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We report the first quantitative single-shot multiscalar data obtained from a realistic air-fed lean-direct-injection
burner operating on gaseous methane (CH,) fuel at elevated pressure (5 atm) using single-shot spontaneous Raman
spectroscopy. From a statistical analysis of the multiscalar data, we present spatially mapped probability density
functions of the concentration of CH, and O,, and the instantaneous temperature. The measured three-scalar
correlations and probability density functions provide insights into the nature and extent of the mixing process and
its impact on the subsequent combustion process. The data will also be useful for comparison with the various
turbulence—chemistry interaction models such as large-eddy simulation. The swirl-stabilized flame investigated in
this paper was characterized as operating in a partially premixed combustion regime that was dominated by
turbulent mixing provided by the lean-direct-injection configuration. Although a majority of the single-shot data
indicated complete or near-complete reactions including stoichiometric combustion, a considerable number of the
data points exhibited incomplete combustion characterized by a substantial amount of residual fuel at intermediate
temperatures or were simply unreacted with little or no preheating of the mixture.

1. Introduction

HE fundamental understanding of the physics and chemistry of

combustion processes as well as the ability to accurately model
these processes is essential to the successful development of new
low-emissions combustor designs that will minimize the negative
impact of aircraft engines on the local air quality and global climate.
Because of the fact that the combustion process in aircraft engine
combustors involves many complex thermal/fluids aspects, the
numerical code development for these advanced combustors
requires an increasingly sophisticated physics-based model such as
large-eddy simulation (LES) [1]. Such combustion models have been
applied toward turbulent combustion studies at realistic engine
conditions and have attempted to capture the various aspects of
aircraft engine combustion such as fuel atomization, droplet
vaporization, spray-turbulence interactions, finite-rate chemical
kinetics (including liquid fuels), and turbulent fuel—air mixing [2,3].
These combustion models have also been applied to simulate swirl-
stabilized combustion systems (either a laboratory-scale model or
realistic combustor), in which turbulence—chemistry interactions and
unsteady effects of turbulent flows were highlighted [4,5].

Because of the increasing complexity of aircraft combustion
systems, it is imperative that the new codes used to simulate these
systems be guided and validated by careful experiment. This is the
so-called code (or model) validation process [6-9]. There are several
notable ongoing projects aimed at comprehensive combustion code-
validation research. The Turbulent Nonpremixed Flames (TNF)
Workshop is a well-known international collaboration that has made
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significant progress in the development of code-validation data for
the computational techniques in various types of turbulent
nonpremixed combustion [9,10]. The TNF Workshop’s strength
lies in the data provided by the one-of-the-kind facilities that are used
to provide well-defined turbulent combustion experiments. In many
of the experiments described by the TNF Workshops, multiple laser
diagnostic methods are used to simultaneously capture major/minor
species and temperature [9,10]. Many extensive studies on realistic
swirl-stabilized gaseous flames at atmospheric pressure have been
performed in order to develop a standardized code-validation burner
[11-13]. In addition to a need for code validation with realistic
burners, there is a large degree of interest in conducting such
validation experiments at elevated pressures and temperatures in
order to simulate actual aircraft cruise conditions. This is often
challenging due to the technical challenges and safety concerns
associated with pressurized systems. An example of an optically
accessible, pressurized, industrial-scale research combustor has been
built by the National Energy Technology Laboratory (NETL) to
provide code-validation data for LES applications for natural gas-
fueled, turbulent combustion [7]. This facility at NETL emphasizes
research on low-emissions stationary gas-turbine combustion for
power generation applications [7]. In contrast, our research focuses
on the study of aircraft combustors.

In the context of aircraft engine combustion research, this paper
addresses the measurement of key scalar variables critical to the
analysis of turbulent mixing. Concentration measurements of
the major species are an effective means for validating the different
turbulence—chemistry interaction models, and even more so
when combined with simultaneous temperature measurements.
In particular, single-shot statistical analyses of the spatially and
temporally resolved multispecies data are useful for characterizing
turbulent mixing and transport processes in high-pressure flames.
Temperature data in turbulent flames are also in higher demand
from the standpoint of code validation, as it is intimately
linked to NOx emissions generated in these engines and is
critical to the determination of the combustor temperature pattern
factor.

Nonintrusive laser diagnostics play a major role in the code-
validation process. Coherent anti-Stokes Raman spectroscopy
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(CARS)is an example of a popular diagnostic technique which uses a
nonlinear signal generation process with the parametric
amplification. Numerous efforts have been devoted to advance the
science and technology of CARS for applications in thermal fluids
including combustion [14—18]. Both vibrational and pure-rotational
CARS methods are capable of measuring spatially and temporally
resolved temperatures in practical combustion environments [19]
and their capabilities have been greatly improved [20] The CARS
technique has distinct advantages in spatial and spectral filtering,
improved immunity to optical interferences, and can even be used in
a sooty environment due to the fact that the CARS signal is a
coherent, strong laserlike beam. The disadvantages of CARS are
primarily its complexity and the ability to probe only one species per
laser wavelength. In contrast, spontaneous (also called linear) Raman
spectroscopy requires only one laser wavelength to probe multiple
species (multiscalar) while being much simpler to implement than
CARS. However, spontaneous Raman scattering is an inherently
much weaker linear scattering process and is more prone to optical
interferences. Because of the spontaneous Raman spectroscopy
technique’s multiscalar measurement capability, it continues to be a
valuable tool for many combustion experiments as an alternative to
CARS [11-13,20-24]. Although spontaneous Raman signals are
inherently very weak, one can expect high-quality Raman scattering
data with good signal-to-noise ratio using either ultraviolet laser
excitation [23,25,26] or visible laser excitation in conjunction with a
high-performance optical setup [27,28]. With such optimization, the
technique can provide spatially and temporally resolved information
in a single-shot manner with a sufficient level of accuracy. When
single-shot data acquired by point measurements are collected over a
period of time in a nonsteady or turbulent environment, the data will
form so-called “scatter plots” of the multiple scalars versus mixture
fraction, which are suitable for validating computational models of
turbulent combustion [8,9,12,13,21]. Multidimensional cross
correlations of the scalar can also be observed in the form of a
correlation scatter plot. Such correlation scatter plot data can be
further analyzed to obtain the probability density functions (PDFs) of
the correlated scalar properties.

Spontaneous Raman scattering for combustion diagnostics also
offers practical benefits. It is capable of working with only a single
wavelength, a single beam, and even a single optical access port if the
backscattered collection mode is used. Because spontaneous Raman
scattering is a linear optical process, the measurements are typically
less complicated and less expensive when compared to nonlinear
optical techniques such as CARS. These facts attract a great deal of
interest from researchers using it for applications related to aviation
combustors [29,30]. Recently, a single-shot one-dimensional
spontaneous Raman spectroscopy was successfully applied in a
gas-turbine model combustor operated with natural gas fuel at
elevated pressure up to 10 bar for thermochemical state analysis in
the primary zone [31].

The present research uses spontaneous Raman spectroscopy to
provide quantitative species and temperature data in a realistic
combustor at elevated pressure for the validation of chemically
reacting computational fluid dynamics codes such as the National
Combustion Code being developed by an industry-government team
[32]. Our approach is to perform a series of fundamental combustion
experiments with increasing chemical complexity, which eventually
reflect aviation jet fuel, using a state-of-the-art high-pressure
turbulent combustion facility. As the first step of this research, a
realistic swirl-stabilized fuel-lean methane-air flame is investigated
at moderate pressure. Methane-air combustion produces chemically
simple first-case for combustion code validation compared to more
realistic kerosene-based jet fuels.

II. Experimental Description
A. High-Pressure Swirl-Stabilized Gaseous Flames
The experiment was conducted in a high-pressure optically
accessible combustion test facility fitted with a swirl-stabilized
nonpremixed methane-air combustor operating at a pressure of
5.0 atm. The flame was operated at a global equivalence ratio,

¢ =0.56, which approximately corresponds to the steady
flammability limit of a freely propagating methane-air flame at a
moderate strain rate (a few hundreds of s~') [33]. The burner
generates highly strained turbulent gaseous flames based on the
NASA-developed lean-direct-injection (LDI) configuration [34].
The schematic diagram of the single-element LDI burner nozzle is
shown in Fig. 1. The burner nozzle consists of a 60-deg
counterclockwise swirl vane element (swirl number 1.27) for
combustion air and integrated into the existing high-pressure burner
facility hardware [35,36]. The burner nozzle has a fuel injector that
comprises six radially aligned plain jets (1.14 mm diam) angled at
45 deg to the burner axis, but perpendicular to the local flow path of
air passing by. Several groups have adopted the LDI configuration
for studying realistic turbulent gaseous [37] and spray combustion
[38,39]. To minimize unnecessary complications regarding code
validation, a single-element LDI was used in the present work instead
of the multiple-injector configuration. This particular LDI burner
typifies that used in the primary zone of advanced low-emissions gas-
turbine combustors. We expect that intensive experiments on this
platform will provide the most valuable validation data in a realistic
turbulent combustion at simulated engine conditions particularly
with regard to the scalar formations over a range of inlet air
temperature, fuel mixture, or swirl strengths in the future.

The LDI burner was mounted inside a high-temperature air-cooled
liner casing within the high-pressure combustion rig. The oxidizer air
and the CH, fuel were provided by compressed gas cylinder arrays.
The flow rates of the oxidizer air and fuel were precisely controlled
within 1% accuracy using a valve-switched array of three critical-
flow venturis, fitted with pressure transducers and computer operated
precision pressure regulators and valves to provide both high
accuracy and a high dynamic range for the gas flows. The sonic flow
venturis also serve to limit the maximum flow of the fuel in case of a
downstream drop in rig pressure (as in the case of a burst disk rupture
event). The averaged flow rates of the oxidizer air and the fuel during
the experiment were 1040, and 61.0 standard liters per minute. The
oxidizer air was “preheated” at approximately 430 K before the swirl
vane due to heat conduction from the burner element while the
facility was not equipped with an air preheater at the time of
experiment. A retractable, high-energy surface-discharge aircraft
style igniter system is used to ignite the burner.

Ambient-temperature cooling air was introduced at the bottom of
the rig for liner cooling and also at the upper side as a “quenching”
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Fig. 1 Schematic drawings of LDI burner nozzle: top and side view
(cross-section diagram). Units are in mm. The axial and radial directions
are indicated by x and r, respectively.
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flow to directly cool the hot exhaust gases. The pressure of the burner
rig was maintained via a high-temperature backpressure valve
mounted at the top of the chamber, which is remotely operated by a
stand-alone closed-loop process controller. The rig pressure was kept
at 5.0 atm in the present work although the burner rig is designed for
up to 60 atm. The pressure was stabilized within 1% accuracy for
each condition. For optical access, the burner rig has four 44-mm-
thick ultraviolet grade fused silica windows with a clear aperture of
75 mm. Further details on the combustion systems are described
elsewhere [35,36].

The measurements were made at several locations downstream
from the burner exit, radially from » = 0 to 14 mm and axially from
x =9 to 33 mm. These measurement locations were chosen to
provide a reasonable amount of coverage of the primary flame zone
and to also reach sufficiently downstream to a zone that represents the
fully reacted postflame region.

B. Single-Shot Spectrum Measurement of Raman Scattering

Another challenge with spontaneous Raman spectroscopy in
elevated pressure systems is the requirement of windows and
pressure vessel walls in the vicinity of the collection optics. In
addition to limiting optical accessibility through the clear apertures
of the windows, such environments inherently have much higher
levels of elastically scattered stray light that leaks into the diagnostic
system due to light reflections at windows, combustor walls, or Mie
scattering from dust particles. The elastically scattered stray light in
practice is almost impossible to completely eliminate, thus the use of
molecular Rayleigh scattering as a temperature diagnostic of very
limited utility. This prompts us to rely on Raman-based spectro-
scopic thermometry using N, Stokes/anti-Stokes ratio and/or
frequency-domain Raman thermometry techniques [40].

Although the high-pressure environment gives us an advantage in
gaining a stronger Raman signal due to higher molecular number
density, there were concerns regarding pressure broadening for line
shapes of the Raman spectra. However, our theoretical simulation of
the molecular collisional broadening effect of the major species [41]
and combined with data measured at 30 atm [36] showed that the
pressure effects were negligible compared to the typical instrumental
broadening function of a relatively low-spectral resolution Raman
spectrograph used in a multiscalar combustion diagnostic applica-
tion. Measuring an overall spectrum provides an opportunity to
confirm the spectral shape and a validity of pixel integration for each
species at a given pressure.

Regarding the excitation wavelength, several reports have
addressed the utility of a few different wavelengths including Nd:
YAG harmonics (1I-532, III-355, IV-266 nm) [42] or KrF excimer
(e.g., 248 nm) [43] in harsh environments such as hydrocarbon-rich
flames or droplet-laden flames [44]. Single-shot Raman spectrum
measurements have been successfully demonstrated with an image-
intensified charge-coupled device (CCD) at an ultraviolet (UV)
wavelength [6] in opposed-jet methane flames. In contrast, a visible
Raman system remains attractive to gaseous turbulent flame
studies as well as sooting flames [38] when it employs a high-power
(~1 J/pulse), stretched-pulse laser excitation with a high-speed
mechanical gating shutter and a high-dynamic-range CCD camera
[27,40]. However, it remains challenging to achieve an acceptable
signal-to-noise ratio on a single-shot basis, particularly with limited
clear aperture to work with a high-pressure rig. Our first attempt of
single-shot visible Raman spectrum measurements was thus made in
the laboratory-scale burner with a combustor model injector.

C. Diagnostics Apparatus

Figure 2 shows a setup of our laser Raman spectroscopy apparatus.
We use an injection-seeded, Q-switched Nd:YAG laser (second
harmonic) for spontaneous Raman scattering excitation. The laser
provided approximately 500-mJ, 532-nm pulses (8.4 ns full width
half maximum, or FWHM) at a 10-Hz repetition rate. Using multiple
ring cavities, the laser pulses were then temporally “stretched” to
about 75 ns (FWHM) with approximately 10% of the peak power of
the input pulse, while retaining 83% energy throughput efficiency
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Fig. 2 Schematic of high-performance Raman scattering apparatus.
There are four main components to the system: frequency-doubled Nd:
YAG pulsed laser, pulse stretcher, high-speed electromechanical shutter,
and spectrograph/backside-illuminated CCD camera. Legend—RC:
rotary chopper motor/blade combination; LS: leaf shutter; PC: personal
computer.

[28]. The reduced peak power prevented laser-induced spark/plasma
formation at the probe volume. A 750-mm focal lens focused the
output of the pulse stretcher to the probe volume waist diameter of
approximately 1 mm. To effectively double the probe volume
energy, the laser beam was backpropagated through the probe
volume at a small crossing angle using a 400-mm collimating lens
and a right-angle prism.

The vertically polarized Raman scattering signal from the probe
volume was collected at a 90-deg angle relative to the beam-
propagation direction using a standard 35-mm format camera lens
(85 mm f/1.4). Note that the maximum solid angle of the current
collection optics is actually only f/3.9. This is a consequence of the
295-mm window standoff distance, and 75-mm effective diameter.
The collected light was then focused onto a silica optical fiber (0.4-
mm core diameter, 0.22 NA). An electromechanical high-speed
shutter [45] synchronized to the 10-Hz laser pulses was used to gate
the light emerging from the fiber. The shutter system in this study
provided a 24-pus gate time (FWHM) with 0.4 us jitter through a
12 x 0.8 mm? clear aperture with an overall 55% optical throughput
including fiber transmission losses. The high-speed shutter system
reduced the effects of background light interferences by a factor of
about 1000 compared to a conventional electromechanical leaf
shutter. The optically gated light from the shutter was directed to the
Raman spectrograph using a custom-made fiber bundle consisting of
seven 0.1-mm core (0.22 NA) silica optical fibers arranged in a
circular pattern to match the 0.4-mm-diam core of the input fiber into
the shutter. The output of the fiber bundle was arranged in a 7 x 1
linear array and aligned to match the 0.1-mm-wide input slit of the
spectrograph. The Raman signal was dispersed with an axially
transmissive visible-wavelength spectrograph (f/1.8 maximum
aperture, 85-mm focal length) fitted with a holographic notch filter to
attenuate the Rayleigh scattering component of the signal. A volume
phase holographic transmission grating with a 15.9 nm/mm
reciprocal dispersion at the detector plane dispersed the signal into a
spectrum which was detected by a nonintensified, liquid-nitrogen
cooled (—120°C), backilluminated CCD camera (1340 x 100 array,
20 x 20 um? pixels). The effective probe volume was approx-
imately cylindrical in shape with approximate dimensions of
0.5 mm diam x 1.6 mm long. The spectrograph we used was
designed to capture a Raman spectrum with a relatively low
resolution (1.3 nm or 35 cm™!) using a 0.1 mm slit over a wide
spectral range (400-750 nm). This specification was best suited for a
multiscalar measurement as it can conveniently measure the
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vibrational Stokes and anti-Stokes bands of the major
combustion products as well as the rotational envelope component
of N2/02 .

The backilluminated CCD camera and electromechanical shutter
combination were selected over an intensified CCD camera because
it provides greater than 90% detector quantum efficiency (QE) with a
200,000 photoelectron dynamic range that was digitized at 16 bits of
resolution. The simultaneous requirements of high QE and high
dynamic range were critical for accurately capturing the full range of
weak (vibrational) and strong (pure-rotational) Raman signals and its
background interferences as they appear in high-pressure flames.
Each single-shot data were binned on chip over 50 vertical pixels to
increase signal-to-noise ratio. Schematics of the Raman diagnostic
system and its performance have also been described in detail
previously [35,36].

D. Multiscalar Signal Reduction

The spectrally resolved raw Raman spectra measured using the
above single-shot apparatus were first digitally filtered shot by shot
using a Gaussian low-pass filter algorithm to remove random
detector noise. The spectra were then processed by applying a
conventional spectral response calibration curve from a National
Institute of Standards and Technology traceable calibration lamp; the
Raman signals in the spectra were integrated over a certain range of
CCD pixel region (or wavelengths) that captures the main vibrational
peak of each major species, or the so-called superpixel formalism.
From this superpixel integration, the Raman scattering intensities in
the radiance unit for the four major species, that is, N,, O,, CO,, and
CH,, were determined. The Raman signals were then converted into
the molecular number density (molecules/cm?) [hereafter denoted
n(i)], where i is the species) using the inverse calibration matrix
formalism described elsewhere [22]. The baseline for the superpixels
was defined shot by shot in the Raman-free region of the background
signal. Several factors including the inherently weak signal level in
the single-shot measurements, the fuel-lean operation, the limited
apertures of the optical access, and relatively higher level of
background flame luminescence at the red side (>640 nm) did not
allow reliable data of the other major species such as CO (601 nm),
H,0 (661 nm), or H, (683 nm). Because of this fact and incomplete
calibration experiments at the time of testing, we adopted a simpler
formation of the calibration matrix using a linear nontemperature
dependent overlap (cross talk) rate [25] with calibration factors based
on cold gas flows. The CO, spectral overlap onto O,, which was
considered critical to our present analysis, was corrected in this
process. Spectral overlaps of these undetected species have a minor
impact on N,, O,, or CH, due to the fact that the burner was operated
at close to the lean limit of methane-air combustion. We
acknowledge that the simplified calibration matrix imposed
additional systematic uncertainty in our current data reduction
process. However, the uncertainty associated with the simplified
calibration was not estimated in this study. Other sources of errors
include the quality of the cross-talk calibration matrix, the potential
drift of the probe volume over time during the measurements, or the
uncertainties due to incomplete optical background compensation.
According to our shot noise analysis of the single-shot signals,
standard deviations of the vibrational Raman signals of N,, O,, and
CH, are 4.6, 11.7, and 7.8%, respectively [40]. Occasionally the
background from intense spark emission due to a laser-induced
breakdown overwhelmed the Raman signals and thus disqualified
some single-shot events (typically 2.5% of the total number of shots)
from any further reduction process.

Thermodynamic temperatures 7" and K were determined through a
rotational Raman bandwidth method [40] by taking advantage of the
intense rotational bands. This thermometry approach is based on the
pure-rotational Raman scattering of N, collected at low-spectral
resolution which is complementary to the vibrational Raman
thermometry methods typically used for multispecies detection with
the vibrational bands. With the aid of spectroscopic simulations of
Raman spectra, the thermometry technique used in the present work
was realized by measuring the envelope or effective rotational

bandwidth of the pure-rotational spectrum observed at lower spectral
resolution (on the order of 10° nm or 10" cm™"). Influences from the
pure-rotational O, scattering onto the N, were compensated by
accurate spectral simulation, and its effect on the temperature
determination process was implemented using a species-weighted
interpolation method. The standard deviation of the single-shot
temperature measurements in the current experiment was found to
be 7.7%.

III. Results and Discussions
A. Single-Shot Multiscalar Data

Typical single-shot Raman spectra acquired in the methane LDI
flame at a 10-Hz repetition rate are shown in Fig. 3. The relatively
stronger pure-rotational spectra observed across the excitation
wavelength (centered at 532 nm) represent the anti-Stokes and
Stokes bands of the N,/O, mixture with a potentially minor
influence from underlying pure-rotational CO, bands [40]. The
vibrational O, spectra are observed at 580 nm while it overlaps with
the vibrational CO, spectra around 574 nm. The vibrational N, Q-
branches at 607 nm are observed rather steadily while the vibrational
CH, spectra around 630 nm have a large shot-to-shot variation in
their intensity. There is no unique or persistent background observed
such as C, LIF and that is generally true throughout the measurement
locations. The shot-to-shot variations in the Raman signal for each
species (O,, N,, and CH,), which clearly exceed the measurement
uncertainty, indicate an unsteadiness of the flame.

The effectiveness of the multiscalar measurements for statistical
analysis is illustrated in the three-dimensional (3-D) scatter diagrams
(or scatter plots) of Fig. 4, which shows the three key scalars, that is,
T, O,, and CH,, deduced from the single-shot signals measured at
two locations. The 3-D scatter plots display the direct correlations
among the scalars, showing a clear difference in the level of
turbulence-derived fluctuations. As shown in Fig. 4a, the data points
measured at (r,x) = (14 mm,9 mm), a location where a strong
shear flow may exist due to a combination of the direct fuel injection
and swirl flow, present a wide scatter over the three scalar
dimensions, suggesting a turbulent state. Most of the data points
measured at the highest location on the burner axis, that is,
(r,x) = (0 mm, 33 mm), however, show little scatter as shown in
Fig. 4b, which indicates a thermochemically homogeneous state. The
difference between the two distinct thermochemical states can be
specifically recognized in the PDF diagrams of the O, and CH, as
shown in Fig. 5 along with the correlation scatter plot. The PDFs
were constructed from the supplied histogram data using a
nonparametric kernel-smoothing method. Thus the PDF shown in

intensity, counts

> Nm

Fig. 3 Typical single-shot Raman spectra (532 nm excitation)
measured in the turbulent methane-air flame. Eleven shots are shown
out of a total 400 shots obtained by the measurement at (r, x) = (10, 9).
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Fig. 4 Multiscalar (fuel-oxidizer—temperature) scatter plots, analyzed

from the single-shot data (400 shots) measured in the turbulent flame.
a) Measurements at (r, x) = (14, 9); b) measurements at (r, x) = (0, 33).

this paper is considered as a generalization of the histogram. The
minimum scatter observed at (r,x) = (0 mm,33 mm) in the
n(CH,) over a mild variation of the n(O,) results in the narrow PDF
distribution of the n(CH,) centered at the vicinity of zero value while
that at (r,x) = (14 mm, 9 mm) spreads widely toward the higher
concentration.

B. Multiscalar PDFs and Correlations

From the measurements at multiple locations, one can track the
scalars as a function of position using their PDFs. Figure 6 shows a
trend of the PDFs of the three scalars on the burner center axis with
their averaged value. It is known from the figure that almost all of the
PDFs of the O, and the temperature in these locations have a normal
distribution, particularly at higher points where a much more
homogeneous postcombustion zone can be expected to be located.
For these two scalars, the mean values correspond well to the most
probable value of the PDFs, that s, the peak location of the Gaussian-
like profiles. The CH, PDFs, in contrast, have “truncated”
distributions with peaks that are located close to zero (an
exponential-like profile), showing the higher probability of low
concentrations. The mean values of the n(CH,), which are slightly
oft from the most probable values (peak), gradually decrease as the
measurement height increases. This is naturally understood by the
fact that the flame was running at fuel-lean conditions; thus the fuel

0.08+

~ T T T T T T T T

n(0,), 10"*molec/cm’

¥+ r
0 02 04 06 O

n(CH,), 10"*molec/cm® pdf
Fig. 5 Scatter plots of O,—CH, correlations, observed in the turbulent
flame and the probability density function of CH, (top) and O, (right).
Plus symbol and dashed line: measurements at (r,x) = (14, 9); white
circle and solid line: measurements at (r, x) = (0, 33).

CH, tends to be almost fully consumed as it approaches the postflame
zone region.

We further extend our thermochemical analysis by observing the
spatially mapped multiscalar diagrams including the temperature
histograms accompanied with the PDFs of CH,, and O,, and 3-D
scatter plots of the triple-scalar correlations (hereafter denoted as
“scalar triplets”) shown in Figs. 7-10. From these multiscalar
diagrams, critical insight into the characteristics of the fuel-air
mixing in the current LDI burner can be observed. Figures 7-9 show
the variations of the PDFs and the scatter plots along the radial
direction at the three different heights, and Fig. 10 shows the axial
direction on the burner center axis. The PDF (and the histograms) of
temperature measured in a region closest to the burner face
(x =9 mm), in a region of the burner with relatively poor mixing,
shows the largest variation in temperature ranging from the room
temperature (~300 K) to almost the adiabatic temperature of the 5-
atm CHy-air flame at ¢ = 1.0 (~2300 K) as seen in Fig. 7 (left
column). This temperature variation is more obvious toward the
outer locations of the burner (» = 8-14 mm). The reason for such
large temperature variations is illustrated in the scalar triplets of
Fig. 7 (right column). Notice that the data have two groupings. The
first group consists of lower-temperature data points with higher fuel
(CH,) and oxidizer (O,) concentrations, which indicate unburned
fuel—air mixture. The existence of the cold, unburnt pockets suggests
the possibility of a certain degree of incomplete combustion around
the edge of this flame. The second group can be attributed as resulting
from the dense region of data points with higher temperature
(>2100 K) located at lower fuel and oxygen concentrations. This
grouping of data given in several locations indicates combustion
processes that took place near stoichiometric fuel—air ratio contours,
the so-called “hot spots.” As seen in Fig. 7 (middle column), the large
variation in the number density of the species in these outer locations
results in the wider O, PDF profile as well as the long-tailed CH,
PDF profile. We believe that these large variations in the three key
scalars are evidence of swirl-enhanced turbulent fluctuations in fuel—
air mixing and its subsequent reaction. Another notable feature is the
bimodal shape of the temperature PDF found at the radial locations
r =4 mm through r = 12 mm in Fig. 7. Such bimodal temperature
PDFs represent oscillatory behavior between two states (i.e., the
lower or higher temperature zones) and thus imply a certain level of
combustion instability, possibly due to the precessing vortex core
[46]. It is noted that we obtained a few data points with unrealistic
temperature which exceeded the highest adiabatic flame temperature
in stoichiometric methane—air combustion. This is most likely due to
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the measurement uncertainty of the present thermometry described
above.

As observable from the scalar triplets shown in Fig. 8
(x =13 mm) and Fig. 9 (x = 17 mm), the higher the axial location,
the less scatter there is. This can be explained by the fact that the
primary turbulent mixing zone progressively becomes more well
mixed farther downstream of the burner face. Correspondingly, at the
higher location x =17 mm, the temperature PDFs become less
bimodal, and the CH, PDFs show narrower distributions with very
short tails. These mild variations indicate that the LDI flame
approaches a homogeneous state around the height x ~ 17 mm. This
perspective is supported by the axial transition of the
thermochemical state shown in the multiscalar analysis along the
burner axis in Fig. 10, where the center recirculation zone is likely to
be formed by a vortex breakdown process [47,48] with steady heat
release. Figure 10 also shows scalar triplets that have a bimodal
temperature PDF near the burner surface (x = 9 mm), while scalar
triplets with less scatter and narrower PDF distributions of
temperature were measured farther downstream. In particular, at the
highest location (x =33 mm), the scatter in the scalar triplets is
substantially reduced as this postflame zone exhibits what appears to
be a steady fully reacted region, which is evident in the highest
probability of the n(CH,) being almost zero (that is, almost no fuel
residual) with the narrowest, normal (Gaussian-like) PDF
distribution of temperature. The scatter of the n(0O,), which is
realized from its relatively unchanged, wider PDF distribution, in
this postflame zone can be explained by the fact that the flame is fuel
lean, and there may be a small influence from air entrainment into this
region from the cooler, outer regions of the flame.

To grasp an understanding for the overall feature of the mixing, the
single-shot scalar data obtained over all of the current 28
measurement locations, which totaled approximately 11,000
samples, are summarized in the n(CH,) — n(0O,) correlation of
Fig. 11 and the T — n(CH,) correlation of Fig. 12. Coexistence of the
CH, and the O, in Fig. 11 is a compelling evidence of a fuel-air
premixing state and has a consequence that the current flame regime
can be classified as partially premixed [13]. Overall, the trend of the

premixed fuel-air mixture follows the criteria of ¢ = 0.56, meeting
the designed global equivalence ratio. This indicates that the flame
demonstrated a high degree of turbulent premixing that occurred
within a short distance from the injector tip.

According to Fig. 12, approximately 80% of the data, represented
by a dense cluster, exhibits very low methane concentrations (less
than 0.05 x 10! molecule/cm?), while the temperature is between
1200 and 2150 K. Thus, the majority of the data is considered as a
complete reaction or near-complete reaction as they demonstrate
almost no fuel residual with temperature much higher than the
ignition point of the gaseous methane. It is assumed that this primary
reaction zone (x < ~3R, where R is the inner swirler diameter)
created by the LDI configuration contributes to the stabilization of
the flame. However, in this group of near-complete combustion,
there are a significant number of data points that exhibit temperatures
lower than the adiabatic temperature (~1590 K) of a 5-atm lean-limit
CH, air. This can be explained from the fact that a highly stretched
flame with the strain rate of a few hundreds s~', which is not an
unrealistic assumption for the current swirl-stabilized flame, should
have a maximum temperature reduction on the order of several
hundred Kelvins [49,50]. Another possible explanation is the
presence of heat loss to the burner surface [35].

In Fig. 12, there are also a considerable but not significant number
of data points displaying residual fuel, with intermediate
temperatures between the ignition point (~810) and ~1300 K.
According to Figs. 7-10, data points with intermediate temperatures
tend to be observed in the shear layer presumably formed along the
orientations of swirl flow and fuel injection. In a previous report on
swirl-stabilized natural gas combustion [13], such features have been
addressed as evidence of partially reacted mixtures. These partially
reacted zones have been explained from possible events of local
flame extinction and/or ignition delay, resulting from effects of
turbulence—chemistry interaction. We agree with this viewpoint that
local flame extinction in nonpremixed flames can lead to a significant
reduction in mixture gas temperature from adiabatic equilibrium
[9,13]. Also, as shown here, the fuel-air mixture has a large variation
in gas composition and temperature and is subject to ignition delay.
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Ignition delay strongly depends on the initial temperature of the
mixture and the chemical kinetics [31]. The ignition delay time for
atmospheric fuel-lean CH,/air mixtures at temperatures below
1300 K has been estimated on the order of 10°~10" ms according to a
finite-rate chemistry flame simulation [13]. Compared to this
estimated ignition delay, the characteristic time scale of the flowfield
[52] in our LDI burner is an order of magnitude smaller, approxi-
mately 0.2 ms. This time scale was estimated by a calculation based
on a typical flow velocity (~45 m/s) derived from the mean airflow
rate and the burner height (~10 mm). Thus, ignition delay can have a
substantial influence on flame propagation in the current burner

configuration. It should be noted that ignition delay may become less
significant at higher pressures because ignition delay has inverse
dependency on ambient pressure [50].

Figure 12 shows that less than 3% of the data are found to be below
the ignition-point temperature with higher n(CH,), which is
classified as a “cold” fuel-air mixture. This is known from the
observed bimodal temperature PDFs as seen in Figs. 7-10. This
small amount of unburned mixture exists mainly in the locations
where a recirculation flow is likely to occur. Therefore, the gas
mixture could possibly be redirected into the active reaction zone by
the recirculation flow and subsequently be consumed. The existence
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Fig. 8 Thermochemical multiscalar analysis at different radial locations from r = ( (bottom row) to r = 14 (top row) with the increment of 2 mm at
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of stoichiometric fuel-air mixture pockets and its subsequent
reaction at close to the adiabatic temperature (2257 K) is also evident
from the data presented in the preceding figures.

IV. Conclusions

In light of the high demand for high-quality data from code-
validation experiments in a realistic gas-turbine combustor, we
provide an initial attempt to provide quantitative multiscalar
information in a swirl-stabilized nonpremixed combustion system at
elevated pressure. A single-element LDI-type research burner was

used as a first test for a simplified yet critical validation case using
gaseous CH, fuel at a moderate pressure of 5 atm. For this objective,
single-shot pointwise spontaneous Raman spectroscopy using a
visible pulsed laser and multichannel array detector was employed.
Thermodynamic temperatures in the flame were determined by using
the newly developed pure-rotational Raman thermometry using the
effective N,/O, bandwidth measurements. In addition to the
temperature data, species concentrations (molecular number
density) of the fuel (CH,) and the oxidizer (O,) were acquired.
The uncertainty of these measurements ranges between 7 and 11%,
which is an acceptable level from the standpoint of code-validation
studies.
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The time-resolved multiscalar data measured across the primary

reaction zone of the combustor allowed us to analyze spatially
mapped probability distributions. These probability distributions are
best described by the PDFs of the key scalar observables.
Furthermore, the three-component scalar triplets, 7', n(CH,), and
n(0,), provided unique correlations when presented in a scatter plot
format that revealed distinctly different regimes of turbulence—
chemistry interactions in the flame. Profound unsteadiness in the
combustion process generated by the LDI configuration was evident
from the large temperature variations ranging from almost ambient
temperature to the adiabatic flame temperature. A recirculation zone
in the flame was identified from the associated widespread

temperature PDFs which feature a bimodal shape in the outer lower
locations of the burner (r = 8—4 mm, x = 9—13 mm). At the highest
location (x =33 mm) measured, we confirmed that the flame
reached a steady fully reacted state, which was evident from the
minimum scatter of the scalar triplets and the highest probability of
low CH, concentration with the narrowest, normal PDF distribution
of temperature.

The extent of the turbulence—chemistry interactions has been also
addressed. The swirl-stabilized flame showed high levels of partial
premixing due to the high degree of turbulent mixing achieved by the
LDI configuration. As a result of the dominant partially premixed
combustion regime, a majority of the measured samples indicated a
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0.56.

complete or near-complete reaction, which is in favor of the design
concept of the burner. The observed mixing-only conditions (i.e.,
preheated to below-ignition-point temperature) were observed to
follow the global equivalence ratio of the flame and are further
evidence of the fast premixing. It was recognized that there were a
substantial number of data points exhibiting residual fuel at
intermediate temperatures (i.e., preheated to above-ignition point),
indicating the existence of data points with a certain degree of
incomplete combustion. Stoichiometric reactions at temperatures
close to the adiabatic flame temperature were also observed, although
such points were in the minority.

Although our single-shot multiscalar measurements were
somewhat limited in being able to resolve only three of the major
species, these three species and the temperature, nonetheless, are
perhaps the most important scalars with regards to combustion
simulation and modeling from the standpoint of fuel-oxidizer mixing
and heat release. These scalar triplets provide direct correlations and
PDFs which permit a unique visualization of the nature of the
turbulent mixing and its impact on chemical reactions in a realistic
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flame at elevated pressure. We believe that the encouraging results
from the present experiment not only provide insight to the
fundamental aspects of the LDI combustion process, but affirm our
choices in the design of the experimental apparatus and platform.
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