for piloted ethylene jet flame

Jet Diameter Outer Pilot Jet Reynolds | Jet velocity | Coflow
Diameter number velocity
3.2 mm 19.1 mm ©=0.9 20,000 54.7 m/s 0.6 m/s

Figure 58 shows the computed and measured soot volume fraction versus axial distance along
the centerline of the burner. The blue curve is the time-averaged prediction from LES. The red is
the experimental LII data. For the LES, the error bars indicate the effect that a 20 K change in
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Figure 57. LES of the CRF piloted ethylene diffusion flame showing the computational
domain, flow conditions and instantaneous soot volume fraction with a
qualitative comparison to the experiment.

mean local temperature has on the performance of the soot model. For the experiment, the error
bars represent an uncertainty of 20 percent in accuracy. Surprisingly good agreement is achieved
to within the uncertainties over the complete interval between x/d of 0 to 300. The LES
computations with the Leung et al. soot model and the P, non-gray radiation model tends to
overpredict the experimental soot concentrations. However, the experimental concentrations are
known to be underpredicted by ~ 10% because of the effects of signal trapping, as previously
discussed, so the actual disparity between the simulations and the measurements is smaller than
suggested by Fig. 58.

The trends shown above highlight the sensitivities and demonstrate the potential for
misinterpretations of the modeling results if the sole focus is on the soot part of the problem. Our
analysis has highlighted the sensitivity of predictions to the combined influence of the radiation
and soot models. The combination of using the new, reduced ethylene chemical kinetic model,
the Modest P; non-gray radiation model, and the Leung et al. soot model yields quite accurate
soot predictions for the investigated ethylene jet flame.
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Figure 58.  Soot volume fraction versus axial distance along
the centerline of the burner.

Conclusions

In this project, measurements of soot formation were performed in laminar flat premixed flames
and turbulent non-premixed jet flames at 1 atm pressure and in turbulent liquid spray flames
under representative conditions for takeoff in a gas turbine engine. The laminar flames and open
jet flames used both ethylene and a prevaporized JP-8 surrogate fuel composed of n-dodecane
and m-xylene. The pressurized turbulent jet flame measurements used the JP-8 surrogate fuel
and compared its combustion and sooting characteristics to a world-average JP-8 fuel sample.
The pressurized jet flame measurements demonstrated that the surrogate was representative of
JP-8, with a somewhat higher tendency to soot formation. The premixed flame measurements
revealed that flame temperature has a strong impact on the rate of soot nucleation and particle
coagulation, but little sensitivity in the overall trends was found with different fuels. Even in the
higher temperature flames, the soot particles demonstrated liquid-like behavior. Significant
quantities of aliphatic carbon were found in soot sampled from the premixed flames. An
extensive array of non-intrusive optical and laser-based measurements was performed in
turbulent non-premixed jet flames established on specially designed piloted burners. Soot
concentration data was collected throughout the flames, together with instantaneous images
showing the relationship between soot and the OH radical and soot and PAH. Time-records of
local soot concentration-temperature were collected, as well as spatially resolved thermal
radiation emitted from the flames. Measurements of red laser light extinction across the flames
provided useful data for correcting the soot concentration measurements for signal trapping.

A detailed chemical kinetic mechanism for ethylene combustion, including fuel-rich chemistry
and benzene formation steps, was compiled, validated, and reduced. Difficulties in existing m-
xylene chemical kinetic mechanisms prevented the development of a reduced mechanism for the
JP-8 surrogate. The reduced ethylene mechanism was incorporated into a high-fidelity LES code,
together with a moment-based soot model and models for thermal radiation, to evaluate the
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ability of the chemistry and soot models to predict soot formation in the jet diffusion flame. The
LES results highlight the importance of including an optically-thick radiation model to
accurately predict gas temperatures and thus soot formation rates. When including such a
radiation model, the LES model predicts mean soot concentrations within 30% in the ethylene jet
flame.

The results of this project suggest that LES modeling, when incorporating suitably reduced
chemical kinetics with fuel-rich chemistry and a suitable, optically-thick radiation model, can
predict soot formation with good accuracy in an ethylene nonpremixed jet flame (at 1 atm) when
using a fairly simple soot model (developed explicitly for application to ethylene flames).
Extension of this predictive ability to more complex fuels representative of JP-8 requires
improvements in the understanding of aromatic oxidation and pyrolysis chemistry and may
require further improvements to the soot model itself. The single most important insight that was
gained from this project was that it is essential for a suitable radiation model, generally meaning
one designed for at least moderately optically thick environments, to be directly incorporated
into the turbulent flame model, together with a soot model. Simply incorporating a soot model in
post-processing mode, as has generally been done to-date in predicting soot formation and
emission from gas turbine engines, is not a meaningful test of the soot model, because the
predicted flow field temperatures will be in significant error, and the soot formation chemistry is
characterized by a reasonably high activation energy. Incorporating soot models with increasing
complexity while neglecting the influence of radiation does not guarantee any more accurate
results than using the simplest soot model.
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