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Abstract

The combustor and turbine inlet pressures of modern aviation and power-generation gas turbine engines can vary between
30 and 50 bar. Innovative diagnostic methods are needed to understand the complex thermo-physical processes taking
place under these conditions. Non-intrusive, spatially, and temporally resolved optical and laser diagnostic methods such
as chemiluminescence and laser-induced fluorescence imaging (LIF) can be used to gain insights into flame stability, heat
release, and pollutant formation processes. In this work, a laboratory-scale, optically accessible, high-pressure burner facility
operating on premixed CH,/air flames is developed and characterized using kHz-rate hydroxyl and methylidyne chemilu-
minescence imaging, OH-LIF imaging, and two-color OH-LIF thermometry. For the latter two measurements, the flames
were stabilized up to 10 bar using a stainless-steel disk mounted above the burner surface. Approximately 10-ns duration
Nd:YAG laser pulses at 283.305 nm were used to excite the Q,(7) rotational line of the A22+<—X2H (1,0) band of the OH
radical, followed by fluorescence detection from the A«—X (1,1) & (0,0) bands. A linear dependence of the OH-LIF signal
on the laser energy was observed. An increase in pressure from 1 to 10 bar showed a nonlinear decay of the OH-LIF signal.
While quenching corrections accounted for a fraction of the signal loss, additional mechanisms, such as laser beam absorption
and signal trapping, need to be considered for complete signal quantification. The measured excitation spectrum compared
well with the LIFBASE model predictions. The flame equivalence ratio scans at different pressures agreed with the Cantera
equilibrium flame code calculations. 2D OH-concentration distributions and two-color OH-LIF temperature maps agreed
qualitatively with flame simulations performed using the ANSYS Fluent software package. This well-characterized burner
facility provides a testbed for combustion and soot formation studies and investigates the role of minor species at elevated
pressures at gas-turbine-relevant flame conditions.
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1 Introduction

Gas turbine engines are an integral part of the modern
world. These engines are widely used in the aerospace,
power generation, and oil & gas industries and are criti-
cal to everyday human activities. Efficiency, emissions,
and stable operation are key areas of concern that can be
improved drastically through combustion research. Higher
inlet temperatures, advanced materials, and cooling meth-
ods all can contribute to an increase in efficiency (Mom
and Jansohn 2013). A better understanding of the combus-
tion process can reduce pollutant emissions (including soot
formation) into our atmosphere. Even a minor increase
in thermal efficiency or decrease in pollutant formation
results in direct economic benefits via reduced fuel costs
and better compliance with increasing emission standards.
Gas turbine engines typically operate in the 30-50 bar
pressure range. Yet, most combustion studies reported in
the literature are focused on atmospheric or low-pressure
flames. While this data are useful for fundamental under-
standing, it cannot be directly extended to higher-pressure
operational conditions. The need for experimental tools
suitable for realistic engine scenarios is often solved by
introducing well-characterized high-pressure burners suit-
able for advanced optical measurements and modeling.
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High-pressure burners are a unique experimental tool
used to simulate combustion processes inside realistic
engines and other combustion devices. The basic concept
is to place a burner—typically producing a flat laminar
flame—inside of a large pressure vessel with sufficient
mechanical and thermal characteristics while producing
ample optical access for emission and laser-based diag-
nostics. A key challenge in these burners is generating a
stable flame and ensuring proper thermal management.
Non-intrusive laser diagnostics are currently the preferred
method to obtain thermochemistry data required for vali-
dating complex flame models. Several institutions have
developed high-pressure burner facilities and implemented
optical diagnostics (Leschowski et al. 2015; Frank et al.
1999; Atakan et al. 1997; Kim et al. 2019; Matynia et al.
2012; Bessler et al. 2002a, b; Attal-Trétout et al. 1990;
Kohse-Hoinghaus et al. 1990; Hofmann et al. 2003).
Besides a fundamental understanding of combustion
under such conditions, the focus of these studies had been
centered on increasing combustion efficiency and decreas-
ing emissions. Although the results have been promising,
much work needs to be performed to implement recently
developed advanced laser diagnostics to elevated pressure
conditions (Wang et al. 2019a, Kulatilaka et al. 2007, Kue-
hner et al. 2008). However, before testing and implement-
ing advanced diagnostics, the high-pressure flames must
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be well characterized. For this paper, three well-estab-
lished diagnostic techniques, chemiluminescence imag-
ing of electronically excited hydroxyl (OH*) and methyli-
dyne (CH*) radicals (Parajuli et al. 2021), hydroxyl radical
laser-induced fluorescence (OH-LIF) imaging (Kulatilaka
et al. 2011), and two-color OH-LIF thermometry (Wang
et al. 2019b) are used to characterize a high-pressure flame
facility suitable for testing novel laser diagnostics (Parajuli
et al. 2022; Wang et al. 2019b; Jain et al. 2021)) as well as
soot nucleation studies (Wang et al. 2021).

Chemiluminescence (CL) refers to spontaneous light
emissions from chemically produced excited species to lower
electronic states. Chemical species are electronically excited
by chemical reactions. In particular, OH* and CH* radical
detection schemes provide useful insight into reaction zone
conditions, flame oscillations, and local equivalence ratios.
OH* is a good marker of the reaction zone, while CH* rep-
resents the flame front (Tobias et al. 2019; Zhao et al. 2018;
Nori and Seitzman 2009; Arndt et al. 2015; Kojima et al.
2005). Chemiluminescence monitoring requires minimal
additional hardware and hence, can be readily extended to
high-pressure combustion experiments. The main limita-
tion of the chemiluminescence technique is that the signal
acquired is volume averaged. Therefore, localized flame
features may be averaged out, and results may not provide a
complete depiction of the flame structure. However, it can
be readily implemented to reveal flame oscillations and can
be extended to kilohertz (kHz) or even megahertz (MHz)
data rates using high-speed cameras and image intensifiers.
Several laboratories have applied tomographic reconstruc-
tion and thus spatially resolved CL imaging techniques to
overcome this issue (Mohri et al. 2017; Cai et al. 2013).

On the other hand, OH-LIF is a spatially and temporally
resolved laser diagnostic technique that involves exciting
specific rovibrational transitions between two electronic
states of the hydroxyl radical with a tunable laser. As the
molecule deactivates back to its lower energy state, result-
ing fluorescence emission can be imaged from the excited
planar region providing a two-dimensional snapshot of the
flame. This technique has been proven to be able to detect
minor species concentration, mixture fraction, temperature,
pressure, and velocity (Boxx et al. 2015).

OH-LIF involves two main stages, the first being the
molecule absorbing the laser energy and reaching a higher
energy state, followed by the relaxation of that molecule,
causing the emission of a photon. Pressure broadening will
occur at the first stage as the targeted linewidth of the excita-
tion will become significantly broader due to pressure effects
(Atakan et al. 1997; Matynia et al. 2012; Kohse-Hoinghaus
et al. 1990). Quenching effects are the main issue during
the second stage and the underlying reason behind why
accurate measurements are difficult to obtain at high pres-
sure. Collisional quenching is the dominant mechanism

when transitioning into higher pressures, as noted by Ata-
kan et al. (1997) and Carter and Laurendeau (1994). The
basic premise is that when the molecules are excited to an
elevated state, some of the energy does not release as an
emitted photon; instead, the excited molecules collide with
other species, and their energy is released during the colli-
sion as thermal energy instead of fluorescence. The pres-
sure increase increases the number of molecular collisions;
therefore, collisional quenching will increase significantly.
Quenching is the main reason the OH-LIF signal is consider-
ably weaker at elevated pressure, even though theoretically,
the signal should be increasing to reflect the increase in the
number density of the OH radical.

OH-LIF thermometry measurement techniques were
employed to determine the temperature profile of the flame
at various equivalence ratios and pressures. Temperature dis-
tributions can provide critical information about the com-
bustion process, including key insights into the efficiency
and pollutant formation of a specific combustor (Roy et al.
2002). Thermocouple probes can provide this temperature
data, but probing the flame may disturb the natural reac-
tive flow during combustion, and mechanical probes can
be damaged or act catalytically in harsh environments.
Therefore, OH-LIF thermometry, a non-invasive measure-
ment technique, is preferable as it does not disturb the flame
(Wang et al. 2019b). Previous studies have demonstrated
the effectiveness of various OH-LIF thermometry schemes
(Kohse-Hoinghaus et al. 1990; Dulin et al. 2021; Seitzman
and Hanson 1993; Devillers et al. 2008); in this study, OH-
LIF thermometry was performed based on the two-excitation
intensity-ratio technique using the Q,(5) line and the Q,(14)
line excited at 282.750 and 286.456 nm, respectively. The
Q,(5) to Q,(14) LIF signal ratio was compared with a fifth-
order polynomial fit determined by Wang and co-workers
(Wang et al. 2019b) to determine the temperature. A line-
peak LIF technique was utilized for this comparison.

Thermocouples are widely employed to measure gas tem-
perature in flames. However, in general, measured values
must be corrected regarding heat losses by radiation or con-
duction using several approaches (Hindasageri et al. 2013;
Krishnan et al. 2015; Kaskan 1957). Since for such cor-
rections to be meaningful, the environmental conditions at
the measurement position need to be known with sufficient
accuracy. Therefore, some authors use flame simulations to
provide this information or publish the uncorrected data (Do
et al. 2021; Betrancourt et al. 2022).

This work aims to characterize the new high-pressure
burner facility at Texas A&M University utilizing chemilu-
minescence, OH-LIF, and OH-thermometry measurements.
The scope of this paper includes the experimental and sim-
ulation details, processes, results, and conclusions drawn
from the process. Details of the burner geometry and the
experimental setups for the different diagnostic techniques
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are outlined. Chemiluminescence data is then presented to
compare the spatial distributions of the OH ground state
(via LIF). Moreover, numerical results obtained from the
2D simulations under development are compared to the
experimentally obtained OH contours to compare experi-
mental and numerical results. Thermocouple measurements
of gas-phase temperature are compared with the results from
OH-LIF thermometry. The simulations are conducted in the
CFD package ANSYS Fluent using a partially premixed
combustion model. The limitations of high-pressure com-
bustion experiments are discussed upon deviations from the
theoretical calculations.

2 Experimental method and CFD model
2.1 High-pressure burner facility

Measurements were conducted inside of an optically acces-
sible laboratory scale high-pressure burner with the capa-
bility of reaching pressures up to 50 bar, Fig. 1. Within a
collaborative project between our two research laboratories,
there are currently two identical burners in use, one of them
at Texas A&M University and the other at the University of
Duisburg-Essen. Both burners were copies from an initial
version developed at Chétillon, France, where Attal-Trétout
et al. (1990) and Kohse-Hdoinghaus et al. (1990) recorded
CARS and OH-LIF thermometry measurements. The pres-
sure vessel surrounding the burner is constructed of 316
stainless steel with four 14-mm thick quartz optical windows
(45 mm diameter, with a clear aperture of 28 mm) located
symmetrically around the central axis allowing for laser pen-
etration and optical access to the flame inside. The burner

located inside the pressure vessel consists of a 20-mm diam-
eter central porous bronze plate delivering a premixed flow
of methane and air and a 13.5-mm thick bronze ring with a
co-flow of air to straighten the premixed flame to increase
stability. The air co-flow also ensures any excess fuel was
burnt before reaching the windows or the exhaust valve. A
nitrogen guard flow was also utilized to convectively cool
the vessel and prevent thermal stress on the windows due
to increased temperatures. Figure 1 shows the CAD model
highlighting some of the critical elements in both the outer
view and a cross-sectional view and an image of the high-
pressure burner in its current configuration.

Pressure control of the burner during the tests was imple-
mented by regulating the exhaust flow through a pneumati-
cally driven research control valve and a National Instru-
ments data acquisition system. An piezoelectric pressure
transducer inside the burner monitored the pressure and
relayed a signal to a DAQ (National Instruments USB-6001
DAQ). The DAQ then delivered a signal to the PID loop,
which adjusted the signal air pressure to the control valve to
either increase or decrease the exhaust valve orifice. Cooling
was accomplished through the combined efforts of both the
previously mentioned guard flow and copper water cool-
ing lines encircling the midsection of the burner body, as
well as a cooling coil embedded inside the porous bronze
plate of the burner itself and a cooling head at the top of the
burner to cool the exhaust gases. The cooling system suc-
cessfully maintained temperatures to ensure the safe opera-
tion of the burner. Lastly, a stabilization disk was added to
help minimize the oscillations of the flame during combus-
tion. Experiments were conducted at 1-10 bar with flame
conditions ranging from lean ¢p=0.7 to rich ¢y =1.3. The
pressure range was limited to 1-10 bar due to the mass flow

(b)

Fig.1 High-pressure burner images a SolidWorks model: EXH:
exhaust, WL: water lines, LPA: laser penetration area, BP: baseplate,
OWH: outside window holder, BTM: burner translation mechanism,
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SSPV: stainless steel pressure vessel b Burner cross-sectional view:
PF: premixed flow, CF: co-flow, CWL: cooling water line ¢ Photo-
graph of the assembled burner
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controllers available at the time. Additionally, this work is an
initial characterization of the High-Pressure Burner Facility
at Texas A&M, modifications are being made to increase the
operating pressure. The methane flow varied from 0.163 slm
(standard liters per minute) at the lean low-pressure condi-
tion to 1.21 slm at the rich high-pressure condition. The
airflow varied from 2.1 to 9.53 slm. A combination of MKS
mass flow controllers and Matheson flowmeters were used
to introduce gases into the system. The MKS mass flow con-
trollers regulated the premixed CH, and air, and the Mathe-
son flowmeters regulated the air co-flow and the N, guard
flow. The MKS mass flow controllers used had an accuracy
of + 1% of the set point value while the Matheson flowmeters
had an accuracy of +5% of the full-scale value. The flow-
rates at the changing pressures are documented in Table 1.

2.2 Experimental procedure

The chemiluminescence experiments were conducted using
a Photron Fastcam SA-Z camera paired with a LaVision
high-speed intensified relay optics (HS-IRO) module shown
in Fig. 2. During chemiluminescence testing, three differ-
ent emissions were recorded using optical bandpass filters
in front of the HS-IRO module. CH* was recorded using a
434 +8.5-nm filter, OH* was recorded using a 315 +7.5-nm
filter, and the broadband chemiluminescence was recorded
with no filter. All tests were sampled at a 1-kHz repetition
rate, the HS-IRO gate was set to 0.5 ms, and the intensifier
gain was varied for each filter being used but remained con-
stant during the pressure and equivalence ratio scans. The
preliminary testing determined appropriate gain values of
55% for CH*, 45% for OH*, and 40% for broadband emis-
sions. The spatial dispersion of the imaging configuration
was determined to be 19 pixels per mm using a calibration
target. The resulting chemiluminescence images were pro-
cessed by integrating the signal across the flame for each
frame.

ND6000

Dye

© ==
_Laser |y Filtor s fP

Fig.2 Experimental setup for OH-LIF high-pressure imaging meas-
urements

For OH-LIF imaging studies, a nanosecond-pulse
Nd:YAG laser (Continuum, Model: Powerlite 8000) oper-
ating at 1064 nm. The frequency-doubled 1064-nm beam
generated 532-nm pulses that were used to pump a tunable
dye laser (TDL) (Continuum, ND6000). The dye laser was
filled with rhodamine-590 dye mixed in methanol to gen-
erate a 566.6-nm beam. The output beam was frequency-
doubled using a BBO crystal to obtain 283.305 nm in vac-
uum for Q,(7) excitation of the OH AL« XII (1,0) band.
The typical linewidth of the frequency-doubled dye laser is
0.1 cm™, according to the manufacturer’s specifications. The
UV beam was then redirected using several 45° dielectric
mirrors to the probe region and converted to a thin laser
sheet using a combination of a cylindrical lens (f=—75 mm)
and a spherical lens (f= +750 mm); this lens combination
produced a laser sheet approximately 160 pm in thickness.
The UV laser beam was fixed at a diameter of 5 mm prior to
the cylindrical and spherical lenses. To improve image qual-
ity, only the nearly uniform central portion of the UV laser
was used. An intensified CCD camera (ICCD) (Princeton

Table 1 Gas flow rate

¢=0.8 ¢$=1.0 ¢p=12

Pressure (bar) CH, (slm) Air(slm) CH, (slm) Air(slm) CH,(slm) Air(slm) Co-flow (slm)
1 0.184 22 0.226 2.16 0.266 2.12 5.17
2 0.369 441 0.453 4.32 0.532 4.21 10.3
3 0.474 5.66 0.581 5.56 0.684 5.45 15.5
4 0421 5.03 0.515 4.94 0.607 4.85 20.7
5 0.525 6.29 0.643 6.17 0.758 6.06 25.8
6 0.471 5.66 0.578 5.56 0.681 5.45 31.0
7 0.55 6.61 0.674 6.48 0.794 6.36 36.2
8 0.627 7.55 0.769 7.41 0.905 7.27 41.4
9 0.704 8.5 0.864 8.33 1.02 8.18 46.5
10 0.781 9.44 0.958 9.26 1.13 9.09 51.7
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Instruments, PI-MAX4) fitted with a+ 100-mm focal-length
f2 UV camera lens (Bernard Halle) was placed perpendicu-
larly to the beam propagation to capture the fluorescence sig-
nal from the A«X (1,1) & (0,0) bands. A filter was placed
on the lens of the camera to specifically collect the targeted
308 nm fluorescence and block out unwanted interferences.
The complete laser and imaging systems are shown in Fig. 2.
The images taken had resolutions of 1024 x 1024 pixels and
were time-averaged for 150 shots, the spatial dispersion was
found to be 22 pixels/mm. Thermometry measurements were
taken utilizing this same setup but by exciting the Q,(5) line
at 282.750 nm and the Q;(14) line at 286.456 nm and cal-
culating the ratio between the two for comparison with a
calibration function (Wang et al. 2019b).

Thermocouple (TC) measurements were performed in a
twin burner located at the University of Duisburg-Essen.
A pneumatically driven TC sampler, similar in design by
Leschowski et al. (2014) for soot sampling and shown in
Fig. 3, was quickly inserted and retracted into the flame
at the centerline position for a few seconds until thermal
equilibration. This method avoids TC damage by too long
overheating and possible soot deposition for rich flame con-
ditions. Soot deposits on the TC junction will increase heat
losses depending on increased emissivity values. The ther-
mocouple was type B (Pt 6% Rh/Pt 30% Rh) with a bead
diameter of 0.2 mm. Measurements at different height above
the burner (HAB) positions were realized by moving the
burner to fixed sampler positions. Radial profiles at a fixed
HAB were accomplished by varying the distance between
the threaded sampler cylinder (red part in Fig. 3) and the
window flange (light gray part in Fig. 3).

Measured thermocouple (TC) temperature values were
corrected for radiation loss using three approaches from the
literature and subsequently forming average values. One is
the correction calculated from Eq. 5 in Kaskan (1957)

1.25e, o TAd?/* ( y \V/*
v

T,=T,+ >

g

ey

Fig.3 Sketch of the pneu-
matically driven thermocouple
sampler connected to one of the
window flanges of the burner
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In this equation, 7}, is the corrected gas temperature, T},
the TC bead temperature, €, the emissivity of the bead, T,
the assumed wall temperature, d the bead diameter, 4, #, and
p are heat conduction, viscosity and density, respectively,
of the surrounding gas, and v is the local gas velocity. The
temperature-dependent emissivity was taken from the expres-
sion given by Shaddix (1999) for an S-type thermocouple. The
thermophysical gas properties were calculated from suitable
functions fitted to data tabulated in the NIST Chemistry Web-
Book (2023), SRD 69. Assumed gas compositions were either
pure nitrogen, or calculated from by Gaseq 2023 for a product
gas equilibrium mixture at the measured TC temperature for
methane combustion at the respective equivalence ratios in
this work. Finally, the local gas velocity was calculated from
Ansys Chemkin-Pro 2023 with a chemical kinetics mechanism
of methane combustion (GRI Mech).

In another approach, the expression.

d
T, =T, +&.0(T, — T;‘,)m )

given in Shaddix (2017) was used, with the thermal con-
ductivity, k, of the gas mixture and two different correlation
expressions for the Nusselt number, Nu:

Nu = 0.42Pr°% + 0.57Pr'/*Re? 3)

In this expression, the Prandtl number and the Reynolds
number (with respect to the wire diameter), Pr and Reg,
respectively, are given by Kramers (1946) (and cited as
Eq. (14) in Shaddix (1999)). The second Nu correlation (also
cited in Shaddix (1999) as Eq. (13)) is the one by Collis and
Williams (1959):

T 0.17
Nu = (0.24 + 0.56Re ) (T—m> @)

(s8]

for flows across cylinders. Here, T, is the so-called film tem-
perature, i.e., the mean of the thermocouple, and freestream
temperature T .
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2.3 Computational model

Combustion in the high-pressure burner facility was sim-
ulated with ANSYS Fluent, using a partially premixed
combustion model. Figure 4 shows the model of the com-
putational domain used for the simulations. A 2D axisym-
metric solver was selected, allowing the simulations to be
conducted only in half of the domain. The premixed CH,/air
enters through a 10-mm inlet, and the co-flow enters through
a 13.5-mm inlet based on the burner dimensions. The
domain extends to 40 mm in the x-direction and to 38 mm
in the y-direction. The commonly used k-epsilon standard
model was adopted as the turbulence model. Partially pre-
mixed combustion was selected, and the GRI-Mech 2023
2.11 kinetics mechanism with 49 species and 279 reactions
was implemented. Because of the small domain size con-
strained by the dimension of the burner enclosure, we were
able to discretize the model into uniformly fine grids at every
location. The grids were generated with a face meshing tool,
each element being quadrilateral in shape and 100 um in
size. The element size was significantly smaller than the
reaction layer thickness of approximately 1 mm, based on
the full-width-at-half-maximum of the radial OH signal pro-
file. A bias factor could be applied for the larger domain to
minimize the grid size in the region of interest. The mesh
statistics created are highlighted in Table 2.

Once the mesh is generated, the boundary conditions
were provided in the setup section. The inlet flow mixtures

Outlet

38 mm

Exxxi

Premixed flow

ERXEY!

Co-flow

Fig.4 Computational domain

Table 2 Mesh statistics

Statistics Values
Nodes 119,021
Elements 118,150
Minimum orthogonal quality 0.999
Maximum orthogonal skewness 5.952x 1077
Maximum aspect ratio 1.417

were fed at ambient temperature conditions in terms of mass
flow rate to match the flow rates used in the experiments. All
flows are set normal to the boundary. Because of axial sym-
metry, an axis condition was provided to the right edge of
the domain to perform 2D simulations to save computational
time. A wall boundary condition is provided to the left edge
of the domain, which corresponds to the wall of the pres-
sure vessel. The outlet at the top was defined as a pressure
outlet. A wall boundary condition of estimated equilibrium
temperature 1000 K is provided to the stagnation disk sur-
face facing the inlet, which is close to what has been meas-
ured with a thermocouple inserted from the back side of the
disk. A semi-implicit method for pressure-linked equations
(SIMPLE) algorithm was used as a numerical procedure
to solve the Navier—Stokes equations. It is often preferred
for steady-state problems because it can converge solutions
quickly. A second-order upwind setting was set for all solv-
ers (momentum, turbulent kinetic energy, energy, and pro-
gress variable) to increase the accuracy of the solution. In
addition, a convergence criterion for each residual was set to
1 x 10~* except for the energy for which it was set to1 x 107¢
to obtain better convergence. The domain was initialized as
a Hybrid initialization. The number of iterations was set to
1 x 10* and the simulation was left for convergence.

3 Results
3.1 High-speed chemiluminescence studies

Chemiluminescence images were taken to analyze and char-
acterize the high-pressure flames. The first pressure and
equivalence ratio scans showed that the flame was unstable
in the current burner configuration. Figure 5 shows oscilla-
tions in the broadband, OH*, and CH* chemiluminescence
images of the ¢p =1.2 flame at 8 bar. The first image in each
series (row) is the flame at the maximum integrated signal,
the second image is the minimum integrated signal, followed
by another maximum and minimum image. Oscillations
similar to these were seen across the entire pressure and
equivalence ratio range.

Flame oscillations are undesirable for flame diagnostic
techniques; therefore, the unstable flame was stabilized

@ Springer
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Fig.5 Photo of flame measure-
ments a, false-color images of
broadband chemiluminescence
b—e, OH* chemiluminescence
f—i, and CH* chemilumines-
cence j-m at 8 bar p=1.2
showing flame oscillations

of the unstable flame. The

red dashed line indicates

the signal integration area

(6.2 mm X 19.2 mm)

[ 1000
Signal

intensity

(arb.u.) H

by positioning an axisymmetric stainless-steel disk 8 mm
above the burner surface. The disk is held in place by two
stainless-steel rods mounted to two auxiliary ports on the
pressure vessel, allowing full optical access to the stable
flame. Figure 6 depicts the sample single shot images

(b, e), 1000 single-shot-averaged images (averaged dur-
ing post-processing) (c, f), and averaged images from an
ICCD camera (averaged on the chip) (d, g) of OH* (top
row) and CH* (bottom row) chemiluminescence for the
constrained flame (p =8 bar, ¢ =1.2) shown in the inset

. 1000
SS Disk SS Disk SS Disk

— 900

5
s — 800

>

d 'z
@ § 700

SS Disk SS Disk SS Disk 'T:
5 — 600

2
CH* 500
() 400

Fig.6 Photo of experimental flame with a stabilizing stainless-steel
disk a, false-color images of single shot image b and e, 1000 single-
shot-averaged image ¢ and f, and averaged image from an ICCD cam-
era d and g at 8 bar ¢p=1.2 showing the elimination of flame oscil-
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lations with the addition of a stabilizing disk. The red dashed line
indicates the signal integration area (6.2 mmX 19.2 mm). The white
dashed lined represents the location of the burner surface
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a. These images show the elimination of the flame oscil-
lations allowing for better flame diagnostics and char-
acterization. Additionally, the unstable flame in Fig. 5
shows asymmetrical features when the flame is at a mini-
mum area, Fig. 5c. The addition of the stabilizing disk
restored the symmetry of the flame as well as reduced
flame oscillations.

Chemiluminescence images were analyzed by inte-
grating the recorded signal in each frame. A 6.2 mm X
19.2 mm integration zone, shown in Figs. 5 and 6, was
used for both the stable and unstable chemiluminescence
images. This integration zone was chosen to maximize
the integration area while avoiding saturation from the
stabilizing disk. Then, the integrated signal was normal-
ized by the average signal across the integration zone
from 1000 images. Figure 7 shows the normalized OH*
chemiluminescence signal of the ¢ = 1.2 flame at 8§ bar
plotted as a function of the frame number. The unstable
flame OH* chemiluminescence signal demonstrated large
low-frequency oscillations, while the stable flame dem-
onstrated small high-frequency oscillations. The same
trend is observed for CH* and broadband chemilumines-
cence. Using MATLAB’s built-in fast Fourier transform
(FFT) function, it was found that the dominant frequency
of the unstable flame in Fig. 7 was 17 Hz, and the domi-
nant frequency of the stable flame was 178 and 296 Hz.
The same fast Fourier transform analysis was conducted
for each pressure tested, revealing that as pressure was
increased, the frequency of flame oscillations decreased
from 19 Hz at 1 bar to 16 Hz at 10 bar. The high-fre-
quency oscillations in the stable flame are likely due to
either fluctuations in the flame due to the exhaust control
valve and the PID loop controlling it or thermo-acoustic
fluctuations inside the pressure vessel. Thermo-acoustic
fluctuations similar to these have been studied using vari-
ous techniques (Arndt et al. 2015; Meier et al. 2007).

-
N
n

—

- Stable Flame
—— Unstable Flame

1.05}

—

-—

o
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Fig. 7 Total normalized integrated OH* chemiluminescence signal of
the stable and unstable ¢p=1.2 flame at 8 bar

Kostuick and Cheng discussed buoyancy-induced flame
flickering. The interaction between the hot combustion
products and relatively cold air co-flow drives buoyancy
effects. Additionally, the air co-flow may have minor flow
deformities leading to temperature differences in different
portions of the burner, which could increase the buoyancy
effects (Kostuick and Cheng 1994). Further investigation
is needed to determine the cause of the high-frequency
noise; however, the stabilizing disk reduced the large
flame oscillations to allow for OH-LIF measurements.
These flame oscillations are small enough in magnitude
to not affect any experimental results.

3.2 OH-LIF imaging studies

A series of averaged OH fluorescence signals were detected
in CH,/air flames with operating pressures up to 10 bar. A
study of the laser energy dependence shows a linear increase
in the OH-LIF signal with the laser fluence until it reaches
saturation in lower pressure conditions. To verify that the
relationship between laser energy and the OH-LIF signal can
be modeled linearly, the laser power was scanned in approxi-
mately 100-pJ steps, and the fluorescence was collected for a
¢ =1.2 flame. The importance of achieving linearity lies in
the fact that the fluence of the beam is not uniform through-
out the projected sheet from the OH-LIF imaging setup. The
laser fluence increases in the center and decreases steadily,
moving toward the edge of the laser sheet. Therefore, if the
total beam energy lies in the linear portion of the signal, the
signal can be appropriately scaled across the beam sheet
to account for decreased laser fluence near the edge of the
beam sheet; this effectively creates a uniform top hat laser
light sheet. In this study, the light sheet was first sent through
an aperture to cut off the extreme edges of the beam where
the laser energy significantly decreases. The remaining cen-
tral region of the beam sheet was captured using a beam
profiling camera (Spiricon, Model USB3-LT665), and this
profile was used to correct for the nonuniformity in the beam
sheet. Figure 8 shows that the relationship could be linear
across the entire pressure range. The only discrepancy was
in the 1 and 2 bar experiment, where the OH signal shows
signs of partial saturation. Throughout the experiment, the
laser energy was maintained at 0.8 mJ/pulse.

A wavelength scan was conducted to confirm the location
of the Q,(7) rotational line in the (0,0) band and to compare
with excitation profiles generated from LIFBASE (Luque
and Crosley 1999). The Q,(7) rotational line was selected
based on previous work by Boxx et al. (2015). Line broaden-
ing due to elevated pressure inside the burner is present and
observable in Fig. 9. The absorption line shape of the OH
radical is most commonly described by a Voigt profile at
higher pressures due to both Doppler and collisional broad-
ening mechanisms. As the pressure increases, the collisional
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broadening will take over, and the spectrum should become
broader (Davidson et al. 1996; Tu et al. 2020). The line
broadening at increased pressure seen in this work was sim-
ilar to other experimental results in the literature, but red
shifting was not observed (Kohse-Hdoinghaus et al. 1990;
Davidson et al. 1996; Tu et al. 2020).

As mentioned previously, OH-LIF images were recorded
with an ICCD camera equipped with a 315 +7.5 nm filter
to detect the 308 nm fluorescence signal from the A«X
(1,1) and (0,0) bands. Figure 10 shows the flames at 2, 5,
and 10 bar with varying equivalence ratios. The flame is
premixed, and the leaner equivalence ratios accurately rep-
resent ideal premixed behavior with a consistent combustion
zone across the whole surface of the burner to the bottom of
the stabilization disk. However, starting at 2 bar ¢=1.05,
5 bar ¢=0.95, and 10 bar ¢p=0.95 cases, the middle sec-
tion of the signal started to deteriorate, indicating that the
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reaction zone was shifting toward the edges of the burner
rim where the air co-flow is exiting. This behavior was con-
sistent with other diffusion flames found in the literature
(Zhao et al. 2018). The co-flow closest to the flame in our
configuration consisted of air which provided the possibility
of another reaction zone becoming evident in the wings of
the premixed flame. Another item to note is that the signal
decreased significantly with increasing pressure, as shown
by the scale factor of each image below applied during data
processing. This trend has been documented in other studies
and is to be expected due to the already mentioned colli-
sional quenching effects increasing with pressure along with
signal trapping increasing with pressure, thus reducing the
signal (Kohse-Hoinghaus et al. 1990; Davidson et al. 1996;
Tu et al. 2020). Yin and co-workers (Yin et al. 2014) sug-
gested that signal trapping can be minimized through (1,0)
excitation and (1,1) detection, which is the general excita-
tion and detection scheme used in this work. However, the
bandpass filter used in this work also captures some emis-
sions from the (0,0) band after vibrational energy transfer,
which may increase the effect of signal trapping. At elevated
pressure, the assumption of minimal signal trapping can-
not be applied, and the effect of signal trapping should be
evaluated using Eq. 6 in Yin et al. Future works will focus
on the effects of signal trapping to better quantify the OH-
LIF signal.

Experimental data were taken at the Q,(5) and Q,(14)
rotational lines of the OH AZZ + — X211 (1,0) electronic
transitions for use in thermometry measurements which will
be discussed later in this work. Previous results have indi-
cated that this pair of lines yield the most accurate OH-LIF
thermometry results (Wang et al. 2019b). Radial data was
taken from the Q,(5) scan and presented below in Fig. 11.
The scans confirmed the conclusions drawn from Fig. 10. At
the fuel-rich case of ¢p=1.2, the OH-LIF signal in the center
decreases significantly to almost zero. This phenomenon is
because the premixed flow into the burner is rich, and com-
bustion decreases in the center. The excess fuel makes its
way to the edges of the burner surface, where the co-flow
of air is propagating. This creates a pocket of combustion
on the outside of the premixed flame. This pocket of com-
bustion is why the ¢=1.2 flame, near the radial distance
of + 10 mm, there are two prevalent peaks. This behavior is
usually noted in diffusion flames, which will require more
investigation in the future. The presence of the stabiliza-
tion disk undoubtedly played a significant role in changing
the flame structure at higher equivalence ratios and helped
with trapping the combustion in the pockets observed. The
¢=1.2, 2 bar flame is noticeably asymmetric, and the same
flame at 5 and 10 bar is also slightly asymmetrical. The
asymmetry can be explained by flame distortion issues with
the burner itself not exhibiting fully symmetric properties,
which are more easily seen at lower pressure, causing the
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2 bar 5 bar 10 bar

Fig. 10 Time averaged OH-LIF images at 2, 5, and 10 bar

discrepancy. These conditions may stem from slight mis- 4 Discussion

alignments of the disk or nonuniformities in the porous

burner surface, which are addressed in the ongoing modifi- 4.1 OH-LIF pressure scaling: 1-10 bar

cations to the burner assembly.
One of the significant effects responsible for the disparity
in the images in Fig. 10 during OH-LIF measurements at
higher pressures is the collisional quenching (Q) effect.
Quenching rates have been experimentally determined.
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Fig. 12 Graphical representation of quenching rates in premixed
flame environments

These rates are then used to calculate quenching rates at
elevated pressures. In this work, we calculated the quench-
ing rates at different pressures considering CH,, H,O, CO,,
0,, H,, and CO to be the major colliders. The concentrations
of these species and temperatures were simulated using the
CANTERA equilibrium code. Species concentrations and
temperatures from the simulation do not definitely repre-
sent the profiles of premixed CH,/air flames stabilized on
the burner with cooling water flowing in/out of the burner
disk and are also affected by the suitability of the flame
kinetic mechanism used for modeling the combustion pro-
cess (Goodwin et al. 2021). The corresponding tempera-
ture- and pressure-dependent cross sections were determined
based on a “harpooned model” proposed by Paul (1994).
In this model, the coefficient for quenching of OH by N,
is zero, thus not contributing to the collisional quenching
of OH-LIF signals. The assumption of negligible or zero
quenching from N, is consistent with other OH-LIF studies
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sure

at elevated pressure (Escofet-Martin et al. 2022). The cal-
culated quenching rates are shown in Fig. 12; it can be seen
that the quenching rate varies with equivalence ratio and
pressure. The resulting quenching rates agree well with pre-
viously reported values (Tu et al. 2020).

After applying quenching corrections for OH signals
at different pressures, the total integrated OH signals are
shown in Fig. 13. It is seen that the variations of quenching-
corrected OH-LIF signals follow the same trends seen in the
uncorrected data for all pressure conditions. Other negative
effects, such as line broadening and signal trapping, must
be considered to fully explain the reduced OH-LIF signal.
In addition, the UV absorption has little influence based on
the symmetry of radial profiles of OH-LIF images, as seen
in previous publications (Tu et al. 2020). The OH-LIF signal
symmetry in the radial profiles can be seen in Fig. 11, espe-
cially in lean low-pressure flames. In higher-pressure and
richer flames, the profiles became less symmetric because
of irregularities in the flame itself. The flame irregularities
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Fig. 14 Quenching corrected OH-LIF signal as a function of the equivalence ratio at pressures of 2, 5, and 10 bar

can be seen in Fig. 10. where the OH-LIF signal is stronger
on the far side of the flame with respect to the laser beam.
If laser absorption was a major factor, the signal on the far
side of the flame would be weaker.

One point of interest was the correlation of the strength
of the OH-LIF signal to the equivalence ratio. Combustion
efficiency is maximized at ¢p = 1.0, and therefore, the highest
OH-LIF signal should occur here as well. Figure 14 shows
the number density of the OH radical at three different pres-
sures while varying the equivalence ratio. This data suggests
that the peak OH-LIF signal occurs during lean combustion.
The experimental data are plotted against CANTERA simu-
lations (Goodwin et al. 2021). Measurements were obtained
by integrating the premixed region of the OH-LIF images
to avoid any OH produced in the diffusion flame region.
Since the uncorrected experimental data was taken from
the premixed region, OH quenching calculations presented
earlier can be applied. Quenching-corrected measurements
are compared qualitatively with the maximum OH number
density from the corresponding Cantera simulation. The
experimental and model results were similar in the trend line
shape presented, yet the experimental data peak appeared
to be shifted leaner than predicted in the model. After the
experiment was completed, calibration was done on the

MKS mass flow controllers to get an accurate reading of the
actual flow rates coming in to see if it could account for the
issue. The flowmeters were calibrated by flowing the gas into
an inverted container filled with water supported in a water
bath and measuring the time for a given volume displace-
ment. The calibration test suggested that the equivalence
ratio should be shifted by ¢ =0.05 to the richer side for each
case to offset the inconsistency in the mass flow controller.
That offset is reflected in Fig. 14, and for the cases of 5 and
10 bar, the offset is still insufficient to match the results. The
increasing pressure in the system undoubtedly contributed
to the increased uncertainty and shift in ratio.

4.2 OH-LIF thermometry

Temperature measurements were taken to further charac-
terize the flame. Other research has already investigated
higher-pressure flame thermometry and showed promising
results at leaner equivalence ratios (Attal-Trétout et al. 1990;
Kohse-Hoinghaus et al. 1990; Wang et al. 2019b) also using
NO as target species (Bessler et al. 2002a, b). Attal-Trétout
et al. (1990) and Kohse-Hdoinghaus et al. (1990) took CARS
and LIF-thermometry in a twin burner, although using
other flow rates and without inserting a stabilization disk.
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As mentioned before, for the two-color thermometry proce-
dure, the Q,(5) (at 282.750 nm) and Q,(14) (at 286.456 nm)
rotational transitions of the OH AZX*—XII (1,0) band were
used, followed by detecting the fluorescence emission in
the OH A?Z*-X?I1 (0,0) and (1,1) bands. The ratio of aver-
age OH-LIF signals from the transition lines was used to
determine the theoretical temperature based on the technique
discussed by Wang and co-workers (Wang et al. 2019b).
The temperature dependence of the Q,(5) to Q,(14) ratio
was calibrated using LIFBASE at 1 bar using a power law
fit (Wang et al. 2019b). Figure 15 shows the temperature
distribution of the flame at 2 and 10 bar. Since the ability to
measure the temperature depends on the OH concentration,
in areas of low OH concentration, the signal-to-noise ratio of
the two-line thermometry approach is too low to predict the
temperature confidently. In Fig. 15, these areas are labeled
undefined. This is also the reason why some areas show a
temperature of 3000 K, which is unrealistic for a methane
flame. According to Wang et al., this technique, with an
appropriate OH-LIF signal, could accurately measure tem-
peratures between 800 and 3000 K (Wang et al. 2019b). The
temperatures of the 10-bar flame were significantly higher
than the 2-bar flame, but the 2-bar flame had a more homog-
enous structure. At the richer flame equivalence ratios for
10 bar, the temperature is undefined in the center, consistent
with the results presented earlier. This also provides further
evidence of the absence of the flame front and decrease in
combustion in the central area at these equivalence ratios.
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The temperature fields in Fig. 15 provide information on
the temperature distribution as a function of the radial dis-
tance and HAB. Figure 16 shows the resulting radial and
axial temperature profiles of the flame at different ¢ and
pressures with colored solid lines. It further demonstrates
that the radial position temperatures depended heavily on
¢ and pressure. These figures indicated the temperature
increased at higher pressures, which is true in some cases
studying the NO concentration in high-pressure flames
(Bessler et al. 2002a, b). The stabilizing disk most likely
had a large part in the temperature increase at higher pres-
sure because the disk tends to trap heat and radiate back
to the burner surface. One item of note is the fact that the
temperature appeared constant throughout the center for
all pressures. However, this observation is not altogether
surprising as the previously presented images indicate a
uniform temperature distribution at the leaner equivalence
ratios. Axial temperature distributions seemed to be con-
sistent for pressure variation with a fixed equivalence ratio
which also agreed with previously produced images. The
axial temperature profiles in Fig. 16c and d show that for
lean flames, the temperature profile follows a similar trend
for the three pressures tested. The temperature starts high
near the burner surface, then quickly drops before increasing
again higher up in the flame. The temperature then decreases
when approaching the stabilizing disk. This general trend is
not observed in rich flames in Fig. 16d, which can be attrib-
uted to the uncertainty of the OH thermometry technique. In
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Fig. 15 Temperature plots (K) using two-color OH-LIF thermometry at 2 bar (left) and 10 bar (right). Low concentrations of OH resulted in low

signal to noise ratios and undefined temperature measurements
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rich flames, the OH-LIF signal decreased substantially in the
center of the flame as the combustion reaction moved toward
the wings of the flame. Temperature profiles at 10 bar are
shown in Fig. 16e and f. The radial profiles in Fig. 16e high-
light the observation of constant temperature in the center
of the flame for lean flames and an undefined temperature
region in the center of rich flames. Axial profiles at 10 bar
were limited to lean flames because of the before mentioned
undefined temperature region. This decrease in the OH-LIF
signal makes the temperature evaluation in the middle por-
tion of the rich flames unrealistic.
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lines) and TC measurements (symbols) at different HAB locations are
shown in panels ¢ & d. Similarly radial and axial temperature profiles
are plotted for different ¢ e & f

4.3 Thermocouple measurements

For some of the flame conditions listed in Table 1 and
corresponding to the temperature profiles in Fig. 16¢c and
d, radiation-corrected thermocouple (TC) measurements
of gas-phase temperature were carried out with coarse
steps in the HAB position and compared with the respec-
tive OH-LIF results. The plotted values (symbols) are the
mean resulting from the gas temperatures calculated using
Eq. (1), and Eq. (2) with the Nu-correlations expressed in
Egs. (3) and (4), respectively, in Sect. 2.2. Error bars rep-
resent the calculated standard deviations from this averag-
ing, but do not include systematic errors and uncertainties
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inherent in several of the parameters included in Egs.
(1)—(4). Figure 16c shows the temperature variation as a
function of HAB and for pressures of 2, 5, and 10 bar at
¢ =0.8. At HAB >2 mm, both OH-LIF thermometry and
thermocouple measurements show an almost constant tem-
perature; however, the TC measurements do not show the
increasing temperature plateau with pressure seen in the
OH-LIF temperatures, while the TC-derived temperature
at 1 mm HAB is significantly lower. The higher tempera-
tures close to the burner surface (closer to the flame front
below 1 mm HAB) cannot be accessed by the bulky TC
bead. It is also observed that the TC-derived temperatures
do not vary much with total pressure, with a possible rea-
son being the neglect of heat loss by conduction through
the wires (Shaddix 2017). With respect to ¢ and at a con-
stant pressure of 2 bar (Figs. 15 and 16d) the TC data for
¢ =0.8 are in quite good agreement with the profile from
OH LIF, however, the ¢ = 1.2 data are higher than the ones
derived from OH LIF, which are indistinguishable within
the measurement range from the ¢ =0.8 profile. Also, the
trend of a temperature increase with ¢ and a subsequent
decrease is visible in the OH-LIF measurements but at
a larger ¢ than typically expected from thermophysical
calculations. Radial TC-derived temperature profiles (not
shown) also do not show this significant dip in the center

region seen in Fig. 16b at ¢y = 1.2, but only a small dip
(less than 100 K) at a larger ¢ = 1.6. These differences
in results between the two techniques could be due to the
non-exact operating conditions of the two burners at Texas
A&M and Duisburg-Essen Universities, the modest spa-
tial resolution of the TC (bead diameter 200 pm), and the
missing conduction heat-loss correction.

4.4 Comparison with ANSYS fluent simulation

The experimental OH-LIF results were compared to the OH
distribution simulated with ANSYS Fluent. Figure 17 shows
the qualitative comparison of the OH signal and mole frac-
tion obtained from the experiment and the model, respec-
tively. The model prediction shows that OH concentration
distribution is centered during lean combustion. During rich
combustion, the simulated distribution replicates the high
peripheral OH concentration seen in the experiments, thus
strengthening the creditability of the results obtained from
the experimental data. There is a slight discrepancy in the
stoichiometric case at 10 bar. The experimental results show
OH concentrated on the edge of the flame with very little in
the center of the flame. In contrast, the simulation shows an
even distribution throughout the flame.

J
%c) 3.ol><_1o—3

Fig. 17 Qualitative comparison of OH concentrations for CH,/air
flame at 2 bar a—f and 10 bar g-1 recorded for ¢p=0.8 (left), b) ¢p=1.0
(middle), and ¢) ¢ =1.2 (right). Images a—c and g—i represent OH sig-
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mole fraction

nal obtained from the experiment and images d—f and j-I represent
simulated OH mole fraction distributions for 2 and 10 bar respec-
tively
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Fig. 18 Quantitative comparison of radial OH concentration profiles
measured for different pressures at HAB=4 mm for ¢=0.8 (left)
and ¢p=1.2 (right). The model data at 2 bar are scaled up by factors

Radial profiles allow for a better quantitative compari-
son between the experimental and simulated results. Fig-
ure 18 is a visual representation of the radial distribution
of OH-LIF for ¢ =0.8 and 1.2. As seen previously in the
images in Fig. 10, the signal from the lean equivalence
ratios is more evenly distributed throughout the flame
compared to profiles from rich flames. The shape of the
models agreed with the experimental data, but the models
had to be scaled to match the trends correctly. The signal
appears to almost decrease to zero at higher pressures in
both the model and experimental profiles, which is also
consistent with the background-subtracted images from
Fig. 10.
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4 and 3 for lean and rich case respectively. Similarly, the model data
at 10 bar are scaled down by factors 2.5 and 3.5 for the lean and rich
case, respectively, while keeping the model data at 5 bar constant

Quantitative comparisons of the experimental and mod-
eled temperature are displayed in Fig. 19. The matching
shape of the model and experimental data was promising, as
the majority of the lines appeared to reflect the experimental
results acquired when a scaling factor was applied. For the
experimental axial temperature profiles, the temperature first
increased by around 100-200 K in the center of the flame
and slowly decreased again. This trend held for most equiva-
lence ratios except at ¢ = 1.0, where the temperature consist-
ently decreased. The radial temperature plot in Fig. 19 is
similar to Fig. 16b above, in which the modeled lean flames
showed a consistent temperature profile. However, for the
rich flames (¢ = 1.2), the experimental temperature is unde-
termined in the middle portion due to the lack of OH.
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5 Conclusions

This work reports the characterization of a high-pressure
burner facility using chemiluminescence, OH-LIF imag-
ing, and two-color OH-LIF thermometry. For chemilu-
minescence images, three different emission bands, total
chemiluminescence, OH* and CH* were recorded using
suitable bandpass filters. These chemiluminescence meas-
urements revealed the flame oscillations of premised CH,/
air flames and subsequent flame stabilization by adding
a stainless-steel disk above the flat flame. Subsequently,
OH-LIF imaging was used to record the reaction zone
of the high-pressure flames between 1 and 10 bar. The
hydroxyl radical was excited via the Q,(7) rotational
transition of the OH A2Z*—X2I1 (1,0) electronic band,
and for the thermometry measurements, the LIF intensity
ratio after excitation of the Q,(5) and Q,(14) rotational
transitions was used. Thermocouple temperature meas-
urements were also performed at selected locations and
compared with two-color OH thermometry results. The
OH-LIF experiments demonstrated several key features
of the flame that were consistent with the literature. Pres-
sure-broadened line shapes followed the model predictions
generated using the LIFBASE simulation package. With
the increase in the equivalence ratio ¢, the transition from
fully premixed to partially premixed and diffusion flame
behavior was observed. This behavior was evident during
the initial imaging phase, where the OH signal at higher ¢
and higher pressures reduced to almost zero in the middle
of the burner and started to resemble more of a diffusion-
like flame. OH-LIF can be used in the future to optimize
the stabilizing disk position for improved flame stability. A
detailed quenching correction was required to account for
the signal loss from collisional quenching mechanisms that
decreased the intensity of the signal significantly as pres-
sure increased. Measurements show the OH-LIF signal
peaked near ¢ =0.95 at 10 bar, but the combustion chem-
istry dictates the OH number density is significantly higher
compared to lower pressures. The higher number density
should result in a higher OH-LIF signal, however, laser-
beam absorption and fluorescence signal trapping reduce
the fluorescence yield. Two-color OH-LIF thermometry
measurements revealed the high-temperature zone mov-
ing away from the center at higher ¢, consistent with the
prediction of computational flame simulations. At lean
flames, the temperature distributions were nearly uniform
across the radial distance of the flame. The present study
establishes an optically accessible high-pressure burner
facility to investigate the effect of the minor species on
soot nucleation chemical pathways in realistic gas-turbine
or internal combustion-engine-related flame conditions.
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