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Major Goals: The objective of the proposed research is to investigate vaporization, gas-phase mixing, and ignition
dynamics in evaporating (non-reacting) and reacting sprays at high pressures and high temperatures. State-of-the
art optical and laser-based diagnostics are targeted for (i) characterizing the effects of injection (pressure, mass,
and duration) and operating conditions (ambient pressure and temperature) on gas-phase mixing topology, (ii)
examining CH20 (low-temperature species) concentration fields, the correlation with the liquid spray and gas-
phase mixing topology, and the dependence on injection and operating conditions, and (iii) providing new
information regarding the role of low-temperature (first-stage) ignition and mixing dynamics on the onset high-
temperature ignition. A major target is the measurement of a series of conditional statistics that detail the most
probable mixture composition for facilitating ignition and the correlation between low-temperature species such as
CH20 and the onset of high-temperature, second-stage ignition. A research objective that manifested itself after
the project initiation was the construction and implementation of a new, high-pressure, high-temperature spray and
ignition facility that would greatly benefit the current and future research programs. Furthermore, additional
measurements in an atmospheric ignition experiment were added to elucidate the fundamental roles of mixing and
fluid turbulence on ignition kernel formation.

Some fundamental questions to be answered include:

(i) Where does vaporization occur in relation to the liquid spray plume, i.e., what is the correlation between fuel
vapor (and vapor-ambient mixtures) and liquid droplet position? How does this change as a function of liquid mass
injection and ambient density?

(i) When (time following fuel injection) and where (with respect to the liquid spray plume) do lower-temperature
species such as CH20 form? What fuel vapor conditions are highly correlated with CH20 formation?

(iii) What is the spatial structure of the CH20 field following fuel injection and how does it evolve during the
induction period leading to second-stage ignition? What is the correlation between the local CH20O fluctuations and
the equivalence ratio field?

(iv) When and where (spatial location) does second-stage ignition occur? What are the most probable mixing (local
equivalence ratio) conditions supporting “hot” ignition?

(v) Does high-temperature ignition occur in regions of high CH20O concentrations (i.e., regions of fuel pyrolysis and
partial oxidation) or regions with high CH20 gradients, indicating an importance in species transport and cool flame
propagation?

Accomplishments: This information is supplied in the uploaded document.
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Training Opportunities: As part of this project, one graduate student was fully supported as well as one partially
supported post-doctoral researcher. In addition, two other graduate students and one post-doc worked on this
project. Within the project, training activities for the graduate students included one-on-one training with the Pl and
a post-doctoral researchers. Individual time was spent onsite within the laboratory teaching fundamental aspects of
laser diagnostics and experimentation. Additional training consisted of an advanced course in "optical diagnostics
in fluid flows". This course was taught in the spring semester of 2018 at OSU and was attended by the three
graduate students. The graduate students learned about several cutting-edge technology as part of their training,
including advanced engine/propulsion systems and advanced optical/laser diagnostics. One supported graduate
student and one post-doctoral research spent significant time designing and constructing a new high-pressure
facility. This experience is almost unprecedented within academia. Overall, the students will graduate with a
significant skill set - one that makes them highly desired within the scientific community. By being introduced to
DoD applications and research problems during the course of this project, the students will be poised to make
contributions to DoD laboratories and research issues upon graduation. The post-doctoral researchers have had
opportunities to oversee a portion of the technical work and assist in advising the supported graduate students.
This is invaluable training for the post-docs who are in a critical portion of their careers (between student and
senior-level researcher). Due to Covid19, many professional development opportunities, including travel to
conferences and workshops, have not been possible. However, papers based on the research were submitted to
conferences by the students and post-doc.

Results Dissemination: In terms of publications and presentations, two conference papers were submitted and
accepted to AIAA Scitech conference. These papers were presented (virtually) by the students. To date, two
journal papers have been published - AIAA Journal and the Proceedings of the Combustion Institute. It is expected
that several more papers will result from this project as the acquired data is still being processed. We also have
given a presentation at the Engine Combustion Network (ECN) teleconference describing our new facility, its
capabilities, and preliminary results. A supported graduate student gave the presentation, which was well received
by an international community of researchers and scholars.

We have collaborated with several DoD researchers at both AFRL and NRL. While this collaborations were not
directly with Army researchers, the scientific methods were eventually adapted to this project.

Honors and Awards: * The Pl [Sutton] was elected to Editorial Board, Combustion and Flame, 2018

* The PI [Sutton] was elected to the Program Advisory Committee, 38th International Symposium on Combustion,
2018

* The PI [Sutton] was selected as Colloquium Chair, 38th International Symposium on Combustion, 2019

» The PI [Sutton] and graduate student were selected for a Best Paper Award, AIAA, Aerodynamic Measurement
Technology, 2019

» The PI [Sutton] and graduate student's paper was selected as Editor's Pick, 2019

» The PI [Sutton] was promoted to full Professor at OSU, 2019

Protocol Activity Status:

Technology Transfer: The primary technology transfer during this project occurred in the form of interactions with
DoD laboratories. In 2018, we began planning with Drs. Campbell Carter and Steven Hammack from AFRL for
time-resolved, volumetric measurements of the CH20 intermediate in turbulent premixed flames. The 4D
measurements were to be performed using the uniquehigh-energy pulse burst laser system at OSU. A secondary
target of the measurements were to serve as proof-of-concept for potential time-resolved, volumetric CH20
measurements within a high-pressure spray environment (current program). In 2019, we collaborated with Drs.
Campbell Carter and Steven Hammack from AFRL on applying our newly developed wavelet-based optical flow
velocimetry (wOFV) for high-resolution, velocimetry measurements in turbulent premixed flames. This collaboration
resulted in a presentation at the International Symposium on Combustion and publication within the Proceedings of
the Combustion Institute. In 2021, we began collaborating with Drs. Cambell Carter and Steven Hammack of AFRL;
Dr. Steven Tuttle of NRL, and Drs. Scott Peltier, Brian Rice, and Tom McManus of AFRL on high-speed boundary
layer measurements. In addition to these established and executed collaborations, there were additional
preliminary discussions with Army Research Lab personnel concerning collaborations that did not materialize,
primarily to the COVID pandemic.
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Project Summary - Grant # W911NF-18-1-0086
(Reporting Period: February 2018 — October 2021)

Vaporization, Mixing, and Ignition Dynamics in High-Pressure Evaporating and Reacting Sprays

Jeffrey A. Sutton
Department of Mechanical and Aerospace Engineering
Ohio State University, Columbus, OH 43210

Specific Objectives:

The objective of the proposed research is to investigate vaporization, gas-phase mixing, and ignition
dynamics in evaporating (non-reacting) and reacting sprays at high pressures and high temperatures.
State-of-the art optical and laser-based diagnostics are targeted for (i) characterizing the effects of
injection (pressure, mass, and duration) and operating conditions (ambient pressure and temperature) on
gas-phase mixing topology, (ii) examining CH>O (low-temperature species) concentration fields, the
correlation with the liquid spray and gas-phase mixing topology, and the dependence on injection and
operating conditions, and (iii) providing new information regarding the role of low-temperature (first-
stage) ignition and mixing dynamics on the onset high-temperature ignition. A major target is the
measurement of a series of conditional statistics that detail the most probable mixture composition for
facilitating ignition and the correlation between low-temperature species such as CH20 and the onset of
high-temperature, second-stage ignition. A research objective that manifested itself after the project
initiation was the construction and implementation of a new, high-pressure, high-temperature spray and
ignition facility that would greatly benefit the current and future research programs. Furthermore,
additional measurements in an atmospheric ignition experiment were added to elucidate the fundamental
roles of mixing and fluid turbulence on ignition kernel formation.

Some fundamental questions to be answered include:
(i) Where does vaporization occur in relation to the liquid spray plume, i.e., what is the correlation
between fuel vapor (and vapor-ambient mixtures) and liquid droplet position? How does this
change as a function of liquid mass injection and ambient density?

(i) When (time following fuel injection) and where (with respect to the liquid spray plume) do lower-
temperature species such as CH2O form? What fuel vapor conditions are highly correlated with
CH:0 formation?

(iii) What is the spatial structure of the CH>O field following fuel injection and how does it evolve
during the induction period leading to second-stage ignition? What is the correlation between the
local CH>O fluctuations and the equivalence ratio field?

(iv) When and where (spatial location) does second-stage ignition occur? What are the most probable
mixing (local equivalence ratio) conditions supporting “hot” ignition?

(v) Does high-temperature ignition occur in regions of high CH>O concentrations (i.e., regions of fuel
pyrolysis and partial oxidation) or regions with high CH>O gradients, indicating an importance in
species transport and cool flame propagation?



Targeted Approach

o Test rigs: (Former) high-pressure spray facility; operating pressure up to 40 atm; ambient
temperatures up to 700K. After project initiation, the operating conditions of this facility was
deemed inadequate to meet project goals. (Current; designed and constructed during project;
completion in Fall 2019) high-pressure spray facility; operating pressure up to 100 atm; ambient
temperatures up to 1100K. Detailed characterization of environment (temperature and flow field
uniformity; completion: April 2021)

e High-speed (50-kHz) Rayleigh scattering imaging for time-resolved gas-phase mixing
measurement prior to ignition (downstream of liquid plume)

e High-speed (50-kHz) schlieren and Rayleigh scattering imaging for time-resolved gas-phase
mixing measurement prior to ignition (downstream of liquid plume)

e High-speed (50-kHz) CH,O PLIF imaging for time-resolved CH>O measurements facilitating
formation and transport of low-temperature species prior to second-stage, high-temperature
ignition

e Simultaneous 50-kHz Rayleigh and CH2O PLIF allow a determination of the time- and space-
correlation between gas-phase mixing and “cool flame” chemistry prior to 2™-stage, “hot” ignition

e 50-kHz mixture fraction measurements (from Rayleigh) will be used to determine the most
probable mixture fraction and mixture fraction gradients present at the onset of high-temperature
ignition (simultaneous high-speed OH* will be used to denote the initial kernel formations)

e Atmospheric ignition measurements — time-resolved mixture fraction, temperature, and velocity
measurements to understand fundamental roles of mixing and flow turbulence on ignition kernel
formation (added after project initiation during facility construction period)

Relevance to Army

The DoD, and Army in particular, have a need for higher performance propulsion systems. Of specific
relevance to the current research program is an improved understanding of spray vaporization dynamics,
mixing, and ignition in diesel cycle engines. The current program targets novel diagnostics for an
improved fundamental understanding of the governing phenomenon with a specific focus on
characterizing the processes controlling ignition. Broader technical impacts include the development of a
benchmark database for CFD assessment. There is a lack of quantitative, spatially and temporally
resolved mixing (species and temperature) data that can be used for model assessment. With improved
CFD models, there is potential for improvements in liquid-fueled combustor design, which can result in
improved efficiencies. Across the DoD, the majority, if not all, energy-conversion systems use liquid fuel
injection systems. The underpinning physics gained in the current program can be leveraged in other
systems (i.e., UAV platforms) including continuously operating gas turbine engines operating on aviation
fuels. Finally, it is noted that the commercial transportation sector, including heavy-duty diesel platforms,
is the largest consumer of fuel resources. An improved understanding of spray dynamics and injection can
be utilized for commercial technology improvements.

Results and Accomplishments

Design and Construction of New Test Facility

At the initiation of the project, the original high-pressure/temperature vessel (HPTV) described within the
grant proposal was repaired and tested for operability at elevated temperature and pressure. Evaluation of
capabilities led to the determination that achievable operating conditions (700 K; 30 atm) would not meet
current (and future) project goals. Specifically, the upper limits of the testing conditions were the lower



bounds of the desired test matrix. Thus, in consultation with the program manager, we decided to abandon
the original test rig and design and fabricate a new high-pressure/temperature system. While not an
original task, this activity took substantial time that ultimately caused several project delays as described
below.

A collaboration with CMT Motores (Valencia, Spain) was initiated to design a new vessel that would
allow operating conditions applicable to current and future diesel (and other) engines. The design is
similar to other research vessels, commonly referred to as “Aachen vessels” from Germany. The new
OSU high-pressure and temperature combustion facility (HPTCF) allows optical access from four sides,
with an orthogonal injector for unobstructed access for several laser diagnostic approaches. This aspect is
rather unique to these types of facilities. The new HPTCF allows operation up to 100 atm and 1100K
ambient conditions. Figure 1 shows photographs of the constructed vessel and its integration into our
laboratory.

Fig. 1: (Left) Photograph of newly constructed HPTV shown with water cooling and thermocouple
array. (Right) Photograph of HPTV integrated into the laboratory.
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Fig. 2: (Left) Flowchart showing complete HPTCF system operation

Figure 2 shows a flowchart of the system operation of the new facility. The high-pressure vessel is
integrated into a complete operational system which includes gas supply, regulation, and exhaust. Briefly
stepping through the system, either air or nitrogen can be used as the test gas. Nitrogen is used for non-
reacting vaporization and mixing studies and air is used in ignition and flame studies. Low-pressure
compressed air (~110 psig) is routed to either (i) a nitrogen separator (removes O2) or (ii) a bypass (for air
use and combustion studies) and then the desired gas is sent directly to an air compressor that can output
more than 2000 psig at 60 scfm. The compressed gas is then sent to a bottle storage facility which is
connected inline to the test rig. The gas is then regulated and sent through the custom heater, the test
section, and exhausted through the heat exchangers and out of the laboratory. The desired flow rates, gas
temperature, and operational pressure are controlled by a master PLC control system that monitors and
regulates the mass flow controllers, pressure regulator, and thermocouples/heaters. The PLC control
system was custom designed for this facility and was designed to operate over a large range of
thermodynamic conditions.

Testing of the facility first consisted of evaluating the temperature uniformity of the chamber under high-
temperature operation. Figure 3 (left) shows results from a series of thermocouple scans. The positions of
the thermocouples are denoted by the symbol location with reference to a “0” position, which is the
centerline position. The false color map shows the measured temperature at that location. The right figure
shows various 1D profiles at fixed positions from the fuel injector. All temperature results show that the
vessel achieves very uniform temperatures at elevated temperatures. For example, the maximum deviation
within the core of the vessel is less than 10K from an average temperature of 835K, which is
approximately 1.2%. Figure 4 shows thermocouple-based temperature measurements as a function of
distance to the water-cooled injector to characterize boundary conditions and repeatability with previous
experiments in other facilities. Figure 4 demonstrates that the current measurements produce stable
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Fig. 5: Example 100-kHz OH* image sequence of C12Has injection into 60-bar, 900-K oxidizing
environment showing ignition.

injector temperatures (i.e., the facility provides sufficient cooling) that agree very well with previous
measurements, thus providing a reliable environment in which to conduct testing. Finally, for reacting
conditions, we tested the well-characterized Spray A conditions from the Engine Combustion Network
(ECN). This consisted of injecting dodecane at 22 ksi into a 60-bar, 900-K environment of 15% 02/85%
N2 by volume. Figure 5 shows an example ignition sequence detected by OH* chemiluminscence imaging
acquired at 100 kHz. Ignition is defined to occur at the first detection of OH* (above a defined threshold).
As shown in the image sequence, the first occurrence of the kernel is at 424 ps after start of injection
(ASI). Previous experiments in four different and separate facilities have determined the ignition delay
time to range between 410 and 440 ps ASI for Spray A conditions. Thus, the current vessel allows spray
and ignition conditions that are highly repeatable and consistent with standard test facilities found within
the literature. Following the detailed testing, results were presented at an ECN teleconference and were
well received by the community.



Development and Optimization of Advanced Optical and Laser-Based Diagnostics

One target of the program was the measurement of gas-phase mixing in the presence of liquid-phase
droplets under high-pressure conditions. Previously, we have demonstrated this capability using filtered
Rayleigh scattering (FRS) diagnostics in atmospheric sprays. FRS requires the use of a detailed Rayleigh-
Brillouin scattering (RBS) spectral code to analyze the results. The current RBS/FRS codes were
expanded to include fuels at elevated temperature and pressure. Testing was performed to verify the
accuracy of the model.

The high-energy pulse burst laser system (HEPBLS) was re-configured for simultaneous high-energy
output at both 532 nm and 355 nm and successfully tested. The 532-nm output is needed for high-speed
(50 kHz) Rayleigh scattering and the 355-nm output is needed for high-speed (50 kHz) CH,O PLIF. A
schematic of the re-configured HEPBLS is shown in Fig. 6a. Energy optimization results for 532-, and
355-nm output is shown in Fig. 6b. First, it is noted that the HEPBLS outputs more than 2 J/pulse at 10
kHz. We have achieved conversion efficiency of greater than 55 % at 532 nm and greater than 37.5%
from the 2"%-harmonic output (532 nm) to the 3"-harmonic output (355 nm). Next, the output energies
were optimized at 50 and 100 kHz. The results are shown in Fig. 7 for 532-nm. At 10 kHz, more than 1
J/pulse is available, whereas approximately 200 mJ/pulse and 100 mJ/pulse can be achieved at 50 kHz
and 100 kHz repetition rates, respectively. This confirms our previous assertions that the output energy of
the HEPBLS scales with repetition rate; that is, total power is conserved regardless of laser repetition rate.
In addition, this demonstrates advanced capabilities for performing high-speed laser diagnostics within
the HPTCF.
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Fig. 6: (a) Schematic of high-energy, pulse burst laser system (HEPBLS). The configuration depicts
2".and 3rd-harmonic generation at 532 nm and 355 nm, respectively for the proposed research
program. (b) Second harmonic (532 nm) and third harmonic (355 nm) output energies as a function of
the fundamental 1064-nm output from the HEPBLS. Results are at 10 kHz. The 532-nm output is used
for high-speed mixing (Rayleigh) measurements and the 355-nm output is used for high-speed CH>O
PLIF imaging
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Measurements under High-Pressure and Temperature Conditions

Figure 8 shows an example 100-kHz schlieren image sequence within the HPTCF under Spray A
conditions. The dodecane fuel is injected for 1.5 ms into a 60-bar, 900-K environment. As shown in Fig.
8, the “softening” of the schlieren image at 0.36 ms after injection signals the beginning of low-
temperature heat release, followed by the onset of high-temperature, second-stage ignition at 0.44 ms ASIL
The formation and growth of the ignition kernel is further tracked in time, leading to the formation of
stable combustion (t > 1.1 ms ASI). Figure 9 shows measurements of fuel penetration as a function of
pressure. Figure 9 shows a set of image stills extracted from 50-kHz schlieren imaging showing a
comparison of fuel penetration as a function of pressure. The fuel is dodecane (a diesel surrogate) and the
results show that with increasing pressure, fuel penetration is inhibited. There also is a buildup of liquid
fuel at the leading edge of the fuel plume as pressure increases.

At the time of writing this report, the targeted laser-based measurements — Rayleigh scattering for mixing
analysis and CH2O for low-temperature chemistry studies — have not been fully analyzed. Thus, research
objectives under high-pressure operation conditions identified above (including the specific research
questions) have not properly satisfied. The delay in acquiring the necessary data in the program is
attributed to four major events that should be explained:

(1) At the beginning of the project, the primary post-doctoral researcher working on this project left
un-expectantly. This lead to a three-month delay in activities while his replacement was found.
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Fig. 8: Example 100-kHz schlieren image sequence showing liquid dodecane fuel injection and ignition
at 60 bar, 900K.
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Fig. 9 — Comparison of liquid fuel penetration as a function of pressure (20 to 50 bar) for
dodecane fuel.

(2) As discussed above, we decided to pursue the design and construction of a new high-pressure and

temperature facility. While this facility is state-of-the-art and has allowed us to achieve much
more impactful operating conditions, its design and construction did lead to a twelve-month delay.



(3) This program was undertaken during the global pandemic due to Covid-19. Our laboratories were
shut down in March 2020 and re-opened on a part-time basis in July 2020 and a full-time basis in
January 2021. This lead to a six-month delay.

(4) While the laboratories were closed and subsequently re-started, many major pieces of equipment
did not work properly when laboratories re-opened. For example, our primary air compressor was
not operational for approximately six months in 2021.

Overall, the unfortunate delays encountered within this program total to approximately 27 months. Our
personnel worked tirelessly to make up a lot of the time and were granted a no-cost extension.
Unfortunately, we could not make up the complete amount of time by project’s end (~ 45 total months).
However, we will continue to analyze the results and satisfy the bulk of the project goals after end-of-
project. Discretionary funds are available to fund the graduate student who will ultimately use the data as
part of his PhD dissertation. We will publish results with ARO acknowledgment.

Ignition Measurements under Atmospheric Conditions

During the HPTCF construction, we decided to develop additional tasks that would optimize project
outcomes. Since we knew high-pressure experiments would be delayed, we decided to perform
atmospheric ignition experiments to understand the most probable mixing, temperature, vorticity, and
strain rates occurring at ignition. These measurements are of significant interest to the combustion
community to provide new insights on what conditions facilitate ignition under turbulent fuel injection
into high-temperature environments. These measurements also are unique and provide new data for CFD
model assessment.

A photograph of the Ohio State University auto-ignition burner (AIB) is shown in Fig. 10. The 200-mm-
diameter brass perforated plate serves as the flame holder for a lean Ha/air flame that provides the vitiated
coflow. Cold fuel (296 K) is injected through a 5.2-mm tube that is connected to a fast-actuated solenoid
valve. For the current work, the valve is triggered at rates between 1/15 and 1/21 Hz and actuated for 50
ms, which is sufficient to achieve auto-ignition and a stabilized flame. The valve response time was
measured to be 7.48+0.07 ms and 7.18+0.09 ms for the low and high velocity cases, respectively. The
operating conditions for the current atmospheric-pressure studies are presented in Table 1. Four cases
were considered using two fuels (DME and C3Hg), two coflow temperatures, and two fuel jet exit
velocities. All fuel mixtures were diluted with 75% N> to increase the stoichiometric mixture fraction
(Est) and the most reactive mixture fraction (§vr) for measurement purposes. The most reactive mixture
fraction is defined from homogenous ignition calculations and corresponds to the mixing condition that
has the shortest ignition delay time. For cold fuel injection into high-temperature oxidizer streams, Ewmr
typically corresponds to very lean conditions due to the fact that the non-linear temperature dependence of
ignition reactions overcome the effect of small fuel concentration. Flow rates for all gases are monitored
with calibrated mass flow controllers with a manufacturer’s stated uncertainty of <1%. The coflow gas
flow rates were chosen such that the velocity of the product gases (oxidizer stream for auto-ignition
process) was 4 m/s. Each fuel mixture was prepared in house using a gravimetric mixing method,
followed by homogenization. The fuel composition of each cylinder was measured by flowing the gas
mixture through the fuel tube and performing 1D Rayleigh scattering measurements at x/D < 1, where D
is the fuel tube diameter. Measured fuel mixtures were accurate to within 1% of the targeted 25:75 ratio.
The temperature boundary conditions also were measured with 1D Rayleigh scattering. Temperature
profiles across the coflow were uniform and were < 3.5% below the adiabatic flame temperature (see
Table 1).

OH* chemiluminescence (CL) imaging is used in two capacities in the current work. First, the OH*
images are used to detect the formation of the initial ignition kernels to describe the stochastic nature of
the auto-ignition process in terms of ignition height and delay time probability density functions (PDFs).
Second, the OH* imaging is used in conjunction with the high-speed LRS-based mixture fraction and
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Fig. 10 — Schematic of imaging setup and
photograph of autoignition burner.

temperature measurements to identify a search region for ignition detection via elevated temperatures as
described below. A two-camera configuration is used to capture the OH* images - one camera oriented
normal to the laser plane to determine height and transverse location and the other camera oriented
parallel with the laser sheet, to identify ignition kernel formation that occurs within the thickness of the
laser sheet (Fig. 10). For the global ignition statistics, all OH* images are used. For the mixture
fraction/temperature measurements, only the image sequences where the first OH* kernel forms within
the thickness of the laser sheet are used during analysis. The cameras are high-speed intensified CMOS
cameras (Phantom V710 + LaVision HS-IRO), coupled with a 100-mm /2.8 Cerco UV camera lens. A
combination of long pass and band pass filters (WG295 and UF11) are used to capture only the OH*
emission near 310 nm. The field-of-view (FOV) of the planar OH* camera was 82 mm x 63 mm with a
projected pixel size of ~103 pm and the FOV of the ‘top-down’ OH* camera was 98 mm x 63 mm with a
projected pixel size of ~122 um. An imaging processing algorithm was developed for determining the
first ignition kernel (defined by OH*) based on area and intensity thresholds. The ignition height (#2%) is
determined as the centroid of the area of the detected OH* kernel and the ignition delay time (z2%-) is
defined as the time between the fuel exiting the tube and the OH* kernel detection.

Laser Rayleigh scattering (LRS) is performed to provide measurements of temperature and mixture
fraction prior to and at the onset of auto-ignition. The high-energy pulse burst laser system (HEPBLS) is
used for the high-speed LRS measurements. For the current measurements, the HEPBLS was operated
with a 532-nm output energy of approximately 900 mJ/ pulse at 10 kHz and a burst duration of up to 11
ms. The laser beam was first expanded through a cylindrical telescope using a combination of f'= -300
mm and a = 750 mm cylindrical lenses and then focused over the burner using an f= 750 mm cylindrical
lens to form a laser sheet that is 28 mm tall with a measured sheet thickness of <250 um. The optical set-
up (Fig. 10) consisted of both a planar LRS camera and laser sheet profiling (LSP) camera, both of which
were high-speed Photron SA-Z CMOS cameras. The LSP Cam images a region of uniform air issuing
from a matrix (McKenna) burner and is used to correct the LRS measurements for shot-to-shot laser
intensity fluctuations (and sheet non-uniformities). The light collection is optimized using a combination
of an achromat and an /1.4, 85-mm camera lens, leading to a magnification of 0.35 and projected pixel
size of ~56 um.



To resolve mixture fraction at conditions very lean
conditions (§ << &st), it is crucial to have high
measurement precision which can be cast in terms of a
signal-to-noise ratio (SNR). A set of carefully selected
image processing methods were utilized to increase
image SNR without removing relevant spatial
. frequencies. First, each raw image was darkfield
2.0 4.0 6.0 8.0 corrected to account for sensor offset and sensor non-

7. OH* (ms) uniformity was corrected. Second, each image was

'9; corrected for the non-uniform laser sheet intensity
profile using the LSP Cam. Third, image artifacts due
to refractive index gradients were removed. Finally, a
de-noising method was applied to the images using
biorthogonal wavelets that properly preserves high-
frequency content. The SNR is defined in two ways in
this work to characterize measurement precision.
Using a 50-column region in the coflow, the ratio of
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Fig. 11 — PDFs of (a) ignition delay time and images. Second, the fluctuations between the derived
(b) ignition height for all kernels detected mean coflow temperature for each laser pulse within a
using OH* CL. burst are used to derive the “intra-burst signal-to-

noise” or SNRg. Figure 2 shows example intra-burst
temperature records for all four cases. For all cases, the average value of SNRg > 200 and sets the limiting
minimal detectable £ value as 1/ <SNRg> = 0.005.

Probability density functions (PDFs) of ignition delay time, r5*, and ignition height, #Z%, are shown in
Fig. 11 and the mean values (M) and standard deviations (o) are displayed in Table 1 in the form of M +
o. As expected, the highest coflow temperature case (C) has the shortest ignition delay time, lowest
ignition height, and smallest standard deviations of both metrics. Consistent with previous work], the
higher temperature coflow conditions lead to reduced variability in ignition location and delay time. A
comparison between Case B and Case D allows a look at the effect of fuel (D-DME vs D-CsHg) for
equivalent temperature and exit velocity (and nearly equivalent Reynolds number). There is a significant
fuel effect as the mean ignition height and time of D-DME fuel are greater than that of the D-C3Hs fuel by
50% and 40%, respectively. Comparing Case A to Case B allows insight into the effect of changing exit
velocity (and hence bulk fluid residence time and global strain rate). While there are differences between
the two cases, the effect of jet exit velocity on ignition statistics appears much smaller than that of
temperature or fuel type for the cases considered. With a factor of two increase in exit velocity, the mean
ignition time and height decrease by 15% and 10%, respectively. The opposite trends between ignition
height and delay time may be explained by the competing effects of increasing convective velocity (#2# 1)

and increasing mixing due to increased turbulence intensity (5 1).

To characterize the most probable set of mixture fraction values that facilitate ignition, an ignition event is
defined by a temperature rise due to the fact that this occurs prior to the occurrence of OH* as shown
below. The OH* images (where the first occurrence forms within the LRS laser sheet) are used to identify
a search window that is applied to the £ and T fields. Using the coflow temperature record for all bursts
for given case, the mean coflow temperature and standard deviation, o, are determined. Within the
defined search region, an initial temperature rise is set as ATig1 = 36. Temperature contours 3¢ away from
the mean (Tox + ATig1) are located and tracked back in previous frames as far as possible. The 3o
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Fig. 12 — Example 10-kHz image sequence of mixture fraction (top) and temperature (bottom) fields
during the first 300 ps of an auto-ignition event for Case A. The white contoured region represents the
ignition kernel based on a defined temperature rise and the cyan iso-contour line represents the
occurrence and growth of the OH* kernel.

threshold is used to ensure that > 99.6% of non-reacting coflow samples are not mis-identified as ignition
due to uncertainty. False identification of a temperature rise due to ignition is practically eliminated by
further enforcing a contour area threshold of 75 pixel’. Next, a refinement step is introduced; that is, a
second search region is defined within the Tox + ATig,1 temperature contour, and a new threshold, ATig, =
20 is set and the contour area threshold is reduced to 50 pixel®. Once the Tox + ATig> temperature contours
are identified, they are again tracked back in previous frames as far as possible, and the earliest
occurrence is denoted as the initial ignition kernel (at time =24).

Figure 12 shows an example image sequence of the mixture fraction and temperature fields during the
formation and evolution of one ignition kernel. Here, At=0 ps represents the first occurrence of the
ignition kernel, shown by the solid white region, followed by 300us of growth. The cyan contours show
the outline first OH* kernel. In this example, it is apparent that the first kernel detected using a
temperature rise occurs approximately 200 ps earlier than the initial detection of an OH* kernel. Upon
examining the image sequence shown in Fig. 12, it is apparent that the ignition event occurred in the jet
periphery under lean mixture fraction conditions. Additional examples for each case are shown in Fig. 13,
where the white contour represents Est and the cyan contour represents Emr. These examples highlight
that the kernel does appear to form near Emr. However, because the mixture fraction gradients are so large
near the kernel, the region encompassed by the kernel area corresponds to a range of mixture fraction
values apparently bounded by 0 < &g < Esr.

PDFs of the most probable mixture fraction at ignition, i, are shown in Fig. 14 for all cases using two
different detection methods. Figure 8a and 8b show the PDFs calculated using detection Method 1 and
detection Method 2, respectively. The PDFs are generated from 185, 90, 210, and 80 separate ignition
events for Cases A-D, respectively. The symbols correspond to the discrete PDF, while the solid lines
correspond to exponential fits through the PDFs. For reference, the values of Eur for Cases A-D are
indicated with dashed lines. For the results shown in Fig. 14, any value of detected mixture fraction less



Fig. 13 — Zoomed in” view of the mixture
fraction fields at the time of kernel detection. The
white and cyan lines represent the &st and &wr
contours, respectively. The colormap is repeated
from Fig. 12.

than the measurement resolution (§ < 0.005) are
not included in the PDFs. These values could be
real, ultra-lean samples or small, undetected
reacted regions with elevated temperatures (yields
non-physical £ < 0 values based on binary mixing-

based processing). For all cases, mixture fraction

values near Eur are preferentially encountered, but
the PDFs demonstrate variability in the values of
&g, as the PDFs appear to be described by an
exponential decay. In fact, & values span the full
range of flammability limits, although the
probability for rich values is very small. It is noted
that if the cumulative density function is generated
from the PDFs, it is found that the majority of the
detected samples occur for values of &g < &Esr,
demonstrating the preponderance for lean ignition.
Using detection Method 2 (as an example), the
mean values of &g for Cases A-D are 0.03, 0.05,
0.08, and 0.01, which are in agreement with the
values of Eur determined from the homogenous

ignition calculations. For all cases, the PDFs exhibit a tail that extends into rich mixture fraction values.

Further improvements to the ;g detection methods are needed to
discern the extent in which &g varies over a large number of
ignition events. Even with the current uncertainties in the
quantitative nature of the PDFs, they provide evidence to show
that the most probable values of & are lean and likely
distributed around Emr.

Summary - Overall, transient fuel injection of a cold turbulent
fuel jet and the subsequent auto-ignition process was studied
using a JHC configuration and high-speed optical and laser-
based imaging. Four cases were examined that had variations in
coflow temperature, fuel jet velocity, and fuel type. Global
ignition statistics showed that the ignition delay times and
heights displayed a strong sensitivity to temperature and fuel
type, but displayed a weaker dependence on fuel jet velocity.
High-resolution, kHz-rate laser Rayleigh scattering (LRS) was
used to provide simultaneous mixture fraction and temperature
measurements prior to and at the onset of ignition. The
measurements resolved the smallest spatial scales and exhibited
an SNR > 200, which permitted detection of ultra-lean mixture
fraction values. PDFs of the most probable mixture fraction
values at ignition are presented and compared with calculated
values of Ewmr. The results show that lean conditions near Eur
are preferentially encountered and the average values of &g
agree reasonably well with the calculated values of Ewr for each
case. The PDFs are characterized by a near-exponential
distribution, with a finite number of rich ignition samples. At
this point, it is unknown whether these are realistic or a
consequence of the limitations to the current detection methods.
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Fig. 1 — PDFs of &z found using (a)
Method 1 and (b) Method 2. Dashed
lines correspond to Evr values





