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ABSTRACT
Experiments on Turbulent Nonpremixed Flames at Elevated Pressures
Wesley Ryan Boyette
Understanding reacting flows in conditions relevant to practical combustion devices is a challenging but critically important task. In such devices, combustion
nearly always occurs in a turbulent flow field and at high pressure. The formation of
soot is highly sensitive to these parameters. However, little research has been conducted in conditions that replicate the complex physics of such devices in simplified
configurations. This body of work focuses on the development of a rig suitable for
investigating turbulence-chemistry interactions in simple jet flames at high pressure
and high Reynolds numbers and discusses results from the initial experiments in that
rig.
First, the flame structure of syngas flames at pressures up to 12 bar and at
Reynolds numbers up to 83,500 is investigated using OH-PLIF. A corrugation factor is used to characterize the wrinkling of the flame fronts and PDFs of this factor
show that the corrugation of the flame front is a very strong function of the Reynolds
number, but in most cases, the pressure has no effect. Separations in the OH layers become less probable as the pressure increases if the Reynolds number remains
constant.
Next, the flame structure of nitrogen-diluted ethylene flames at pressures up to
5 bar and Reynolds numbers up to 50,000 are examined using OH-PLIF. Again, the
corrugation factor is used to show that the flame fronts become more wrinkled as the
Reynolds number increases. Further analysis shows that the extent of wrinkling is
limited and further increases in turbulence result in more frequent breaks in the OH
layer.
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Lastly, two soot studies on the ethylene flames are presented. The soot particle
size distribution is characterized in two flames at atmospheric pressure. The timeaveraged, mean particle diameter on the centerline increases as the distance from
the nozzle increases. Soot volume fraction measurements are made with LII in three
flames at different pressures and Reynolds numbers. Soot production is found to
be much more sensitive to changes in pressure than changes in Reynolds number.
Increases in the mean soot volume fraction as the pressure increases are due to higher
instantaneous soot concentrations and lower soot intermittency.
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Chapter 1
Introduction

This chapter provides the basic motivation for this body of work, emphasizing the
importance of developing flames for model validation in high pressure, high Reynolds
number environments. Lessons from relevant previous studies are explored. Background information specific to individual experiments is given in the introductions to
Chapters 3-7.

1.1

Motivation

According to the International Energy Agency, as of 2015, roughly 80% of worldwide
total energy use came from the combustion of fossil fuels (coal, oil, petroleum, and
natural gas products). Improving the fuel efficiency of practical combustion devices
can clearly provide significant economic benefits. Furthermore, combustion generally
results in the formation of major pollutants (soot, SOx , NOx , unburned hydrocarbons,
and CO) as well as CO2 , a greenhouse gas. Reducing the emissions of practical
combustion devices is beneficial to the health of both humans and the environment.
In many cases, such improvements in fuel efficiency and reductions in emissions require
a deep understanding of the underlying combustion processes.
Combustion phenomena are commonly classified as either premixed, in which reactants are well mixed before a reaction is initiated, or nonpremixed. Spark-ignition
engines and stationary lean-burn gas turbine engines are both characterized by premixed combustion. In the case of nonpremixed combustion, reactants must undergo
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mixing through molecular diffusion and possibly bulk convective motion. Because
of this, nonpremixed flames may also be referred to as “diffusion” flames. Another
important classification in combustion is whether the flow is laminar or turbulent. As
turbulence enhances combustion by augmenting the coarse mixing process, in practical combustion devices, combustion nearly always occurs within a turbulent flow
field. This means turbulence is especially important in nonpremixed systems, such as
diesel engines, furnaces, and gas turbine engines used in aircraft. Of course, in reality,
this neat classification system breaks down due to the complexity of mixing in real
devices and many practical flames are actually partially premixed or stratified [4].
Turbulence in nonreacting flows is a complicated process. While the NavierStokes equations have steady solutions at low Reynolds numbers, they have turbulent,
chaotic solutions at high Reynolds numbers and the flows are extremely sensitive to
initial conditions and boundary conditions. The addition of chemical reactions greatly
increases the complexity of the process. On the one hand, turbulence affects reactions by enhancing the mixing of reactants and the transport of heat. Wrinkling of
the flow field results in a larger surface area for reactions. Meanwhile, intense eddies
can cause local extinction by removing reactants and heat from the reaction zone.
On the other hand, reactions affect turbulence by simultaneously acting as an energy
source for sustaining turbulence but also by having a laminarizing effect on the flow
by reducing the local Reynolds number through density and viscosity effects.
Thus, the challenges in studying turbulence-chemistry interactions are significant
and careful selection of an experimental configuration is warranted. The experiment
should, first and foremost, capture the relevant physics of the desired phenomenon as
simply as possible. As explained in more detail below, the relevant physics of practical
combustion devices includes high levels in turbulence in reacting, nonpremixed flows
at high pressure. A secondary consideration is to choose a configuration that is a
good candidate for the validation of numerical models, for which simple jet flames
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are ideally suited.

1.2

Flames for Model Validation

Modern engineering of practical combustion devices is increasingly reliant on design
evaluation by high-fidelity numerical simulations of turbulent reacting flows. Combustor design was originally a “black art” which relied on experience and judgement;
it was aided by the rise of the digital computer and mathematical models of turbulent
flow [5]. Currently, the majority of modeling strategies employ Reynolds-Averaged
Navier-Stokes (RANS) approaches. However, RANS models are typically developed
for mean stationary flow, making them ill-suited for increasingly complex combustor
flows that include unsteadiness and inhomogeneities [6]. With significant advances in
computing power in recent decades, alternative strategies, particularly Large Eddy
Simulation (LES), offer a way to study coupled mixing and combustion processes
with greater accuracy than RANS [7]. Direct Numerical Simulation (DNS) continues
to be far too computationally expensive for combustor design.
In LES, the large-scale coherent eddy structures, which comprise a major part of
the Reynolds stresses, are fully resolved and geometry dependent, offering great advantages in comparison with RANS. These fully-resolved features determine entrainment rates into the mixing layers, thereby controlling the composition of resulting reactive gas pockets [8]. The smallest scales remain unresolved, requiring Subgrid-Scale
(SGS) models. The mixing and dissipation processes at these scales are thought to be
more universal in character, reducing the need to tune model constants [7]. Nonetheless, LES faces the same closure problem as RANS because the coupling between
reaction and molecular mixing still occurs at the smallest scales [9]. In fact, many of
the SGS models for LES have been used previously in RANS calculations [10].
Because LES requires SGS closure schemes that must model the temporal and
spatial characteristics of a flow system accurately, the models must be validated with
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appropriate test cases before being implemented in simulations of practical combustion devices.
The search for and identification of turbulent flame test cases suitable for model
validation began many years ago. In 1983, a study conducted by the Air Force Office
of Scientific Research began a program to establish a well-documented database in
turbulent reacting flows. A report by Strahle (1986) [11] summarized the results,
concluding that no available databases were available that could meet all of the established criteria: measurements of a vector, scalar, and some turbulence quality at
many streamwise and cross-stream locations, high measurement accuracy or at least
an accuracy estimate, measurement of initial conditions, fully turbulent flow everywhere in the computational domain, and several others. Along with this report, more
detailed papers were delivered summarizing existing databases, including fast-reaction
(where characteristic transport times are large in comparison to characteristic times
of reactions) nonpremixed flames [12], and slow-reaction nonpremixed flames [13].
Facilitated by advances in laser diagnostics [14] as well as turbulence modeling and
computer technology [15], the need for a better set of flame databases led to the
establishment of the International Workshop on Measurement and Computation of
Turbulent Nonpremixed Flames (TNF Workshop) in 1996 [16].

1.2.1

Turbulent Nonpremixed Flames Workshop

The TNF Workshop is an ongoing collaboration between experimental and computational researchers with a focus on understanding turbulence-chemistry interactions.
The following objectives are listed on the website: [16]
• Establish an internet library of well-documented flames that are appropriate
for model validation and the advancement of basic scientific understanding of
turbulent combustion.
• Provide a framework for collaborative comparisons of measured and modeled
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results.
• Identify priorities for further experimental and computational research.
The library includes scalar and velocity data from several flames.
The desirable characteristics of flames that are well-suited for model validation
are outlined in a few review papers [7, 14, 17, 18]. In general, the flames should be as
simple as possible, while isolating specific aspects of turbulence-chemistry interaction.
Most of the early, “first generation” of target flames of the TNF Workshop share
the following characteristics.
(i) Gaseous fuels with well-developed reaction mechanisms
(ii) Non-sooting
(iii) Simple burner geometry
(iv) Easily- and accurately-defined boundary conditions
(v) Attached
(vi) Sufficiently high Reynolds numbers
(vii) Velocity and multiscalar point measurements
Some of the “first generation” target flames are listed in Table 1.1. The chemical
complexity ranges from pure hydrogen to syngas to methane. All of the flames are
attached and the geometry is either simple (round jet with squared or tapered exit)
or piloted. Air coflows are used to establish known boundary conditions around the
fuel jet and to eliminate the need for uncontrolled air entrainment into the flame.
Only the Delft III flame is lightly sooting. Such flames retain some of the complex
physics of reacting flows often encountered in practical combustion devices, but the
task of modeling them becomes manageable, thereby making them ideal candidates
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for turbulent model validation [7,19]. A more complete listing of early TNF Workshop
target flames can be found elsewhere [16, 17].
Table 1.1: Some “first generation” TNF Workshop target flames.
Designation Composition
Re
p (bar) Geometry
References
AH2
H2
10,000
1
Simple
[20–23]
BH2
H2 /He
9,800
1
Simple
[20–23]
CH 2
H2 /He
8,300
1
Simple
[20–23]
TUD-H3
H2 /N2
10,000
1
Simple
[24, 25]
chnA
CO/H2 /N2 16,700
1
Simple
[23, 26, 27]
chnB
CO/H2 /N2 16,700
1
Simple
[23, 26, 27]
DLR-A
CH4 /H2 /N2 15,200
1
Simple
[23, 28, 29]
DLR-B
CH4 /H2 /N2 22,800
1
Simple
[23, 28, 29]
Sandia C
CH4 /Air
13,400
1
Piloted
[14, 23, 30, 31]
Sandia D
CH4 /Air
22,400
1
Piloted
[14, 23, 30, 31]
Sandia E
CH4 /Air
33,600
1
Piloted
[14, 23, 30, 31]
Sandia F
CH4 /Air
44,800
1
Piloted
[14, 23, 30, 31]
Delft III
CH4 /N2
9,700
1
Piloted
[32–34]
In the twenty years since its founding, the TNF Workshop has expanded to cover
more complex fuels, such as DME [35–38], more complex mixing, such as stratified
flames [39, 40] and partially premixed flames [38, 41], and more complex geometries,
such as bluff body burners [42] and flame-wall interactions [43, 44].

1.2.2

International Sooting Flame Workshop

Ultrafine soot particles generated from combustion are known to be harmful to the
environment [45] and create serious public health concerns [46]. These particles are
easily transported over long distances by air currents [47] and can adversely affect
the local radiative properties of air [48] and enhance solar absorption by snow and
ice [49], contributing to global warming and rising sea levels. Deposition of these
ultrafine particles in the lungs through inhalation could result in chronic respiratory
illnesses [50]. The presence of soot is ubiqitous in many processes that burn fossil
fuels and an understanding of the physical processes that lead to its formation is
critical to mitigating the environmental and public health concerns that come with
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it [51].
Soot refers to condensed-phase nanoparticles suspended in burned combustion
gases of fuel-rich flames. The science of soot formation has advanced considerably
in the last several decades. The first step is the formation of aromatic soot precursors, known as polycyclic aromatic hydrocarbons (PAHs). Growth of PAHs is
often understood it terms of the HACA mechanism; abstraction of a hydrogen atom
from an aromatic followed by the addition of an acetylene molecule to the radical
site formed on that aromatic [52]. The next step is the transition from gas-phase
species to solid particles, known as particle nucleation or particle inception, which is
thought to occur through a combination of PAHs reacting chemically with gaseous
precursors, coalescence of PAHs into stacked clusters, and coalescence of PAHs into
crosslinked structures. Soot particles then can grow in mass and size by surface reactions (mostly with acetylene, but also PAHs), and by particle-particle coagulation,
producing so-called primary particles that are mostly spherical in shape [53]. Very
recently, a mechanism referred to as clustering of hydrocarbons by radical-chain reactions (CHRCR) describes the role resonantly-stabilized radicals in soot precursor
formation, particle inception and surface growth [54]. The primary particles may
then undergo particle aggregation, in which particles become fractal aggregates [55].
Meanwhile, soot is removed by oxidation, primarily by OH and less so by molecular
oxygen [56], with the rate of oxidation being strongly affected by the soot nanostructure [57]. Soot that is not oxidized in the flame will be emitted as smoke, and the
transition from a non-smoking to a smoking diffusion flame (laminar or turbulent)
occurs if radiation losses cause the temperature to drop below a critical value [58].
More detailed descriptions of PAH and soot formation are given in [51, 59–61].
Even with in-depth understanding of the physical processes of soot formation, the
modelling of soot in turbulent flames is incredibly difficult because particle formation
is coupled to the flame structure [19]. To address the challenges of modelling soot,

28
the International Sooting Flame Workshop (ISF Workshop) was established, with its
first meeting in 2012. Similar in nature and purpose to the TNF Workshop, it has
the following aims according to the website: [62]
• To identify common research priorities in the development and validation of
accurate, predictive models of flames with soot and to coordinate research programs to address them.
• To identify and coordinate well-defined target flames that are suitable for model
development and validation, spanning a variety of flame types and fuels in each
of the Research Programs.
• To establish an archive of the detailed data sets of target flames with defined
accuracy; and to provide a forum for the exchange and dissemination of these
data.
The ISF Workshop was originally organized into two sections: laminar flames and
turbulent flames. The turbulent flames section includes target flames with many of
the same characteristics as those outlined for the TNF Workshop. Table 1.2 lists the
six turbulent target flames as of ISF-4.
Table 1.2: ISF Workshop turbulent target flames.
Designation Composition
Re
p (bar)
Type
Adelaide Jet C2 H4 /H2 /N2 5,000-15,000
1
Simple
Sandia
C2 H4
20,000
1
Piloted
Adelaide BB
C2 H4 /H2
∼30,000
1
Bluff Body
DLR Swirl
C2 H4
Various
1-5
Premixed
Delft III
CH4 /N2
9,700
1
Piloted
DLR Lifted
C2 H4
10,000
1
Lifted

References
[63–66]
[67–70]
[71, 72]
[73–76]
[32–34, 77]
[78, 79]

All of the flames in Table 1.2 have pros and cons. The Adelaide jet flame has
a simple geometry and the flame is attached, but the addition of H2 to the jet is
problematic because of preferential diffusion effects combined with complex chemical
interference with the HACA mechanism [80]. The piloted Sandia flame uses pure
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ethylene, but the pilot adds complications, albeit surmountable, and the flame is
large (requires larger models and more expensive experiments) and very sooty (can
be challenging for some diagnostics). The Adelaide bluff body flame is more representative of realistic conditions, but the geometry is more complicated and it also
has H2 in the fuel. The DLR premixed swirl burner is the only target flame that
includes hyperbaric conditions and the geometry is meant to simulate a gas turbine
combustor, but modelling the geometry is very difficult and fully characterizing the
boundary conditions is also challenging. The Delft III flame is interesting because it
is part of both the TNF Workshop and the ISF Workshop, making it a “jack of all
trades” but a master of neither group. The fact that it is sooting makes it problematic
for the TNF Workshop community and the usage of methane (instead of ethylene)
is a problem for the ISF Workshop community. Lastly, the DLR lifted flame has the
advantage that it uses a simple geometry and pure ethylene as the fuel, but the flame
is lifted, which is an unnecessary added difficulty [81] if the purpose is to validate a
soot model in a turbulent flame.

1.2.3

Gaps in Workshop Target Flames

The combustion intensity (overall reaction rate) in hydrocarbon-air combustion scales
with the square of the pressure. Moreover, for a given power, the size of a practical
combustion device decreases as the operating pressure increases. For these reasons,
operating pressures and compression ratios in engines have been climbing for decades.
Modern gas turbine engines are characterized by reacting flows that cover a wide range
of spatial and temporal scales at extreme conditions, including very high Reynolds
number and pressures up to 50 bar [82]. Pressures in diesel engines can regularly
exceed 100 bar [83].
As is clear from Table 1.1, one critical component of the complex physics of
practical combustion devices that has not been captured by the flames of the TNF
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Workshop is the high pressure. Due to the important role of pressure in the soot
formation process, the ISF Workshop includes pressurized laminar flames [84,85] and
the DLR turbulent premixed swirl flames in a gas turbine model combustor, but no
turbulent nonpremixed flames.
Because most practical systems are mixing-rate-controlled, nonpremixed flames
have greater practical application than premixed flames [86]. Furthermore, the process of soot formation in diffusion flames is considerably different than in premixed
flames. Soot growth occurs in very rich regions in diffusion flames that do not exist
in premixed flames. Soot precursor formation competes with oxidation in premixed
flames, but not diffusion flames. Soot formation is enhanced by increasing flame
temperatures and suppressed by increasing turbulence in diffusion flames but not
premixed flames [83, 86].
Combustion in practical devices often occurs in conditions of extreme turbulence
due to the need for mixing and because of the high pressure. Reynolds numbers in
gas turbines may be in the hundreds of thousands or millions [82]. In his seminal
discussion of laser diagnostics and turbulent combustion, Barlow (2007) notes that
many of the flames of the TNF Workshop may have Reynolds numbers too low (see
Table 1.1) for validation of models intended for high-Re applications, and suggests
that measurements in more turbulent flames are desirable [17].
There is a conspicuous absence of high pressure, high Reynolds number, nonpremixed target flames in both the TNF Workshop and the ISF Workshop.

1.3

Previous Studies: Turbulent Nonpremixed Flames at
High Pressure and High Reynolds Number

In general, there have been very few studies of turbulent nonpremixed flames at
elevated pressures. This is mostly because large, high pressure experiments are expensive to build and expensive to operate. The earliest study examined ethylene
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diffusion flames at pressures up to 8 bar in a vessel intended for laminar flames, thus
requiring that the turbulent flame burner have a very small inner diameter (< 1.2
mm) [87]. Some years later, an effort was made to design a rig for studying turbulent
flames with a flow field that could be accurately computed at pressures up to 17.5
bar [88]. This rig had an inner Pyrex tube with a diameter of 155 mm, four 75-mm
fused silica windows, four instrument ports, and the ability to traverse the burner
vertically within the vessel. Experiments focused primarily on soot measurements in
piloted, kerosene diffusion flames (D = 1.5 mm) up to 6.44 bar [89], kerosene spray
flames up to 13 bar [90], and piloted, methane flames (D = 4.07 mm, Re = 5,000)
at 1 bar and 3 bar [91]. Subsequently, there were several attempts to model the
soot formation in the methane flames [92–98] and the piloted, kerosene flames [99].
Experiments on non-sooting turbulent nonpremixed flames at elevated pressures are
nonexistent and numerical simulations are rare [100–102].
Likewise, there are few studies of turbulent nonpremixed flames, in configurations
that are appropriate for model validation, at extreme Reynolds numbers. The upper
limit of Reynolds number is determined by flame blowoff. The addition of a premixed
pilot helps to keep the flame anchored to the fuel nozzle and can extend the range of
Reynolds numbers possible. Clemens et al. (1997) measured OH radicals in piloted
H2 /Ar diffusion flames at Reynolds numbers of 30,000, 75,000, and 150,000 [103].
Traditionally, such Reynolds numbers in this type of flame are only possible using
hydrogen (mixed with a heavy inert). Unfortunately, for many applications, pure
hydrogen is not considered a practical fuel. The Sandia F partially premixed CH4 /Air
flame from the TNF Workshop has a Reynolds number of 44,800 and exhibits a high
probability of local extinction [30]. Such proximity to the limit of stability makes
flames like this very sensitive to small fluctuations in flow conditions and therefore
poor target flames [17]. Many of these problems can be avoided if the Reynolds
number is increased via the pressure, rather than the velocity.
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1.4

Objectives

This body of work is an attempt to address the dearth of experimental data in turbulent nonpremixed flames at high pressure and high Reynolds number (both sooting
and non-sooting). The primary objectives are as follows:
• Design and operate a high-pressure rig capable of investigating turbulent nonpremixed jet flames.
• Investigate the flame structure of non-sooting flames with well-understood reaction mechanisms over a range of pressures and Reynolds numbers.
• Investigate the flame structure of sooting flames that are more chemically complex than the non-sooting flames.
• Characterize the time-averaged soot particle size distributions in lightly-sooting
turbulent nonpremixed flames.
• Conduct soot volume fraction measurements in sooting flames over a range of
pressures and Reynolds numbers.
Secondary objectives are to:
• Create a family of high pressure, high Reynolds number non-sooting flames
suitable for the TNF Workshop.
• Create a family of high pressure, high Reynolds number sooting flames suitable
for the ISF Workshop.
Chapter 2 describes the high pressure combustion duct, the baseline flames, and
the techniques used in this work. The remaining chapters can be grouped by the
phenomenon investigated. Chapters 3-5 discuss investigations of the flame structure
of both flame families, primarily through the use of OH-PLIF. Chapters 6 and 7
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discuss two different types of soot measurements. Alternatively, the chapters may
be grouped by flame composition. Chapters 3 and 4 discuss work on syngas flames,
and chapters 5-7 discuss work on sooting nitrogen-diluted ethylene flames. Chapter
8 provides a summary of the work covered here and presents ideas for future work.
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Chapter 2
Experimental Apparatus and Techniques

This chapter provides a detailed description of the high-pressure combustion laboratory and the High Pressure Combustion Duct (HPCD), which were designed in
conjunction with each other, beginning in 2011. The lab became fully operational in
2015. Welding and pressure testing of the primary components of the HPCD were
completed by the end of 2013. Installation of the initial components of the HPCD
occurred in July of 2014. After roughly two more years of implementing various safety
measures and developing the necessary controls systems, the HPCD became fully operational. After describing the components of the HPCD, details of the syngas and
ethylene burners and the diagnostics employed during this work are given.

2.1

KAUST High Pressure Combustion Laboratory

The high pressure combustion laboratory was designed to support the simultaneous
operation of multiple high-pressure, high-power experiments. A simplified rendering
of the facility is given in Fig. 2.1. The lab consists of three levels, connected by
stairs. The bottom level contains a separate mechanical room with the air delivery
system equipment, shown at the back of Fig. 2.1. At least five experiments can be
accommodated with this layout, with three of the experiments oriented vertically to
take advantage of the high ceiling. The second level of the lab gives users easy access to
the three vertical experiments, contains an enclosed control room for safe operation of
the experiments, and supports multiple optical tables for diagnostics. The third level
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is a catwalk, providing easy access to the top sections of the experiments. Each of the
three vertical experiments has two exhausts: one for the nominal exhaust connected
to the back pressure regulator, and another as an emergency exhaust connected to
the rupture disc or relief valve. The three nominal exhausts are connected to a single
exhaust fan on the building’s rooftop. Due to the weight of typical high pressure
experiments, an overhead, 2-axis, 2-ton crane (shown as yellow in Fig. 2.1) is used to
transport sections of the rigs within the lab.

Figure 2.1: Basic layout of the high pressure combustion laboratory at KAUST.
A schematic of the air delivery system and nitrogen delivery system is shown in
Fig. 2.2. Air is supplied by two large screw compressors (Kaesar DSD-238T) that
operate in alternation to pump a 5000-L receiver up to 15 bar. This receiver feeds
three booster compressors (Kaesar N 1400-GW) that pump a 2000-L receiver up to 45
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bar. Water content may be removed from the air by passing it through a high pressure
refrigeration dryer (Kaesar THP496-45). Five locations in the laboratory have three
sources of air: the 15-bar receiver, the 45-bar receiver, and the 45-bar dryer. Two
of the air outlets combine the three sources into one outlet, from which air passes
through a thermal mass flow meter (FCI STP100) and a pressure regulator (Equilibar
NLB series) to provide metered flow to the three vertical experiments. The mass flow
meters read the pressure, temperature, and flow rate, provided the flow rate exceeds
0.030 kg/s. One source of air is chosen at a time by opening the correct manual valve,
and check valves ensure that there is no backflow from one air outlet to another. At
full capacity, the system is able to produce 0.56 kg/s of 45-bar air continuously. A
compressor connected to the lab nitrogen supply fills a rack cylinders to very high
pressure, providing similarly high, but transient, flow rates of N2 to the facility. The
nitrogen lines also feature a thermal mass flow meter and pressure regulator. With
this configuration, each of the three experiments has two sources of flow-controlled
air and one source of flow-controlled nitrogen, and each source includes a solenoid
valve to automatically cease flow to the experiment in case of an emergency. The lab
has four primary fuel sources: two three-cylinder gas cabinets, and two ten-cylinder
racks housed in a climate-controlled outdoor facility. The outdoor facility has space
for four racks at a time, typically composed of 20 hydrogen cylinders and 20 methane
cylinders in total.

2.2

The High Pressure Combustion Duct

The HPCD at KAUST has been designed primarily for experiments on turbulent
non-premixed flames, with the following design constraints:
1. It must be safe to operate.
2. The duct should be vertical to prevent buoyancy-induced asymmetries in the

37
F - Filter(s)
NC - Nitrogen compressor
SC - Kaesar DSD-238T screw compressor
NR - Nitrogen reservoir
LPR - 5000L receiver (15 bar)
FM - FCI STP100 thermal mass flow meter
BC - Kaesar N 1400-GW booster compressor
PR - Equilibar pressure regulator
HPR - 2000L receiver (45 bar)
D - Kaesar THP496-45 high pressure refrigeration dryer
High Pressure Air System
BC-1

BC-2

L R

HPR

D

F

BC-3
High Pressure N2 System
FM
NC

NR
PR

FM
FM
PR
PR
S S S

Experiment 1
Experiment 4

S S S

Experiment 2

S S S

Experiment 3

Experiment 5

Figure 2.2: Schematic of the air delivery system and nitrogen delivery system for
the high pressure combustion laboratory. System components are colored as follows:
15-bar air components in blue, 45-bar “wet” air components in red, 45-bar dry air
components in purple, combined air components in black, and nitrogen components
in gray.
flames.
3. It should be wide enough to accommodate flames that require a large air coflow
and to satisfy the condition that there be no interaction between the walls of
the duct and the flame itself.
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4. As turbulent nonpremixed flames can be up to 1 meter or more in length, the
duct should be tall enough to avoid interactions between the converging section
at the top and the flame.
5. The duct must have multiple, sufficiently large windows for optical access at
the second level of the laboratory.
6. In order to probe the flames from the base to the tip, the duct must have
the ability to translate the burners vertically by at least 1 meter, with high
resolution.
7. Some consideration should be given to the ease and speed with which burners
may be removed and replaced.
8. Lastly, the duct must be able to handle the full capacity of the high-pressure
air supplied to the lab.

2.2.1

Design and Construction

The HPCD, shown in Fig. 2.3, is the result of an iterative design process that incorporates the above considerations. The majority of the duct is composed of 18-inch
schedule-80 316L stainless steel pipe with class 600 flanges. The pipe schedule and
flange class are determined by the requirement that the duct be able to contain air
at 40 bar and 250◦ C. 316L is the stainless steel composition of choice due to the
superior corrosion resistance of 316 as compared to other chromium-nickel steels and
the fact that the low-carbon 316L is easier to weld than standard carbon types. The
size of the pipe was chosen to allow for air coflows as large as 300 mm, the width of
the square wind tunnel used for studies in turbulent nonpremixed flames at Sandia
National Laboratories. The entire weight of the HPCD (several tons) is supported by
a table, with the bottom of four sections hanging below. Above the table, the duct is
divided into three sections, first of all, to split it into shorter sections that are more
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manageable by the overhead crane, and secondly, to make the complicated welding of
optical section possible. At the top, the 18-inch pipe converges to a 6-inch tee, where
on one branch a rupture disc is installed, and on the other branch, a back pressure
regulator is installed and connected to the exhaust system.

2.2.2

Ignition

It is inconvenient, and in some cases impossible, to be restricted to lighting flames at 1
bar and then increasing the pressure gradually to the setpoint. Therefore, a method
of igniting the flames from inside the pressurized duct is needed. Two successful
options have been explored: ignition with a spark plug and ignition by laser-induced
spark.
Spark ignition is achieved by translating a spark plug, that is normally recessed
into one of the arms of the HPCD optical section, into the center of the HPCD and
initiating a spark in a flammable mixture of gases. Figure 2.4a shows the spark plug
in position to ignite a pilot flame in the HPCD. After ignition, the spark plug is
recessed back into the arm. It is necessary to pre-loop the wiring inside the HPCD so
that it recesses back into the arm as well. A detailed spark plug assembly is shown
in Fig. 2.4b. The spark plug is held in place by a machined metal piece and 3D
printed plastic piece that are positioned on a 3/8-inch tube, with the end inside the
HPCD welded closed, that is translated through a graphite-reinforced PTFE shaft
seal embedded in a flange. The tube is pushed from outside the HPCD by an assembly
that includes an ACME round nut and mounting flange, ACME threaded rod and a
remotely-controlled motor (Animatics SM23165DT). As the motor spins the threaded
rod, the round nut is restricted from rotating, forcing translation of the tube through
the flange. A variable transformer (Staco Energy 1020B) and ignition transformer
(Allanson 2744-668), with a combined variable output voltage of up to 10 kV, are
connected to the spark plug via high-voltage flexible wire and two high-voltage 1-pin

40

Back Pressure Regulator

To Normal Exhaust
Burst Indicator

Back Pressure Regulator Control Line

To Rupture Disc
Exhaust
Sampling for LEL-2

Rupture Disc
4 Internal
Temperature
Probes
Pressure Transducer
Spark Igniter Assembly

Up to 6 Windows for
Optical Access
External Linear
Translation System

Sampling for LEL-1
Lifting Platform for
Bottom Section
of HPCD

Coflow Air Input

Annulus Air Input
Power & Control for
Intenal Translation Stage

4 Fuel/Inert Inputs

Figure 2.3: The High Pressure Combustion Duct at KAUST.
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bulkhead electrical connectors (Kemlon 16-B-8083) in the flange. The tip of the spark
plug is altered slightly to increase the ease of sparking. With this arrangement, it is
possible to achieve a spark, using the full 10 kV, in the HPCD at pressures up to 6
bar.
(a)

Pressure Diaphragm

Temperature
Probe
TT-1

High Voltage
18 AWG Wire
Power & Control
for Servo Motor
6" 600# Flange

(b)

Kemlon 1-pin Bulkhead
Electrical Connector
(16-B-8083) (2x)
Spark Plug

3/8" Tubing

ACME 1/4"-16
Threaded Rod

ACME 1/4"-16
Round Nut &
Mounting Flange

PTFE
Shaft Seal

Animatics
SM23165DT
Motor
Helical Flexible
Shaft Coupling

Track Roller

Figure 2.4: The spark plug ignition assembly (a) installed on the HPCD and (b) as
a detailed side view with critical components labeled.
Ignition with the spark plug is undesirable in a few ways. It is time-consuming
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and difficult (a 6-inch 600# stainless steel blind flange weighs approximately 40 kg) to
assemble/disassemble. Because of the high voltage, extra care and precautions must
be taken during experiments. It requires installation in one of the flanges on the
HPCD optical section, reducing optical access. Finally, it is limited by the pressure
of the experiment. In 1889, Friedrich Paschen formulated what is known as Paschen’s
Law, which states that the breakdown voltage of a gap is a function of both the gap
distance and the pressure of the gas [104]. Specifically, the voltage required for a
spark increases significantly as the gap distance increases or as the pressure increases.
The tip of the spark plug has already been modified to reduce the gap, yet it is limited
in operation to 6 bar.
An alternative is to use a laser and one of the windows to generate a laser-induced
spark inside the duct. Laser ignition has an advantage over using a spark plug because
it can induce higher-energy ignition at higher pressures, it does not require a highvoltage power supply, the setup is not complicated, and it does not suffer from the
erosion that can damage spark plugs [105]. A Neodymium-doped Yttrium Aluminum
Garnet (Nd:YAG) laser (Continuum Surelite SL III-10) with an energy of 850 mJ
at λ = 1064 nm and a beam diameter of roughly 1 mm is used as the laser source.
The beam is expanded with a spherical concave lens and collimated with a 50-mm
spherical convex lens. The collimated beam is then focused to a point in a flammable
mixture with a 50-mm spherical lens (f = 750 mm). The window labeled as C2 in
Fig. A.3 is used to pass the beam into the HPCD. Minor adjustments in the position
of the spark and the vertical position of the burner are necessary to achieve ignition.
A variation on this approach is used with the piloted burner (see next Section) that
has a central tube slightly raised above a pilot tube and surrounded by a premixture of
flammable gases. In this case, a spark can be induced off the central tube, igniting the
premixed pilot with significantly less energy than is necessary in a gaseous medium.
As such, the spark can be induced with a focused laser sheet as opposed to focused
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at a point (see Chapter 7).

2.3

Burner Geometries and Flame Definitions

This section will describe details of the different burners, coflows, and flames investigated during this work. Two families of very different turbulent nonpremixed flames
have been used: syngas and ethylene.

2.3.1

Syngas Flames

Syngas is the common name for a fuel gas mixture composed primarily of H2 and
CO, and sometimes CO2 . It is an ideal fuel candidate for a high pressure turbulent
nonpremixed flame case study for multiple reasons. A syngas flame already exists as
one of the simple jet flames in the TNF Workshop (see chnA and chnB in Table 1.1), so
a well-characterized baseline atmospheric pressure condition is already available and
constructing an identical burner is trivial. Syngas flames are of interest scientifically
because they are moderately more complex, in terms of chemical kinetics, than pure
hydrogen flames [106]. Syngas combustion is relevant because of its role in coalbased integrated gasification combined cycle (IGCC) technology, which could provide
a way to generate power with coal while reducing CO2 emissions [107]. Moreover,
such flames are practical because the very low sooting propensity makes them more
amenable to advanced laser-based diagnostic techniques.
The family of syngas flames investigated in the HPCD are based off of the CO/H2 /N2
flame A (chnA) studied at Sandia and ETH-Zurich as part of the TNF Workshop
[26, 27]. The burner geometry is very simple: the nozzle is constructed from 1/4-inch
precision stainless steel tubing with a squared off exit. The nozzle inner diameter is
D = 4.58 mm, the outer diameter is 6.34 mm, and the total length is 572 mm. For
all conditions in the syngas family, the fuel composition is 40% CO, 30% H2 , 30%
N2 by volume. Each flame has a designation “CHN xx-yy” indicating the jet con-
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stituents Carbon Monoxide, Hydrogen, Nitrogen (CHN), and where xx is the ratio of
the pressure to the baseline pressure, and yy is the ratio of the jet Reynolds number,
based on D, to the baseline Reynolds number. The baseline condition (CHN 01-01)
is identical to the TNF “chnA” flame. The jet is surrounded by a coflowing air with a
bulk velocity of 0.70 m/s, a compromise between the 0.75 m/s coflow used at Sandia
and the 0.65 m/s coflow used at ETH-Zurich [27]. The coflow velocity is fixed at
roughly 1/110 the bulk jet velocity for all conditions.
Chapter 3 and Chapter 4 report on the details of the family of syngas flames
used in each study, separately. Table 2.1 lists the following bulk flow parameters
for the baseline case: p is the pressure, Re is the Reynolds number based on the
jet diameter, Uj is the bulk jet velocity, P is the power, and Ucf is the bulk coflow
velocity. Table 2.2 lists the mass flow rates for the baseline flame, where ṁi is the
mass flow rate of species i. Except for the coflow air, mass flow rates are given in
units of standard liters per minute (slpm), where the reference temperature is 273.15
K and the reference pressure is 101.325 kPa.
Table 2.1: Bulk flow parameters for the baseline CHN flame.
p
Uj
P
Ucf
Designation
Re
(bar)
(m/s) (kW) (m/s)
CHN 01-01
1.0 16,700 77.3
9.75
0.70

Table 2.2: Flow rates for the baseline CHN flame.
Jet
Coflow
Designation ṁCO
ṁH2
ṁN2
ṁAir
(slpm) (slpm) (slpm) (kg/s)
CHN 01-01 28.24
21.18
21.18
0.041

2.3.2

Ethylene Flames

Ethylene is the natural choice for a primary fuel in a soot study because it has a
high soot yield (amount of soot formed per mass of fuel used) and because it has
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often been used for model validation in laminar sooting flames. Indeed, five of the
six ISF Workshop listed in Table 1.2 are ethylene flames. Nitrogen dilution of the
fuel provides a few advantages. It reduces the size of the flames, thereby reducing the
number of measurements needed to fully characterize the flame and reducing the size
of the simulations. It reduces the sooting propensity without affecting the turbulence
intensity by replacing fuel with an inert and by lowering the temperature. This is
beneficial for many diagnostics, and essential for high pressure experiments. And it
creates a blue, non-sooting region in the near field, in which it may be possible to
measure scalars such as temperature and major species concentrations [33, 79, 108],
which are difficult, if not impossible, to measure in strongly-sooting environments.
To keep a nitrogen-diluted ethylene jet attached at sufficient Reynolds number, it is
necessary to either add hydrogen to the fuel or to use pilot flames. Soot predictions
in ethylene/hydrogen flames are challenging [19], so the decision was made to use a
pilot.
The sooting piloted turbulent nonpremixed jet flames investigated in this work
use a burner geometry similar to the 4th ISF Workshop turbulent target flame 2
(Sandia) [67]. The jet of the flames is composed of a mixture of ethylene and nitrogen,
and this family of flames is referred to as the KAUST Ethylene-Nitrogen (KEN)
flames. Two slightly different burners are used. The first version is used for studies
at atmospheric pressure outside of the HPCD (see Chapter 6). The second version
is used for studies in the HPCD over a range of pressures (see Chapters 5 and 7).
For both KEN burners, the inner diameter of the central fuel tube is D = 3.40 mm
and the pilot plate sits between this tube and the outer pilot tube that has an outer
diameter of 19.05 mm.
The details of the pilot plate construction for the first version of the KEN burner
are given in Fig. 2.5. This design is based on an older version of the burner described
in [67]. The length of the central fuel tube is 265 mm.
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Figure 2.5: Pilot plate geometry for the KEN burner, version 1. All dimensions in
mm.
The dimensions of the tip of the second KEN burner are given in Fig. 2.6. In both
versions, the pilot flame plate consists of 3 concentric rings of holes, but the details
of those holes differ slightly, with the second version having more holes with slightly
smaller diameters. The central fuel tube of the second KEN burner is twice as long as
the first version: 530 mm. There are slight differences in the construction of the air
coflow nozzle for each KEN burner (see the following section) as well. However, all
of these differences are considered minor and, for all intents and purposes, the flames
are treated as members of the same family, regardless of the KEN burner used.
For all conditions in the KEN family, the jet is composed of 35% C2 H4 , 65% N2
by volume. As with the syngas flames, each ethylene flame has a designation “KEN
xx-yy” where xx is the ratio of the pressure to the baseline pressure, and yy is the
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Top View

Side View

Figure 2.6: Geometry for the KEN burner, version 2. All dimensions in mm.
ratio of the jet Reynolds number, based on D, to the baseline Reynolds number. The
baseline condition (KEN 01-01B) has a jet Reynolds number of 10,000 with the pilot
providing 6% of the heat release of the jet. The pilot flame anchors the central flame
and is composed of a premixture of C2 H4 /Air at an equivalence ratio of 0.9. The pilot
tube is surrounded by a coflowing air with a bulk velocity of 0.60 m/s, the same as
the coflow velocity used in [67]. For all conditions, the ratio of jet velocity to coflow
velocity is 61.
Chapters 5, 6, and 7 report on the details of the family of ethylene flames used in
each study, separately. Table 2.3 lists the bulk flow parameters for the baseline case,
where Pp is the power of the pilot flame relative to the flame power. Table 2.4 lists the
mass flow rates for the baseline flame. Except for the coflow air, mass flow rates are
given in units of standard liters per minute (slpm), where the reference temperature
is 273.15 K and the reference pressure is 101.325 kPa.
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Table 2.3: Bulk flow parameters for the baseline KEN flame.
p
Uj
P
Pp
Ucf
Designation
Re
(bar)
(m/s) (kW) (%) (m/s)
KEN 01-01B 1.0 10,000 36.6
6.67
6
0.60
Table 2.4: Flow rates for the baseline KEN flame.
Jet
Pilot
Coflow
Designation ṁC2 H4
ṁN2
ṁC2 H4
ṁAir
ṁAir
(slpm) (slpm) (slpm) (slpm) (kg/s)
KEN 01-01B
6.39
11.87
0.38
6.12
0.035

2.3.3

Coflow Nozzles

Two different coflow nozzles have been used in this work. The first version is used
for studies at atmospheric pressure outside of the HPCD. The second version is used
for studies in the HPCD over a range of pressures.
The first coflow nozzle version is designed for operation with the KEN burner,
version 1. Figure 2.7 shows a diagram of it with the KEN burner inside, and blue
arrows indicating the direction of air flow. It has an outer diameter of 230 mm and
a total depth of 230 mm. Air enters the coflow nozzle through a 50-mm diameter
opening on one side. This coflow nozzle is operated in a different lab with no high
flow rate air delivery system so the source of air is a regenerative blower (GAST
R7100A-3). The flow rate is controlled by adjusting the frequency of the blower with
a 3-phase variable frequency drive (Fuji Frenic 5000G11S). Inside the coflow nozzle,
the air is redirected toward the center at the base where it then flows through a
honeycomb section and an aluminum foam section for flow conditioning. Except for
the aluminum foam, the entire coflow nozzle is composed of 3D printed parts that
are connected by M4 screws and nuts. An anemometer is used to assess both the
quality of the velocity profile at the exit and the magnitude of the velocity to ensure
the correct air flow rate. This coflow nozzle and the first version of the KEN burner
are used only for the atmospheric pressure study presented in Chapter 6.
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Pilot Plate
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Coflow Inlet

Honeycomb

Pilot Inlet

KEN Burner, Version 1

Jet Inlet

Figure 2.7: Side view of the coflow nozzle used in atmospheric pressure experiments.
The second coflow nozzle version is compatible with both the CHN burner and
the second KEN burner and is used in all of the experiments at elevated pressure
presented here (Chapters 3, 4, 5, and 7). It is shown in Fig. 2.8. The exit diameter
of this coflow nozzle is 250 mm with a total depth of approximately 600 mm. It is
composed of an aluminum base and six 3D printed sections. Each section includes
a shallow groove in which an o-ring sits in order to prevent leakage. The sections
are fastened together using M4 screws and nuts. Air enters the coflow nozzle base
through four 90-degree elbows arranged axisymmetrically. It then passes through a
honeycomb section that is 59 mm thick with hexagonal cells that are 5 mm wide and
have a wall thickness of 0.8 mm. The flow is further conditioned by 4 wire mesh
sheets (40 × 40 mesh with 0.01-inch wire diameter) positioned between the different
sections. The final section converges from a diameter of 324 mm to the exit diameter.
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An anemometer is used to measure the air coflow velocity at p = 1 bar at many
locations near the coflow exit, confirming that a tophat profile is achieved for the
desired velocity.
(a)

116 m

94 m

94 m

94 m
59 m

142 m

Figure 2.8: The coflow nozzle used in HPCD experiments (a) as a dimensioned side
view and (b) shown installed on the internal translation stage with the KEN burner.
As shown in Fig. 2.2, the lab’s air delivery system includes mass flow meters and
pressure regulators for controlling the mass flow rates of air to the HPCD coflow
and the annular region around the coflow nozzle. In practice, it is found that the
flow rates may be accurately controlled by fine adjustments of the large quarter-turn
valves without the need for the pressure regulators. Careful observation shows that
the mass flow rate varies sinusoidally with time, but always by less than ± 15% of
the mean.
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2.3.4

Mass Flow Controllers

A Brooks SLA series Mass Flow Controller (MFC) is used to set the flow rate for
each of the burner gases. Special attention to the operation of these MFCs is required
when conducting experiments at multiple pressures. Typically, an MFC is calibrated
for a chosen full scale flow rate using a calibration gas at a given temperature, inlet
pressure, and outlet pressure. The calibration gas is usually air or nitrogen, unless
the MFC is calibrated for a different gas by the manufacturer. The MFC uses a
thermal sensor with which the mass flow rate is derived from the specific heat of the
gas and the measured temperature difference across the sensor. Other gases may be
used without a loss in accuracy, but a Gas Conversion Factor (GCF) is needed to
correct for differences between the heat capacity of the calibration gas and the actual
gas. The GCF can be approximated by using the ratio of the molar specific heat of
the two gases. More commonly, a GCF for a specific gas is found in a table, where
the values are based on a gas temperature of 21◦ C and a pressure of 1 bar. Most
gas GCFs are not strongly pressure- or temperature-dependent, but some gases (e.g.
C2 H4 , CO2 , C3 H8 ) are.
The MFC outlet pressure will generally be a function of the pressure of the destination. Because some gases have pressure-dependent gas conversion factors, it is
necessary to maintain the inlet and outlet pressure from the MFC calibration during
experiments. For experiments in which the pressure is a variable, this is only possible
by changing the calibration with each pressure (difficult) or by actively controlling
the inlet and outlet pressure. The MFC sensor is on the inlet side of the MFC so the
appropriate gas conversion factor is much more sensitive to the inlet pressure. The
pressure at the inlet of the MFC is usually controlled by a two-stage pressure regulator at the source of the gas (but large flow rates can cause a significant deviation
from the set pressure). The pressure at the outlet of the MFC may be controlled by
a back pressure regulator.
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For all of the experiments conducted in this work, back pressure regulators (Swagelok)
are used with each mass flow controller to maintain a constant outlet pressure, regardless of the pressure in the HPCD. The inlet pressure is set at 20 bar and the
outlet pressure is set at 15 bar. Each MFC is calibrated with air prior to experiments using these inlet and outlet pressures. Most of the units are calibrated with
a MesaLabs ML-1020 primary gas flow calibrator with an accuracy of ± 0.25% from
5 LPM to 500 LPM. To maintain an accuracy of 1%, the full scale flow rate of each
MFC is chosen such that the flow rate at any condition is at least 20% of the full
scale. Some useful gas conversion factors are listed in Table 2.5, including all of the
relevant factors in this body of work: GCFN2 , 1 bar is the GCF commonly found listed
in a table, GCFAir, 20 bar is the GCF when calibrated with air at room temperature
and an inlet pressure of 20 bar. The MFCs are controlled directly with a Brooks
0254 control process instrument, capable of communicating with four MFCs. The
0254 instrument is controlled remotely by LabVIEW text commands sent through an
RS-232 serial communications module.
Table 2.5: Some useful gas conversion factors for mass flow controllers.
Gas GCFN2 , 1 bar GCFAir, 20 bar
Air
0.998
1.000
Ar
1.395
1.390
CH4
0.763
0.755
C2 H4
0.619
0.570
C2 H6
0.490
0.456
CO
0.995
0.998
CO2
0.773
0.685
H2
1.008
1.024
He
1.386
1.415
N2
1.000
1.002

For the syngas flames, the fuel components are premixed in the cylinder at 57.14%
CO, 42.86% H2 . The gas conversion factor for this mixture can be approximated from
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the values in Table 2.5 as follows:

GCFAir, 20 bar (CO/H2 ) =

1
= 1.009
0.5714/0.998 + 0.4286/1.024

This equation only provides an approximation, but since the GCFs for each component in this case are very close in value, the accuracy of the measurement remains
quite good.
Two other sources of potential error should be mentioned briefly. The first arises
from confusion over standards. The MFCs in this study are referenced to 0◦ C. Some
standardized units are referenced to 21◦ C. Assuming the incorrect standard incurs
a 7% measurement error. Secondly, the GCF may be a function of temperature as
well as pressure, so some attention to the gas temperature at the inlet of the MFC is
warranted. This is particulary true when considering the throttling process (JouleThomson effect) in which real gases undergo a change in temperature upon expansion.
Most gases at room temperature cool upon expansion, but hydrogen and helium are
exceptions. The cooling can be extreme enough with some gases (e.g. C2 H4 , C2 H6 ,
C3 H8 , CO2 ) at high flow rates to coat the exterior of the pressure regulator and
sections of tubing in ice. Strategies to mitigate this effect include placing the gas
source far from the MFC and heating the pressure regulator and/or sections of tubing.
The ethylene gas cabinet that supplies the high pressure combustion laboratory has
a temperature regulated heater for this reason.

2.4

Diagnostic Techniques Employed

This section provides a brief introduction to the diagnostic methods used in Chapters
3 through 7.
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2.4.1

Laser-Induced Fluorescence of OH

Laser-Induced Fluorescence (LIF) is a technique in which a laser is used to excite
atoms or molecules from a lower energy state to a higher energy state. As the atom
or molecule relaxes back to the lower state, it re-emits radiation. Analysis of the
radiation can yield information on temperature and species concentration.
Planar Laser-Induced Fluorescence (PLIF) has become a ubiquitous tool of the
combustion community, yielding images of the spatial distribution of a given species.
It has many distinct advantages as an optical technique: high species selectivity,
high sensitivity, and high spatial resolution. The primary disadvantage is that it
is notoriously difficult to convert the photon count into a reliable measurement of
species concentration. The main problem is quenching, a process by which species
in the higher energy state become de-excited through collisions with other atoms or
molecules. This process is dependent on colliding species, temperature, and pressure. Many references are available for a more detailed discussion of theoretical and
practical aspects of LIF [109–113].
Perhaps the most common target of PLIF is the OH radical. OH is an important
intermediate species and is usually present in large concentrations in flames. Its
spectroscopy is well-known, making detection and quantitative interpretation of OHPLIF measurements more tractable than other species [111]. In some cases, OH
has been used as a marker of the reaction zone [103, 114], although, when possible,
OH-PLIF combined with PLIF of other species (CH2 O or CH) is preferred.

2.4.2

Particle Image Velocimetry

Particle Image Velocimetry Particle Image Velocimetry (PIV) is a commonly employed non-intrusive technique for flow visualization and instantaneous velocity measurements. The flow must be seeded with tracer particles that follow the path of fluid
particles. A laser is used to illuminate the seed particles and a camera captures the
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location of the particle in space. With two successive images, the distance travelled
by each seed particle can be computed and, since the time delay between the images
is known, the velocity at each location where a seed particle exists may be computed.
Whereas other velocity measurement techniques like hot-wire anemometry and
laser Doppler velocimetry yield pointwise values, PIV provides either 2D (one camera) or 3D (stereoscopic: 2 cameras, tomographic: 4 cameras) velocity fields. Many
types of seed particles exist but the most common types are oil (cold flow) and solid
(reacting flow). Many factors affect the quality of the PIV results, but the two of the
most important are the seeding density and the time delay between images. More
information can be found in [115–117].

2.4.3

Scanning Mobility Particle Sizer

The Scanning Mobility Particle Sizer (SMPS) is used to measure the size distribution
of aerosols. The model used in this study has a range of 4 nm to 1000 nm and
can measure concentrations up to 107 particles/cm3 . An internal pump pulls sample
through the system where nanoparticles are classified and detected. This diagnostic
has been applied previously to the characterization of soot particle size distributions,
especially in premixed laminar flames. It has the following advantages:
• Number concentrations are measured directly without assuming the shape of
the particle size distribution.
• Independent of refractive index of the particle or fluid.
• High degree of absolute sizing accuracy and measurement repeatability.
The SMPS is composed of two separate instruments; the Electrostatic Classifier and
the Condensation Particle Condenser (CPC).
The purpose of the Electrostatic Classifier is to extract a known size fraction of
particles from incoming polydisperse aerosol. It has three primary components, as
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shown in Fig. 2.9: impactor, neutralizer, and Differential Mobility Analyzer (DMA).
The impactor removes particles above a known particle size by inertial impaction.
The pressure drop across the impactor is used to monitor the aerosol flow rate. The
neutralizer uses a low-energy soft X-ray source to generate high concentrations of
bipolar ions. These ions interact with incoming charged particles and the product is
a polydisperse aerosol flow with a known bipolar charge distribution. The DMA contains two concentric metal cylinders with polydisperse aerosol and sheath air flowing
through the annular space between them. The outer cylinder is grounded but the
central rod is maintained at a controlled negative voltage, creating an electric field.
Positively charged particles are attracted to the center and the particles are separated
based on their electrical mobility. Particles within a narrow range of electrical mobility exit as monodisperse aerosol, while the remaining particles are removed via excess
air flow. The particle size associated with a given electrical mobility is determined
by particle mobility theory.
The monodisperse aerosol from the Electrostatic Classifier is then passed to the
inlet of the CPC (see Fig. 2.10), which is responsible for counting the particles. The
CPC uses heterogeneous condensation to grow droplets, with particles in the sample
stream serving as the condensation nuclei and butyl alcohol as the condensing fluid.
The particles pass through a heated saturator and then vapor-saturated aerosol passes
through a condenser where cooled vapor becomes supersaturated and condenses onto
particles, forming droplets. Once droplets have grown to an optically detectable
size, they pass through a light beam and scatter light onto a photodetector. At low
concentrations the CPC counts each pulse of scattered light separately, but at higher
concentrations it shifts to photometric mode, in which the total light scattered is
measured and the concentration is determined based on calibration.
The SMPS controls the size of the particle being counted by varying the voltage
in the DMA. By scanning over a range of voltages, the concentrations of a wide range
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Figure 2.9: Schematic of an Electrostatic Classifier with Long Differential Mobility
Analyzer. From Figure B-3 of the TSI Model 3936 Manual [1].
of particle diameters in the sample flow may be collected in a short period of time
(tens of seconds to a few minutes). Alternatively, the SMPS may be operated in CPC
mode, where a specific mobility diameter is chosen and the concentration is measured
as a function of time. Different DMAs may be used to target different ranges of
particle diameters.

2.4.4

Laser-Induced Incandescence

Laser-Induced Incandescence (LII) is, by far, the most commonly used soot diagnostic
tool for turbulent flames. This is because it is relatively easy to set up, it offers planar
visualization of the instantaneous soot distribution with high spatial resolution, and
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Figure 2.10: Schematic of a Condensation Particle Counter (CPC). From Figure 5-1
of the TSI Model 3775 Manual [2].
quantification of the soot volume fraction is relatively straightforward. Soot absorbs
radiation very effectively. LII exploits this property by using a short energetic laser
pulse to heat the soot particles to very high temperatures. This results in increased
light emission (incandescence) which is detected either by a photomultiplier tube or
camera. The strength of this emission is proportional to the soot volume fraction [118].
The signal can be calibrated with extinction measurements, or, as is often done with
turbulent flames, with a laminar flame with known soot volume fraction. It is also
possible to measure the size of soot primary particles using time-resolved laser-induced
incandescence (TiRe-LII) [119]. More information can be found in [120–123]
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Chapter 3
Flame Structure of Syngas Flames: Low-Resolution
Measurements

3.1

Introduction

This chapter focuses on one of the earliest HPCD experiments in which a family of
syngas flames is examined over a range of pressures and Reynolds numbers. One goal
is to validate the HPCD as an apparatus with which flames appropriate for model
validation can be pushed to conditions that are more relevant to practical combustion
devices. Digital Single-Lens Reflex (DSLR) camera images are used to study changes
in visual appearance and flame length. OH-PLIF is used to study changes in flame
structure.
The study of flame length (also referred to as flame height) in turbulent jet flames
and the formulation of empirical flame-length equations has a long history. One of the
earliest known examples of a rigorous study of turbulent jet diffusion flames is given
by Hawthorne et al. (1949), in which they obtain a relationship between the visible
flame length and properties of the mixture that is independent of the fuel flow rate,
provided the jet is turbulent [124]. Becker and Liang (1978) extended such studies
to cover the range of operation from forced convection to natural convection while
offering updated flame-length correlations [125], and Kalghatgi (1984) found that
these non-dimensional groupings were appropriate for collapsing their flame length
results onto a single curve [126]. Delichatsios (1993) used dimensional analysis to
correlate entrainment with flame height data and derived expressions to describe
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global-flow characteristics for both buoyancy- and momentum-dominant cases [127].
According to that analysis, flame lengths may be converted to non-dimensional flame
lengths and plotted versus the Froude number of the flame. The flame Froude number
Frf is a non-dimensional number relating the flow inertia to the buoyancy forces and
is defined as
Fr2f =

Uj2
p
∆Tf a
(S + 1)3 gD ρs /ρ0
T0

,

(3.1)

where ∆Tf a is a modified mean flame temperature, approximated in this analysis by
the difference between the adiabatic flame temperature and the ambient air temperature. S is the air-to-fuel mass stoichiometric ratio, g is the gravitational acceleration,
ρs is the fuel density at the nozzle, and T0 and ρ0 are the ambient air temperature and
density, respectively. The flame length Lf is converted to a non-dimensional flame
length L∗ as follows:
L∗ =

Lf
p
.
(S + 1)D ρs /ρ0

(3.2)

A empirical correlation equation for the data was found to be:
2/5

13.5Frf
Lf
p
=
1/5 .
(S + 1)D ρs /ρ0
1 + 0.07Fr2f

(3.3)

The transition from buoyant to momentum jet flames occurs for 3 < Frf < 5 and
flame length is approximately constant for Frf > 5. The lengths of a number of
syngas flames in the buoyancy-momentum transition regime are measured by Hwang
et al. (2013), and good agreement is found with the Delichatsios correlation if the
coefficient in Eq. (3.3) is changed from 13.5 to 11.3; the justification being a discrepancy in the method of flame length measurement [128]. Hu et al. (2013) find that this
correlation works well for flames in a reduced pressure atmosphere, provided that a
correction factor of αT = 0.8 is introduced to account for observed reduced entrainment and increased turbulent fluctuations in the low pressure cases [129]. The present
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work seeks to address the question of how well the Delichatsios correlation applies to
jet flames at elevated pressures.
OH-PLIF was described briefly in the Chapter 2. Identification of the OH layer
and the quantification of its thickness can be a useful metric for comparison with
results of ongoing LES simulations [38,130]. There is some precedent for using OH to
indicate the reaction zone in pure H2 flames [131]. Seitzman et al. (1990) used OHPLIF to image the structure of turbulent hydrogen nonpremixed jet flames up to Re
= 50,000 [114]. In an extension of that study, Clemens et al. (1997) used OH-PLIF
on piloted H2 /Ar jet diffusion flames with Reynolds numbers ranging from 30,000
to 150,000 [103]. In both cases, the OH zones appear as thin filaments connected
by diffuse regions when the Reynolds number is low, but as the turbulence intensity
increases, the OH zones become more diffuse and highly corrugated on a small scale.
In hydrocarbon flames, however, OH alone is not an ideal marker of the flame front.
Combined CH/OH-PLIF experiments have shown that the reaction zone (marked by
CH) is limited to a thin region on the fuel side of the OH layer, whereas the OH
layer itself marks the somewhat thicker radical recombination zone on the lean (air)
side of the flame [132]. The overlap of OH and CH2 O is also commonly used as a
marker for the flame front [133]. A recent DNS study of turbulent premixed syngas
flames concludes that the product of CH2 O and OH concentrations provides a good
reconstruction of the heat release rate, but cautions that CH2 O is a negligible side
product in syngas flames [134]. Indeed, laminar flame simulations show that CH2 O
concentrations for the proposed syngas flame composition are orders of magnitude too
low to be detected using current state-of-the-art and temporally resolved techniques
such as PLIF. This was verified experimentally with unsuccessful attempts of CH2 OPLIF. Accordingly, OH is the only available, viable marker for the flame front, and
the structure of the flame can be approximated by focusing on the rich side contour
of the OH layer.

62

3.2
3.2.1

Experiment
Flame Conditions

The syngas (CHN) turbulent nonpremixed flames are simple round jets (D = 4.58
mm) of 40% CO, 30% H2 , 30% N2 by volume, based off an existing flame in the TNF
Workshop library. Full details of the CHN burner and the baseline condition were
given in Section 2.3.1. A spark plug is used to ignite the flames (see Section 2.2.7).
Two series of flames are explored in this study. In one series, the Reynolds number
is kept constant at 16,700 for pressures up to 5 bar. In the other series, the bulk jet
velocity is kept constant at 77.3 m/s for pressures up to 5 bar. Table 3.1 lists the
bulk flow parameters for all of the flames.
Table 3.1: Bulk flow parameters for the CHN flames.
p
Uj
P
Ucf
Series
Designation
Re
(bar)
(m/s) (kW) (m/s)
Baseline
CHN 01-01
1.0 16,700 77.3
9.75
0.70
CHN 02-01
2.0 16,700 38.7
9.75
0.35
CHN 03-01
3.0 16,700 25.8
9.75
0.23
Constant Re
CHN 04-01
4.0 16,700 19.3
9.75
0.18
CHN 05-01
5.0 16,700 15.5
9.75
0.14
CHN 02-02
2.0 33,400 77.3 19.50 0.70
CHN 03-03
3.0 50,100 77.3 29.25 0.70
Constant Uj
CHN 04-04
4.0 66,800 77.3 39.00 0.70
CHN 05-05
5.0 83,500 77.3 48.75 0.70

3.2.2

Diagnostics

The diagnostics setup is shown along with the HPCD and CHN burner in Fig. 3.1.
Images of each flame are recorded with a Canon EOS 7D DSLR camera with EF
28-135mm f/3.5-5.6 IS USM lens using shutter speeds between 1/50 s and 1/25 s, an
aperture of f/3.5 and ISO 100. To adequately characterize and cover the entire flame,
fifty images are captured at four different axial positions each.
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Figure 3.1: View of the CHN burner and coflow nozzle inside the HPCD with the
diagnostics setup for DSLR camera imaging and high-speed OH-PLIF.
For the laser-induced fluorescence of OH, a dye laser (Sirah CREDO-DYE-N)
is pumped by the second harmonic of a Nd:YAG laser (Edgewave IS200-2L). The
dye laser produces a fundamental beam at λ = 566 nm with Rhodamine 6G. The
frequency doubled beam is tuned to λ = 282.945 nm to excite the OH molecules
using the Q1 (6) line of the A2 Σ − X 2 Π (1,0) transition. The operating condition of
the laser is approximately 2.6 W at 10 kHz. A small fraction of the beam is directed
into a power meter to monitor the shot-to-shot energy. The laser beam is expanded
through a cylindrical lens and a spherical lens, creating a focused sheet. After it
is expanded using a third cylindrical lens (f = -50 mm), this sheet is then passed
through a UV fused silica window into the HPCD and through the center of the
burner, where the beam has expanded to roughly 100 mm in height. A beam stop
on the other side of the CHN burner prevents the beam from reflecting off the inside
surface of the other window.
An intensified Complementary Metal-Oxide Semiconductor (CMOS) camera (LaVision HHS8/IRO) is used to acquire the fluorescence signal through another UV fused
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silica window at an angle of 90◦ . The signal is filtered through a high-transmission
band-pass interference filter centered at 310 nm. For each flame, a set of 3000 images
are taken for analysis at two different stations, each covering about 70 mm of the
flame, with an overlapping region of 10 mm.

3.2.3

OH-PLIF Data Processing

For each set, the images are corrected by removing the average background noise and
by normalizing for energy fluctuations of the Nd:YAG laser. A laminar flame is used
to estimate spatial laser sheet inhomogeneities and a correction based on these images
is then applied to the images of the turbulent flames to produce the fully-processed
results. After this, a smoothing operation is applied to remove pixelated features.
Images are further post-processed to extract regions filled with OH and the flame
front location. Each image is split along the centerline to form a left and right image,
which are then analyzed separately. Edges in the images are detected with a gradient
based method using the Canny algorithm with unspecified threshold values [135,136].
This method uses strong and weak gradient thresholds, minimizing the effects of noise,
and by not specifying the thresholds, the algorithm chooses them heuristically. Tests
using multiple fixed threshold values on flames with different levels of wrinkling show
no significant effect on the definition of the flame front (computed mean corrugation
factors, described below, are affected at the thousandths decimal place). The median
value of the edge points returned by this algorithm are used as a threshold when
binarizing the images to identify the OH layer. The flame front is the border of the
OH layer on the fuel side, which may also be called the “rich” side [137]. Edges on
the air (lean) side of the OH layer are eliminated, leaving only edges with relatively
sharp gradients on the fuel (rich) side of the flame. These contours closely follow the
reaction zone and are defined as the flame front. Whenever an OH “island” is found
outside the primary OH layer, it is discarded if it is on the air side, but the entire
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edge is considered a flame front if it is on the fuel side.

3.3

Results and Discussion

The HPCD was used to successfully operate all nine flame conditions, showing that
unpiloted, fully-attached, very high Reynolds number (up to 83,500) flames can be
achieved if elevated pressures are possible.

3.3.1

Flame Appearance and Flame Length

Fifty DSLR camera images at four different axial locations have been averaged and
stitched together to create a composite image of the full flame for all nine conditions.
The resulting images are presented in Fig. 3.2 and Fig. 3.3 for the constant Re flame
series and the constant Uj series, respectively. The baseline case has a bluish base
which fades to white and then has an orange tip. This trend is maintained for the
constant velocity cases, whereas for the constant Reynolds number flames, the orange
region moves upstream and occupies the entire flame at 4 and 5 atm.
The flame length is defined as the maximum height at which a flame is detected
50% of the time in the DSLR camera images. Flame lengths are plotted as a function
of pressure in Fig. 3.4a. There is little change in height for constant Reynolds number
flames, whereas the height increases gradually with increasing pressure in the constant
velocity series, with the flame at 5 atm being roughly 10% longer than the baseline
flame.
The non-dimensionalized flame lengths are plotted as a function of the flame
Froude number according to the Delichatsios correlation equations in Fig. 3.4b. The
Delichatsios correlation curve is plotted as a black dashed line. The constant Reynolds
number points are almost in a straight line, with the Froude number decreasing as
the pressure increases, due to the decreasing bulk jet velocity. The constant velocity
points are practically indistinguishable at this scale, with L∗ increasing slightly as
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Figure 3.2: Composite images of CHN flames in the constant Re series.
pressure increases. All of the data points lie very close to the Delichatsios curve,
indicating excellent agreement with the existing correlation, which is based solely on
results at atmospheric pressure. All of the constant velocity flames are clearly in the
momentum-dominated regime, while some of the constant Reynolds number flames
are close to the buoyancy-momentum transition.

3.3.2

Instantaneous OH-PLIF Images

Instantaneous OH-PLIF images at two different axial locations are shown for each
flame in the constant Reynolds number series in Fig. 3.5 and for each flame in the
constant bulk jet velocity series in Fig. 3.6. The images at stations 1 and 2 are
uncorrelated. The colormap for each image is normalized to the maximum value in
that image, so intensities cannot be compared. It may be seen from the images that
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Figure 3.3: Composite images of CHN flames in the constant Uj series.
the intensity is usually greatest near the vertical center, indicating that, while the
spatial correction dramatically improved the quality of the images, the correction was
only partial. This, however, does not appreciably affect the following analysis.
In examining the constant Reynolds number images in Fig. 3.5, many of the trends
noted in Seitzman et al. (1990) [114] and Clemens et al. (1997) [103] may be observed.
Each flame consists of thin filaments of OH which are connected by thicker zones.
The OH layers tend to exhibit relatively large structures (compared to the width of
the layer), which suggests they are distributed by moderately-sized eddies. In general,
the layers increase in thickness and become more convoluted further downstream of
the nozzle. The most striking feature of this set of images is the reduction in the
width of the OH layer as pressure increases. It is understood that pressure affects
flame thickness through its influence on reaction rate, and it is clear from the results
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(a)

(b)

Figure 3.4: Measured flame lengths: (a) as a function of pressure, and (b) nondimensionalized and plotted against flame Froude number with the Delichatsios correlation curve.
here that this extends to the radical recombination zone as well.
The images from the constant velocity series in Fig. 3.6 are remarkably different
than those in Fig. 3.5. The thin filaments are mostly absent, replaced by thickened
blobs of OH joined by much shorter segments. Some large-scale structures remain,
but the salient feature is the presence of highly corrugated layers, clearly influenced by
small-scale turbulence. Furthermore, the fineness and degree of corrugation appears
to increase as the Reynolds number (and pressure) increase. It is interesting to note
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Figure 3.5: Instantaneous OH-PLIF images of CHN flames in the constant Re series.
that even the most extreme case (Re = 83,500) exhibits very little local extinction.

3.3.3

Flame Front Corrugation

In order to quantify the corrugation of the OH-PLIF images, a flame front is extracted
using the method described in Section 3.2.3. This is done only for the first station of
images, and only for the range 25 < x < 57 (mm). The flame front is then a pixelwide contour along the rich side of the OH layer. A mean flame front is calculated
by taking the mean of all OH images for a given flame and using the same procedure
to identify the rich-side contour of the OH layer. Then a corrugation factor may be
defined for each image by taking the ratio of the length of the flame front in that
image to the length of the mean flame front. The corrugation factor is a simple nondimensional metric for quantifying the degree of corrugation of the flame front in any
image. If a break in the OH layer occurs, a representative length of the mean flame

70
CHN 01-01 CHN 02-02 CHN 03-03 CHN 04-04 CHN 05-05
Re = 16,700 Re = 33,400 Re = 50,100 Re = 66,800 Re = 83,500
p = 2 bar
p = 3 bar
p = 4 bar
p = 5 bar
p = 1 bar
120
100

x (mm)

80
60
40
20
0
0
r (mm)

20

0 a.u. MAX

Figure 3.6: Instantaneous OH-PLIF images of CHN flames in the constant Uj series.
front is removed to avoid underestimating the corrugation factor. Two examples are
given to illustrate the technique, in Fig. 3.7. Red lines representing the flame fronts
are overlayed on the OH images. On the left is an image from a flame at a pressure
of 1 bar and the lowest Reynolds number and on the right is an image from a flame
at a pressure of 5 bar and the highest Reynolds number. Each flame front is labeled
with the calculated corrugation factor. As expected, the low Reynolds number image
shows less corrugation and this is reflected in corrugation factors close to 1, whereas
the high Reynolds number image reveals a finely convoluted flame structure and thus
has significantly higher corrugation factors.
Figure 3.8 shows the resulting Probability Density Function (PDF) for the corrugation factors of each flame (roughly 6000 values per flame, using both the left
and right side). The PDFs are grouped by (a) constant Re and (b) constant Uj . In
considering the constant Reynolds number corrugation factors, it is apparent that the
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Figure 3.7: Illustration of flame front contours (red lines) overlayed on OH fields,
with left and right corrugation factors (CF) labeled.
distributions change very little with pressure. The only exception is that the atmopheric pressure case appears to be slightly more corrugated than any of the cases at
elevated pressures. This may be attributable to the fact that, at 1 bar, the OH layers
are significantly thicker than at elevated pressures and, therefore, the features tend
to be slightly larger, yielding longer flame fronts. The constant velocity series, on
the other hand, reveals that the corrugation of the flame front changes considerably
as the Reynolds number (and pressure) are increased. This was anticipated from the
OH-PLIF images in Fig. 3.6. It is fascinating to note how clean the progression of
PDFs from 1 bar to 5 bar in Fig. 3.8b is, indicating that the corrugation factor, as
defined here, is a useful analytical tool in that it provides quantitative data from
mostly qualitative OH-PLIF images.

3.4

Conclusions

Nine flames that are variations of the chnA flame from the TNF Workshop have been
explored in the high pressure combustion duct at KAUST. The flames cover entirely
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(a)

(b)

Figure 3.8: Probability density function of corrugation factors for each CHN flame in
(a) the constant Re series and (b) the constant Uj series.
new territory in the framework of the TNF Workshop, both in terms of pressure and
Reynolds number. Analysis of DSLR camera images reveals that the flame length
behavior is in agreement with the correlations provided by [127]. OH-PLIF images
show an unbroken OH layer at 1 bar, which becomes thinner as pressure increases, and
more corrugated as the Reynolds number increases. A corrugation factor is defined
to quantify the degree of corrugation of the flame front in the OH-PLIF images.
Probability density functions of the corrugation factors show that pressure has little
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influence on the flame front corrugation, whereas changes in Reynolds number have
a dramatic effect.
Future work should focus on pushing the conditions to higher pressures and higher
Reynolds numbers. Flame length measurements on higher-pressure, low Reynolds
number flames will test the Delichatsios correlation in the buoyancy-dominant regime.
OH-PLIF could be aided by higher resolution (especially at higher pressures), as it
is currently unknown if the flame front is truly resolved in this study. Finally, better
statistical convergence of corrugation factors may be achieved by low speed OH-PLIF
as opposed to the high-speed OH-PLIF utilized here.

74

Chapter 4
Flame Structure of Syngas Flames: High-Resolution
Measurements

4.1

Introduction

This chapter is an extension of the work on syngas flames presented in Chapter 3.
In that study, high-speed OH-PLIF was used to image the flame structure of CHN
flames at pressures up to 5 bar and Reynolds numbers up to 83,500. The study
was primarily a proof of concept regarding the HPCD’s capacity to accommodate
experiments that meet all of the TNF Workshop requirements, but at conditions
more relevant to practical combustion devices. The OH-PLIF measurements were
intended for basic characterization of the lower half of the flame, so high resolution
was not a priority.
In this study, some of the previous CHN flames are revisited, while extending
the range of conditions to a pressure of 12 bar. Some significant changes are made
to the OH-PLIF setup, as well, to improve the quality of the results. A low-speed
laser is used instead of the high-speed laser because it offers higher power, which can
improve the Signal-to-Noise Ratio (SNR). A camera with a greater sensitivity and
optics placed inside one of the HPCD arms also improves the SNR. Whereas in the
initial study, the purpose was to characterize a large region of the flame, here the
focus is on a much smaller region at much higher spatial resolution. In addition,
non-reactive PIV is performed for surrogate jets at some of the conditions in order to
characterize the turbulence and to provide data for model validation.
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4.2
4.2.1

Experiment
Flame Conditions

The syngas (CHN) turbulent nonpremixed flames are simple round jets (D = 4.58
mm) of 40% CO, 30% H2 , 30% N2 by volume, based off an existing flame in the TNF
Workshop library. Full details of the CHN burner and the baseline condition were
given in Section 2.3.1. In order to access pressures above 6 bar, ignition is performed
with a laser-induced spark (see Section 2.2.7). A total of twelve syngas flames are
investigated in this study. Table 4.1 lists the bulk flow parameters for all of the flames.
Conditions are chosen to allow for comparisons between flames with equal Reynolds
numbers but different pressures, as well as flames with equal pressures but different
Reynolds numbers. Pressures range from 1 bar to 12 bar and the Reynolds numbers
range from 16,700 to 66,800. For comparisons purposes, laminar flames with Re =
2,160 are also examined at each pressure condition.
Table 4.1: Bulk flow parameters for the CHN
p
Uj
Designation
Re
(bar)
(m/s)
CHN 01-01
1
16,700 77.3
CHN 02-01
2
16,700 38.7
CHN 04-01
4
16,700 19.3
CHN 08-01
8
16,700
9.7
CHN 12-01
12
16,700
6.4
CHN 02-02
2
33,400 77.3
CHN 04-02
4
33,400 38.7
CHN 08-02
8
33,400 19.3
CHN 12-02
12
33,400 12.9
CHN 04-04
4
66,800 77.3
CHN 08-04
8
66,800 38.7
CHN 12-04
12
66,800 25.8

flames,
P
(kW)
9.75
9.75
9.75
9.75
9.75
19.50
19.50
19.50
19.50
39.00
39.00
39.00

grouped by Re.
Ucf
(m/s)
0.70
0.35
0.18
0.09
0.06
0.70
0.35
0.18
0.12
0.70
0.35
0.23
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4.2.2

OH-PLIF

The optical setup for OH-PLIF is shown in Fig. 4.1. A tunable dye laser (Continuum
ND6000+UVT) is pumped by a Nd:YAG laser (Continuum Powerlite DLS 9010)
operating at 10 Hz. The laser is tuned to the Q1 (6) transition of the OH molecule
near λ = 282.930 nm and the maximum available energy is 18-20 mJ/pulse. The
beam is expanded to a sheet of 18 mm height and 200 µm thickness that crosses the
burner centerline.
HPCD
Beam dump
BK7 window
for laser
ignition

CHN coflow nozzle
Cuvette

Collection Optics

CHN
fuel tube

Photodetector
CCD

Sheet formation
optics
UVFS windows
Dye laser

LIF Filter
ICCD

Figure 4.1: HPCD with CHN burner inside and high-resolution OH-PLIF optical
setup.
Prior to entering the sheet formation optics, a small fraction of the beam is directed
into a biased Si photodetector (Thorlabs DET10A) to correct for shot-to-shot energy
fluctuations. Before passing into the HPCD, a fraction of the laser sheet is directed to
a UV cuvette filled with coumarin 120 dye in ethanol solution. The fluorescence signal
of the dye is recorded with a Charge-Coupled Device (CCD) camera (AVT Prosilica
GX) to correct for shot-to-shot beam profile fluctuations. At each pressure, OH-PLIF
measurements on laminar flames, with varying laser energy, are used to assess what
laser power provides OH-PLIF in the linear regime. Thus, for each pressure, the
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laser pulse energy is adjusted, with higher energies being used at higher pressures.
The maximum energy of 18-20 mJ/pulse is only necessary at the highest pressure
condition, p = 12 bar.
A 1024 × 1024 Intensified Charge-Coupled Device (ICCD) camera (Princton Instruments PI-MAX4) with UV lens (Coastal Optics, 105 mm, f/4) is used to collect
the OH fluorescence signal at 90◦ relative to the laser sheet through a Ultraviolet
Fused Silica (UVFS) window mounted in a flange. Incoming photons are filtered
using a high-transmission band-pass interference filter centered at λ = 310 nm (LaVision 1108760). A 75 mm UVFS spherical lens (f = 200 mm) mounted inside the
HPCD collection arm and an identical lens mounted outside the HPCD are used to
increase the solid angle of collection on the ICCD, thereby increasing the spatial resolution and signal intensity. The resulting field-of-view is 25 mm × 25 mm, and is
centered at x/D ≈ 7, r/D ≈ 1. An image of flame CHN 04-04 with the OH-PLIF
interrogation box highlighted is presented in Fig. 4.2. The use of spherical singlets
for the collection optics adds some distortion to the corners of the images but the
distorted regions are cropped out of the analyzed region. A printed pattern of bars
with increasingly fine separation is used to determine that features as small as 150
µm can be distinguished with this optical arrangement, which is smaller than the
width of the laser sheet. Following the arguments presented in [26], it is estimated
that the smallest scalar length scale, the Batchelor scale, in the baseline condition is
λB ≈ 510 µm, and in the most extreme condition, λB ≈ 180 µm. For each turbulent
flame, two sets of 700 images are recorded.

4.2.3

OH-PLIF Data Processing

Images of OH-PLIF are post-processed as follows. Raw images are corrected for background noise and spatial and temporal fluctuations of laser energy density. Images
are smoothed and cropped to include only one side of the flame, with the left side of
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Figure 4.2: CHN 04-04 flame image with OH-PLIF region-of-interest highlighted and
example of instantaneous OH-PLIF image.
the resulting image representing the fuel side and the right side representing the air
side. Examples of instantaneous OH-PLIF intensity images from the three extreme
flame conditions considered in this study are shown in the left column of Fig. 4.3. The
top row image is from the low pressure, low Re condition (CHN 01-01). The middle
row image is from the high pressure, low Re condition (CHN 12-01). And the bottom
row image is from the high pressure, high Re condition (CHN 12-04).
Images are further post-processed following the method detailed in Section 3.2.3.
Images in the center column of Fig. 4.3 show the binarized regions, where green represents the OH layer for the corresponding images in the left column. While increasing
pressure tends to decrease the OH-PLIF signal, for all conditions the measured SNR
is above 500 and this edge detection method works well.
Flame fronts in the binarized images in the center column of Fig. 4.3 are represented by blue lines. The location of the flame front in the low-Re cases is relatively

79

p = 1 bar, Re = 16,700

Instantaneous Instantaneous Cumulative
OH-PLIF
Binarized
Flame Front

RICH

p = 12 bar, Re = 66,800

p = 12 bar, Re = 16,700

LEAN

0

a.u.

MAX

0

MAX

Figure 4.3: Instantaneous OH-PLIF images (left), corresponding binarized images
(center), and cumulative flame front images for three flame conditions. Red line in
cumulative flame front images represents flame front of mean OH intensity. Note:
For all images, region corresponds to 5 ≤ x/D ≤ 8.2, 0.2 ≤ r/D ≤ 1.6.
straightforward. It is the border of the OH region on the left-hand side of the image,
i.e. the fuel/rich side. In the top-center image of Fig. 4.3, the rich and lean sides of
the flame are identified. The location of the flame front in the high-Re case is more
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complicated due to higher corrugation of the flame front and the existence of OH
“islands”. Both of these phenomena are illustrated in the bottom-center image of
Fig. 4.3.

4.2.4

PIV

PIV of non-reacting jets is used to evaluate the effects of pressure on the local
Reynolds number and turbulent length scales. A Litron Nano PIV laser generates a
beam (λ = 532 nm) at a frequency of 5 Hz and with a pulse energy of 190 mJ. A
surrogate jet composition (67.5% N2 , 32.5% He by volume) is used. It matches the
CHN density and bulk jet velocity, but has a 7% greater viscosity. The jet is seeded
with silicone oil. Due to pressure limitations of the seeder, only six conditions (p =
1 to 4 bar) are investigated. Images are captured with a 1376 × 1024 CCD camera
(LaVision Imager Intense). The resulting images are then processed using a 32 × 32
pixel interrogation window with 50% overlap.
The processed PIV results can be used to estimate some turbulent flow characteristics. Using data from round jet experiments in Hussein et al. (1994), the axial
integral length scale, L11 , is proportional to the full width at half-maximum of the
mean axial velocity profile, r1/2 :

L11 = 0.41r1/2

(4.1)

on the centerline [138]. An estimate of the Taylor micro length scale is given by
r
λT = u0

15ν
ε

(4.2)

where u0 is the root mean square of velocity fluctuations and ν is the kinematic viscosity. The turbulent kinetic energy dissipation rate ε is found by using the empirical
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correlation in [132].
ε=

0.33 (u0 )3
L11

(4.3)

The Reynolds number based on the Taylor micro length scale is given by

Reλ =

u0 λT
.
ν

(4.4)

Lastly, the Kolmogorov length scale is given by

η=

ν3
ε

1/4
.

(4.5)

Reynolds numbers and turbulence length scales are summarized in Table 4.2. The
data in this table reveal that the pressure has only a small effect on the turbulence
characteristics of the jet in comparison to differences in bulk flow Reynolds number.
In the cases represented here, the Taylor micro length scale is resolved in the OHPLIF measurements, and judging by the trends in this length scale with pressure, it
is expected to remain resolved by this technique at the most extreme condition (CHN
12-04). Some caution should be exercised in applying these results to the reacting
CHN jet flames due to the fact that the N2 /He jets are non-reacting, the viscosity
is not exactly matched, and the region of interest (x/D = 7) is closer to the nozzle
exit than what is generally considered to be the self-similar region of high-Reynolds
number turbulent jets.

4.3

Results and Discussion

In the following discussion, the area of the OH layer is the area of the green region,
and the length of the flame front is the length of the blue line, shown in the center
column of Fig. 4.3. The blue line in each image has been widened for clarity, but
for processing purposes, the thickness of the flame front is 1 pixel. Images in the
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Table 4.2: Turbulent flow characteristics as estimated from PIV data using a
velocity/density-matched N2 /He jet, grouped by Re. Reported values are from jet
centerline at x/D = 7.
Surrogate
p
Uj
L11
λT
η
Reλ
For
(bar) (m/s) (mm) (µm)
(µm)
CHN 01-01
1
77.3
2.0
570 160
23
CHN 02-01
2
38.7
2.1
500 190
19
CHN 04-01
4
19.3
2.1
490 190
18
CHN 02-02
2
77.3
2.0
340 270
11
CHN 04-02
4
38.7
2.0
340 270
10
CHN 04-04
4
77.3
2.1
240 400
6
right column of Fig. 4.3 show the accumulation of flame fronts over the entire series
of images for each of the three conditions. It represents the probability of finding
a flame front at a given position. The distribution of flame fronts is similar for the
low-Re cases, but slightly narrower and more concentrated in the 12 bar case, and
is somewhat wider for the high-Re case. In each image, a red line is drawn which
represents the “flame front” of the mean of the respective OH intensity images. In
all cases, it is a nearly straight line, and it serves as the reference flame front for each
condition.
Cropped, instantaneous OH-PLIF images from each of the 12 conditions are shown
in Fig. 4.4. The features identified in the first CHN flames study are apparent here
as well. The OH layer is much thicker in the low-pressure images than in the highpressure images, and the OH layer is much more corrugated in the high-Re images
than the low-Re images. Both of these effects have been quantified and are discussed
below.

4.3.1

OH Layer Thickness

For the low-Re flame conditions which show little corrugation of the flame front, the
OH layer thickness can be approximated by dividing the area of the OH layer by
the length of the flame front. To understand the effect of pressure on the OH layer
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CHN 04-04

CHN 08-04

CHN 04-02

CHN 08-02

CHN 12-02

CHN 04-01

CHN 08-01

CHN 12-01

p = 12 bar

CHN 02-02

p = 8 bar

CHN 02-01

CHN 01-01

Re = 33,400
Re = 16,700

p = 4 bar

CHN 12-04

p = 2 bar

Re = 66,800

p = 1 bar

Figure 4.4: High resolution, instantaneous OH-PLIF images of CHN flames. Note:
For all images, region corresponds to 5 ≤ x/D ≤ 8.2, 0.2 ≤ r/D ≤ 1.6.
thickness, the mean of ∼1400 OH layer thickness values for each of the five low-Re
conditions is plotted as a function of pressure in Fig. 4.5. Values measured with the
laminar diffusion flames are also plotted for comparison. The trend of decreasing
OH layer thickness with pressure is present for both laminar and turbulent flames.
Relative to the laminar flames, the turbulent flames are characterized by a thinner
OH layer and the rate of thinning as a function of pressure is less. The turbulent
OH layers at p = 12 bar are less than half as thick as in the p = 1 bar turbulent
flames. As pressure is known to increase three-body recombination rates, thereby
thinning the OH layer, these results are expected. The fact that laminar flames have
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thicker layers than turbulent flames is likely due to the lower strain rate experienced
by laminar flames [139].

OH Layer Thickness ( m)
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Figure 4.5: Mean OH layer thickness as a function of pressure for laminar and turbulent nonpremixed flames. Error bars represent standard deviations. Measurements
are taken at x/D ≈ 6.6.

4.3.2

Flame Front Corrugation

As in the previous study, a corrugation factor is used to quantify the effect of pressure
and Reynolds number on the corrugation of the flame front. This factor is defined in
any given OH-PLIF image as the length of the flame front divided by the length of the
mean flame front based on time-averaged OH-PLIF images. Examples of this mean
flame front are shown as a red line in the right column of Fig. 4.3. The corrugation
factor, defined in this way, gives an intuitive measure of how “straight” (corrugation
factor ≈ 1) or how “wrinkled” (corrugation factor > 1) the flame front is.
In Fig. 4.6, the distribution of the corrugation factor is displayed for different
pressures, grouped by Reynolds number. For the lowest Re cases, the distributions
are sharp, with a peak value near 1, meaning very little wrinkling of the flame front.
The distributions are quite similar but show a clear progression from narrow to wider
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as the pressure decreases and this is attributed to the decrease of the OH layer
thickness. Wider OH layers can support larger features (for instance, compare CHN
01-01 to CHN 12-01 in Fig. 4.4), resulting in longer flame fronts at low pressure. For
the two high-Re groups, this trend disappears and the distributions are practically
overlapping, indicating no discernible impact of pressure on the wrinkling of the flame
front.
Moving top-to-bottom across Fig. 4.6, it is clear that changes in Re, as opposed
to p, have an effect on the corrugation of the flame front. This is in agreement with
the results of the PIV measurements, which show that increasing the jet Reynolds
number has a far greater impact on λT and Reλ than increasing the pressure. Having
resolved the Batchelor scale in all cases, the results of Fig. 4.6 should not be affected
by the resolution of the technique.

4.3.3

Flame Front Location

In the right column of Fig. 4.3, the flame brush yielded by accumulating 1400 instantaneous flame fronts in the high-Re case appears to be much wider than in the low-Re
cases. This could be a result of increased corrugation, increased radial movement of
the flame front, or both. To distinguish these two possibilities, the centroid of the
flame front in the region 6.4 ≤ x/D ≤ 6.8 is calculated for each image and the distribution of its radial location is shown in Fig. 4.7. As with the corrugation factor,
there is no discernible effect of pressure on the distribution of the flame front radial
position. By comparing the distributions for the same pressure but different Reynolds
number, it may be seen that increases in Re tend to slightly widen the distribution
of flame front location. This effect, however, is small in comparison to the effect of
Re on corrugation. Therefore, the increase of flame brush width as Re is increased is
attributed to the increase of corrugation.
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Re = 16,700

Re = 33,400

Re = 66,800

Figure 4.6: Probability density function of corrugation factors for each CHN flame in
the high resolution OH-PLIF study, grouped by Re.

4.3.4

Local Extinction

As part of the flame-front-detection process, OH “islands” are identified and classified
as belonging to the fuel side of the image, the air side of the image, or the center.
From the number of islands at the center of each image, the number of separations
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Re = 16,700

Re = 33,400

Re = 66,800

Figure 4.7: Probability density function of radial flame front positions for each CHN
flame in the high resolution OH-PLIF study, grouped by Re.
in the OH layer, a measure of the degree of local extinction, is easily determined.
This procedure follows closely the work of [137]. The resulting PDFs of separations
per image are displayed in Fig. 4.8. A consistent trend of decreasing numbers of
separations per image with increasing pressure is seen for all Reynolds numbers. At
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Re = 16,700, the chance of finding any local extinction is very close to zero except
for the p = 1 bar condition. At Re = 33,400, the p = 2 bar condition experiences
the most local extinction, followed by the p = 4 bar condition, and the p = 8 and 12
bar cases experience the least local extinction. For the Re = 66,800, p = 4 bar case
(see Fig. 4.2), the probability of finding one separation in an image is actually greater
than the probability of finding an unbroken OH layer. For constant Reynolds number
conditions, the bulk jet velocity decreases as the pressure increases (see Table 4.1),
so these trends may be understood as the result of decreasing exit strain rates.

4.3.5

High Versus Low Resolution

The central motivation for this study is to understand if the spatial resolution of the
OH-PLIF technique has an effect on the measured corrugation factor PDF. There
are six overlapping conditions between the low-resolution OH-PLIF study and the
high-resolution OH-PLIF study of CHN flames. Corrugaction factor PDFs from both
studies are plotted together in Fig. 4.9. Of the low-Re cases, there are three conditions
in both studies. The PDFs of all six sets of data are quite similar. For the p = 1
bar condition, the measured corrugation factor tends to be slightly less in the low
resolution study. However, for both the p = 2 and 4 bar conditions, the measured
corrugation factor tends to be slightly more in the low resolution study. In general,
the similarities are far greater than the differences so it is likely that the low- and
high-resolution studies are both resolving the flame front corrugation at low Reynolds
number.
At Re = 33,400 and p = 2 bar, the PDFs of the corrugation factor are quite
different, and even more so at Re = 66,800 and p = 4 bar. In both cases, the high
resolution study detects more corrugation, indicating that the OH-PLIF technique in
the low resolution case is under-resolved.
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Re = 16,700

Re = 33,400

Re = 66,800

Figure 4.8: Probability density function of OH layer separations per image for each
CHN flame in the high resolution OH-PLIF study, grouped by Re.

4.4

Conclusions

A high-pressure rig and high-quality OH-PLIF images have been used to examine
the structure of canonical, axisymmetric turbulent nonpremixed syngas flames under
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Re = 16,700

Re = 33,400

Re = 66,800

Figure 4.9: Probability density function of corrugation factors for CHN flames in the
high- and low-resolution OH-PLIF study, grouped by Re.
a novel set of conditions. For each condition, measurements were taken in a small
region of the flame near the nozzle exit. For these turbulent nonpremixed syngas
flames, it is possible to increase the Reynolds number to a very large value of Re =
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66,800 via the pressure, while keeping the flame stable.
The OH layer thickness of turbulent nonpremixed syngas flames decreases with
increasing pressure, much as the OH layer thickness of laminar flames does, but at a
slower rate. Corrugation of the flame front always increases with Reynolds number.
Pressure has a minor effect on corrugation at low Reynolds number but no effect at
high Reynolds numbers. The mean radial flame front location is relatively insensitive
to both Reynolds number and pressure. Increasing the Reynolds number widens the
flame brush through enhanced corrugation. As the bulk jet velocity and exit strain
rate decrease with increasing pressure, for fixed Reynolds number, the probability of
local extinction decreases.
Furthermore, this work expands upon a previous study and shows that the corrugation factor may be heavily influenced by the spatial resolution of the OH-PLIF
technique. This is likely to be generally true of most diagnostic techniques, especially
in turbulent flames at high pressure and high Reynolds number, and it is critically
important to understand how the spatial (and temporal) resolution of any technique
affects the measurements in order to ensure proper interpretation of the results.
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Chapter 5
Flame Structure of Ethylene Flames

5.1

Introduction

This chapter focuses on another early HPCD experiment in which a family of ethylene
flames is examined over a range of pressure and Reynolds numbers. As with the first
study of syngas flames, one goal is to validate the HPCD as an apparatus for studying
flames for model validation, in this case sooting flames that are of interest to the ISF
Workshop. DSLR camera images are used to study changes in visual appearance and
the length of the blue region upstream of the sooting part of the flames. Another
objective of this experiment is to gain better understanding of the effects of Reynolds
number and pressure on the flame structure in the near field of piloted turbulent
nonpremixed flames through OH-PLIF. Ideally, simultaneous OH-PLIF and CH2 OPLIF could be used to visualize the reaction zone [133], but the wavelength and laser
fluence needed for CH2 O-PLIF would inevitably cause the technique to suffer from
excessive, unwanted Polycyclic Aromatic Hydrocarbon (PAH) fluorescence and soot
incandescence, rendering the results useless.

5.2
5.2.1

Experiment
Flame Conditions

The ethylene (KEN) turbulent nonpremixed flames are piloted round jets (D = 3.4
mm) of 65% N2 , 35% C2 H4 by volume, with a burner geometry similar to an existing
flame in the ISF Workshop Workshop. Full details of the second version of the KEN

93
burner and the baseline condition were given in Section 2.3.2. A spark plug is used to
ignite the flames (see Section 2.2.7). Two series of flames are explored in this study.
The baseline flame (KEN 01-01B) has a Reynolds number of 10,000 with the pilot
providing 6% of the heat release of the jet. In one series of flames, the bulk jet velocity
is kept constant as the pressure is increased from 1 to 5 bar in increments of 1 bar.
In the other series of flames, the Reynolds number is kept constant as the pressure is
increased to 5 bar. Because it was not possible to conserve a pilot power of 6% for
the constant Re series, due to the potential for flashback of the pilot premixture at
the highest pressure, this series features a larger pilot power of 18%, instead of 6%.
For all conditions, the ratio of jet velocity to coflow velocity is 61. Table 5.1 lists the
bulk flow parameters for all of the flames.
Table 5.1: Bulk flow parameters for the KEN flames in the OH-PLIF study.
p
Uj
P
Pp
Ucf
Series
Designation
Re
(bar)
(m/s) (kW) (%) (m/s)
KEN 01-01A
1
10,000 36.6
6.67
18
0.60
KEN 02-01
2
10,000 18.3
6.67
18
0.30
Constant Re KEN 03-01
3
10,000 12.2
6.67
18
0.20
KEN 04-01
4
10,000
9.2
6.67
18
0.15
KEN 05-01
5
10,000
7.3
6.67
18
0.12
KEN 01-01B
1
10,000 36.6
6.67
6
0.60
KEN 02-02
2
20,000 36.6 13.30
6
0.60
Constant Uj
KEN 03-03
3
30,000 36.6 20.00
6
0.60
KEN 04-04
4
40,000 36.6 26.70
6
0.60
KEN 05-05
5
50,000 36.6 33.40
6
0.60

5.2.2

Diagnostics

The arrangement of equipment used for the diagnostics in this study is shown in
Fig. 5.1. For the laser-induced fluorescence of OH, a dye laser (Sirah CREDO-DYEN) is pumped by the second harmonic of a Nd:YAG laser (Edgewave IS200-2L). The
dye laser produces a fundamental beam near λ = 566 nm with Rhodamine 6G. The
frequency doubled beam is tuned to λ = 282.945 nm to excite the OH molecules
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using the Q1 (6) line of the A2 Σ − X 2 Π (1,0) transition. The operating condition of
the laser is approximately 2.6 W at 10 kHz. The laser beam is expanded through two
cylindrical lenses, then passed through one of the UV fused silica windows, creating
a sheet of approximately 100 mm in height at the flame location.

Temperature Probe

KEN Nozzle

Spark Plug Motor
Spark Plug

DSLR

Power & Control for
Spark Plug Motor

Spark Plug Leads
HSS8/IRO

Coflow Nozzle
Wire Mesh (4)
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Optics
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G

Figure 5.1: Schematic of the KEN burner inside the HPCD and the equipment for
OH-PLIF and DSLR imaging.
An intensified CMOS camera (LaVision HighSpeedStar 8 with HighSpeed IRO,
12 bit, 1024 × 1024 pixel) is used to acquire the fluorescence signal through another UV fused silica window at an angle of 90◦ . The signal is filtered through a
high-transmission band-pass interference filter centered at λ = 310 nm. The spatial
resolution of the camera is 7.8 pixels/mm. For each flame, a set of 2000 images and
another set of 1000 images are taken for analysis. The images are centered on the
burner nozzle tip and cover the first 65 mm of the flame, after cropping out the weakly
fluorescing portions.
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In addition to OH-PLIF, 50 images of each flame at each of four different axial
locations were recorded with a Canon EOS 7D DSLR camera with EF 28-135mm
f/3.5-5.6 IS USM lens using an aperture of f/3.5 and ISO 100. Depending on the
luminous intensity of each flame condition and axial location, shutter speeds between
1/25 s and 1/500 s were used. Each image covers over 100 mm of the flame.

5.2.3

OH-PLIF Data Processing

For each set of OH-PLIF images, corrections are made by removing the average
dark current background noise and by normalizing for energy fluctuations of the
Nd:YAG laser. OH-PLIF in a laminar flame is used to estimate laser sheet spatial
inhomogeneities and a correction based on these images is then applied to the images
of the turbulent flames. Finally, the images are smoothed using a 2D Gaussian
smoothing kernel with a standard deviation of 1, and each is split along the centerline
to form a left and right image, which are then analyzed separately.
Polycyclic aromatic hydrocarbons (PAHs) are well-known soot precursors that
can fluoresce over a very wide range of excitation wavelengths, including in the UV
[140]. Therefore, some contamination of the OH-PLIF images with PAH molecules
is expected, especially at elevated pressure. Indeed, in many studies, the same dye
laser for OH-PLIF is used explicitly for PAH-PLIF by detuning the laser off the OH
transition [76, 79, 141, 142]. In this study, some of the acquired OH-PLIF images
are clearly capturing some PAH fluorescence as well. In order to properly analyze
the OH structure, it is necessary to remove the PAH. In Fig. 5.2, the central image
shows an instantaneous OH-PLIF image taken with the KEN 05-01 flame, and the
left image shows PLIF at the same condition, but with the laser detuned from the
OH transition. By comparing these images, it is clear that the OH forms two, narrow,
highly-structured shapes on either side of the flame centerline, as is characteristic of
non-premixed jet flames, whereas the PAH appears as unstructured bodies along the
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centerline. Some features of the PAH structures are then used to distinguish PAH
from OH systematically: PAH tends to form along the centerline, the peak intensity
of PAH is less than OH at all flame conditions, and the spatial gradient of OH is
much greater than that of PAH. An algorithm that takes advantage of these features
is then used to “erase” the PAH features from the region of interest in the OH-PLIF
images. The result of this procedure is the post-processed image on the right side of
Fig. 5.2.
OH-PLIF
Detuned

OH-PLIF
Post-Processed

g on
f
rest

a.u.

MAX

OH-PLIF
Pre-Processed

0

Figure 5.2: An instantaneous image as a result of OH-PLIF, detuned off the OH
excitation line (left) and an instantaneous OH-PLIF image before (center) and after
(right) processing to remove PAH. All images are from condition KEN 05-01. Note:
the detuned image is not from the same instance as the other images.
Having removed any PAH interference from the OH-PLIF images, a 2D flame front
is generated following the same procedure as with the syngas flames. Edges of the OH
layer are detected using a gradient-based Canny algorithm with unspecified threshold
values [135, 136]. Edges on the air (lean) side of the OH layer are eliminated, leaving
only edges with relatively sharp gradients on the fuel (rich) side of the flame. These
contours closely follow the reaction zone and are defined as the flame front. Two
examples of processed OH-PLIF images with the flame fronts highlighted in red, and
labeled with their respective corrugation factors (to be defined below), are shown in
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Fig. 5.3.
p = 1 bar

p = 5 bar

Re = 10,000

Re = 50,000
CF = 1.99
CF = 1.03

CF = 1.01

CF = 1.40

Figure 5.3: Processed instantaneous OH-PLIF images for two conditions, with the
flame front of each OH layer (35 mm < x < 65 mm only) and its associated computed
corrugation factor identified in red.

5.3
5.3.1

Results and Discussion
Flame Appearance and Flame Length

Figure 5.4 presents stitched instantaneous DSLR camera images of each of the flames
in the constant Reynolds number series. The images are cropped to form segments of
100 mm in height. Differences in shutter speed from one axial station to the next are
responsible for the apparent discontinuities in flame appearance between segments.
The background has been artificially darkened in some cases, but not removed entirely,
producing the circular features (reflections from the back side of the HPCD interior)
behind the flame in many of the images. A comparison of this series of images reveals
a few trends worth noting. The blue region in the near field of the flame shrinks
considerably from 1 bar to 2 bar and is practically non-existent above 2 bar. The
luminous intensity of the flames increases as the pressure increases, indicating an
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increase in soot production. Lastly, the flame length and flame volume appear to
decrease slightly as the pressure increases.
KEN 01-01A KEN 02-01 KEN 03-01 KEN 04-01 KEN 05-01
Re = 10,000 Re = 10,000 Re = 10,000 Re = 10,000 Re = 10,000
p = 2 bar
p = 3 bar
p = 4 bar
p = 5 bar
p = 1 bar
400

x (mm)
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0
0
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Figure 5.4: Composite images of KEN flames in the constant Re series.
Figure 5.5 presents stitched instantaneous DSLR camera images of each of the
flames in the constant velocity series. As with the previous case, the luminous intensity increases with increasing pressure. However, in this series, the flame length and
volume appear to grow as the pressure and Reynolds number increase. And the blue
region shrinks with increasing pressure, but at a slower rate than with the constant
Reynolds number cases.
Each DSLR camera image is binarized using a relative threshold to distinguish
regions of the flame from the background. These binarized images are then averaged
to create a 2D map of the probability of finding a flame at each pixel. Lf , the flame
length, is then defined as the maximum axial distance from the nozzle tip at which a
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Figure 5.5: Composite images of KEN flames in the constant Uj series.
flame is present in 50% of the images. Figure 5.6 presents the flame length of every
flame in this study as a function of the pressure. In the constant Reynolds number
series, the flame length decreases slightly, and linearly, with increasing pressure. By
contrast, the trend in flame length with the constant velocity series is roughly constant
through 3 bar, with a sharp increase in length at 4 bar.
A similar procedure is employed for measuring the mean length of the blue region
of each flame. The blue region of the flame is distinguished from the sooty, yellow
region by using the RGB data of the DSLR camera images. Lb , the length of the blue
region, is defined as the maximum axial distance from the nozzle tip at which a blue
flame is present in 50% of the images. Figure 5.7 shows the results of this analysis.
As seen from the instantaneous images, the length of the blue region in the constant
Reynolds number series decreases dramatically at elevated pressures, and asymptotes
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Figure 5.6: Measured flame lengths for all KEN operating conditions.
to roughly 25 mm in length at 5 bar. Thus, the soot inception zone moves upstream
as a result of the increasing pressure and/or the decreasing bulk jet velocity. With
the constant velocity series, the length of the blue region decreases almost linearly,
at a rate of roughly 18 mm/bar, as the pressure increases. At 5 bar, the length of
the blue region of both the Re = 10,000 flame and the Re = 50,000 flame is 25 mm.
These trends suggest that pressure plays a significant role in not only the amount
of soot produced, but also the residence time necessary for soot to be produced in
appreciable concentrations.

5.3.2

Instantaneous OH-PLIF Images

Pre-processed instantaneous OH-PLIF images from the constant Reynolds number
series are shown in Fig. 5.8a. The colormap for each image is relative to the maximum
intensity of that image, so it is not possible to compare the intensity from image to
image using Fig. 5.8. The OH signal intensity does drop as the pressure increases, due
to molecular line broadening of OH transitions, but the SNR at p = 5 bar remains high
enough to make use of the data. One salient feature of this figure is that the presence
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Figure 5.7: Measured lengths of blue flame region for all KEN operating conditions.
of PAH in the OH-PLIF images becomes significant above p = 3 bar. As noted
previously, PAH is systematically removed from all images before proceeding further
with the analysis of the OH images. A trend of decreasing OH layer thickness as the
pressure increases is observed. This can be attributed to an increase in reactivity
due to molecular collisions [143]. The wrinkling of the OH layer in the five images
appears to be relatively insensitive to changes in pressure.
The instantaneous OH-PLIF images from the constant velocity series in Fig. 5.8b
show a trend of increasing corrugation of the OH layer as the pressure ,and thus the
Reynolds number, increase. This is in conjunction with what appears to be increasing
fragmentation of the OH layer. These two effects are quantified in the next section.
The trend of decreasing OH layer width is less apparent in this series than in Fig. 5.8a,
but still present. Furthermore, the presence of PAH in the near field is much more
subtle at high Reynolds number than at low Reynolds number, for the same pressure;
an observation that could be anticipated from the behavior of the blue regions in the
DSLR camera images.
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Figure 5.8: Instantaneous OH-PLIF images of KEN flames in (a) the constant Re
series and (b) the constant Uj series.

5.3.3

Flame Front Corrugation

In order to quantify the corrugation of the OH-PLIF images, a flame front is extracted
using the method described in Section 5.2.3. Observing the trends in Fig. 5.8, it is
clear that there is little variation in the structure of the OH layer in the pilot region
of the flames. Therefore, the flame front analysis is only applied to the range 35 <
x < 65 (mm). The flame front is a pixel-wide contour along the rich (fuel) side of
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the OH layer. A mean flame front is calculated by taking the mean of all OH images
for a given flame and using the same procedure to identify the rich-side contour of
the OH layer. Then a corrugation factor, CF, may be defined for each image by
taking the ratio of the length of the flame front in that image to the length of the
mean flame front. The corrugation factor is a simple non-dimensional metric for
quantifying the degree of corrugation of the flame front in any image. If a break in
the OH layer occurs, a representative length of the mean flame front is removed to
avoid underestimating the corrugation factor. Referring again to Fig. 5.3, examples
of flame front extraction from two different conditions are shown, along with the
computed corrugation factors. On the left is an image from a flame at a pressure of
1 bar and the lowest Reynolds number and on the right is an image from a flame
at a pressure of 5 bar and the highest Reynolds number. The low Reynolds number
image shows less corrugation and this is reflected in corrugation factors very close to
1, whereas the high Reynolds number image reveals a finely convoluted and broken
flame structure and thus has significantly higher corrugation factors.
The corrugation factor for each side (left and right) of each image is computed
separately. For each flame, two sets of images are recorded (2000 images in the first
set and 1000 in the second), to ascertain if the short acquisition time from high-speed
imaging is possibly failing to capture any longer timescale fluctuations. In comparing
the PDFs from the left and right side and from two different sets (4 PDFs total)
for each condition, no distinction can be made between the PDFs. Therefore, the
corrugation factors from the different sides and different sets are merged to create
PDFs of 6000 measurements for each flame. Futhermore, in confirming that left and
right side PDFs are identical for the high pressure conditions, there is evidence that
the procedure for calculating the corrugation factor is not susceptible to the influence
of OH-PLIF signal attenuation through the flame.
Corrugation factor PDFs at each condition in the constant Reynolds number series
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and the constant velocity series are shown in Fig. 5.9a and Fig. 5.9b, respectively. In
the constant Reynolds number series, very little distinction between flames at different
pressures is seen, with the peak probability occurring near a corrugation factor of 1.05,
indicating that pressure does not play a significant role in wrinkling of the reaction
zone. However, in the constant velocity series, the PDFs have similar shape but
are separated. Higher pressure and higher Reynolds number conditions tend to have
slightly higher levels of corrugation, with the biggest jump from p = 1 bar to p = 2
bar.
There is also a noticeable difference between the two p = 1 bar conditions, despite
having the same Reynolds number. This is clearly due to the influence of the pilot,
which is three times more powerful in the constant Reynolds number case, on the
flame structure in the near field of piloted jet flames. Two possible explanations have
been identified. One reason could be that the increased heat provided to the flame
base with a large pilot results in higher temperatures within the jet, downstream of the
pilot flame region. The increased viscosity reduces the local Reynolds number. This
would result in a less corrugated flame structure. Such a reduction in local Reynolds
number due to heating effects in turbulent flames has been observed previously, where
the Reynolds number decreases locally at the regions of higher probability of OH
radicals [144]. Another mechanism that could explain the effect of the pilot is the
difference in gas velocities between the pilot and main jet. As the velocity of the pilot
gases is increased, the shear between the pilot and main jet is reduced, causing less
disruption in the OH layer downstream of the pilot flame region. However, a study
of the influence of these effects on partially premixed jets indicates that the higher
pilot flame heat release is the primary cause of the observed increased laminarization
(and therefore stability) in the KEN 01-01A condition [145].
Whereas the difference in corrugation factor distribution between flames KEN 0101A and KEN 01-01B is entirely attributable to the power of the pilot, since they are
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(a)

(b)

Figure 5.9: Probability density function of corrugation factors for each KEN flame in
(a) the constant Re series and (b) the constant Uj series.
defined by the same Reynolds number and pressure, the pilot flame conditions are
exactly the same at p = 3 bar for flames KEN 03-01 and KEN 03-03. This means
that the difference in corrugation factor distribution between these flames is entirely
attributable to the different jet Reynolds numbers; Re = 10,000 versus Re = 30,000.
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5.3.4

Local Extinction

Further information may be extracted from the OH-PLIF images by examining the
frequency with which the OH layer breaks in the region of interest, 35 < x < 65
(mm). From the process for identifying the flame front, a threshold for binarizing
the OH-PLIF intensity images is defined. From the binarized images, the number
of OH “islands” can be identified, and from this, the number of separations in the
OH layer, a measure of local extinction, is determined. The number of separations
per image are used to generate PDFs that indicate the frequency of OH layer separations for each condition. The PDFs at each condition in the constant Reynolds
number series and the constant velocity series are shown in Fig. 5.10a and Fig. 5.10b,
respectively. For the constant Reynolds number series, there is a small difference in
the frequency of these separations, with the likelihood of breaks increasing as the
pressure increases. This could be a result of the decreasing thickness of the OH layer.
The differences in frequency of separations in the constant velocity series are much
more significant. While the decreasing thickness of the OH layer could be a factor
here as well, differences in the Reynolds number are primarily responsible for this
behavior.
In addition to the frequency of OH separations, it is also instructive to observe
the details of these separations. Figure 5.11 shows the PDFs of the OH “island” areas
for the constant velocity series. Not only does the frequency of OH layer separation
increase with the Reynolds number (and pressure), but the layers break into smaller
“islands” of OH.
Related to the area of the OH “islands” is the separation distance between them.
The separation distance is defined by finding the two closest points on neighboring
“islands” and measuring the length of a straight line between them. Figure 5.12
shows the PDFs of the separation distance between adjacent OH “islands” for the
constant velocity series. The mean separation distance decreases monotonically as
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(a)

(b)

Figure 5.10: Probability density function of OH layer separations per image for each
KEN flame in (a) the constant Re series and (b) the constant Uj series.
the Reynolds number (and pressure) increases.
The overall analysis of the OH-PLIF results may be summed up as follows. Increasing the pressure, while maintaining the Reynolds number, has very little, if any,
effect on the flame front corrugation and only limited influence on the frequency of
OH layer separations as a result of the decreased thickness of these layers. Increasing
the Reynolds number, in conjunction with the pressure, increases the level of flame
front corrugation. However, as the corrugation intensifies, the frequency of OH layer
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Figure 5.11: Probability density function of the areas of OH “islands” in OH-PLIF
images for each KEN flame in the constant Uj series.

Figure 5.12: Probability density function of the separation distances between adjacent
OH “islands” in OH-PLIF images for each KEN flame in the constant Uj series.
separations increases as well. When this occurs, the corrugation factor alone cannot
explain the changes in flame structure. Other metrics, such as the frequency of OH
layer separations, the OH “island” area, and the “island” separation distance, are
needed to understand the full picture. As the Reynolds number increases beyond Re
= 20,000, additional corrugation is limited and the increased mixing leads instead to
more frequent breaks in the OH layer, resulting in smaller “islands” of OH separated
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by shorter distances. It is also possible that the observed insensitivity of the corrugation factor to changes in Reynolds number above Re = 20,000 reflects a limitation
on the spatial resolution of the technique. In order to verify this, higher resolution
measurements are necessary.

5.4

Conclusions

The HPCD has been used to test piloted, ethylene-nitrogen turbulent diffusion flames,
that are well-suited for model validation, over a moderate range of pressures and a
wide range of Reynolds numbers. DSLR camera images show that the length of the
non-sooting region of the flames decreases quickly above atmospheric pressure if the
Reynolds number is held constant, whereas it decreases more gradually if the bulk jet
velocity is held constant. In both cases, the blue region is virtually nonexistent at p =
5 bar. OH-PLIF images in the constant Reynolds number series show that corrugation
of the flame front is insensitive to changes in pressure. Changes in Reynolds number
as the pressure increases have a dramatic effect on the corrugation of the flame front
and the frequency of separations in the OH layer. As the Reynolds number increases
beyond Re = 20,000, the corrugation of the flame changes only slightly, whereas
the frequency of OH layer separations continues to increase while the areas of OH
“islands” and the separation distances between those “islands” continue to decrease.
This study shows that the HPCD makes it possible to test canonical turbulent
diffusion flames not only at elevated pressures, but also at high Reynolds numbers
that are more relevant to practical operating conditions (of gas turbines, for instance)
and are otherwise inaccessible. It is notable that experiments at atmospheric pressure
have shown that, for the same composition and pilot power as the constant velocity
series, the maximum Reynolds number that can be reached before blowoff is only
slightly more than Re = 20,000 (see Chapter 6). From the trends discussed here, it
is certain that the flames in the constant velocity series will eventually reach total
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blowoff if the pressure is increased beyond p = 5 bar, but these experiments have
already shown that pressure can be used to push the Reynolds number at least 2.5×
higher than is possible by changing the bulk jet velocity at p = 1 bar.
Future work on this family of sooting flames should focus on characterization
of the soot properties as the pressure and Reynolds number change. Subsequent
applications of OH-PLIF could also benefit from higher resolution (as opposed to a
large field of view in this study) to ensure that the flame front is truly resolved at
elevated pressures. And simultaneous measurements of OH and PAH should help to
eliminate any possible ambiguities in the identification of OH.
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Chapter 6
Measurements of Soot Particle Size Distribution Functions

6.1

Introduction

This chapter describes the first experiments on the KEN flames at atmospheric pressure, while the HPCD was under construction. A time-averaged soot Particle Size
Distribution Function (PSDF) is determined at multiple axial locations along the
centerline of flames of different Reynolds numbers using a Scanning Mobility Particle
Sizer (SMPS). To the best of our knowledge, this is the first published case of this
technique being used to characterize soot in a turbulent flame. It was during this
study that the KEN flame was first defined. High nitrogen dilution for lowering the
soot volume fraction is necessary to make SMPS in a turbulent flame possible. 65%
dilution was found to be the highest level possible in a Re = 20,000, p = 1 bar flame
with a pilot power of 6% of the jet.
A number of diagnostic techniques for detecting soot exist. These diagnostics
tend to focus on measuring the total soot volume fraction and/or the soot particle size distribution. D’Anna gives an overview of the pros and cons of the most
common techniques, including intrusive techniques such as scanning mobility particle
sizing (also called differential mobility analysis), Transmission Electron Microscopy
(TEM), and Atomic Force Microscopy (AFM), as well as non-intrusive techniques
like Laser-Induced Incandescence (LII), Laser-Induced Fluorescence (LIF), and scattering/extinction [146]. SMPS has been used extensively over the last 20 years to
characterize the nanoparticle size distribution in laminar sooting flames. While this
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technique requires careful implementation to get accurate results, it has the benefit
of being able to measure size distributions from 1 nm up to over 100 nm without
any manipulation of the sample. One laminar premixed flame that has been of particular interest is composed of a rich mixture of ethylene, argon, and oxygen. Zhao
et al. found that the dilution ratio (the ratio of volume of nitrogen in the sampling
line to the volume extracted from the flame) was a critical factor in eliminating the
effects of particle coagulation in the sampling line [147]. In another paper from the
same group, it was estimated that a critical dilution ratio of 104 was necessary [148].
A study published in 2005 found that the particle size distribution was bimodal at
low temperatures but then transitioned to a unimodal shape at higher temperatures;
a feature that could be explained by competition between particle nucleation and
particle-particle coagulation [149]. A later report indicated that the location of the
bimodal split in the particle size distribution function was dependent on flame temperature and that the presence of bimodality was not necessarily indicative of particle
aggregation [150]. By comparing results from SMPS, TEM, and small angle neutron
scattering, discrepancies between soot measurements made by SMPS and TEM were
attributed to the fact that soot particles formed in this flame were liquid-like and thus
tend to deform when deposited on a TEM grid [151]. In all of these cases, a singlestage dilution probe was used. Maricq et al. demonstrated the use of a three-stage
ejector pump to sample from a rich premixed ethylene-air flat flame and the results
of the SMPS analysis also revealed some bimodal particle size distributions [152].
The same three-stage pump was later used to compare ethane, ethylene, acetylene,
and benzene/ethylene premixed flames [153]. The sampling apparatus was modified
to perform dilution immediately at the point of sampling while increasing the total
dilution to ∼ 40,000 and the bimodal size distribution was confirmed [154].
The most common diagnostics utilized in studying sooting turbulent non-premixed
flames are nonintrusive techniques, especially LII and scattering/extinction. Despite
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the obvious advantages of nonintrusive techniques, there are drawbacks as well. The
combination of light scattering and extinction is not able to provide the soot primary
particle diameter, whereas the combination of LII and light scattering can make the
determination of soot volume fraction, primary particle diameter and aggregate size
possible [155]. However, LII and light scattering are appropriate only for detection
of larger soot particles [146]. LII may be used for quantitative measurements of both
soot volume fraction and primary particle size, but this relies upon the ability to
accurately model the physical factors that influence the LII signal [121]. Stirn et al.
found good agreement between measurements made with SMPS and LII on premixed
laminar ethylene/air flames in conditions where both methods are applicable, but with
LII it was not possible to distinguish signals from smaller particles in the presence
of larger, more luminous particles [156]. To adequately characterize the particle size
distribution over a wide range of particle diameters, an intrusive technique like SMPS
may be required.

6.2
6.2.1

Experiment
Flame Conditions

The ethylene (KEN) turbulent nonpremixed flames are piloted round jets (D = 3.4
mm) of 65% N2 , 35% C2 H4 by volume, with a burner geometry similar to an existing
flame in the ISF Workshop Workshop. Full details of the first version of the KEN
burner and the baseline condition were given in Section 2.3.2. As these experiments
are performed in an open room, ignition of the pilot flame is achieved with a sparking
long-reach gas igniter. Two flames are explored in this study. The baseline flame
(KEN 01-01B) has a Reynolds number of 10,000 with the pilot providing 6% of the
heat release of the jet. The other flame has twice the bulk jet velocity and therefore
twice the Reynolds number. For all conditions, the air coflow velocity is 0.6 m/s.
Table 6.1 lists the bulk flow parameters for all of the flames.
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Table 6.1: Bulk flow parameters for the KEN flames in the SMPS study.
p
Uj
P
Pp
Ucf
Designation
Re
(bar)
(m/s) (kW) (%) (m/s)
KEN 01-01B
1
10,000 36.6
6.67
6
0.60
KEN 01-02B
1
20,000 73.2 13.30
6
0.60

6.2.2

Sampling Apparatus

The sampling apparatus is composed of a 9.5-mm stainless steel tube oriented perpendicular to the flame. The tube has a 500-µm orifice drilled into it which is aligned
with the flame centerline and draws small amounts of flame product into the tube. A
mass flow controller sets the flow rate of N2 used as the diluent in the sample tube.
Pressure gauges are placed upstream and downstream of the orifice to estimate the
pressure inside the tube at the orifice. A metering valve and vacuum pump are placed
downstream of the second pressure gauge, allowing fine control of the pressure in the
tube. Water-cooling is provided to the exterior surface of the sampling tube both
upstream and downstream of the orifice.
In the second iteration of the apparatus, a second dilution stage is added downstream of the first stage to increase the amount of total sample dilution achievable.
Similar to the first stage, a mass flow controller meters the amount of additional N2
allowed into the system after the majority of the sample gas from the first stage is
purged. A second metering valve and vacuum pump are placed downstream of the
second N2 input to allow control of the second stage dilution ratio. The total system
has four devices for controlling the ratio of flame sample to diluent: two mass flow
controllers and two valves. In practice, the first flow rate is kept constant at 29.5
nlpm (normal liters per minute; reference 273.15 K, 101.325 kPa) and the second flow
rate is kept constant at 15.5 nlpm. The first valve is used to control the dilution ratio
in the first stage by controlling the pressure inside the tube at the orifice. The second
valve controls the amount of sample from the first stage that is passed to the second
stage. The entire two-stage dilution apparatus and SMPS are shown in Fig. 6.1.
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Figure 6.1: SMPS sampling system with two stages of N2 dilution. Note: The
schematic is for illustrative purposes, and not all features are to scale.

6.2.3

Scanning Mobility Particle Sizer

The SMPS used in this study is manufactured by TSI® and consists of a Model 3080
electrostatic classifier with either a Nano-DMA or a Long-DMA, and a Model 3775
CPC. The sample flow rate is set to 1.5 lpm and the sheath flow rate is 15.0 lpm.
Under these conditions, the SMPS is capable of scanning over a range of particle
diameters from 2 nm up to almost 70 nm (Nano-DMA) or from 6 nm up to > 200
nm (Long-DMA). Multiple scan times are investigated, and little difference is found
in the results. A scan time of 120 seconds is used for all conditions.

6.2.4

Procedure

Before proceeding with in-flame measurements over a range of distances from the
nozzle exit, it is necessary to ensure that errors in the sampling and measurement
process are reduced as much as possible. One potential source of error is from deposition of soot on the orifice which can cause the measured particle concentration
to be time-dependent. The SMPS takes time-averaged measurements, meaning that
the time scale of the measurements (on the order of one-tenth of a second) is much
greater than the time scale of turbulent fluctuations in the flame. Ideally, the dilution
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ratio of nitrogen to nanoparticles from the flame in the sampling tube will be constant
during the 120-second SMPS scan time. However, if an appreciable amount of soot
is deposited on the orifice wall during the scan, then measurements at the beginning
of the scan will correspond with a different (lower) dilution ratio than those at the
end of the scan. Early experiments with pure C2 H4 flames indicated that soot deposition could occur very quickly and could completely clog the orifice in less than a
minute. This phenomenon is shown in Fig. 6.2, where the orifice is clearly seen before
an experiment (a) and after an experiment in which the level of soot is relatively
low (c), but the tubing and orifice are completely covered with soot at a different,
strongly-sooting condition (b).
(a)

(b)

?
Orifice
(c)

Figure 6.2: Picture of the sampling tube orifice (a) before an experiment, (b) after
an short duration at a strongly-sooting condition, and (c) after a short duration at a
lightly-sooting condition.
To ensure that clogging is not a source of error, measurements in the CPC mode
are carried out. In this mode of operation, a single voltage is used instead of scanning
over a range so that a specific particle diameter is observed as a function of time.
Since a single particle size is selected during a CPC experiment and the timescale
of the sampling rate is much longer than the timescale of turbulent fluctuation, the
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instrument should measure a roughly constant concentration as a function of time.
During measurements, the sample probe and the gases expand due to heating and
cause a rise in the sampling tube pressure. Initially, this effect was not controlled and
the valve was used passively, in that it was used to set the correct pressure before
an experiment but it was not adjusted during an experiment. The results of this are
seen in Fig. 6.3, which is a CPC output where three of the experiments are labeled as
“Passive.”

Figure 6.3: Experiments in CPC mode where “Passive” indicates no valve control
and “Active” indicates the valve was controlled during the measurement.
When the valve is passively controlled, changes in pressure will artifically decrease
the measured particle concentration. This is prevented by incrementally opening up
the valve 1 continuously, while keeping valve 2 fixed. The rate of sample intake into
the probe and consequently the dilution is thus kept constant for any desired reading
on pressure gage P2 . Thus, the particle concentrations for the actively controlled
experiments shown in Fig. 6.3 vary by less than 25% of the mean for t > 60 seconds.

118
Prior to each SMPS experiment, a CPC experiment is performed in which a particle size of 8 nm and time duration of 300 seconds is chosen. Eliminating the measurements in the initial 90 seconds, which is approximately the time taken to achieve
steady-state operation, the particle concentration over the remaining 210 seconds is
found to stay within a factor of two and no long-term decline is observed. Thus, the
orifice does not get clogged during the data collection process.
An additional benefit of the CPC procedure is that a “wait time” of 90 seconds,
during which the flame and sampling system reach a steady state, is determined.
As a result, all subsequent SMPS measurements are initiated at least 90 seconds
after the flame is ignited. Furthermore, CPC studies prove that keeping a constant
pressure reading on P2 by continuously adjusting valve 1 is sufficient to maintain a
constant dilution ratio during the experiment and continuous operation of valve 2 is
not necessary.
A second potential source of error is from particle-particle coagulation in the sampling line. When a significant amount of post-flame coagulation occurs, the measured
particle concentrations are no longer representative of the true concentrations in the
flame. Instead, the measured concentrations of smaller particles are artificially low
while those of larger particles are artifically high, thus distorting the observed PSDF.
Coagulation of soot particles in between the point of sampling and detection in the
CPC must be eliminated or its effects on the PSDF must be estimated. The most
effective way to eliminate coagulation is to ensure sufficient dilution of the sample,
which effectively “freezes” the reactions. The dilution ratio is controlled by opening
and closing the valves.
To test the effects of coagulation along the sampling line and to optimize the
valve settings, a parametric study over a range of pressures and valve 2 settings is
conducted at the x/D of peak total soot concentration. Note that the P2 reading is
an indirect measure of the actual orifice pressure but it has been shown to determine
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the dilution ratio in the first sampling stage and may consequently be seen as a proxy
for that measurement. The actual orifice pressure is unknown and is not measured
in our experiments. In all cases, the P2 reading is maintained below atmospheric
pressure to ensure that sample gases are being drawn from the flame through the
orifice. The results of the parametric studies (see next Section) indicate that there
are a number of settings for which coagulation is apparently eliminated.
Additional sources of error are handled during the processing of the raw data
collected by the CPC. The AIM software developed by TSI® has some data correction
algorithms. The diffusion loss algorithm corrects for particles lost as they diffuse to
the tubing walls within the SMPS instrument. For large particle diameters, a multiple
charge algorithm is used to correct for particles that have higher mobility in the DMA
due to multiple charges rather than aerodynamic considerations (drag) based on the
true particle diameter. A diffusion loss correction is applied to the processed SMPS
data to account for losses in the sampling tube upstream of the impactor as well. The
effects of these corrections are quantified in Section 6.3.3.
Using an appropriate combination of pressure and valve 2 position, SMPS scans
are performed along the flame centerline at multiple axial locations in increments of
∆x/D = 5. To prevent accumulation of soot on the sampling tube and around the
orifice, the flame is present only during the scans and the orifice is regularly cleaned
with wire between scans. Generally, two consecutive 120-second scans are performed
at a given location and then the orifice is cleaned before moving the burner to the
next location. After post-processing, multiple data sets from the Nano-DMA and
Long-DMA (when required) for each x/D are merged to create soot PSDFs as a
function of distance from the nozzle exit.
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6.3
6.3.1

Results and Discussion
Dilution effects

To eliminate the possibility of coagulation in the sample tube, a parametric study of
different valve settings is used to investigate the effect of dilution on the measured
particle concentration PDFs. Tests are performed on both flames. The tests on
the Re = 10,000 flame are more extensive because it exhibits higher total particle
concentrations than the Re = 20,000 flame. It is shown that a set of conditions that
work on the higher sooting flame work for the other flame as well.
For each condition in the study, a different combination of valve settings was used.
By opening the first valve, a lower negative pressure (pvalve , measured by the second
pressure gage P2 downstream of the orifice) is achieved and more sample is drawn
from the flame. Four values of pvalve were chosen for the study. Similarly, by opening
the second valve, more sample is drawn from the first stage. Three valve settings (low,
medium, high) were chosen and an additional condition was added in which there was
only one stage of dilution. Of the sixteen possible pressure/valve combinations in the
study, only thirteen were achievable due to limitations in the capacity of the vacuum
pumps. Measurements were taken along the flame centerline at x/D = 60 in the Re
= 10,000 flame. For each test, two consecutive 120-second scans were performed. The
pressure/valve combinations and the measured total volume concentrations, V , from
the SMPS scans are reported in Table 6.2.
Table 6.2: Total volume concentration (V , nm3 /cm3 ) for each pressure, pvalve , and
valve 2 setting in the parametric dilution ratio study for Re = 10,000.
Two-Stage, Two-Stage, Two-Stage,
SingleLow
Medium
High
Stage
8
9
9
pvalve = -0.15 kPa
3.3 × 10
2.1 × 10
1.7 × 10
6.6 × 109
pvalve = -0.30 kPa
1.9 × 109
9.4 × 109
1.6 × 1010 8.5 × 1010
10
pvalve = -0.60 kPa
2.3 × 10
5.5 × 1010 3.0 × 1011
pvalve = -1.20 kPa
1.0 × 1011 9.8 × 1011
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Total number concentrations are affected by coagulation, so to get a sense of the
range of dilution ratios covered in this study, one may instead examine the range
of total volume concentrations. This requires a few assumptions. First, one can
neglect differences in thermal expansion of the diluent amongst the thirteen cases,
which should be minor due to the water-cooled sections of tubing. Second, it may be
assumed that volume contributions from particles with diameters larger than 64 nm
are not significant. A crude analysis of the existing data indicates that the inclusion
of larger particles would increase the total volume of soot by no more than a few
percent in the least diluted case and far less than this in all other cases. Lastly,
it is assumed that total volume concentration is conserved, even in the presence of
coagulation in the sampling line. This is true if soot particles are spherical, regardless
of the processes that formed them, meaning the mobility diameter as measured by the
SMPS can be used to calculate the volume of the soot particles. Since this assumption
is implied in the act of using the SMPS to measure soot particle distributions in the
first place, this assumption will be maintained for the sake of this argument. Under
these assumptions, the range of total volume concentrations is exactly representative
of the range of dilution ratios covered in this study.
The values in Table 6.2 indicate that increasing the pressure (increasing the dilution ratio in the first stage) and shifting from single-stage to the lowest two-stage
dilution (increasing the dilution ratio in the second stage) both result in decreasing
values of V as expected. The ratio of V from the least diluted case (pvalve = -1.20
kPa, single-stage) to the most diluted case (pvalve = -0.15 kPa, low) is almost 3,000.
It is a safe assumption that the dilution ratio even in the least diluted case is greater
than 3, meaning the most diluted case is on the order of magnitude of 10,000 or more,
which is a reasonable dilution ratio based on previous studies on laminar flames [148].
It should be re-emphasized that this is a very rough estimation and further investigation is required to assess the true dilution ratio at which these measurements are
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taken. Nonetheless, a sufficiently large range of dilution ratios is covered and V may
be used as a proxy for the dilution ratio. To avoid confusion, it is worth emphasizing
that V is a quantity measured by the SMPS and thus represents the total volume
concentration in the sample, not the concentration at the sampling location in the
flame.
A process for ensuring adequate dilution by comparing soot PSDFs at different
levels of dilution was demonstrated by Zhao et al. [147]. Coagulation tends to distort
nanoparticle PDFs as measured in the SMPS. The elimination of coagulation effects
through sufficient dilution in the sampling line should result in a number concentration PDF that is invariant with further increases in the dilution ratio (provided
the detection limit of the instrument is not exceeded). Number concentration PDFs
(given as (dN/dlogDp )/N to normalize for the number of SMPS bins) as a function
of bin particle diameter, Dp , for all thirteen cases are given in Fig. 6.4a. The corresponding volume concentration PDFs for the same cases are given in Fig. 6.4b. There
is a remarkable similarity in the distributions for the seven (colored) cases with the
lowest total volume concentrations, and thus the highest dilution ratios, whereas in
the other six cases, a severe divergence in the shape of the PDFs is revealed. Without exception, as the total volume concentration increases, the distribution exhibits
higher concentrations of large nanoparticles relative to the concentration of small
nanoparticles. This behavior strongly suggests coagulation of nanoparticles in the
sampling line in the six least diluted cases.
The trends in the distributions may be better understood by examining the moments of the PDFs. In Fig. 6.5 the mean, Dp , and variance, σ 2 , of the number concentration distributions are plotted as a function of the corresponding total volume
concentration for each condition in the parametric study. At high total volume concentrations, the mean tends to decrease as the total volume concentration decreases.
However, below a certain value of V , this trend flattens out. This critical total volume
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(a)

(b)

Figure 6.4: Nanoparticle (a) number concentration PDFs and (b) volume concentration PDFs for all cases in the Re = 10,000 dilution ratio study.
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concentration, Vcrit , has a value of approximately 2.0 × 1010 nm3 /cm3 . The trend in
variance of the distributions is very similar. For the seven cases for which V < Vcrit ,
the mean diameter is approximately 4.3 nm and the variance is less than 16 nm2 . For
these cases, the sample is considered to be sufficiently diluted.

Figure 6.5: Mean and variance of the number concentration PDFs in the Re = 10,000
dilution ratio study. A vertical dashed line is shown at the critical total volume
concentration.
A similar, but less exhaustive, study is performed for the Re = 20,000 flame.
Only five conditions are tested. Measurements were taken along the flame centerline.
For each test, two consecutive 120-second scans were performed. The settings and
the corresponding total volume concentrations are given in Table 6.3. Number concentration PDFs for all five cases are given in Fig. 6.6a. The corresponding volume
concentration PDFs for the same cases are given in Fig. 6.6b. As expected from the
other study, the cases with the lowest total volume concentrations (and highest dilution ratios) exhibit very similar PDFs, indicating that the effects of coagulation are
minimized and the samples are sufficiently diluted. The critical total volume concentration for this flame, Vcrit ≈ 2.0 × 109 nm3 /cm3 , is an order of magnitude lower than
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the value from the Re = 10,000 study. For the four cases for which V < Vcrit , the
mean diameter is approximately 3.1 nm and the variance is approximately 1.3 nm2 .
Table 6.3: Total volume concentration (V , nm3 /cm3 ) for each pressure, pvalve , and
valve 2 setting in the parametric dilution ratio study for Re = 20,000.
Two-Stage, Two-Stage,
Low
Medium
7
pvalve = -0.15 kPa
2.8 × 10
9.8 × 107
8
pvalve = -0.30 kPa
2.9 × 10
1.2 × 109
pvalve = -0.60 kPa
4.9 × 109
Results of these parametric studies show that it is possible to sample from a sooting turbulent non-premixed flame and analyze the resulting samples in a SMPS, but
it is important to characterize the effect of the sampling method on the results. In
this case, a two-stage dilution system was a significant improvement over a singlestage dilution system. Looking at Table 6.2 and Table 6.3, it is evident that even
small changes in the pressure at the orifice can yield large differences in dilution ratio. Changes in the second valve setting have a less pronounced effect. However,
the addition of a second stage of dilution allowed the dilution ratio to increase by at
least an order of magnitude. It is also worth noting that although the dilution ratio
is greatest for the highest pressure setting, this was not the ideal setting for taking
measurements. One reason is that because the pressure is so close to atmospheric
pressure, small fluctuations in orifice pressure during the experiment (which are impossible to eliminate) can create artifical oscillations in the results. Another reason
is that it is best to keep the dilution ratio below the critical value but not too far
below, as there is more uncertainty in the measurement of highly diluted samples.

6.3.2

Particle size distribution functions

Given consistent concentration measurements (verified by CPC recordings) and sufficient dilution, particle sizing is carried out at multiple axial locations in each flame.
All measurements are taken along the flame centerline at increments of ∆x/D = 5.
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(a)

(b)

Figure 6.6: Nanoparticle (a) number concentration PDFs and (b) volume concentration PDFs for all cases in the Re = 20,000 dilution ratio study.
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In each case, a pressure reading of pvalve = -0.30 kPa is maintained and the two-stage
setup with the medium valve 2 setting is used. Multiple scans are taken at each
location. For conditions where an appreciably high concentration of particles with
diameters beyond the maximum range of the Nano-DMA are present, scans are taken
with the Long-DMA as well. The results of all of the scans at a given location are
merged to create the final PSDF. An example of multiple scans at a single location is
shown in Fig. 6.7. It is observed that in all cases, scan-to-scan variation is negligible.

Figure 6.7: Two scans with the Nano-DMA, two scans with the Long-DMA, and the
merged results. SMPS measurements are taken in the Re = 10,000 flame at x/D =
75.
The resulting PSDFs of the Re = 10,000 flame are given in Fig. 6.8. There is a
progressive shift from smaller particles to larger particles as the distance from the
nozzle exit increases. At higher axial locations, the size distribution tends to flatten
out in the range of 6-20 nm. Similar trends are observed in the PSDFs of the Re =
20,000 flame in Fig. 6.9. In this case, the PSDFs become flatter further away from
the nozzle exit, but not to the same extent as with the Re = 10,000 case. It is noted
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that at no location in the Re = 20,000 flame are particle diameters above the upper
limit of the Nano-DMA (∼70 nm) measured in any significant concentration. The
Long-DMA was never needed for this flame.

Figure 6.8: Time-averaged number concentration particle size distribution functions
along the centerline of the Re = 10,000 flame.
Figure 6.10 shows the mean particle diameter of each PSDF in Fig. 6.8 and Fig. 6.9.
The mean particle diameter increases monotonically with the distance away from the
nozzle for both flames. For the Re = 20,000 flame, the trend is almost linear, whereas
the rate of increase of mean particle diameter increases with x/D in the low-Re flame.
The axial location of soot inception, at which soot concentration becomes measurable,
is 20 diameters greater in the Re = 20,000 flame, suggesting a relationship between
the bulk jet velocity, and therefore residence time, and the growth of soot. The
increased residence time in the low-Re flame also leads to larger soot particles.
Because the exact dilution ratio is not known for each location, it is not possible
to determine the soot volume fractions from the SMPS data. It is likely that the
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Figure 6.9: Time-averaged number concentration particle size distribution functions
along the centerline of the Re = 20,000 flame.

Figure 6.10: Mean particle diameters of the number concentration soot PSDFs.
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dilution ratio changes with each location due to differences in heat transfer from the
flame to the sampling tube. However, some useful information may still be obtained
by observing trends in the measured total volume concentration with x/D. Figure
6.11 presents the volume concentration profiles, where the total volume concentration
at each x/D is normalized by the maximum total volume concentration of that flame.
Both curves have a Gaussian shape, which is common characteristic of turbulent
nonpremixed jet flames [65, 66, 141]. The peak total volume concentration occurs at
x/D = 75 for the Re = 10,000 flame and at x/D = 85 for the Re = 20,000 flame.
The maximum absolute total volume concentration is approximately 20 times greater
for the low-Re case than for the high-Re case.

Figure 6.11: Normalized total volume concentrations.
Due to the difficulties in measuring soot particle size distribution functions in
turbulent flames, there is little data with which to compare these results. However,
the flames in this study have recently been modeled by Schiener and Lindstedt, using a
sectional model coupled with a transported probability density function method [157].
They find fair overall agreement, but the Re = 20,000 results produce the better
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comparison. Trends in mean particle diameter also show monotonic growth as x/D
increases but the slope is lower for the numerical results.
A numerical study by Lucchesi et al. may yield additional insight into the nature
of the observed PSDFs [158]. In this study, a turbulent non-premixed n-heptane
flame with a jet Reynolds number of 15,000 was investigated via DNS. The results
were post-processed using a Monte Carlo method and evolution of soot along certain
Lagrangian trajectories was reported. The findings indicate that instantaneous soot
PSDFs at any given location on the centerline (at a given time in the simluation)
may take on a wide range of unimodal or bimodal shapes. However, the average
PSDF of these distributions exhibits a high value at low particle diameters with
a monotonically decreasing probability as the particle diameter increases. In light
of these results, the PSDFs presented in Fig. 6.8 and Fig. 6.9 may in fact represent
the effect of many different, more familiar (from work in laminar premixed flames)
distributions integrated over time.

6.3.3

Uncertainty and error

Diffusion losses inside the instrument and errors from multiply charged particles were
corrected for by the SMPS software algorithm provided by TSI® . The magnitude of
the corrections applied by both algorithms is a function of the particle diameter. For
the diffusion loss algorithm, the effect is greatest on the smallest diameter particles.
For concentrations of particles in the 2.25 nm bin, the correction is over 130×. The
magnitude of this correction decreases exponentially with increasing diameter: it is
about 11× for the 4.00 nm bin, and is less than 2× for diameters greater than 13.00
nm. The multiple charge algorithm applies only to particles with very large diameters
(approaching 100 nm) and is essentially 1 for all cases reported here. Losses upstream
of the instrument were accounted for as well during post-processing of the SMPS data,
but this correction is relatively minor, resulting in a 2× increase for only the smallest
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(< 2.50 nm) particles. The data collected has been presented in its entirety for the
sake of completeness, however, because of the extreme corrections to the raw data,
some caution should be exercised when considering the data, especially in the range
below 4 nm.
In general, the uncertainty in these measurements is a strong function of the particle number concentration. The accuracy of the concentration reading is improved
by increasing the number of particles detected by the CPC. This works in our favor
because the conditions with low particle concentrations, and therefore greater uncertainty, also contribute least to the PDFs. Further, for this purposes of this study, we
are only concerned with the particle concentrations at a given diameter relative to
other concentrations (because we are only evaluating the PDFs) so any instrumental
uncertainties that could impact the total number concentration (such as uncertainties in flow rate) are neutralized. On the other hand, the counting efficiency of the
CPC decreases sharply with decreasing particle diameter, below 10 nm. The counting
efficiency at 4 nm is less than 50%. The software tends to compensate for this loss
in efficiency and may over-correct the data. Regarding the measurement error, for
every condition, two measurements were made. The ratio of the higher value to the
lower value rarely exceeds 2. The relative error is close to 50% for a few samples and
remains below 10% for the vast majority of samples taken. As discussed previously,
it is important to keep in mind that one limitation of the SMPS is that it actually
measures particle mobility diameter and soot particles are not perfectly spherical.
Lastly, as with all instrusive techniques, there is inevitably some flow disturbance
created by the probe itself.

6.4

Conclusions

It has been shown that the scanning mobility particle sizer is a useful tool for soot
characterization not only for laminar flames, but also for highly diluted turbulent
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flames. Care must be taken to ensure that measured particle concentrations are not
fluctuating with time and that coagulation effects in the sample line are eliminated
as much as possible. In this case, a second dilution stage was necessary for the latter
condition. Centerline soot PSDFs were measured for turbulent nonpremixed nitrogendiluted ethylene flames with Re = 10,000 and Re = 20,000. The size distributions
reveal that the mean particle diameter increases monotonically with distance from
the nozzle. In general, the number concentration peaks for particle diameters below 4
nm and the concentration decreases monotonically with increasing particle diameter.
Soot production begins closer to the nozzle and total volume concentrations tend to
be much greater in the Re = 10,000 flame. Both flames exhibit a Gaussian volume
concentration profile along the centerline. Future work should include measurements
of the soot volume fraction in these flames.
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Chapter 7
Measurements of Soot Volume Fraction

7.1

Introduction

This chapter describes the first soot experiments on the KEN flames in the HPCD.
Laser-induced incandescence (LII) is used to quantify the soot volume fraction in
three flames, from p = 1 bar to p = 5 bar. The bulk jet velocity is the same in all
three cases, so the Reynolds number scales with the pressure.
The production of soot in flames is known to be heavily influenced by pressure. In
laminar diffusion flames, pressure is known to increase soot concentration by affecting
both the flame shape and by enhancing the soot formation mechanism [83]. Many
studies report a soot concentration dependence on pressure in the form of pn . Experiments on methane laminar diffusion flames show an exponent of n = 2 for a range of
pressures between 5 and 20 bar, and n = 1.2 for 20 to 40 bar [159]. Studies on laminar
nitrogen-diluted ethylene diffusion flames at pressures up to 16 bar reveal that peak
soot volume fraction has a pressure dependence of n = 2.2 [85]. Measurements in
nitrogen-diluted ethylene counterflow diffusion flames from 2 to 5 bar yield n = 3.45
for the peak soot volume fraction, when keeping the global strain rate constant [160].
Experiments on turbulent sooting flames at elevated pressures have been rare.
Flower (1988) examined turbulent ethylene-air diffusion flames up to 8 bar [87]. Soot
volume fractions, determined by laser attenuation, were found to peak at approximately half the visible flame length. When the Reynolds number and flame residence
time were held constant, the peak integrated soot volume fraction was found to in-
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crease as p1.4 . Experiments in the Cranfield Institute of Technology rig showed a
mostly linear relationship between the soot formation rate and pressure for turbulent
diffusion flames of both prevaporized kerosene [89] and kerosene spray flames [90].
However, soot volume fraction measurements via laser extinction tomography in turbulent diffusion flames of methane at 1 bar and 3 bar in this rig show a much larger
pressure dependence than the kerosene flames; almost an order of magnitude increase
in soot production for a threefold increase in pressure, with the Reynolds number
held constant [91].
As the formation of soot is a very complex process, pressure is not the only
factor that may influence the production of soot in turbulent flames. Mahmoud et
al. (2018) have examined the effect of exit Reynolds number on soot volume fraction
in attached turbulent nonpremixed flames of C2 H4 /H2 /N2 [66]. They find a weak
inverse relationship between Re and the mean and instantaneous soot volume fraction,
but the total soot volume normalized by flame volume is independent of Re. In a
separate study, they examined the effect of exit strain rate (Uj /D), finding an inverse
relationship between it and the mean, instantaneous, and volume-integrated soot
volume fraction [65]. Direct numerical simulations have shown that the soot mass
fraction in n-heptane turbulent nonpremixed flames is affected by the Damköhler
number, showing a decrease of more than an order of magnitude for a factor of four
decrease in Da [161]. All of these competing effects must be considered when assessing
the influence of pressure on soot production in turbulent nonpremixed flames.

7.2
7.2.1

Experiment
Flame Conditions

The ethylene (KEN) turbulent nonpremixed flames are piloted round jets (D = 3.4
mm) of 65% N2 , 35% C2 H4 by volume, with a burner geometry similar to an existing
flame in the ISF Workshop Workshop. Full details of the second version of the KEN
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burner and the baseline condition were given in Section 2.3.2. An Nd:YAG laser
(same laser as for the LII but with higher energy for ignition) is used to ignite the
pilot flames by sparking off the central fuel tube (see Section 2.2.7). The baseline
flame (KEN 01-01B) has a Reynolds number of 10,000 with the pilot providing 6%
of the heat release of the jet. In this series of flames, the bulk jet velocity is kept
constant as the pressure is increased from 1 to 5 bar in increments of 2 bar. For all
conditions, the ratio of jet velocity to coflow velocity is 61. Table 7.1 lists the bulk
flow parameters for all of the flames.
Table 7.1: Bulk flow parameters for the KEN flames in the LII study.
p
Uj
P
Pp
Ucf
Designation
Re
(bar)
(m/s) (kW) (%) (m/s)
KEN 01-01B
1
10,000 36.6
6.67
6
0.60
KEN 03-03
3
30,000 36.6 20.00
6
0.60
KEN 05-05
5
50,000 36.6 33.40
6
0.60

7.2.2

Diagnostics

The arrangement of equipment used for the diagnostics in this study is shown in
Fig. 7.1. A Nd:YAG (Continuum Surelite III), with a 10 Hz repetition rate and a
pulse energy of 850 mJ at λ = 1064 nm, is used as the laser source for LII. The
10-mm beam is expanded with a UVFS cylindrical lens (f = -100 mm) and then
focused with a BK-7 spherical lens (f = 1000 mm) to form a 50-mm tall sheet with
a thickness of 0.6 mm at the burner centerline. The sheet passes through a beam
splitter (used for combining the λ = 1064 nm sheet with a λ = 283 nm sheet in
another experiment) and then through the UVFS window on the HPCD.
Measurements are recorded with a PCO HSFC Pro camera system. This system
includes four intensified CCD camera modules with 12 bit dynamic range and a
resolution of 1280 × 1024 pixels. A single optical input delivers the signal to a
system of beam splitters, arranged to 25% of the total photons to each camera. The
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Figure 7.1: Schematic of the KEN burner inside the HPCD and the equipment for
LII.
MCP photocathode material is GaAsP, giving the cameras a quantum efficiency of
50% at λ = 532 nm, as shown in Fig. 7.2. This system greatly simplifies the optical
setup when multiple cameras are needed. A Nikon AF-S Micro Nikkor 105mm 1:2.8
lens is mounted to the front of the HSFC.
For this experiment, two of the four channels are used. Channel 1 is used to record
the background image before the LII. Channel 4 is used to record the LII signal. The
triggering of the two channels is separated temporally by 60 ns. The LII signal is
timed to record 20 ns after the initial LII response by the camera. Both channels
operate with the same exposure (50 ns), same gain (different for each condition), and
same filter (Semrock FF01-655/40-50).
Checks are made before experiments to ensure that no LII signal is present on
the background channel. A series of LII responses are recorded on a laminar flame at
different laser energies to determine the laser energy (fluence) required for operation
in the LII plateau regime. A test of the effect of gain on the signal-to-noise ratio
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Figure 7.2: Spectral sensitivities of different MCP photocathode materials for the
PCO HSFC Pro camera [3].
of each camera is performed to ensure that increasing the gain for weakly sooting
conditions does not have a detrimental effect on the quality of the measurements.
Due to the low levels of soot production in the p = 1 bar flame, 2x2 hardware binning
is used to improve the signal. For the other flames, 1x1 binning is used. Two sets of
600 images each are taken at different axial stations in the flames. The stations are
spaced 40 mm apart so that some overlap exists between adjacent stations.
Initial attempts to calibrate the LII signal with simultaneous extinction measurements failed due to excessive scatter in the correlation, a phenomenon discussed
in [162]. As a result, the LII signal is calibrated with laminar flames. The N2 /C2 H4
laminar diffusion flames used for calibration are part of the ISF Workshop [85]. The
LII signal decay time decreases with increasing pressure, adding uncertainty if only an
atmospheric-pressure flame is used. Previous studies have neglected this effect [73],
however, in this case, LII measurements are performed on a separate laminar flame
for each camera gain and pressure used for the turbulent flames in this study. Then,
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for each laminar flame, 2D diffuse line-of-sight attenuation is employed to find the
soot volume fraction. The extinction measurements are performed with λ = 435 nm,
assuming a scattering-to-absorption coefficient ratio of ρsa = 0.26 and an imaginary
soot refractive index function of E(m) = 0.37.

7.2.3

LII Data Processing

The images from each channel are both processed as follows. First, the mean of many
dark current images, taken with the cap on the camera, is subtracted from the raw
images. The images are then corrected for flat field and nonlinearity simultaneously
following the procedure outlined in [163]. The response of all four channels of the
HSFC are found to be quite linear, so a simple flat field correction would have been
sufficient. Before and after experiments, images of a transparent target are recorded
on both channels simultaneously for image registration. The images from Channels
1 and 4 are both transformed to be aligned with Channel 2, the reference channel.
Because the two channels have different sensitivities, Channel 1 is then scaled to
match the intensity of Channel 4. The scaling is done pixel-by-pixel and on average
the images are brightened by a factor of approximately 1.6. Then the resulting
background images (Channel 1) are subtracted from the corresponding resulting LII
images (Channel 4) to create the final processed LII images. Lastly, the LII intensity
is multiplied by a factor, determined from the laminar flame calibrations for each
turbulent flame, to convert the images to instantaneous 2D soot volume fraction
fields.
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7.3
7.3.1

Results and Discussion
Soot Volume Fraction

Figure 7.3 presents instantaneous LII images for all three KEN flames in this study.
Each flame figure is composed of images from twelve axial stations, stitched together.
The scale of soot volume fraction fv changes dramatically as the pressure increases,
from 875 ppb at 1 bar to 7000 ppb at 5 bar. The p = 1 bar flame is characterized
by well-defined soot filaments that are relatively large and spatially distributed. As
the pressure and Reynolds number increase, the soot filaments become less welldefined and more tightly packed, with higher soot intensities. This is not unlike
the observations made in premixed sooting flames over the same range of pressures,
described in [73].
The mean and RMS soot volume fraction from images at each axial station is
computed. A moving average filter is used to smooth the results. A Gaussian fit
is applied to a data set constructed from two points along the centerline from each
station. The resulting centerline profiles for 1, 3, and 5 bar are shown in Fig. 7.4,
Fig. 7.5, and Fig. 7.6, respectively. In all cases, the mean soot volume fraction profile
peaks near the center of the sooting region of the flame, as shown in [87]. The lower
half of the sooting region is characterized by soot formation, whereas the upper half
is characterized by soot removal due to oxidation. The RMS fv curves tend to be
more asymmetrical than the mean fv curves, with higher RMS values in the upper
half of the flames. It is notable that in all cases, the peak mean soot volume fraction
is much lower than the peak instantaneous soot volume fraction. This phenomenon
will be discussed below.
Figure 7.7 shows the centerline mean and RMS soot volume fraction profiles for
all three flames. Each profile is normalized by the maximum soot volume fraction at
that condition. The 1 bar and 3 bar flames both have a peak in mean soot volume
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Figure 7.3: Instantaneous LII images for three KEN flames, stitched from 12 axial
stations each.

142

(a)

(b)

Figure 7.4: Centerline mean (a) and RMS (b) soot volume fraction profiles for KEN
01-01B.
fraction at x/D ≈ 75. The 3 bar flame has a wider distribution than the 1 bar
flame; the flame is longer and soot forms closer to the nozzle. The peak in mean soot
volume fraction for the 5 bar flame is located at x/D ≈ 82. The visible flame length
is considerably greater than for either of the other two flames and soot production
begins closer to the nozzle. Figure 7.8 shows the centerline mean and RMS soot
volume fraction profiles on a logarithmic scale. The logarithmic scaling of the peak
mean soot volume fraction will be discussed further below. It is notable that the
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(a)

(b)

Figure 7.5: Centerline mean (a) and RMS (b) soot volume fraction profiles for KEN
03-03.
RMS soot volume fraction for the 3 bar and 5 bar cases are nearly equal in the lower
half of the flame, but begin to diverge beyond x/D = 70.
The 2D mean and RMS soot volume fraction distributions in Fig. 7.9 are generated by applying Gaussian fits to evenly spaced radial data points. All of the data
points are taken from the laser entrance side (left side of the images) to eliminate
some distortions due to signal attenuation by absorption, especially in the 5 bar flame
measurements. These distributions clearly show that as the pressure and Reynolds
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(a)

(b)

Figure 7.6: Centerline mean (a) and RMS (b) soot volume fraction profiles for KEN
05-05.
number increase, the flames get longer and soot production begins closer to the nozzle. These trends are in agreement with the qualitative assessment of the DSLR
camera images shown in Fig. 5.5. In all three flames, the radial location of peak soot
production low in the flame is on the wings. Further away from the nozzle, the peak
mean soot volume fraction is on the centerline.
The ratio of the RMS to the mean soot volume fraction along the centerline of
each flame is plotted in Fig. 7.10. For all three flames, the ratio reaches a relative
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(a)

(b)

Figure 7.7: Normalized centerline mean (a) and RMS (b) soot volume fraction profiles
for three KEN flames.
minimum near x/D ≈ 65, slightly upstream of the location of peak mean soot volume
fraction. Downstream of this relative minimum, the ratio increases due to increasing
fluctuations in large eddies, where local soot concentrations may remain high but the
presence of soot filaments is less probable. A continuous decrease in the magnitude
of the ratio is seen as the pressure and Reynolds number increase, with the 1 bar
flame having the highest value at any x/D and the 5 bar flame having the lowest.
This supports the observation from instantaneous LII images in Fig. 7.3 that as the
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(a)

(b)

Figure 7.8: Centerline mean (a) and RMS (b) soot volume fraction profiles for three
KEN flames on a logarithmic scale.
pressure increases, not only does the soot concentration increase, but the probability
of finding a soot filament at a given location also increases, thus reducing the RMS
fv relative to the mean fv .
Figure 7.11 presents four different trends in soot volume fraction as a function
of pressure (and Reynolds number). In Fig. 7.11a, the maximum of the mean soot
volume fraction is shown to scale with p2.1 . This value is very close to exponents found
in laminar diffusion flames of methane [159] and nitrogen-diluted ethylene [85] and is
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Figure 7.9: Mean and RMS soot volume fraction for three KEN flames. Images are
created from Gaussian fits to regularly spaced data points from LII.
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Figure 7.10: Ratio of RMS to mean soot volume fraction on the centerline of three
KEN flames.
in agreement with the trend observed with turbulent diffusion flames of methane [91].
In Fig. 7.11b, the mean of the maximum instantaneous soot volume fraction is
shown to scale with p1.3 . These values are calculated by taking the mean of the
maximum fv in each image at the axial location of peak soot concentration for each
flame. This gives a better idea of how the soot concentration scales with pressure,
independent of the probability of finding soot at a given location. The fact that the
exponent in this case is much lower (1.3) than the exponent for the maximum mean
fv (2.1) indicates that increases in the mean soot volume fraction as the pressure
increases are due in large part to more widely distributed soot filaments.
It may also be useful to consider the total mean soot volume fraction in addition to
maximum values. The volume-integrated (total) mean soot volume fraction is defined
as:
Z Z
Total fv =

fv 2πr dr dx

(7.1)
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Figure 7.11: Different trends in soot volume fraction as a function of pressure: (a)
maximum mean fv , (b) mean maximum instantaneous fv , (c) volume-integrated mean
fv , (d) volume-integrated mean fv divided by flame volume.
where the fv is integrated over the entire length and width of the flame and the
resulting units are mm3 . Figure 7.11c shows that the total mean soot volume fraction
scales with p2.4 . This exponent is slightly higher than the exponent for the maximum
mean soot volume fraction.
To account for the fact that the flame volume is different in each of the three
flames, the total mean soot volume fraction may be divided by the total flame volume
Vf . This value is plotted against the pressure in Fig. 7.11d and it scales with p2.2 .
The total mean soot volume normalized by the flame volume can be considered a
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soot productivity parameter. For flames at atmospheric pressure, this parameter has
been shown to be independent of Reynolds number, but not exit strain rate [66].
In the present study, the exit strain rate is conserved because neither the bulk jet
velocity nor the tube diameter change. Therefore, the scaling in Fig. 7.11d effectively
isolates the effect of pressure on mean soot production from Reynolds number effects.
As all of the flames have Gaussian fv profiles in the axial and radial directions, the
total mean soot production should scale the same as the maximum mean soot volume
fraction. By this logic, the mean soot volume fraction scales with pressure as p2.2 ,
and the additional effect of increasing the Reynolds number has a slightly negative
influence on mean soot volume fraction, decreasing the exponent to n = 2.1 (from
Fig. 7.11a). However, the magnitude of this effect is almost negligible. The usual
explanation for the effect of Reynolds number on soot production in turbulent flames
is that as Re increases, the residence time decreases, thereby reducing the amount of
soot formed [66]. However, in this experiment, the bulk jet velocity is the same for
all flames, but the flames get longer as Reynolds number increases, so the residence
time actually increases slightly as the pressure and Reynolds number increase.

7.3.2

Soot Intermittency

Soot intermittency is traditionally defined as the probability of not finding soot at
a given spatial location [77]. An intermittency value of 0 would indicate that soot
is present at that location in every LII image. A threshold value must be used to
binarize each image into regions of soot (1) and no soot (0). The mean of the peak
soot volume fraction in each image is calculated for the region of maximum soot
intensity in each flame. These are the values plotted in Fig. 7.11b. The threshold for
binarizing the images is taken as 4% of this value. The intermittency is calculated
from the binarized LII images for each flame.
The centerline soot intermittency for each flame is plotted in Fig. 7.12. The min-
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imum intermittency decreases as the pressure increases. For the 1 bar case, it is
greater than 0.6, whereas for the 3 bar case, it is less than 0.2. In the 5 bar case,
the intermittency is essentially 0 from 60 < x/D < 80, indicating that soot is nearly
always present along the centerline of this flame in this region. The slopes of the
intermittency curves for x/D > 80 are less sharp than the slopes for x/D < 60 because the soot oxidation region is characterized by larger soot filaments than the
soot inception region. The intermittency curves are closely related to the mean and
RMS soot volume fraction curves. Intermittency tends to reach its minimum near
the location of maximum mean soot volume fraction and minimum RMS to mean
ratio. These trends offer yet another indication that the observed increase in mean
soot volume fraction as the pressure increases is due to a combination of higher soot
concentrations and higher probabilities of finding soot at a given location.

Figure 7.12: Soot intermittency on the centerline of three KEN flames.
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7.3.3

SMPS/LII Comparison

A comparison between the results of the SMPS experiment and the LII experiment
with KEN 01-01B (p = 1 bar, Re = 10,000) is possible. Figure 7.13 plots the centerline profiles of the normalized total volume concentration measurements from the
SMPS campaign along with the normalized mean soot volume fractions measurements from the LII campaign for this flame. The agreement between the two profiles
is remarkable, with the peak at x/D = 75 for both.

Figure 7.13: Normalized total volume concentrations from SMPS measurements and
normalized mean soot volume fractions from LII measurements along the centerline
of the KEN 01-01B flame.
There are many reasons to expect measurements from SMPS and LII not to agree.
First of all, the techniques are very different: SMPS is an intrusive technique that
measures mobility diameter whereas LII is an optical technique and quantification relies on the calibration in a laminar flame using line-of-sight attenuation. The SMPS
technique assumes spherical particles, but it well-known that soot aggregation, especially higher in the flame, forms aspherical shapes. As discussed in Chapter 6, the
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SMPS dilution ratio is not necessarily the same at each x/D and this could affect
the shape of the Gaussian fit in Fig. 7.13. Lastly, although the differences are expected to be minor, the SMPS experiments were performed on the first version of the
KEN burner in an open environment, but the LII experiments were performed on the
second version of the KEN burner in the HPCD.
An estimate of the dilution ratio used in the SMPS study may now be made.
Using the value of the total volume concentration at x/D = 75 (V = 2.57 × 1010
nm3 /cm3 ) from the SMPS study and the maximum mean soot volume fraction (fv =
56.4 ppb) from the LII study, the calculated dilution ratio is 2,200. This is not far
from the estimated necessary dilution ratio of 104 reported by [148], providing further
validation of the results of the SMPS study.

7.4

Conclusions

Measurements of soot volume fraction were performed on three nitrogen-ethylene
turbulent nonpremixed flames in the HPCD using LII. The flames had a constant
bulk jet velocity, so as the pressure was increased from 1 bar to 5 bar, the Reynolds
number scaled directly from 10,000 to 50,000. The mean axial and radial soot volume
fraction profiles were found to have Gaussian shapes. As the pressure increased, both
the instantaneous soot concentration and the probability of finding soot increased.
Due to both of these phenomena, the soot productivity was found to scale with the
pressure as p2.2 . The effect of increasing the Reynolds number had a negligible effect
on the mean soot volume fraction. The minimum soot intermittency dropped from
0.6 at 1 bar to effectively 0 at 5 bar. A comparison was made between the SMPS
measurements and LII measurements on the 1 bar flame and excellent agreement was
found for the normalized soot volume fraction centerline profiles.
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Chapter 8
Conclusions and Future Work

In Chapter 1, a brief history of the TNF Workshop and ISF Workshop are given along
with reasons for the need to include turbulent nonpremixed flames at high pressure
in both. The High Pressure Combustion Duct (HPCD) at KAUST was designed to
address this gap in the physics covered by available target flames and, more broadly,
to contribute to the scientific understanding of combustion by serving as a tool to
investigate a wide variety of phenomena in high pressure, high turbulence reacting
flows. The experiments covered in this document have demonstrated some of the
capabilities of the HPCD. Highlights of these experiments include:
• Syngas flames that are appropriate target flames for the TNF Workshop are
demonstrated at pressures up to 12 bar and Reynolds numbers up to 83,500.
• Internal optics are used to enhance the signal and improve the measurements
of OH in the syngas flames.
• Ethylene flames that are appropriate target flames for the ISF Workshop are
demonstrated at pressures up to 5 bar and Reynolds numbers up to 50,000.
Naturally, some deficiencies in the current design have been discovered and some
future improvements are recommended here:
• The HPCD is designed for 40 bar. Flames at pressures higher than 12 bar
should be attempted.
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• The back pressure regulator is often the limiting component in terms of the
thermal power of flames, with the upper limit being about 70 kW. With significant changes to the exhaust section of the HPCD, much higher powers are
feasible. Changes include: adding a valved bypass line around the back pressure regulator to allow higher amounts of dilution air, moving the back pressure
regulator further downstream from the burner, and placing the rupture disc
further away as well with some cooling air provided to the pressurized side.
• Pressure regulators exist on the air lines but are not used. The method of
making fine adjustments to the large manual valves to control the mass flow
rate of air delivered to the coflow works fine for the types of flames in the
experiments covered here, but true control should be possible with existing
hardware.
• The burners currently have only one degree of freedom; translation up and
down. To make point measurements possible, a two-axis translation system
could be added to the top of the existing vertical translation stage with minor modifications to the HPCD. This addition could also ease the process of
alignment of lasers.
The effects of pressure and Reynolds number on the flame structure of turbulent
nonpremixed flames is investigated for the syngas flames. This is accomplished by
OH-PLIF measurements. While simultaneous CH2 O-PLIF would have been valuable,
it is shown that CH2 O concentrations in the syngas flames are far below the detection
limit. Major conclusions from the syngas experiments are as follows:
• DSLR camera images are used to measure flame lengths and the resulting nondimensional lengths are shown to adhere to existing correlations with Froude
number.
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• OH layers becomes thinner as pressure increases. This is especially evident if
the Reynolds number is held constant. The thickness appears to decrease with
pressure more rapidly in fully laminar flames.
• A quantitative measure of wrinkling of the flame front, called the corrugation
factor, is introduced and has been shown to provide meaningful insights into
the behavior of flame structure.
• Corrugation factor PDFs show that pressure has a largely negligible effect on
flame front corrugation. The lowest Reynolds number flames may be an exception to this rule, most likely because the thicker reaction zone at low pressure
can support larger fluctuations in the flame location.
• Reynolds number, on the other hand, is hugely influential, with mean corrugation factors increasing with Re and the distribution of corrugation factors
spreading with Re.
• The spatial resolution of techniques is an extremely important factor in determining the quality and interpretation of measurements at high pressure and
high Reynolds number.
• Local extinction, as measure by OH layer separations, is reduced as pressure
increases, for a constant Reynolds number.
The purpose of target flames is to make comparisons with simulations so ongoing
work should focus on such efforts. Future work on the syngas flames should include:
• The technique for analyzing the corrugation of the OH layer can be applied to
highly-resolved LES. Temperature and major species data from the LES can be
used to convert OH mole fractions into a “PLIF” signal. Figure 8.1 shows a
side-by-side comparison between experiments and simulations of the OH layer
in one of the highly turbulent CHN flames. The LES are being performed by a
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collaborative effort between researchers at KAUST and Sapienza University of
Rome.
• Velocity measurements for some of the cases in nonreacting jets were a good
start, but proper target flames need well-characterized boundary conditions so
PIV measurements in flames should be a high priority.
• One important reason for choosing to work with syngas flames is the opportunity to make quantitative species measurements. As such, combined Raman/Rayleigh measurements are also a high priority.
As with the syngas flames, the effects of pressure and Reynolds number on the
flame structure of sooting turbulent nonpremixed flames is investigated through OHPLIF measurements. Again, simultaneous CH2 O measurements would be helpful,
but CH2 O-PLIF would be irredeemably contaminated by PAH and LII of soot in the
ethylene flames. The following conclusions are made:
• DSLR camera images show that the flame luminosity increases with pressure
and the soot inception region moves upstream as pressure increases.
• When the Reynolds number is held constant, pressure has no effect on the flame
corrugation.
• When the Reynolds number is held constant, the probability of OH layer separations increases slightly as the pressure increases.
• If the bulk jet velocity is held constant, the corrugation factor increases dramatically from 1 bar to 2 bar. The number of OH separations per image increases
with each increment in pressure. Further analysis shows that as the Reynolds
number increases beyond 20,000, the effect is to cause the OH layer to break
more often, and into smaller OH “islands” that are separated by longer distances.
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Figure 8.1: Instantaneous OH-PLIF image (left) and snapshot of ongoing LES (right)
for the CHN 0404 flame. The top images show OH intensity and the bottom images
show the flame front (blue) and binarized region (green).
Future work on the flame structure of these flames should focus on the following:
• As was done with the syngas flames, OH-PLIF measurements in the near field
should be repeated with higher resolution.
• Simultaneous measurements of PAH-PLIF would be informative and would be
helpful in correcting the OH-PLIF images.
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Two very important soot studies are conducted with the sooting flames. In the
first, time-averaged particle size distributions are measured for flames at atmospheric
pressure and two different Reynolds numbers. Such measurements are more informative than estimations of primary particle diameter and, as far as the authors know,
are the first such measurements to be reported in turbulent flames. In the second
study, the soot volume fraction is measured in three flames in which the Reynolds
number increases as the pressure increases. The following conclusions are drawn:
• Mean particle diameter increases monotonically with x in both sooting flames
at 1 bar. The rate of increase is more rapid in the low Reynolds number flame.
• Both the SMPS measurements and the LII measurements in the Re = 10,000
flame show normalized centerline soot volume fraction measurements that are
Gaussian in shape and peak at x/D = 75.
• LII measurements show that the centerline mean and RMS soot volume fraction
have a Gaussian shape. The peaks of all three mean profiles are close to the
same axial location.
• Instantaneous images, the RMS/mean profiles, and the intermittency curves all
show evidence that not only does the instantaneous soot concentration increase
with pressure, but so too does the probability of finding soot at a given spatial
location. That is, soot becomes more evenly distributed as the pressure and
Reynolds number increase.
• As seen in the DSLR camera images, the flame length increases with pressure/Reynolds number and the length of the non-sooting region decreases.
• Maximum mean soot volume fraction scales as p2.1 , whereas the mean of the
maximum instantaneous soot volume fraction scales as p1.3 . This also shows that
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more evenly distributed soot is playing a major role in the apparent increase in
mean soot volume fraction.
• If the volume-integrated mean soot volume fraction is normalized by the flame
volume (effectively normalized for residence time), the scaling is p2.2 . Other
studies have claimed this scaling removes the effect of Reynolds number. This
indicates that pressure plays a much more significant role in determining the
amount of soot produced than does Reynolds number.
Recommended future soot studies are the following:
• Simulations have already been performed on the 1 bar flames with encouraging
results regarding particle size distributions. Every effort should be made to
develop collaborations with modelers.
• Simultaneous measurements of OH/PAH/Soot will yield very useful information
about the soot formation process in these flames.
• If these flames are to be target flames, velocity and temperature measurements
are necessary. Mixture fraction measurements in the blue near field of some
flames may be possible.
• In addition to the constant Reynolds number flame series, a constant velocity
series could be illuminating (pun intended). Other types of scaling, such as
with Damkohler number, would be difficult because of the pilot.
• Because of difficulties with the pilot, it may not be feasible to extend this family
of flames to higher pressures. Therefore, it is worth considering whether a better
set of ISF Workshop target flames for high pressure soot studies is possible.
More generally, this work shows that the primary effect of pressure on turbulent
nonpremixed flames is through chemical kinetic effects. These effects are particularly
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strong when considering soot chemistry. However, such effects are not as influential
on the chemistry that governs flame structure, as measured by the flame corrugation
factor. There are other phenomena, such as flame detachment, lift-off height, and
blowoff, that are not discussed in this body of work, but that are sensitive to pressuredependent variables like the laminar flame speed and the extinction strain rate.

162

REFERENCES

[1] “TSI Scanning Mobility Particle Sizer Spectrometer 3936.” [Online]. Available:
http://www.tsi.com/scanning-mobility-particle-sizer-spectrometer-3936/
[2] “TSI Condensation Particle Counter 3775.” [Online]. Available:
//tsi.com/condensation-particle-counter-3775/

http:

[3] “PCO Website.” [Online]. Available: https://www.pco.de/
[4] A. R. Masri, “Partial premixing and stratification in turbulent flames,” Proc.
Combust. Inst. 35, pp. 1115–1136, 2015.
[5] R. W. Bilger, “Turbulent Jet Diffusion Flames,” Prog. Energy Combust. Sci.,
vol. 1, pp. 87–109, 1976.
[6] L. Y. M. Gicquel, G. Staffelbach, and T. Poinsot, “Large Eddy Simulations of
gaseous flames in gas turbine combustion chambers,” Prog. Energy Combust.
Sci., vol. 38, pp. 782–817, 2012.
[7] J. C. Oefelein, R. W. Schefer, and R. S. Barlow, “Toward Validation of Large
Eddy Simulation for Turbulent Combustion,” AIAA J., vol. 44, no. 3, pp. 418–
433, 2006.
[8] K. N. C. Bray, “The Challenge of Turbulent Combustion,” Symp. (Int.) Combust. 26, pp. 1–26, 1996.
[9] R. W. Bilger, S. B. Pope, K. N. C. Bray, and J. F. Driscoll, “Paradigms in
turbulent combustion research,” Proc. Combust. Inst. 30, pp. 21–42, 2005.
[10] H. Pitsch and H. Steiner, “Large-eddy simulation of a turbulent piloted
methane/air diffusion flame (Sandia flame D),” Phys. Fluids, vol. 12, no. 10,
pp. 2541–2554, 2000.
[11] W. C. Strahle, “Preface to “Evaluation of Data on Simple Turbulent Reacting
Flows”,” Prog. Energy Combust. Sci., vol. 12, pp. 253–255, 1986.
[12] G. M. Faeth and G. S. Samuelsen, “Fast Reaction Nonpremixed Combustion,”
Prog. Energy Combust. Sci., vol. 12, pp. 305–372, 1986.
[13] M. C. Drake and W. Kollmann, “Slow Chemistry Nonpremixed Flows,” Prog.
Energy Combust. Sci., vol. 12, pp. 373–392, 1986.

163
[14] A. R. Masri, R. W. Dibble, and R. S. Barlow, “The Structure of Turbulent
Nonpremixed Flames Revealed by Raman-Rayleigh-LIF Measurements,” Prog.
Energy Combust. Sci., vol. 22, pp. 307–362, 1996.
[15] S. B. Pope, “Computations of Turbulent Combustion: Progress and Challenges,” Symp. (Int.) Combust. 23, pp. 591–612, 1990.
[16] “International Workshop on Measurement and Computation of Turbulent
Nonpremixed Flames.” [Online]. Available: https://www.sandia.gov/TNF/
abstract.html
[17] R. S. Barlow, “Laser diagnostics and their interplay with computations to understand turbulent combustion,” Proc. Combust. Inst. 31, pp. 49–75, 2007.
[18] E. P. Hassel and S. Linow, “Laser diagnostics for studies of turbulent combustion,” Meas. Sci. Technol., vol. 11, pp. R37–R57, 2000.
[19] V. Raman and R. O. Fox, “Modeling of Fine-Particle Formation in Turbulent
Flames,” Annu. Rev. Fluid Mech., vol. 48, pp. 159–190, 2016.
[20] R. S. Barlow and C. D. Carter, “Raman/Rayleigh/LIF Measurements of Nitric
Oxide Formation in Turbulent Hydrogen Jet Flames,” Combust. Flame, vol. 97,
pp. 261–280, jun 1994.
[21] ——, “Relationships among Nitric Oxide, Temperature, and Mixture Fraction
in Hydrogen Jet Flames,” Combust. Flame, vol. 104, pp. 288–299, 1996.
[22] R. S. Barlow, N. S. A. Smith, J.-Y. Chen, and R. W. Bilger, “Nitric Oxide
Formation in Dilute Hydrogen Jet Flames: Isolation of the Effects of Radiation
and Turbulence-Chemistry Submodels,” Combust. Flame, vol. 117, pp. 4–31,
1999.
[23] J. H. Frank, R. S. Barlow, and C. Lundquist, “Radiation and Nitric Oxide
Formation in Turbulent Non-Premixed Jet Flames,” Proc. Combust. Inst. 28,
pp. 447–454, 2000.
[24] T.-C. Cheng, G. Fruechtel, A. Neuber, F. Lipp, E. P. Hassel, and J. Janicka, “Experimental data base for numerical simulations of turbulent diffusion
flames,” Forschung im Ingenieurwesen - Eng. Res., vol. 61, no. 6, pp. 165–171,
1995.
[25] A. Neuber, G. Krieger, M. Tacke, E. Hassel, and J. Janicka, “Finite Rate
Chemistry and NO Molefraction in Non-Premixed Turbulent Flames,” Combust. Flame, vol. 113, pp. 198–211, 1998.

164
[26] R. S. Barlow, G. J. Fiechtner, C. D. Carter, and J.-Y. Chen, “Experiments on
the Scalar Structure of Turbulent CO/H2 /N2 Jet Flames,” Combust. Flame,
vol. 120, pp. 549–569, 2000.
[27] R. S. Barlow, G. J. Fiechtner, C. D. Carter, and M. Flury, “Sandia/ETH-Zurich
CO/H2 /N2 Flame Data - Release 1.1,” Sandia National Laboratories, Tech.
Rep., 2002. [Online]. Available: https://www.sandia.gov/TNF/DataArch/
SANDchnWeb/SANDchnDoc11.pdf
[28] V. Bergmann, W. Meier, D. Wolff, and W. Stricker, “Application of spontaneous Raman and Rayleigh scattering and 2D LIF for the characterization of a
turbulent CH4 /H2 /N2 jet diffusion flame,” Appl. Phys. B, vol. 66, pp. 489–502,
apr 1998.
[29] W. Meier, R. S. Barlow, Y.-L. Chen, and J.-Y. Chen, “Raman/Rayleigh/LIF
Measurements in a Turbulent CH4 /H2 /N2 Jet Diffusion Flame: Experimental
Techniques and Turbulence-Chemistry Interaction,” Combust. Flame, vol. 123,
pp. 326–343, 2000.
[30] R. S. Barlow and J. H. Frank, “Effects of Turbulence on Species Mass Fractions
in Methane/Air Jet Flames,” Symp. (Int.) Combust. 27, pp. 1087–1095, 1998.
[31] A. N. Karpetis and R. S. Barlow, “Measurements of Scalar Dissipation in a
Turbulent Piloted Methane/Air Jet Flame,” Proc. Combust. Inst. 29, pp. 1929–
1936, jan 2002.
[32] T. W. Peeters, P. P. J. Stroomer, J. E. de Vries, D. J. E. M. Roekaerts, and
C. J. Hoogendoorn, “Comparative Experimental and Numerical Investigation
of a Piloted Turbulent Natural-Gas Diffusion Flame,” Symp. (Int.) Combust.
25, pp. 1241–1248, 1994.
[33] P. A. Nooren, M. Versluis, T. H. Van Der Meer, R. S. Barlow, and J. H. Frank,
“Raman-Rayleigh-LIF measurements of temperature and species concentrations
in the Delft piloted turbulent jet diffusion flame,” Appl. Phys. B, vol. 71, pp.
95–111, 2000.
[34] B. Merci, D. Roekaerts, and B. Naud, “Study of the performance of three
micromixing models in transported scalar PDF simulations of a piloted jet
diffusion flame (“Delft Flame III”),” Combust. Flame, vol. 144, pp. 476–493,
2006.

165
[35] K. N. Gabet, H. Shen, R. A. Patton, F. Fuest, and J. A. Sutton, “A comparison
of turbulent dimethyl ether and methane non-premixed flame structure,” Proc.
Combust. Inst. 34, pp. 1447–1454, 2013.
[36] B. A. Rankin, G. Magnotti, R. S. Barlow, and J. P. Gore, “Radiation intensity
imaging measurements of methane and dimethyl ether turbulent nonpremixed
and partially premixed jet flames,” Combust. Flame, vol. 161, pp. 2849–2859,
2014.
[37] F. Fuest, G. Magnotti, R. S. Barlow, and J. A. Sutton, “Scalar structure of
turbulent partially-premixed dimethyl ether/air jet flames,” Proc. Combust.
Inst. 35, pp. 1235–1242, 2015.
[38] T. F. Guiberti, M. Juddoo, D. A. Lacoste, M. J. Dunn, W. L. Roberts, and A. R.
Masri, “Fuel effects on the stability of turbulent flames with compositionally
inhomogeneous inlets,” Proc. Combust. Inst. 36, pp. 1777–1784, 2017.
[39] M. S. Sweeney, S. Hochgreb, M. J. Dunn, and R. S. Barlow, “The structure
of turbulent stratified and premixed methane/air flames II: Swirling flows,”
Combust. Flame, vol. 159, pp. 2912–2929, 2012.
[40] T. Stahler, D. Geyer, G. Magnotti, P. Trunk, M. J. Dunn, R. S. Barlow, and
A. Dreizler, “Multiple conditioned analysis of the turbulent stratified flame A,”
Proc. Combust. Inst. 36, pp. 1947–1955, 2017.
[41] R. S. Barlow, S. Meares, G. Magnotti, H. Cutcher, and A. R. Masri, “Local
extinction and near-field structure in piloted turbulent CH4 /air jet flames with
inhomogeneous inlets,” Combust. Flame, vol. 162, pp. 3516–3540, 2015.
[42] B. B. Dally, D. F. Fletcher, and A. R. Masri, “Flow and mixing fields of turbulent bluff-body jets and flames,” Combust. Theory Model., vol. 2, pp. 193–219,
1998.
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A

High Pressure Combustion Duct Details

This appendix provides an in-depth description of the high pressure combustion duct
(HPCD) at KAUST.

External Translation System
The table includes an external linear translation system composed of a lifting platform
attached to four threaded rods driven by a system of screw jacks, gearboxes and a
motor (Kelston), as shown in Fig. 2.3. This system has a range of 1725 mm and
allows the bottom flange or the bottom section of the HPCD to be lowered from the
table. Figure A.1a shows a sectional front view of the HPCD with the bottom flange
lowered on the lifting platform. In this configuration, the internal translation stage
and its motor may be accessed as well as the electrical and gas connections at the
base of the HPCD (see next section). Figure A.1b shows the entire bottom section
of the duct lowered from the table. In this configuration, burners may be removed,
installed, or adjusted. As space is limited, some burners must be assembled in place.
In Fig. A.1c, the HPCD is closed with a burner inside and the internal translation
stage fully retracted. In Fig. A.1d, the internal translation stage is extended by 950
mm, the distance necessary to place the tip of this particular burner at the optical
section of the HPCD.

Bottom Section
Figure A.2 shows the interior of the bottom section of the HPCD. A mounting plate
connects the lower and upper sections of the HPCD to each other and to the table.
Threadlocker is used to secure the threaded studs in the mounting plate. With this
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(a)

(b)

(c)

(d)

Figure A.1: Front view of HPCD with interior shown in different configurations:
(a) HPCD open and bottom flange lowered for access to internal translation stage
motor, (b) HPCD open and bottom section lowered for access to burner, (c) HPCD
closed with internal translation stage fully retracted, (d) HPCD closed with internal
translation stage extended to position the burner at the optical section.
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arrangement, it becomes possible to loosen the nuts on the bottom side of the table
while the upper sections of the HPCD remain securely attached to the table, which
is itself bolted to the floor of the laboratory.

Figure A.2: Internal view of the bottom section of the HPCD. For clarity, some
internal tubing around the motor is omitted.
All of the gas and electrical connections to the inside of the HPCD are made
through the bottom flange. Two 2-inch flexible hoses connect the HPCD to the high
pressure air supply of the laboratory. Inside the duct, the coflow air line is split
into four smaller lines by the coflow air distributor. Each line is then connected to
the burner coflow at the top of the internal translation stage by 1/2-inch tubing that
slides in 3/4-inch tubing, utilizing an o-ring seal. The other line supplies air (or N2 ) to
the annuluar region between the burner coflow and the walls of the duct. This serves
three purposes: to prevent combustion products (especially H2 O) from depositing on
and heating up the windows of the optical section, to provide immediate cooling to
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the walls surrounding the flames, and to provide dilution of the downstream flame
products in order to keep the back pressure regulator relatively cool. In addition to
the air, there are four inputs of fuel, inert, or oxidizer (if premixing is required) to
the base of the HPCD. Each of these are connected to the burner via 3/8-inch flexible
retracting hoses.
The internal translation stage (Thomson MovoZ2 with 25/10 ball screw) is actually installed “upside-down” in the HPCD, however, this orientation is not problematic and it does not affect its operation. With this orientation, it is possible to
place the driving motor at the bottom of the HPCD, where it is more conveniently
located. The stage translates 10 mm per revolution and has a 1500-mm stroke length
and maximum dynamic load of 5000 N. It is driven by an encoded, NEMA 23 servo
motor (Animatics SM23405D-BRK) with a brake, connected to a single-stage gearhead (Animatics GH23P10). A power supply is connected to the motor through a
3-pin bulkhead electrical connector (Kemlon 16-B-06124). Operation of the motor is
controlled through a LabVIEW VI that sends text commands via an RS-232 serial
interface module. The connection is made with a 5-pin bulkhead electrical connector
(Kemlon 16-B-05363) and threaded contact block (Kemlon 16-B-04847). The motor
has an encoder resolution of 4000 counts per revolution and the gearhead has a ratio
of 10:1. This gives the HPCD user the capability of internal translation in sub-mm
increments, making fine vertical positioning of the burners during ignition and data
collection possible.

Optical Section
Figure A.3 presents a top view of the optical section with its critical dimensions. Six
arms provide excellent optical access to the flames inside the duct. As this section
requires significant welding, the wall here is almost twice as thick as in the other
sections of the duct, leading to a duct inner diameter of 410 mm. Four of the optical
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section arms are orthogonal. The windows labeled A1 and A2 , which are closest to
and equidistant from the HPCD centerline, are the largest in diameter (150 mm) and
are intended for signal collection. The windows labeled B1 and B2 are slightly smaller
(120 mm) and are intended for passage of the laser. Passage in either direction is
acceptable, though the direction from B1 to B2 is preferrable in some instances. Windows C1 and C2 are the smallest (95 mm) and the axes of their arms are oriented at 40◦
to the B1 -B2 axis. These windows are designed for experiments requiring stereoscopic
PIV, because according to Prasad (2000) [115], the optimum camera arrangement has
both cameras operating in forward scatter (with laser sheet path in B1 -B2 direction)
to take advantage of the higher scattering efficiency and an off-axis half-angle of 45◦
is preferred to balance the in-plane and out-of-plane errors. However, the 40◦ angle
allows window A1 to be closer to the HPCD centerline, allowing improved collection
efficiency due to a larger solid angle, at the expense of B2 being further away, which
is not a problem. A set of six BK7 windows, housed in stainless steel flanges, are
available for applications in which very good transmission in the visible and nearinfrared spectrum is needed. Windows A and B are also available with UVFS which
has greater than 90% transmission from 200 nm < λ < 2000 nm. All windows are
custom produced by Rayotek and tested up to 60 bar and 100 ◦ C.

Top Section
The top sections of the HPCD are shown in more detail in Fig. A.4. The back pressure regulator (Equilibar NLB Series) utilizes a dome loaded design which provides
excellent control over a very wide range of flow rates. An internal diaphragm (stainless steel or polyimide) is used to control the pressure. The set point is delivered to
the backside of the diaphragm via a small tube of air or N2 pressurized to the correct
amount by an electronic pressure regulator (Proportion-Air GP1) that is controlled
remotely from the lab control room. A scored, forward acting, high-pressure rupture
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Figure A.3: Top view of the HPCD optical section with some critical dimensions.
disc (Fike SCRD Series) exists to burst and release the pressure in the HPCD if the
requested burst condition (50 bar @ 250◦ C) is exceeded. The diameter of the rupture
disc has been sized to ensure total evacuation of the duct in 0.5 seconds. The top
section of the HPCD also includes three internal temperature probes because this
section is downstream from the flame and the back pressure regulator and rupture
disc are both temperature-sensitive devices.
The back pressure regulator and rupture disc have temperature limits of 315◦ C
(the limit of the Kalrez o-rings in the body) and 250◦ C (the limit of the BC2 burst
disc indicator), respectively. Dilution air from the second air source is necessary
because the HPCD does not have any method of active cooling incorporated in the
design. It has been discovered through experimentation that the diaphragms of the
back pressure regulator are susceptible to degradation and rupturing if high flow rates
of air are used to dilute very powerful flames at relatively low pressures (< 8 bar).
When a diaphragm ruptures, it is no longer possible to control the pressure in the
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Supply Pressure from
Proportion-Air GP-1
Temperature Probe TT-4

Equilibar EB10NLB16-SS316
Back Pressure Regulator

Rupture Disc
Connection to PLC
Fike BC2 Burst
Disc Indicator

Gas Sampling Line for LEL-2
Fike Rupture Disc
(6" SCRD FSR)
Temperature Probe TT-3
Temperature Probe TT-2

Figure A.4: Internal view of the top section of the HPCD. Note: the rupture disc is
colorized red for easy identification.
HPCD and the diaphragm must be replaced. It is also possible for the diaphragm to
rupture in such a way that the HPCD continues to build pressure up to the pressure
of the air source. This is a dangerous situation that has lead to some additional safety
protocols, including some conservative limits on the thermal power of flames and the
requirement that experimenters can communicate through headsets. As such, flames
are limited to a maximum thermal power of roughly 70 kW. It is expected that a
heat exchanger will be added upsteam of the back pressure regulator sometime in the
future to extend the capabilities of the HPCD.

Safety Measures
Safe operation of the duct is essential and the HPCD is constantly monitored by a
Programmable Logic Controller (PLC) and the Laboratory Control System (LCS).
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The cause-and-effect matrix of the PLC is shown in Table A.1. Sensors are listed in
the leftmost column and possible actions are listed in the top row. The PLC monitors
the Toxic Gas Monitoring (TGM) system of the lab as well as the following HPCD
sensors:
• TT-1 to TT-4: 4 internal temperature probes (Honeywell STT-25S). The locations of these probes are shown in Fig. 2.3 and Fig. A.4.
• STT-2 to STT-8, STT-9: 8 surface temperature transmitters (Honeywell STT173-TUS). These are located all over the HPCD with a higher concentration at
the top. Note that STT-1 and STT-9 were not installed.
• PT-1: pressure transducer (Honeywell STR87G) monitoring the pressure inside
the HPCD.
• LEL-1 and LEL-2: 2 Lower Explosive Limit (LEL) gas detection systems, each
with separate detectors calibrated for H2 (Honeywell Sensepoint XCD), CH4
(Honeywell Searchpoint Optima Plus), and C2 H4 (Honeywell Searchpoint Optima Plus). The pressure inside the HPCD must exceed 3.5 bar to use these
sensors.
• PS-1: permissive signal from the LCS to the PLC indicating that there are no
problems in the lab.
• RD-1: rupture disc burst indicator (Fike BC-2). A closed circuit is opened when
a strip of plastic is broken by the bursting of the rupture disc (see Fig. A.4).
• ESD-1: emergency shutdown switches exist in the control room and at exits
from the lab. These may be used to automatically shutdown the HPCD in an
emergency.
• IS-1: permissive signal from the rooftop Exhaust Fan (EF), indicating whether
or not it is operational.
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Each sensor that is reading a non-logical value has two setpoints, as listed in Table
A.1. The low setpoint is used as a warning to the HPCD user to take corrective
action. When a sensor’s high setpoint is reached or exceeded, the PLC will intervene
as per the matrix.
The following PLC actions are possible:
• SV-1 to SV-4: close any of 4 solenoid valves (Clark Cooper EH70-16A-A024G) on the four primary fuel lines feeding the HPCD. The solenoid valves are
normally closed, so a relay may be used to open the circuit and automatically
shut off the fuel.
• SV-5 and SV-6: close either of 2 solenoid valves (Clark Cooper EH70-16A-A024G) on the two air lines feeding the HPCD.
• LLA: trigger a low level alarm that activates a yellow strobe in the lab. This
occurs when the low or high setpoint is reached.
• HLA: trigger a high level alarm that activates a red strobe and audible alarm in
the lab. This occurs when the high setpoint is reached or one of the emergency
shutdown switches is activated.
• RDA: trigger the rupture disc alarm. This occurs only if the burst disc indicator
is tripped.
• BPIV: close the back pressure isolation valve (Clark Cooper EH70-08A-A024-G)
in order to vent the HPCD. This solenoid valve is normally closed.
• BPVV: open the back pressure vent valve (Clark Cooper EH70-08A-A024-GNO) in order to vent the HPCD. This solenoid valve is normally open.
• IGN: disable the igniter.

187

STT-3
STT-4
STT-5
STT-6
STT-7
STT-8
STT-10
PT-1
LEL-1/H2
LEL-1/CH4
LEL-1/C2 H4
LEL-2/H2
LEL-2/CH4
LEL-2/C2 H4
PS-1
RD-1
ESD-1
IS-1

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C
C
C
C
C

C
C
C
C
C

C
C
C
C
C

C
C
C
C
C

C

C
C
C
C

C

C
C
C
C

C

O

IGN

C

RDA

C

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

HLA

C

LLA

C

SV-6 (a)

C

SV-5 (a)

C

BPVV

STT-2

C

BPIV

TT-4

SV-4 (f)

TT-3

SV-3 (f)

TT-2

80◦ C
100◦ C
250◦ C
315◦ C
200◦ C
250◦ C
250◦ C
315◦ C
200◦ C
250◦ C
200◦ C
250◦ C
200◦ C
250◦ C
200◦ C
250◦ C
80◦ C
100◦ C
200◦ C
250◦ C
200◦ C
250◦ C
200◦ C
250◦ C
41 bar
45 bar
25% LEL
75% LEL
25% LEL
75% LEL
25% LEL
75% LEL
25% LEL
75% LEL
25% LEL
75% LEL
25% LEL
75% LEL
LCS
Rupture
Activate
EF Off

SV-2 (f)
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Table A.1: Safety control matrix for components of the PLC. “C”: close, “O”: open,
“X”: alarm/activate, “D”: disable.
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As is clear from Table A.1, the solenoid valves on the fuel lines are closed for every
high setpoint reached. Solenoid valves on the air lines are not closed if temperature is
too high (air provides cooling) or if the concentration of a fuel is too high (air provides
dilution), but they are closed if the pressure is too high or if the rupture disc bursts.
The back pressure valves operate in unison. During normal operation, the isolation
valve is open and the vent valve is closed, allowing the back pressure regulator to be
pressurized. During emergencies, the isolation valve is closed so that the electronic
pressure regulator can no longer pressurize the back pressure regulator and the vent
valve is opened, releasing pressure in the back pressure regulator.

189

B

Papers Published, Submitted, and Under Preparation

• W.R. Boyette, T.F. Guiberti, A.M. Elbaz, W.L. Roberts, “High-Speed Imaging of
Turbulent Nonpremixed Syngas Flames at Elevated Pressures”, Under Preparation
for Submission to Flow Turbulence and Combustion.
• T.F. Guiberti, W.R. Boyette, A.R. Masri, W.L. Roberts, “Detachment mechanisms of turbulent non-premixed jet flames at atmospheric and elevated pressures”,
Submitted to Combustion and Flame, November 2018.
• Wesley R. Boyette, Ayman M. Elbaz, Thibault F. Guiberti, William L. Roberts,
“Experimental Investigation of the Near Field in Sooting Turbulent Nonpremixed
Flames at Elevated Pressures”, Submitted to Experimental Thermal and Fluid Science, November 2018.
• Wesley R. Boyette, Thibault F. Guiberti, Gaetano Magnotti, William L. Roberts,
“Structure of Turbulent Nonpremixed Syngas Flames at High Pressure”, Proceedings
of the Combustion Institute (In press)
https://doi.org/10.1016/j.proci.2018.09.004
• Thibault F. Guiberti, Wesley R. Boyette, William L. Roberts, Assaad R. Masri,
“Pressure effects and transition in the stabilization mechanism of turbulent lifted
flames”, Proceedings of the Combustion Institute 37 (In press)
https://doi.org/10.1016/j.proci.2018.08.033
• Francesco Di Sabatino, Thibault F. Guiberti, Wesley R. Boyette, William L.
Roberts, Jonas P. Moeck, Deanna A. Lacoste, “Effect of pressure on the transfer
functions of premixed methane and propane swirl flames”, Combustion and Flame,
vol. 193, pp. 272-282, 2018.
• Wesley Boyette, Snehaunshu Chowdhury, William Roberts, “Soot Particle Size

190
Distribution Functions in a Turbulent Non-Premixed Ethylene-Nitrogen Flame”, Flow
Turbulence and Combustion, vol. 98, pp. 1173-1186, 2017.
• Snehaunshu Chowdhury, Wesley R. Boyette, William L. Roberts, “Time-averaged
probability density functions of soot nanoparticles along the centerline of a piloted
turbulent diffusion flame using a scanning mobility particle sizer”, Journal of Aerosol
Science, vol. 106, pp. 56-67, 2017.

