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Project Overview

The goal of the Co-Optima program was to accelerate deployment of co-optimized fuels and engines that
will reduce fuel consumption, and criterion pollutants and greenhouse gas (GHG) emissions for both
spark and compression-ignited engines. In this project, combustion measurements from a constant
pressure flow rig (CPFR) with optical access were used to assess fundamental combustion behavior of
number of different candidate fuels and fuel blends. This chamber and its peripheral systems allowed
stable control of ambient air pressure and temperature and fuel injection pressure and timing for hundreds
of repeat injections allowing statistical interpretation of the results. The optical diagnostics enabled
capturing of liquid length, vapor length, ignition timing, lift-off length as well as localized (temporal and
spatially resolved) mixture refractive index, flame structure, and soot mass. The operating conditions
allowed the study of combustion conditions promoting lean lifted flame combustion (LLFC), a mixing-
controlled low-temperature combustion (LTC) strategy to reduce soot production in Advanced
Compression Ignition (ACI) engines.

A significant part of effort was spent on developing experimental test facility, implementing optical
diagnostics of rainbow schlieren deflectometry (RSD) to simultaneously measure liquid length and vapor
length as well as identify first and second state ignition, and a novel two-color pyrometry (2CP) approach
to obtain line-of-sight soot and temperature measurements with spatial resolution on the order of single
pixel. The test chamber allowed hundreds of injections in rapid succession to collection statistically
significant data. Image processing techniques were developed to accurately analyze results.

Two Co-Optima fuels were identified as candidate biofuels to blend with diesel. In experiments, n-
heptane was blended with methyl decanoate (MDN) or dimethoxymethane (DMM) at 20% by volume.
Both these are oxygenated fuels, and the literature presume their produce less soot because of the
oxygenetion. The blends were tested at diesel-like conditions of pressure and temperature. Results show
both blends suppress soot formation, but for different reasons. In case of MDN, thermophysical properties
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play an important role since its Cetane number is comparable to that of n-heptane. In case of DMM,
chemical effects play an important role since DMM is a less reactive fuel with Cetane number of 29
compared to that of 53.8 for n-heptane. Study makes that case that oxygenation is not the sole cause for
reduced soot formation, thermophysical properties and chemical properties are equally important since
they affect the mixing processes and thus, the equivalence ratio at lift-off-length. These complex
dynamics must be studied further to evaluate links between known thermophysical and chemical
properties to allow future fuel development to accelerate testing and validation with test volumes on the
order of 100 mL per test condition prior to full-scale engine testing.

Through full or partial support from this project, more than 10 journal articles have been published
focusing on development of optical diagnostics and the study of combustion behavior in relation to
thermophysical and chemical properties.

Approach

The experimental results in this study are obtained using a constant-pressure flow-chamber (CPFC),
designed to enable many injections in quick succession to generate a statistically useful dataset (hundreds
of injections at each condition). This apparatus has optical access for multiple diagnostics to quantify
liquid and vapor regions, fuel-air mixing, ignition and combustion, and soot formation of each injection.
These diagnostics are Rainbow Schlieren Deflectometry (RSD), hydroxyl radical chemiluminescence
(OH*CL), and two-color pyrometry (2CP). Figure 1 (left) shows the chamber and an overview of the
optical diagnostics setup (right).

Rainbow Schlieren Deflectometry is an extension of the well-known schlieren technique wherein a
rainbow filter is used to quantify the deflection of light rays passing through density gradients in a test
media. This is done by replacing the knife-edge at the focal point of traditional schlieren with a rainbow
(hue) filter, thus encoding deflection distance at the focal point as hue to be recorded by a high-speed
camera. Since it was pioneered in 1995 by Greenberg et al., the project team has significantly expanded
the literature regarding RSD to apply the technique to turbulent flows, fuel, and reacting environments.

Under reacting conditions, hydroxyl radicals are produced in the high temperature, main ignition stage of
diesel combustion and at later times. Concentrations of this radical are routinely tracked, either by laser-
excitement (as in Planar Laser Induced Fluorescence, PLIF) or by intensified, natural luminescence. This
work uses natural OH*CL imaging to extend analysis of reacting jets beyond the upstream region imaged
by RSD, revealing the location, timing, propagation, and intensity of combustion.

Thermal radiation from soot, which dominates flame luminosity in the visible spectrum, is captured by
2CP. Luminosity is imaged simultaneously at 550 nm and 650 nm, wavelengths known to encompass soot
luminosity and no other significant spectral emissions, which enables spatially resolved measurements of
soot temperature and density. This technique has been significantly improved, its known optical errors
addressed by a novel design and its uncertainties rigorously quantified, by work conducted in this project.
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Figure 1. (left) Constant pressure flow rig used as test apparatus in this work, and (vight) schematic of optical diagnostics. This
is reproduced from Fig. 1 and 2 in Parker et al. publication.

Results

The major results are broken down into four sections. The first is the development of a methodology to
identify representative injections from large data sets, the second is the development and application
demonstration of a two-color pyrometry system including uncertainty analysis of quantitative soot
measurements, and the third and fourth are the study of conventional reference fuels and Co-Optima
identified candidate biofuels. The project goal of identifying relationships between typical fuel properties
and the subsequent combustion behavior (i.e. sooting behavior, lift-off length, etc.) is discussed in detail.

Representative Injection Identification:

Given the large datasets capable of being generated by the test apparatus used in this project, it was
critical to first develop a methodology to classify individual injections and identify a most representative
single injection for comparison between operating conditions and fuel blends. This work is published as:

Parker, A., Agrawal, A. & Bittle, J. Representative Phenomena of Cyclic Turbulent Combustion in
High-Pressure Fuel Sprays. Flow Turbulence Combust 111, 675-696 (2023).
https://doi.org/10.1007/s10494-023-00432-3

In this study, the constant pressure flow chamber was utilized to acquire data from 500 injections of
transient, n-heptane spray reacting in high pressure, high temperature ambient air, while maintaining near-
constant control of ambient and injection conditions. Analysis of high-speed images acquired by RSD,
OH*CL and 2CP show remarkable injection-to-injection variations visually and in key global parameters.
Analysis based on ensemble averaged images is called into question because of its inability to preserve
the spatial and temporal gradients in measured and derived quantities. As a result, ensemble average
analysis under-predicted global parameters compared to the results obtained from the analysis of
individual injections and then averaged. A sample of this result is shown in the Fig. 2.
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Figure 2. Sample results showing liquid length, vapor length, and OH*CL based lifi-off length as both an average (black lines)
including repeatability intervals and ensemble average results (red lines). This is reproduced from Fig. 5 in Parker et al.
publication.

A rigorous examination of test conditions revealed no correlation with global parameters such as jet
penetration length, ignition delay time, and lift-off length. This leads to the conclusion that the observed
variations in injection-to-injection behavior are the result of a combination of spatial and temporal
differences in the localized, small-scale turbulence throughout the jet and minor differences in rate of
injection through the nozzle. The range of variation in ignition, flame and sooting behavior is evident in
Fig. 3 which shows 6 sample injections as well as the representative injection. The range of behavior
captures both the representative (Inj. F) and outlier injections. It is clear from these images that the
method developed in this study to identify a representative injection would ensure that analysis of typical
representative injection would be appropriate.

To this end, a statistical methodology to identify representative injection(s) from a relatively large data-
set was presented and demonstrated to interpret injection-to-injection variation. The analysis is based
upon z-score of user defined parameter(s), in this case, boundaries detected by each of the three
diagnostics. The z-score measures the departure of a parameter from its average values and can be
normalized and weighted to combine results from different diagnostics. Using this approach, the
boundaries of the spray, reaction zone, or soot cloud of each injection are reduced to a single total z-score
by averaging the local z-score at each axial position and time and assigning equal weights to each
diagnostic.

This methodology requires a large dataset to obtain statistically converged results, which can be
challenging or even prohibitive in some combustion applications. In view of the large injection-to-
injection variation, the methodology proposed here allows one to screen an experimental data-set and
determine a representative test case for further analysis. In contrast, current approaches rely on analyzing
averaged behavior of localized values. The generalized approach to identify a representative injection
presented here can easily be applied to any diagnostic that provides spatiotemporal data and for data sets
that are sufficiently large to show convergence of the desired parameters.

Results of the developed approach are shown in Fig. 4 as a set of five injections that are all relatively
close to the same overall scoring metric for representative. In contrast to the ensemble behavior, these
cases clearly exhibit similar lift-off length and qualitative sooting quantity. Quantitative analysis of
sooting behavior is presented in the following section of this report.
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Figure 3. Select times aSOI are shown for six single-shot injections, as well as ensemble-average images (vight). Three frames
show the times by which most injections achieve ignition (1.8, 1.9 and 2.0 ms aSOI), and an additional image at 3 ms is provided,
after the beginning of the quasi-steady period. Each frame is a composite image of the videos recorded simultaneously by several
diagnostics. As labelled in the top left; Rainbow Schlieren Deflectometry (RSD) is shown upstream (image backgrounds removed
for clarity), OH*CL intensity is overlaid in yellow, and 2CP intensity in magenta. The OH*CL and 2CP intensities have been
normalized across all frames shown. This is reproduced from Fig. 6 in Parker et al. publication.

The benefits of applying the present analysis to computational fluid dynamics (CFD) development,
validation, and analysis are also significant. Representative target values can be identified for models
which aim to predict the fluctuating and inherently random turbulent combustion event. Additionally,
experimental representative data can be compared directly with the results of a single large-eddy
simulation (LES), instead of performing many LES realizations for the purpose of averaging and
comparing to experimental ensemble-averages. The present approach quantifies and describes the range
of variations in a phenomenon to a degree impossible with ensemble average analysis. A hitherto
unavailable dimension of validation is therefore offered to the CFD community; as few as three LES
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realizations may be sufficient to validate the models, if the representative individual injection behavior as
well as the upper and low bounds of variation, quantified by an appropriate parameter, can be captured
with acceptable accuracy. Further, while rate of injection cannot be measured in-situ, additional studies
characterizing the range of variation for a specific injector would be helpful. As a result of these
developments, the CFD parameters can also be refined to produce more physically meaningful
phenomenological models.

Inj77 Inj255 Ensemble —0

-15 0 15 -15 0
Figure 4. Composite images of the five lowest average z-score injections at 3 ms after start of injection. Contrasted to large
range of variation in Figure 3, this subset exhibits clear consistency in behavior with Inj. F (262) being selected as most

representative. This is reproduced from Fig. 14 in Parker et al. publication.

Two-color pyrometry system development:

With the basis for establishing a representative injection, the quantitative sooting behavior can be
evaluated using the novel two-color pyrometry system developed during this project. Several publications
([4] and [10]) lead to the work summarized in this section. This full work is published as:

Reggeti, S.A., Parker, A., Stevenson, A., Agrawal, A.K., Bittle, J.A. “Spatially-resolved soot
evolution and statistics in high-pressure diesel spray flames using two-color pyrometry” Combustion
and Flame, 261, 2023. https://doi.org/10.1016/j.combustflame.2024.113297

The same 500 injection data set from previous publication was used in this work but with a focus on the
study of transient soot formation, oxidation, and transport processes. A novel optical configuration of 2CP
was utilized together with pixel-by-pixel calibration to acquire spatially- and temporally-resolved line of
sight soot measurements with high accuracy at all points on the sensor. Measurements were analyzed on a
statistical basis to obtain converged ensemble average values at each time step and to quantify injection-
to-injection variations in the sooting behavior in terms of root mean square variations and probability
distributions, with the goal of providing experimental data in support of the soot modelling efforts.

While the representative injection study in Parker et al. [2] demonstrated the need to base evaluation on a
single injection, there is still value in investigating ensemble average results at a high level as shown in
Fig. 5. Results of planar OH*CL, soot mass, soot temperature, and soot transport are illustrated in time to
show evaluation of soot formation dominated by premixed ignition to quasi-steady soot formation at lift-
off length and jet core as well as the transport at the jet tip.
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Figure 5. Contours of average combustion behavior at select time steps with the inverted planar OH+CL signal in the top row,
soot mass in the second row, soot temperature in the third row, and soot mass rate in the fourth row.

By evaluating each injection and averaging soot formation in each region of the jet and by mass density,
the results in Fig. 6 can be generated showing total soot in the ficld of view over time. For this operating

condition, the soot peaks as result of the initial premixed ignition event around 2.2 ms after injection and
decays as the overall long lift-off length and quasi-steady mixing behavior ultimately promotes a low total
soot accumulation. This behavior will be contrasted to other fuels in the following sections of the report.

Large injection-to-injection variability in sooting behavior was detected and quantified in agreement with
previous studies. The RMS soot mass (not shown here, but in the paper) indicates that majority of
injections were low soot, but few injections had significantly high soot at these conditions. Further, these
measurements of spatially-resolved soot mass quantities agree with literature suggesting that large soot
masses take longer to be seen because of the time required to form primary particles in high
concentrations and for them to agglomerate. Conditions for soot formation are most favorable in the jet
core which was shown to have the highest probability of large soot masses. Although the 2CP technique
cannot detect individual particle sizes, soot mass probability distributions follow a similar trend as
particle size distribution studies by in-cylinder fast gas sampling of a diesel engine.
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Figure 6. (left) Total soot mass accumulated in different axial sections of the flame, and (right) total soot mass binned by
magnitude of soot mass in individual pixels. This is reproduced from Fig. 6 and 7 in Reggeti et al. publication.

The specific results provided here can be used to support model development and validation. More
advanced soot modelling approaches could validate the soot number density function against the
probability distributions. Further, the uncertainty results presented in the appendix of the paper, typically
not available for 2CP, provide confidence bounds for the reported measurements. Future works on the
effects of alternative fuels and blends at varying ambient and injection conditions and different
combustion chamber designs can leverage the methods presented to obtain previously unavailable data on
soot formation, oxidation, and transport processes using modest optical access.

Combustion of Primary Reference Fuels:

The quantitative soot measurements demonstrated in the prior work were used to evaluate behavior of
fuels with similar and different thermophysical and chemical properties. This work will serve as the
foundation for evaluating the Co-Optima candidate fuels in the final section of the report. This full work
was published as:

Parker, A., Reggeti, S.A., Bittle, J.A., Agrawal, A.K. “Limitations of cetane number to predict
transient combustion phenomena in high-pressure fuel sprays” Combustion and Flame, 251, 2023.
https://doi.org/10.1016/j.combustflame.2023.112723

In this study, the effect of a fuel's chemical and thermophysical properties were isolated by investigating
three fuels under reacting conditions using a slightly modified diesel injector. The three fuels include n-
heptane and two primary reference fuel blend of n-hexadecane and heptamethylnonane resulting in cetane
numbers of 54 and 40 (called CN54 and CN40, respectively), chosen to create a set with similar
thermophysical properties and/or similar cetane number rating; tests comparing trends with similar
thermophysical properties but different cetane number (CN54 vs CN40) and visa-versa (n-heptane vs
CN54) were considered. The test apparatus provided stable ambient conditions to perform 150 to 500
injections in quick succession for each fuel. Three high-speed optical diagnostics were used to
simultaneously image the transient evolution of the jet including liquid fuel vaporization, vapor
penetration, first stage ignition and LTHR, main ignition and HTHR, and soot formation. Analyses
include Abel inverted schlieren and OH*CL data, obtained with the use of large number of injections, to
monitor spray development, reaction zone movement, and related phenomena.

Figure 7 shows results of liquid length, vapor penetration and OH*CL lift-off length for the three fuels
studied in same format as the first section of results evaluating the representative injection. Additionally,
the bottom panel indicates the quantitative soot results for the two cases (the third is too low to measure).
Thermophysical properties of the fuel determine the liquid length. N-Heptane has lower boiling point and
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lower density which resulted in smaller liquid length of 10 mm at the test conditions. The higher boiling
point and density of CN54 and CN40 increased the liquid length to about 18 mm. Fuel evaporation added
negligible physical delay of only 0.1 ms to produce fully vaporized fuel for mixing within 0.15 to 0.25 ms
after injection. The vapor penetration length was independent of the fuel indicating that fuel properties do
not affect the overall entrainment of ambient fluid and mixing, a result in agreement with the findings in
the literature.

-
o O O

o

Liquid Length

o

Axial Distance [mm]
N w 8 (&) [}

10

" IIIIlI IIIIII

——
10" =
S
E
9 .53
8 .50l -
310

-IIIIIIIIIIIII
15

s 1 2 3

Time [ms aSOl]
Figure 7. Average global parameters including (top) liquid- and vapor-penetration lengths, lift-off length, and (bottom) total soot
mass. Shaded regions show the 95% CI of data. This is reproduced from Fig. 4 in Parker et al. publication.

The average ignition behavior is apparent in Fig. 7 at the start of OH/soot signal, while the distribution of
ignition delay time across the full dataset is shown in Fig. 8. The ignition delay times are
indistinguishable between n-heptane and CN54 indicating that the present experiment accurately
replicated the CN behavior of these two fuels.
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Figure 8. Normalized histograms of ignition delay time for each fuel (bin width = 0.1 ms). This is reproduced from Fig. 5 in
Parker et al. publication
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As shown in Fig. 9, and in spite of the same CN and ignition timing, the ignition and quasi-steady flame
location occurred at different axial locations for n-heptane and CN54, indicating that these differences are
caused by thermophysical effects as opposed to chemical effects of the fuel. Ignition location exhibited
effectively no correlation with IDTs indicating that ignition occurs in localized kernels that can take
different trajectories depending upon the turbulent mixing processes.
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Figure 9. Histograms of the axial location of main ignition (left) and quasi-steady lift-off length (vight) for ( a) n-heptane and (b)
CN54 (bin width = 1.5 mm). Different curves represent data segmented into bins of ignition delay times. The number of injections
contributing to each curve is shown in the legend. This is reproduced from Fig. 6 and 6 in Parker et al. publication.

A unique portion of this work was the separate evaluation of the first-stage ignition/ low-temperature heat
release (LTHR) behavior enabled with the RSD diagnostic. The results in Fig. 10 show that the LTHR
timing was consistent between CN54 and heptane (supporting idea of ignition being a chemical
dominated effect) however the location is closer to the injector for n-heptane followed by CN54 and then
CN40. The quasi-steady lift-off length was also positioned in the same sequence, i.e., n-heptane, CN54,
and CN40. This is linked to the thermophysical properties that cause increased liquid length and thus a
likely richer mixture forcing LTHR and lift-off to occur further downstream.

The robust LTHR likely increased PAH formation before lift-off as precursors to soot. In agreement with
existing correlations between soot mass and lift-off length, soot mass was highest for n-heptane, followed
by CN54 and then CN40. This trend does not agree with measurements of a fuel's soot propensity based
on simple flame configurations. All these factors lead to a measured peak soot mass of 100x less for the
CN54 blend despite matching ignition timing as can be seen in Figure 7 above.

Even though the physical delay times for fuel vaporization are similar for different fuels, the axial
location where vaporized fuel becomes available depended upon the liquid length, which was found to be
the primary factor affecting LTHR, ignition locations, and lift-off length. All these parameters shifted
downstream by about 8 mm (same as the difference in the liquid lengths) for CN54 compared to n-
heptane leading to the observation that sooting behavior of a fuel in high-pressure diesel-like reacting
sprays can be contrary to the expectations based on fundamental studies of fuel's molecular structure.

10
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Figure 10. (left) Histogram plot of Low-Temperature Heat-Release (LTHR) timings for each fuel (bin width = 0.1 ms), and
(right) Histogram plot of Low-Temperature Heat-Release (LTHR) location for each fuel (bin width = 2 mm). This is reproduced
from Fig. 11 and 12 in Parker et al. publication.

Co-Optima Candidate Fuels Results:

In this study, two oxygenated biofuels, diesel-surrogate n-heptane blended with methyl decanoate (MDN)
and dimethoxymethane (DMM) are investigated experimentally in the same apparatus and with same
optical diagnostics set as discussed above. Results show that both biofuels have longer IDTs than n-
heptane and this, together with increased LoL, contribute to a reduced soot formation in these fuel jets.
Differences in soot-production in premixed vs diffusion flame zones emerge fuel-to-fuel but decrease
with increasing ambient temperature and/or pressure. Additionally, a range of test conditions are explored
in this work leading to observations of different regimes of soot formation between the different fuel
blends.

Figure 11 shows similar results as in previous sections. As demonstrated in the work evaluating the CN54
compared to n-heptane, the fuel properties (boiling point and heat of vaporization) led to preferential
evaporation of blended fuels. DMM is expected to evaporate faster than n-heptane, and so n-heptane
controls the liquid length of the DMM?20 blend; MDN is slower to evaporate, and so MDN20 has a longer
liquid length. This longer liquid length for MDN20 is postulated to increase the lift-off length, and thus,
reduce the soot production. OH*CL lift-off length varies fuel-to-fuel, although flame
recession/stabilization behavior is remarkably consistent fuel-to-fuel. Introduction of more dense,
oxygenated fuels to n-heptane postponed ignition delay and differences in ignition delay, lift-off, etc.,
were diminished as expected with increasingly high ambient pressures/temperatures. The conditions
utilized in this study allowed improved differentiation of fuel effects while still being diesel-relevant.

Figure 12 shows the total average soot mass in red for each fuel blend and each test condition during the
entire injection event. The contour shows the distribution of data overall injections. It is apparent that
there are some significant sooting injections that draw the average up despite many injections showing
very low soot in some cases.

In general, the blended candidate fuels significantly decreased produced soot-mass with sharp distinctions
emerged between soot produced during the pre-mixed and diffusion-controlled combustion modes. Soot
production from the pre-mixed mode is dominant at lower ambient pressure/temperature conditions, with
diffusion behavior growing to dominate soot-production at the more intense conditions; this behavior is
significantly impacted by blending of candidate fuels, with MDN slightly reducing the soot-production
profile of n-heptane and DMM vastly reducing the diffusion-mode sooting.

11
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Figure 11. (right) Average liquid length, vapor length and OH* lifi-off length, and (left) Normalized distributions of ignition
delay for each fuel blend over at least 150 injections and at three operating conditions.
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The candidate fuels MDN and DMM were observed to significantly lower sooting behavior in diesel-like
settings when blended with n-heptane. Some undesirable combustion behavior resulted - elongated lift-off
and greater ignition delay - however these differences diminished as ambient conditions approached true
diesel-engine values. These sooting and combustion trends agree with results in the literature. Future
work can extend this study to increasingly high-pressure/temperature conditions, and by vary blend ratios
to determine the potential of candidate fuels to realize lower soot-production in-cylinder without
significantly and adversely effecting critical combustion parameters at relevant conditions.

12



Final Project Report

nHep. 30bar/800k 20% MDN 40bar/800k 20% DMM 40bar/840k
> > >
E £ E
[} ] [}
(%] 2] (%]
© © ©
= = =
k<] © kS 0
[ o o
« » 0 1 2 3

Time after SOl (ms) Time after SOl (ms) Time after SOI (ms)

nHep. 30bar/800k 20% MDN 30bar/800k 20% DMM 40bar/840k
=) =) =)
£ £ £
@ 7 @
© © ©
= = =
5 5 5 ,
@ @ ® 0 1 2 3 2

Time after SOl (ms) Time after SOl (ms) Time after SOI (ms)

nHep. 40bar/840k 20% MDN 40bar/800k 20% DMM 40bar/840k
— — —~ =
[®)] (o)) (o)) —_
£ E 1 3 k=
2 2 2 *
© © ©
= = =
ks S ks
o 6 0 - o}
* 2 0 1 2 3 @

Time after SOI (ms) Time after SOI (ms) Time after SOI (ms)

Figure 12. Total soot mass for all fuels and all test conditions. Redline indicates the average soot mass profile while the contour
shows 2-D histogram of injection count at each time and bin level.

Conclusions

Consistent with literature and supported by present observations for both conventional primary reference
fuels [3] and the co-optima fuel candidates, the spray development and mixing, low temperature heat
release (if distinguishable), flame stabilization processes, and injection-to-injection variations can have
greater impact on the sooting behavior than the chemical make-up of the fuel alone. Thus, this project
suggests that fuel screening efforts should consider transient spray development and combustion at
relevant ambient conditions, and how these phenomena are affected by fuel's chemical and
thermophysical properties while utilizing large number of injection experiments.

Two Co-Optima identified fuel blend candidates, methyl decanoate (MDN) and dimethoxymethane
(DMM) were tested at a range of diesel like conditions. Results show both the effect of thermophysical
properties on the behavior as well as the chemical structure and subsequent reaction path ways effect on
combustion and soot formation. Specifically, the MDN blend nearly completely suppresses any soot
formation during premixed period near ignition while the DMM blend more effectively suppresses soot
formation in the quasi-steady period.

This study shows that fuel screening process must consider thermophysical and chemical properties of the
fuel and how it affects fuel-air mixing and spray development, which determines the equivalence ratio at
the lift-off length and thus, soot formation in the downstream diffusion flame. Present test apparatus is
ideal to conduct these evaluations using small quantities of fuel, on the order of 100 mL per test.
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Abstract

Improved understanding of combustion processes is important to screen emerging biofuel candidates and ad-
vanced combustion modes with the potential to reduce soot and other airborne pollutants in diesel engines. In
this study, two oxygenated biofuels, methyl decanoate and dimethoxymethane blended with diesel-surrogate
n-heptane are investigated experimentally at high-pressure, high-temperature reacting conditions in an op-
tically accessible test chamber. This chamber utilizes heated airflow to provide stable operating conditions
at a constant pressure to perform a large number of injections in quick succession. Rainbow schlieren de-
flectometry, OH* chemiluminescence, and two-color pyrometry, all at high acquisition rates, are utilized to
image different regions of the transient, reacting jet. Image analysis is performed to determine combustion
parameters including ignition delay time (IDT), lift-off length (LoL), and soot zones. Results show that both
biofuels have longer IDTs than n-heptane and this, together with increased LoL, contribute to the reduced
soot formation. Differences in soot-production in premixed autoignition zone and quasi-steady diffusion
flame zone emerge fuel-to-fuel, but decrease with increasing ambient temperature and/or pressure.
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1. Introduction

Owning to their high energy density, liquid fu-
els are indispensable for applications requiring long
range or duration of use, light weight, and intense
heat release rates. Facilitating these uses of liquid fu-
els while also addressing increasingly stringent emis-
sions regulations, particularly in the transportation
sector, recent research has aimed to simultaneously
co-optimize biomass derived fuels and advanced com-
bustion modes to reduce emissions of nitric oxides
(NOx), carbon monoxide (CO), particulate matter
(PM)/soot, and greenhouse gases. Promising renew-
able biofuels from a wide range of available options
have been identified for diesel engines [1, 2, 3]. Eval-
uating candidate biofuels to determine which merit
further research and investment requires a fundamen-
tal understanding of the combustion processes and
sooting behavior.

Conventional diesel combustion can be divided into
two regimes: (1) rich premixed combustion at the lift-
off length (LoL), and (2) mixing controlled, diffusion-
combustion along the jet periphery [4]. Recent work
has focused on altering the relative proportions of
these two combustion modes using advanced fuel in-
jection and mixing strategies [5]. The high jet mo-
mentum near the injector exit entrains the oxidizer
where the fuel-air mixture preparation and premixed
combustion processes are critically affected by the
stoichiometric air-to-fuel mass ratio (AFR). Particu-
larly, the equivalence ratio at the lift-off length (LoL)
- the axial location for quasi-steady flame stabiliza-
tion - has been correlated with soot formation in
diesel combustion [6, 7, 8]. Oxygenated fuels, i.e.,
fuels containing oxygen molecules, require less oxy-
gen for complete combustion, and thus, they could
produce cleaner flames with lower soot formation
[9, 10, 11].

Oxygenated fuels can also be less volatile, and less
reactive, i.e., lower cetane number (CN) or longer
ignition delay time (IDT), than conventional diesel
fuels. Longer IDT increase time for fuel-air mixing
to reduce soot formation [6, 7], but delayed ignition
could adversely affect the thermodynamic cycle effi-
ciency. Many researchers have noted these difficul-
ties as barriers for widespread adoption of biofuels

[12, 9, 13, 14]. Current research has focused on uti-
lizing biofuels and other fuel additives without com-
promising the ignition behavior [15, 16, 17, 18]. How-
ever, the wide range of candidate fuels with different
chemical and thermophysical properties makes the
screening process of alternative fuels very difficult;
this is increasingly true across different applications
and operating conditions.

Several methods have been used to test and predict
combustion behavior of candidate fuels, which can be
currently very expensive to manufacture [14], besides
the costly engine testing process. Droplet combus-
tion, shock tubes, and micro flow reactors [19, 20]
are each methods to experimentally simulate com-
bustion while using small quantities of fuel. Compu-
tational metrics have been created to predict soot-
ing and other combustion behavior based on exper-
imental data from various fuels. For example, the
Yield Sooting Index (YSI) has been used to charac-
terize diesel fuels and their surrogates [21, 22, 23, 24].
However, these fundamental studies at simplified test
conditions raise the concerns of applicability at in-
cylinder, diesel-combustion environment.

Metal engines [10] and optical engines [9, 25, 11,
26, 12] have been used successfully to investigate
combustion of biofuels and their blends, although
these tests require larger fuel volumes. Optically ac-
cessible constant-volume [27] and constant-pressure
[28, 29, 30] flow chambers offer a reasonable com-
promise between testing methods, because they can
replicate in-cylinder processes while requiring only
modest quantities of fuel. These optical chambers
also provide convenient means to assess, via high
speed diagnostics, the critical parameters governing
spray development and combustion.

In this study, a constant pressure flow chamber
(CPFC) is used to achieve high-pressure and high-
temperature conditions to study transient, reacting
sprays of n-heptane and blends of n-heptane with
methyl decanoate (MDN) and dimethoxymethane
(DMM) [14]. Experiments are conducted at diesel
engine relevant conditions, though at slightly lower
pressures and temperatures, to discern combustion
differences, fuel-to-fuel and condition-to-condition.
For each test campaign, at least 150 injections are
recorded in quick succession at stable ambient con-



ditions to obtain reliable and statistically stationary
values of global parameters including liquid length,
vapor penetration length, LoL, IDT, soot mass, etc.
Three optical diagnostics at high acquisition rates are
applied simultaneously: (1) Rainbow schlieren deflec-
tometry (RSD) to determine liquid and vapor pene-
tration lengths [31, 29], (2) Hydroxyl (OH*) chemilu-
minescence (OH*CL) to determine IDT, flame reces-
sion, and LoL, and (3) Two-color pyrometry (2CP)
to quantify the line of sight (LOS) soot mass at each
pixel location [32, 33].

Biofuels in this study consist of MDN, a short-
chain ester and DMM, a polymethylene ether, both
identified as potential biofuels for further study [14].
The MDN, derived from oilseed crops, has been suc-
cessfully blended with diesel fuels to achieve desired
results including lower emissions and minimal impact
on CN [25, 11, 12, 26]. The DMM is less widely stud-
ied, because of its lower CN, flash point, and boiling
point [13], although it has been found to reduce soot
and other emissions [9, 10]. In the present study,
these fuels will be blended with n-heptane and tested
for a range of ambient conditions to gain insight into
combustion and sooting behavior. Experiments uti-
lize only about 300 mL of fuel to record in excess of
450 injections at the three test conditions for each
fuel.

2. Experimental Setup and Test Conditions

Figure 1 shows the CPFC that has been docu-
mented previously to provide stable operating con-
ditions for a large number of consecutive fuel injec-
tions [29, 28]. In brief, air preconditioned to the de-
sired temperature and pressure is flowed continuously
through the chamber at near quiescent flow velocities
compared to the fuel injection velocity (0.5mm/s vs
250m/s, respectively), but sufficient to thoroughly
flush combustion products from the chamber between
injections at 8s intervals. About 150 injections per
hour can be recorded, limited by the video down-
load speed of the cameras. The fuel is injected along
the axis of the chamber by a Bosch CRIN3-18 injec-
tor modified to have a single 104 ym hole at the tip.
Ambient and fuel test conditions are summarized in

——————————— Injector
Coolant Inlet ———------ ————————— Coolant Exit
Air Exit Annulus Injector

_(_Zaoling Jacket

100mm
Optical Access
_____ Flow
63mm Conditioner
Air Flow

Y
X
z

Connection to Heater

Figure 1: Schematic of the optically accessible constant-
pressure flow rig (CPFR).

Table 1. Table 2 lists the properties of the component
fuels used in this study. Fuel blends will be referred to
as MDN20 (20% MDN/80% n-heptane) and DMM20
(20% DMM /80% n-heptane) throughout the remain-
der of this paper.

Figure 2 displays the layout of the three optical di-
agnostics employed simultaneously as discussed pre-
viously in detail [28, 30]. The RSD operated at ??
kHz enables detection of liquid and vapor penetration
lengths [34], and quantification of local properties
such as the average planar refractive index difference
(related to density and equivalence ratio) [29, 31].
Another high speed camera at 7?7 kHz, combined
with an intensifier (Invisible Vision Model 1850-10-
S20) and band-passed (310 nm) ultraviolet (UV) fil-
ter, records OH*CL to determine IDT, LoL, and dif-
fusion flame zones. Lastly, a third high-speed cam-
era at 7?7 kHz records soot incandescence simultane-
ously at two wavelengths (550 and 650 nm) to enable
spatially resolved LOS measurements of soot-density
(KL) and temperature [32, 33].

2.1. Images and Data Analysis

In this section, images obtained by the three opti-
cal diagnostics will be displayed and the image analy-
sis procedures used to extract important parameters



Table 1: Test conditions for CPFR experiments with +95%
sample confidence intervals. All experiments were conducted
with air (21% oxygen) and 4.5 ms injection duration. Blended
fuels contain 20% of the named fuel, by volume, with the re-
mainder being n-heptane. Injected fuel was in all cases at
363£0.2K, 99.3+0.1 MPa.

heptane
3 MPa, 4 MPa, 4 MPa,
800K 800K 840K
Ambient
Temp. [K] |808+5.6 807+9.4 835+5.9
Pres. [M Pa]|3.0+£0.03 4.0+£0.04 4.0+0.03
Den. [%] 13.0+£0.2 17.24+0.2 16.6+0.2
Fuel
Temp. [K] [363.4+.23 363.4+.25 363.4+.22
Pres. [M Pa]|99.140.81 99.14+0.74 99.0+0.69
20% MDN
3 MPa, 4 MPa, 4 MPa,
800K 800K 840K
Ambient
Temp. [K] |805+6.5 809+4.1  839+6.0
Pres. [M Pa]|3.04£0.03 4.0+£0.05 4.0+0.03
Den. [%] 12.940.2 17.2+0.3 16.54+0.2
Fuel
Temp. [K] |363.44+.21 363.44+.20 363.44.21
Pres. [M Pa]|99.1+0.83 99.1+0.77 99.3+0.80
20% DMM
3 MPa, 4 MPa, 4 MPa,
800K 800 K 840K
Ambient
Temp. [K] |807+4.6 804+4.6 833+5.4
Pres. [M Pa]|3.0+£0.03 4.0+0.06 4.04+0.04
Den. [%] 12.940.2 17.4+0.3 16.84+0.2
Fuel
Temp. [K] |363.4+.18 363.4+.19 363.4+.21
Pres. [M Pa]|99.0+0.76 99.0+0.80 99.1+0.67

Two-Color Pyrometry Camera

Turning Mirror

CPFR

Schlieren Camera Beamsplitter

T

OH* Chemiluminescence

Ultraviolet
Camera

Intensifier

Figure 2: Simultaneous high-speed diagnostic setup including
Rainbow Schlieren Deflectometry (RSD), OH* Chemilumines-
cence (OH*CL), and Two-Color Pyrometry (2CP). View angle
of OH*CL and 2CP systems are exaggerated for illustration.

Table 2: Pure component fuel properties for n-heptane, methyl
decanoate (MDN, and dimethoxymethane (DMM). Fuel prop-
erties as listed in DOE’s Fuel Property Database [1].

heptane  MDN DMM
Mol. Weight [-£]/100.2 186.3 76.1
Mol. Formula, CrHig C11H2202 C3HO2
Density [£%] 683.8¢ 873.0° 860°
Boiling Point [°C1[98.0 224.0 42.0
F,f?t} of Vap. 36.57°  46.0° 27.97
Heat of Vap. [%2] (365" 2477 3677
Heat Cap. [;2%z] [224.64  382.8 163.6
AFR [22] 11 15.5 4
AFR [$2] 13.02 10.23 6.54
Cetane Number [53.8%¢ 52¢ 29¢
220°C, ®25°C, “measured, 56 in [7] ©°definition

fpredicted



will be discussed. Figure 3 provides simultaneously
acquired images from each diagnostic, with minimal
post-processing for clarity. The RSD image is pre-
sented by preserving hue (the primary signal) within
the jet, but with intensity and saturation set to 1.0,
and background removed. The OH*CL and soot
incandescence (at 650nm), recorded in black-and-
white, have been false-colored to yellow/magenta, re-
spectively. The red outline shows where these sig-
nals fade to background levels. Yellow/magenta col-
ors were chosen to represent OH*CL/2CP signals
to maximize the contrast with RSD hues centered
at around cyan (180°C'). These false-colored im-
ages were combined to create the composite image
at the right of Fig. 3. Images of this format will be
used later to compare combustion processes among
fuels/ambient conditions under this study.

The images of Fig. 3 contain extensive quantita-
tive information. The RSD images have previously
been used to determine liquid- and vapor-penetration
lengths [29, 34]. The hues in the RSD image provide
information about local density gradient [31] which is
related to fuel-air mixing, cool-flames, and low- /high-
temperature heat release [297 |. The OH*CL images
are used to identify IDT and LoL using the method-
ology of Engine Combustion Network (ECN), which
defines a threshold of 50% of the maximum observed
intensity to distinguish reactions from the noise-floor.
The high accuracy measurement of soot-mass along
the LOS at each pixel location are integrated spa-
tially to determine the total soot mass in the flame
or soot mass at a specific axial location [32, 33].

3. Results

In this section, global parameters including liquid
length, vapor penetration length, IDT, LoL, and soot
mass at different ambient conditions will be compared
for the aforementioned fuels. Results will include pre-
sentations of average behavior (over 150 injections
per case), as well as selected images and data from
instantaneous injections best representing their re-
spective cases. Finally, the effect of liquid length on
LoL and soot formation will be discussed. Ambi-
ent temperature/pressure have strong effects on soot

2CP

5 0 5

70

Composite |

5 0 5 [mm]
Figure 3: Combustion was simultaneously recorded by Rain-
bow Schlieren, OH* chemiluminescence (shown in yellow), and
two-color pyrometry (in magenta) as shown in Fig. 2. Simulta-
neous images from each diagnostic are shown here, along with
a ‘composite’ image to the right, in which the OH*CL and 2CP

intensities are overlaid on top of the RSD hues. Red outlines
were added to these intensities for heightened contrast.

oxidation and engine-out particulate levels, but this
study focuses exclusively on soot formation during
in-cylinder combustion only.

3.1. Global Parameter Analysis

Figure 4 shows temporal profiles of average liquid
length, vapor-penetration length, and LoL for the
three fuels considered at each test condition (a/b/c,
as labeled in each subplot). Prior work [35, 29, 30]
and separate analyses (not shown) demonstrate that
the average values in Fig. 4 achieve statistical station-
arity after about 50 injections, which is far less than
the 150 injections performed in this study to compute
the averages. In the present study, standard devia-
tions for liquid length, vapor penetration length, and
LoL are, respectively, less than 1.5mm, 1.0 mm, and
3.0mm. Because of the high statistical accuracy of
average values, and to improve the readability, confi-
dence intervals (CIs) describing injection-to-injection
variations are not included in Fig. 4.

Liquid Length. Figure 4 shows that the lig-



uid length in all cases increases linearly for about
<0.2ms, and then reaches a quasi-steady value which
remains constant for the remaining test duration.
Clearly, liquid length depends upon the fuel, but
these results show that the vaporized fuel is available
within 0.2 ms after start of injection (aSOI), and that
the fuel vaporization time for different fuels is within
0.1 ms of each other. The liquid length measure-
ments are highly repeatable, with standard deviation
of about 1.5 mm. The liquid length is affected by am-
bient and fuel injection conditions [36, 37], and boil-
ing point and heat of vaporization of the fuel. Con-
sidering the operating conditions are the same for all
fuels within each case, the observed differences in the
liquid length can be attributed to the differences in
the thermophysical properties of the fuels.

The liquid length for MDN20 is slightly longer com-
pared to that for other fuels. The difference increases
slightly with increase in ambient pressure and/or
temperature. Using data in Table 2, fuel jet evap-
oration would require 399 ’Z—J, 410 ’Z—J, and 358 ’Z—;,
respectively, for n-heptane, MDN20, and DMM?20.
These differences do not solely explain trends in
Fig. 4, which presents near-identical liquid lengths
for n-heptane and DMM20. Considering the boil-
ing point data in Table 2, preferential evaporation is
the likely cause for the observed liquid length trends
of Fig. 4. The DMM has much lower boiling point,
and would evaporate first, followed by n-heptane
in the DMM20 blend. This would result in nearly
the same evaporation profile as n-heptane, with the
only differences being the slightly lower amount of
heat required to evaporate the DMM. Conversely,
MDN20 blend has a longer liquid length because its
n-heptane evaporates first, followed by MDN with a
much higher boiling temperature. Preferential evapo-
ration of component fuels in the MDN20 and DMM?20
blends therefore offers the explanation for the ob-
served differences in liquid lengths in Fig. 4.

Vapor Penetration Length. Figure 4 presents
temporal evolution of average vapor penetration
length until the jet passes beyond the RSD field of
view. The vapor-penetration profiles diverge from
the liquid length profiles once the latter reaches quasi-
steady state. Interestingly, DMM20 has a slightly
but consistently slower vapor penetration rate than

the other fuels, even though the fuel injection param-
eters (densities, pressures, geometries, etc.) affecting
jet penetration are nominally the same per Table 1)
[38].

Except for the slight deviation for DMM?20, the
vapor penetration length is essentially the same for
all fuels, and is highly repeatable with standard
deviation of 1.0mm. Note that the present ap-
proach to use lower ambient temperatures and pres-
sures than found in diesel engines (ECN Spray-A,
for instance [39]) helps to resolve case-to-case and
injection-to-injection differences by the available di-
agnostics; standard deviations for case (c) at high
pressure/temperature were much lower than those for
case (a) at low pressure/temperature. The case-to-
case differences are expected to reduce further at even
higher temperatures and pressures. At the highest
temperature case (c), the slight ’bump’ in the vapor
penetration length at about 1.0ms aSOI coincides
with the onset of main ignition detected by OH*CL,
causing volumetric thermal expansion by high tem-
perature heat release (HTHR).

Flame Location. Figure 4 also depicts the aver-
age axial distance of flame location from the injector
exit determined from OH*CL images for all injec-
tions. The flame location was identified with respect
to time between the main ignition event and quasi-
steady LoL. Unlike small fluctuations in liquid length
and vapor penetration length, the flame location data
exhibited about 3 times larger injection-to-injection
variations. In general, the flame location and LoL are
shorter for n-heptane followed by MDN20 and then
DMM?20. Based on the comprehensive analysis of lig-
uid length effects [29], the longer LoL for MDN20
compared to n-heptane is likely caused by differences
in their liquid lengths since these two fuels have es-
sentially the same CN. In contrast, the longer LoL
for DMM20 compared to n-heptane is attributed to
the low chemical reactivity (or low CN) of the former
since both fuels have nearly the same liquid length.
The differences among fuels decrease with increas-
ing ambient temperature/pressure as expected, but
the overall trends including upstream flame recession
after ignition to reach quasi-steady LoL remain the
same.
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3.2. Ignition Delay Time

Figure 5 provides histograms of IDT for the three
fuels studied; IDT is defined as the time aSOI when
OH*CL is distinguishable from the noise-floor, con-
sistent with the definition used by the ECN [39].
All fuels/conditions show a range of IDTs result-
ing from injection to injection variation with nearly
Gaussian distributions. A rigorous analysis, not pre-
sented here, showed no correlation between slight test
condition variation in Table 1 and IDTs [30]. From
Fig. 5, it is clear that MDN20 has slightly higher IDT
than n-heptane, and the difference diminishes com-
pletely at higher pressures/temperatures. This re-
sult is consistent with the mildly lower CN of MDN
(CN = 52) compared to that of n-heptane (CN -
53.8). In contrast, DMM has much lower CN of
29 compared to n-heptane, and thus, DMM20 blend
displays relatively longer IDTs, even at higher pres-
sures/temperatures. As stated previously, these dif-
ferences can be expected to reduce as ambient condi-
tions approach true diesel-engine values, which would
make it difficult to identify case-to-case differences
owning to limited spatial and temporal resolutions of
the available diagnostics.

3.8. Visualization of Combustion

The large number of injections required to achieve
statistically stationary values in Fig. 4 suggests
that injection-to-injection variation is caused by the
stochastic nature of turbulent mixing. This hypoth-
esis is independently explored in a separate work
[30] to identify a representative single-injection that
is closest to the ensemble average image which in-
herently smooths-out features of turbulence. For
this reason, composite images of a representative sin-
gle injection were created for each case in the style
of Fig.3 using the methodology in [30]. Figure 6
presents composite images of a representative injec-
tion for each fuel for case (a) at 800K, 3 MPa. Sim-
ilarly, Figs. 7 and 8 show composite images, re-
spectively, for case (b) at 800K, 4 MPa and case (c)
at 840K, 4 MPa. Each injection is presented at two
times aSOI, depending upon the case. The first row
of Fig. 6 refers to the time of peak soot-production



after auto-ignition, and the second row pertains to
the time of peak soot-production during quasi-steady
injection times. The color-scales used to false-color
OH*CL (yellow) and 2CP (magenta) signals in com-
posite images are different for each fuel/case but they
are the same for both rows.

Figure 6 illustrates differences in mixing, flame,
and soot behavior depending upon the fuel. Com-
posite images in the first row show a smaller mixing
region for n-heptane compared to that for MDN20
and DMM20. Similarly, the initial flame region (yel-
low OH*CL signal) is closer to the injector tip for n-
heptane compared to that for MDN20 and DMM20.
The soot regimes are also different; a large intense
soot cloud for n-heptane but small, low-intensity soot
cloud for MDN20 and DMM?20. These trends persist
during the quasi-steady state as shown by the com-
posite images in the second row. Here, the LoL is
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Figure 5: Normalized distributions of ignition delay for each
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signal.
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Figure 6: Composite images of representative injections from
each fuel, at 800 K and 3 MPa, at select time steps. Top row
corresponds to the time of peak premixed soot production, bot-
tom row shows peak diffusion-flame produced soot. Beneath
are soot-mass profiles for every injection of the respective cases,
with the most representative profile - corresponding to the in-
jections pictured above - shown in red.
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shortest for n-heptane and longest for DMM20, which
is consistent with the results presented in Fig.4. Ev-
idently, main ignition for n-heptane occurs earlier
than the other fuel blends. However, MDN20 and
DMM20 require additional time to build the radial
pool required for combustion to take place.

The differences among fuels reduce at higher pres-
sures and temperatures. For case (b) at 800K,
4MPa, Fig. 7 shows that the initial flame region
and soot cloud are similar among fuels. Particu-
larly, once the quasi-steady regime has been estab-
lished, the Lol variation among fuels could not be
distinguished from injection-to-injection variations;
recall from Fig.4 that sample standard deviations for
LoL were up to 3.0mm. For this case, n-heptane
and MDN20 have narrower sheaths of hot prod-
ucts/reactants surrounding and stabilizing the flame.
For case (c¢) at 840K, 4 MPa, the fuel-to-fuel differ-
ences in LoL reduce even further. Thus, the spa-
tial/temporal resolutions of the present diagnostics
are inadequate to resolve small differences at high
pressures and temperatures.

Figures 6- 8 shows that MDN20 and DMM20
have remarkably different sooting behavior than n-
heptane. Particularly, these fuel blends tend to re-
duce the soot-mass produced in the flame. However,
two limitations of the present study must be stated;
1) experiments were conducted in a CPFC, not an en-
gine, and so results pertain only to in-cylinder soot
formation/oxidation, without after-treatment, and 2)
soot behavior beyond 75mm from the injector tip
cannot be quantified in the present CPFC; the re-
acting jet impinges on the screens located at about
80mm from the injector tip. The jet-tip reaches
this distance at approximately 3.0ms aSOI, and so
discussion of soot formation will be limited to 0.0-
3.0ms aSOI, by which time the quasi-steady behavior
has emerged; end-of-injection and subsequent blow-
off are outside the scope of the present study.

3.4. Sooting Behavior

Figure 9 presents contour plots of average total
soot-mass along the jet axis versus time until 3.0 ms
aSOI for each fuel/condition. These plots were cre-
ated by summing local soot-mass radially at each ax-
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ial location to obtain 1-D representation of soot-mass
at each time and then, averaging at that time for all
injections. The results in Fig. 9 are presented as a
spatiotemporal contour showing the axial (y-axis) de-
velopment of soot-mass with time (x-axis). Because
some conditions are over 10x sootier on average (and
100x sootier if single-injections are considered, rather
than averages) than others, the contours in Fig. 9 are
normalized by the number indicated in the lower left
corner of each plot to show soot-mass on a visually
discernible scale. For example, the 40 bar/840 K case
(c) of n-heptane is on a scale 28 times greater than
that of DMM20 for reference case (a) 30 bar/800 K.

For case(a), the first row in Fig. 9 shows a quali-
tatively similar soot zone for all there fuels. In each
case, the soot mass increases after ignition, reaches a
peak, and then decreases, all within a time span of
about 1 ms. This soot formation/oxidation zone rep-
resents the transient stage after ignition and spans 5
mm to 10 mm axially depending upon the fuel; short-
est for DMM20 and largest for n-heptane. Quantita-
tively, the peak soot mass is the least for DMM20,
four times higher for MDN20, and 12 times higher
for n-heptane. Note that the soot mass depends upon
the distance between the injector tip and initial reac-
tion zone; longer distance for DMM20 results in min-
imum soot mass. In each case, soot-mass produced in
the early stage is mostly oxidized before quasi-steady
LoL is reached. Only minor amounts of soot mass re-
mains thereafter. More soot could be formed farther
downstream, but these downstream locations are not
accessible to the 2CP diagnostics.

Increasing the chamber pressure in case (b) shifts
the soot zone towards the upper left corner, i.e., soot
is formed earlier and closer to the injector tip as
shown in the second row of Fig. 9. The soot mass
increases for DMM20, decreases slightly for MDN20,
and remains about the same for n-heptane. These dif-
ferences highlight the role of pressure on soot kinet-
ics depending upon the fuel. Figure 9 shows that at
higher ambient pressure, a second soot zone can also
be formed father downstream at times after quasi-
steady LoL is reached, i.e., about 1 ms after main
ignition. The demarcation point between these two
soot mass zones can be denoted as the soot-lift-off
length, akin to the LoL based on the OH*CL signal.



The second soot zone is barely visible for DMM?20, is
rather faint but distinct for MDN20, and and is quite
noticeable for n-heptane. This second soot zone re-
sides downstream of the LoL, i.e., in the diffusion
flame region.

The most significant difference in soot mass takes
place at the elevated ambient temperature of case (c)
as shown in the third row of Fig. 9. Increase in
ambient temperature shifts soot mass contours fur-
ther upstream and earlier in time, which is consis-
tent with shorter IDT and LoL. Noting the change
in scale, the soot mass in the transient regime in-
creases for all three fuels. In addition, an intense
soot mass zone is evident in the diffusion flame re-
gion, especially for n-heptane and MDN20. These
results show greater sensitivity of soot formation to
increase in ambient temperature, compared to that
for an increase in pressure. Figure 9 illustrates that
soot mass in the diffusion flame region is highest for
n-heptane, lowest for DMM20, and in-between these
two limits for MDN20. These results depict that fuels
with a shorter LoL tend to produce more soot mass.
However, the faint soot mass zone in the diffusion
flame region for DMM20 suggests a favorable soot
kinetics with additional of DMM20 to n-heptane.

Need to rewrite from here onward after new Figure
10 is generated.

The sooting behaviors in premixed and diffusion
modes are compared quantitatively in Fig. 10 show-
ing profiles of the soot-mass produced by each mode,
on average, through time. These profiles were gen-
erated by demarcating the axial location at which
the premixed soot cloud declines sharply; soot-mass
before this location was designated ’'premixed’, and
after this location as ’diffusion’. The profiles for each
case were normalized by the maximum soot-mass ob-
served for either premixed or diffusion mode. Those
values are shown in the parentheses of legends in
Fig. 10. For example, the premixed n-heptane soot-
ing of condition (a) peaked at 6.1 mg of soot-mass,
and both the premixed and diffusion mode profiles
were normalized accordingly.

Figure 10 shows that the diffusion-mode sooting
in cases (b) and (c) increases sharply after the pre-
mixed sooting has peaked. Soot oxidation takes place
after the premixed spike, and then the primary mode
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of soot production switches to diffusion mode for the
remainder of the quasi-steady injection. This behav-
ior is not evident at the lower pressure/temperature
case (a), and is likely more pronounced in the more
intense conditions of a diesel engine.

Fuel-to-fuel differences are likewise pronounced in
Fig. 10. Case (a) shows differences in sooting on-
set and intensity, which correspond with AFR and
fuel-oxidation. Case (b) demonstrates different be-
havior for DMM20, which does not mature to higher
diffusion-mode sooting after the premixed spike. The
increase in diffusion sooting for n-heptane is also very
slight for case (b) as seen in Fig. 9, where n-heptane
has a consistent soot-plume and DMM20 even has
a soot lift-off which is recessed from the initial pre-
mixed spike. MDN20 at case (b) demonstrates the
expected behavior, which is seen for both MDN20
and n-heptane at case (c¢). At the elevated condi-
tions of case (c¢), the diffusion-mode sooting becomes
vastly dominant for these fuels, and so in that plot
the soot-profiles are normalized with regard to the
diffusion-peak, not the premixed peak. It should be
noted that the premixed soot peak has increased for
these fuels (MDN20 and n-heptane) from case (b) to
(c), just not nearly so much as the diffusion-mode
sooting has. Interestingly, DMM20 at case (c) is still
dominated by premixed behavior, with only slowly
increasing diffusion soot-mass in Fig. 10 and a very
faint soot-plume in Fig. 9.

These differences are caused by a combination of
fuel-oxygenation, ignition timing (cetane number and
reactivity differences), and boiling point differences.
Preferential evaporation due to boiling point differ-
ences in fuel blends clearly effects liquid length, as
discussed, and would therefore be expected to im-
pact LoL and downstream mixing/soot production
significantly; this cannot be definitively stated be-
cause of convolution with the aforementioned vari-
ables, merely postulated. The implication of these
significant differences is that candidate biofuel and
other blends, given additional and directed investiga-
tion, have strong potential to reduce soot formation
at diesel conditions compared to traditional, predom-
inately straight-chain hydrocarbon fuels.
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14

4. Summary and Conclusions

In this study, two candidate biofuel fuels were
blended with n-heptane to investigate the potential
to reduce soot production at diesel-like conditions.
Three high-speed optical diagnostics were employed
simultaneously to image transient jet evolution and
stabilization, and support analysis of jet penetration,
fuel vaporization, ignition, flame lift-off location, and
in-cylinder soot production by premixed and diffu-
sion flame modes. Key conclusions of this study are
as follows:

e Fuel properties (boiling point and heat of vaporiza-
tion) led to preferential evaporation of blended fu-
els. DMM evaporates faster than n-heptane, and so
n-heptane controls the liquid length of the DMM20
blend; MDN is slower to evaporate, and so MDN20
has a longer liquid length.

e Longer liquid length for MDN20 is postulated to
increase the lift-off length, and thus, reduce the
soot, production.

e OH*CL lift-off length varies fuel-to-fuel, although
flame recession/stabilization behavior is remark-
ably consistent fuel-to-fuel

e Introduction of more dense, oxygenated fuels to n-
heptane postponed ignition delay.

e Differences in ignition delay, lift-off, etc., were di-
minished as expected with increasingly high am-
bient pressures/temperatures. The conditions uti-
lized in this study allowed improved differentiation
of fuel effects while still being diesel-relevant.

e Blended candidate fuels significantly decreased
produced soot-mass.

e Sharp distinctions emerged between soot produced
during the pre-mixed and diffusion-controlled com-
bustion modes.

e Soot production from the pre-mixed mode is domi-
nant at lower ambient pressure/temperature condi-
tions, with diffusion behavior growing to dominate
soot-production at the more intense conditions;
this behavior is significantly impacted by blend-
ing of candidate fuels, with MDN slightly reducing
the soot-production profile of n-heptane and DMM
vastly reducing the diffusion-mode sooting.

In conclusion, the candidate fuels MDN and DMM



were observed to significantly lower sooting behavior
in diesel-like settings when blended with n-heptane.
Some undesireable combustion behavior resulted -
elongated lift-off and greater ignition delay - however
these differences diminished as ambient conditions
approached true diesel-engine values. These sooting
and combustion trends are in agreement with results
in literature. Future work will extend this work to in-
creasingly high pressure/temperature conditions, and
vary blend ratios to determine the potential of candi-
date fuels to realize lower soot-production in-cylinder
without significantly and adversely effecting critical
combustion parameters at relevant conditions.
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Abstract

Previous studies of diesel spray flames have focused on details of the sooting
behavior mainly during the quasi-steady period, but few have considered the
spatially-resolved transient evolution in combination with injection-to-injection
variations. In this study, a 500-injection data set is utilized to investigate the
temporal evolution of a spray flame during auto-ignition, the premixed burn
phase, and the quasi-steady period. Spatially-resolved OH* chemiluminescence
data provide ignition delay times and reaction zone locations. Two-color pyrom-
etry with a vastly improved optical system is used to quantify spatially-resolved
soot evolution and its statistical variations. The ambient thermodynamic con-
ditions are slightly below those in modern diesel engines, resulting in longer
lift-off lengths and lower overall soot production. Spatially, soot formation in
the lift-off region is small, but appreciable soot forms in the jet core and jet
head regions, while it oxidizes gradually on the jet periphery. Total soot mass
profiles indicate that regions with larger local soot mass take longer to form,
but are the first to oxidize. Probability distributions of soot mass in localized
regions indicate that a few injections with high soot mass bias the average soot
mass data towards higher values. Overall, results show good agreement with

previous studies employing different diagnostic techniques while providing sta-
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tistical details of transient and localized soot behavior in high pressure diesel
spray flames in support of the related modeling efforts.

Novelty and Significance Statement

This work utilizes a newly developed two-colour pyrometry system to study
spatially-resolved transient evolution of soot in high-pressure diesel-like fuel
sprays. Soot size distributions and probability distributions are analyzed in
localized regions of the reacting jet. Discussions of soot formation, transport,
and oxidation align with others work in the literature while offering new quanti-
tative insights. The large dataset of 500 repeated injections can be leveraged by
the modelers to predict the range of behavior expected under otherwise stable
conditions.

Author Contribution

SR developed two-colour pyrometry hardware, completed testing and analy-
sis, and was primary author; AP lead testing and developed analysis tools;
AS supported testing, calibration of pyrometer, data processing, AA guided
conceptualization, methodology development, review and editing, and project
administration, JB guided conceptualization, methodology development, review
and editing, and project administration.

Keywords: transient sooting behavior; spatially-resolved soot measurements;

two-color pyrometry; diesel spray combustion

1. Introduction

The compression ignition engine (i.e., the diesel engine) remains an attrac-
tive powertrain solution for medium- and heavy-duty transportation sectors
because of its high efficiency, high power density, long range, proven durability
and reliability, fuel flexibility, and affordability [I]. However, one of the primary
drawbacks of diesel engines is the difficulty in managing soot and nitric oxides
(NOy) emissions. In-cylinder measurements (e.g. [2} [3, 4]) and computational
fluid dynamics (CFD) modeling (e.g. [5l [0 [7]) have helped build fundamen-

tal understanding of combustion processes, but further studies are necessary
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to evaluate the cyclic variation of combustion phenomena [8, ], and refine re-
lated computational models. The complex physico-chemical processes of soot
formation/oxidation in reacting fuel sprays are investigated in this experimental
study of a n-heptane spray using two-color pyrometry (2CP) and OH* chemi-
luminescence (OH*CL) imaging. The large, 500-injection data set of this study
provides spatially-resolved soot measurements with a vastly improved 2CP sys-
tem to quantify the variation between injections and complement the current
phenomenological understanding of diesel-like spray flames.

Past experimental studies have contributed to the conceptual understanding
of soot formation/oxidation processes through physical measurements such as
fast gas sampling probes [3] and optical diagnostics such as the laser extinc-
tion method (LEM) [10], laser-induced incandescence (LII) [2], diffused back-
illumination (DBI) [I1], and two-color pyrometry (2CP) [12]. The foundational
understanding of soot formation in diesel engines was presented by Dec in 1997
based on results of laser sheet imaging by LII and planar laser-induced floures-
cence (PLIF) [2]. Dec hypothesized that soot precursors form quickly during
fuel-rich ”premixed burn” phase followed by soot formation in the downstream
jet core surrounded by a diffusion flame. Continued fuel injection leads to the
”quasi-steady” period when soot and its precursors create a fuel-rich premixed
flame stabilized at the lift-off length; soot formation rate is determined by the
local equivalence ratio at flame lift-off length. The soot is formed in the low
temperature, oxidizer-deficient jet core which is surrounded by a diffusion flame
2, 13].

Dec’s model has been examined in greater detail through fundamental stud-
ies of soot formation in the quasi-steady period. Picket et al. performed studies
using LEM and LII to evaluate sooting trends across different operating condi-
tions and fuels. Results showed that peak soot increases with increasing ambient
temperature and ambient density, and decreases with increasing fuel injection
pressure [I4]. Lift-off length was shown to relate inversely to sooting propensity
because of its relationship to the local equivalence ratio [I5]. A closer exami-

nation revealed that for short lift-off lengths, soot is formed mostly on the jet
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periphery while for longer lift-off lengths, it is confined to the jet core [16].

In a later study, Manin et al. introduced DBI with tomographic reconstruc-
tion to enable quantitative planar soot volume fraction measurements in a diesel
spray flame [II]. Du et al. simultaneously measured OH*CL and soot volume
fraction (by DBI) and found that higher air entrainment (by increasing fuel
injection pressure) resulted in reduced soot and thickened the planar OH*CL
region near the lift-off length, which decreased the fuel-rich premixed core di-
ameter and thus, the overall soot propensity [I7]. Xuan et al. combined DBI
with 2CP to obtain simultaneous soot volume fraction and planar temperature
measurements, finding that the soot concentrations were highest in the jet core,
away from the reaction zones surrounding it [I8]. Numerous parametric stud-
ies have used 2CP to evaluate the effects of alternative fuels on overall sooting
tendency (e.g. [19] 201 2T, 22]).

The above review focused on investigations of soot formation/oxidation in
the quasi-steady period. However, only a few studies have analyzed the tem-
poral evolution of soot in diesel engines. In-cylinder soot oxidation processes,
particularly during late-cycle, are critical to engine out emissions [23]. Pungs et
al. used in-cylinder fast gas sampling to determine the evolution of soot mass
and particle size distribution in a 2.2 L four-cylinder direct-injected (DI) diesel
engine (Mercedes-Benz). Findings indicated that soot forms quickly after igni-
tion; small soot particles form initially and later grow and coagulate into larger
particles. Then, these large soot particles (>70nm) oxidize first, shifting the
particle size distribution to smaller soot particles [3]. Kamimoto et al. used
2CP to quantify late cycle soot oxidation rate. They proposed a formula to
convert spatially integrated soot optical density (KL) to total soot mass [23].
Results showed enhanced soot/oxidizer mixing in the optical engine tests com-
pared to the rapid compression and expansion machine which resulted in faster
soot oxidation rates, alluding to the importance of bulk fluid motion in the
cylinder.

Recent work has begun to establish the importance of injection-to-injection

variation of soot. Using DBI and 2CP, Xuan et al. observed large injection-
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to-injection variation of soot concentration even though in-cylinder heat release
rate was repeatable [8]. Reggeti et al. show significant injection-to-injection
variation of spatially resolved soot mass, despite repeatable global parameters
of ignition delay time and lift-off length [9]. Mueller et al. noted cyclic variation
of soot through spatially integrated natural luminosity (SINL) measurements for
both conventional diesel combustion and ducted fuel injection (DFI) in an op-
tically accessible diesel engine [24]. In view of the large statistical variation,
Parker et al. propose statistically-identified representative injection(s) from re-
peated experiments to gain additional insight into the ensemble average results
[25]. However, injection-to-injection variation requires a large number of ex-
periments to quantify the true range of sooting behavior across many injection
cycles.

As a complement to experiments, CFD simulations can provide detailed
flow physics and emissions predictions. The Reynolds-averaged Navier-Stokes
(RANS) formulation has been used extensively for diesel engine simulations be-
cause of its computational efficiency, but the more computationally expensive
Large Eddy Simulation (LES) is necessary to resolve the dominant turbulent
length scales for realistic results [6]. Turbulent flow simulations coupled with
detailed chemical kinetics, including soot kinetics, are prohibitively expensive
[26]. Thus, soot is generally estimated by concentrations and distributions of
soot precursors such as CoHy and polycyclic aromatic hydrocarbons (PAH) [27].
This process, a necessary simplification for practical implementation of soot
models, decouples the soot formation/oxidation from the gas phase chemistry
and neglects mass exchange between gaseous species and solid soot particles.
Semi-empirical soot models for RANS calculations typically provide limited in-
formation such as total soot mass and mean diameter [28] [29], while more ad-
vanced soot models based on sectional [30] or moment [3I] methods are able
to describe a soot number density function. However, statistically relevant ex-
perimental data are needed to validate these soot models - particularly soot
emissions in RANS calculations which are employed most commonly by engine

designers [6l 27].
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In summary, the literature includes experimental studies on soot forma-
tion/oxidation in the quasi-steady period and at varying parametric conditions
(e.g., injection pressure, ambient temperature, fuels). Few studies on tempo-
ral evolution of soot mass during an injection cycle are also available. However,
spatially-resolved soot measurement in transient, high pressure diesel sprays are
lacking in the literature. In addition, injection to injection variations that dic-
tate the average and statistical distributions of soot mass are generally lacking
in the literature.

This work represents a rigorous application of a vastly improved 2CP diag-
nostic to acquire spatially-resolved soot measurements in high-pressure diesel
spray flames. Details of the optical setup and uncertainty analysis are provided
in our prior publications [9,[32]. The 2CP methodology is applied in conjunction
with OH*CL imaging to investigate a transient n-heptane spray at high-pressure
and high-temperature (diesel-like) ambient conditions. Unlike prior studies that
report only a few injections, a large dataset of 500 consecutive injections is ac-
quired using a constant pressure flow rig (CPFR) test facility. Acquired data are
processed to obtain ensemble average, root-mean-square (RMS), and probabil-
ity distribution (PDs) of soot mass along the line of sight at each pixel location
and at each time step to statistically describe the soot formation and oxidation
processes. Concurrently, OH*CL data at each time step are ensemble averaged
(across all injections), and the resulting axisymmetric distributions are Abel
inverted into planar distributions of OH*CL intensity to help discern the tem-
poral evolution of reaction zone(s) and their relationship to the sooting behavior
of the flame. Results of this study provide insights into sooting propensity in
different regions of the flame, and present soot mass data that can be used for
CFD model validation [8] 24} @] [6]. Moreover, the present methodology can be
extended to different fuels and more aggressive diesel operating conditions.

The next section of this work presents a detailed description of the exper-
imental apparatus followed by the data processing procedure in Sec. Next,
Sec. [] shows ensemble average results for the temporal evolution of soot tem-

perature and soot mass to identify primary soot formation and oxidation zones.
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Soot evolution is explored further by assessing temporal trends of spatially inte-
grated soot mass locally and in key regions. Finally, probability distributions of
soot mass are presented to support the discussion of soot formation/oxidation

phenomena.

2. Experimental Setup

The optically accessible CPFR operates at high ambient temperatures and
pressures necessary for the auto-ignition of a high-pressure fuel spray as de-
tailed in previous work [33, [9]. Air is preheated by an in-line electrical heater,
and flows upward, passing through a diffuser and a flow conditioning mesh to
enter the CPFR (Fig. . Then, the air enters into the optically accessible por-
tion of the chamber and exhausts at the top through four 3 mm diameter holes
which restrict the flow to control pressure within the chamber. Fuel is injected
downwards from the top of the chamber into the relatively slow-moving air
flow using a modified Bosch CRIN3-18 fuel injector modified to have a single,
104 pm orifice at the tip; fuel injection velocity is three orders of magnitude
higher than the airflow velocity. The target ambient pressure and temperature
are 30 bar and 800K, respectively, and fuel injection pressure and tempera-
ture are 1000 bar, and 353 K, respectively. Steady thermodynamic conditions
are maintained within the chamber throughout the repeated experiments; av-
erages and 95% confidence interval of the mean temperatures, pressures, and
other relevant experiment conditions are summarized in Table [I] Fuel-air mix-
ing, auto-ignition, and combustion phenomena are viewed through two parallel
100 mm diameter quartz windows using high-speed optical diagnostics. Injec-
tions revealed typical features of a diesel spray flame, although ignition delay
times and flame lift-off lengths are longer because the ambient pressure is lower
than that in modern diesel engines.

Injection and subsequent auto-ignition and combustion processes are recorded
by three time-synchronized high-speed optical diagnostics as shown in Fig. [2]

Rainbow schlieren deflectometry (RSD) measurements were acquired during the
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Figure 1: Schematic of the constant pressure flow rig (CPFR).

Table 1: Actual ambient air and fuel injection conditions for CPFR experiments. Variation

indicates 95% confidence interval of the mean over 500 consecutive injections.

Property Units Value

Ambient Air

Temperature (K] 807 +4
Pressure [M Pal] 3.0 £0.02
Density [kg/m?] 13.0 £ 0.2
Fuel and Injector
Type n-heptane
Temperature (K] 358 +0.2
Pressure [M Pal 98.9 £0.8
Injector Orifice Size  [um)] 104
Injection Duration  [ms] 4.5
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Figure 2: Above view of the experimental diagnostics layout. Numbered items refer to com-

ponents of optical equipment which are detailed in the text.

experiment using components (2-7) to measure density gradients in the fuel
spray/vapor zones [34] [33] but these results are not analyzed in the present work.
The auto-ignition and reaction zones are detected by a high-speed OH*CL sys-
tem, where light reflected by an ultraviolet (UV) turning mirror (8) is filtered
by a 310nm band pass filter and focused by a 105 mm UV lens onto an Invis-
ible Vision UV intensifier (9) with a 70 us gate time. The intensifier output
focuses on a monochrome, 16-bit Photron SA5 camera with a 50 mm lens (10)
operated at 10kHz. The effective spatial resolution of the resulting image is
158.7 pm /pixel.

The 2CP system enables spatially-resolved measurements through an optical
design that eliminates path length and parallax errors common in existing 2CP
systems [35] [32]. Thermal emissions from the flame inside the chamber are
bifurcated by the beamsplitter (11), filtered by bandpass filters centered at
wavelengths of 550 nm and 650 nm, and then pass along a series of turning
mirrors (12) to record spatially equivalent images on separate halves of a single
camera sensor (13). The bandpass filters at wavelengths of 550 nm and 650 nm
were selected carefully to filter out chemiluminescence from known combustion

radicals including OH (306.4 nm), CH (431.4 nm), HCO (329.8 nm), C2 (516.5
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nm), and NO (263.3 nm). The 2CP system camera is monochrome Phantom
v7.3 with an image bit depth of 14 bits. The camera software maps the 14-bit
images to 16-bit format when saving the files.

A 105 mm lens with f-stop of 2.0 provides a spatial resolution of 241.9 nm/pixel
for images acquired at 10 kHz with an exposure time of 98 us. The selections of
lens and exposure time were optimized to image the range of soot incandescence
from auto-ignition to the quasi-steady period and across repeated injections.
Thus, the measurement range of the 2CP system was dictated by the sensitivity
of the camera sensor as reported in our previous work [32]. Some instances of
very faint soot incandescence could not be quantified accurately by the 2CP
system because of the poor signal-to-noise ratio; these portions of the flame
compose an insignificant fraction of the total soot mass, having minimal impact
on the overall measurement [32].

The 2CP measures spontaneous thermal radiation from the flame at two
wavelengths to determine line of sight (LOS) temperature and optical density
(KL) of soot [36]. Although regarded as a qualitative diagnostic in the past,
recent work has shown that spatially-resolved 2CP measurements agree with
other optical diagnostics (DBI and LEM) at low-soot conditions (KL<1) [4 [37].
The test conditions of the present study resulted in soot measurements below
this KLi threshold. The measurement uncertainty of the present 2CP system,
documented in [32], provides high confidence in results of this study.

The 2CP camera was calibrated to correlate the arbitrary units of camera
intensity to physical units of radiance (W/m?nm sr) using a 75 W StellarNet
uniform illumination sphere (UIS) with NIST traceable radiance calibration.
The calibration was completed with the UIS placed at the same distance from
the 2CP system as the center plane of the fuel spray in the experiment (~80 cm).
All other optical components, such as mirrors, camera lens, etc., were arranged
identically to the experiment and camera settings for calibration such as frame
size, exposure time, and f-stop were the same as those for the experiment. A
pixel-by-pixel calibration of the 2CP images was performed by applying a linear

fit of camera intensity versus radiance at each pixel location to account for in-

10
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Figure 3: Sample single pixel calibrations at different axial locations along the centerline of
the spray data. The significant variation in sensitivity to radiance at different locations on

the sensor, likely caused by vignetting, shows the importance of pixel-by-pixel calibration.

tensity variation across the camera sensor, likely caused by vignetting. Further
details of the calibration process are available in a recent work by the authors
[32]. The calibration curves for each wavelength at several pixel locations along
the centerline of the fuel spray in Fig. [3|show a linear relationship between cam-
era intensity (horizontal axis) and radiance of the UIS calibration light source
(vertical axis). For given camera intensity inputs, the variation in sensitivity
for either wavelength across the sensor could lead to 20-60% variation in the
KL factor once propagated through calculations. However, the pixel-by-pixel

calibration employed in this study virtually eliminates such errors.

3. Data Processing

In this study, the RSD data are utilized for a qualitative representation of
the injection liquid core and vapor region. The collimated light passes through
the fuel injection region and undergoes extinction/scattering to quantify the

liquid region and refraction to quantify density gradients along the line of sight

11
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[9, B33, B4]. Quantitative analysis of the RSD data (e.g., vapor penetration, and
fuel/air mixture fraction) is out of the scope of the present work, but contour
plots of raw RSD data are shown in the results section to visualize the jet
upstream of ignition/combustion.

In this work, OH*CL data are used to identify reaction zones where soot
would likely be oxidized. OH*CL measurements from the 500-injection data
set are ensemble averaged at each time step, and converted to planar measure-
ments using an Abel transform as discussed in [33]. The contour plots of the
planar OH*CL intensity are leveraged in the following section to depict the dif-
fusion flame zone, its evolution through time, and its role on soot formation and
oxidation processes.

The 2CP technique in this work is based on Planck’s law of black body
radiation and a correlation between emissivity and KL. Detailed derivations of
2CP equations are available in the literature [36} 12| 23] [38]. Equation [1| defines
black body radiance (I, x.o) by Planck’s law [39],

&
Iyyo= TN [el0AT) ] (1)

where C; = 3.742 x 108 W;f;zmzl and Cy = 1.439 x 10* ym - K are Planck’s
first and second constants, A is wavelength, and T is temperature. Equation
shows that the actual radiance of an object can be represented by the black
body radiance multiplied by the spectral emissivity (e)) and equated to the

black body radiance at an apparent temperature (7, ), which can be determined

from the spectral radiance measured by the 2CP system.

Io(T) = exIyxo(T) = Iy x0(Ta) (2)

The emissivity of the soot cloud is determined by Eq. [3] which is a semi-
empirical function of the soot optical density (KL) and experimentally deter-

mined tuning parameter, o = 1.39 [40].

ex =1 — e 7KLY (3)

12
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Eqgs. [[}3] are combined and solved for KL to obtain Eq. [

e(Ca/MTay) _ q
(C2/X2T) _q
N e
=-A3In [1 - (Wﬂ

The 2CP system measures the apparent temperatures at each wavelength

(C2/T) _
KL=-)In [1 - (elﬂ
(4)

(T,, and T,,) and then, Eq. [4]is solved iteratively to compute the actual soot
temperature (T) and soot optical density (KL). The KL parameter is calculated
at each pixel location and indicates the quantity of soot (along the line of sight)
by combining the extinction coefficient, K, and the optical thickness of the
flame, L. In utilizing Eq. [3] KL is assumed to be wavelength independent since
a can be tuned for different wavelength ranges. The selected value for a has
been determined experimentally for visible wavelengths [40], its perturbation
has been shown to have negligible impact on measured values (within the visible
wavelengths) [36], and has been used by several others for 2CP analysis [12] [41].

In this work, the KL measurements are converted to soot mass using the
formula proposed by Kamimoto and Murayama [42]. This formulation assumes
constant complex refractive index for soot defined by Williams et al. [43]. Manin
et al. suggest that the complex refractive index of soot is likely wavelength
dependent, however such experimental measurements are currently unavailable
[11]. The soot temperature is approximated as equivalent to the surrounding gas
temperature, since the time constant for thermal equilibrium between a particle
and gas around it is on on the order of 1 us in diesel flames [36]. The resulting

soot mass formulation is defined by Eq. [5| [23]

Pp
=Aa,,——— KL
s piz 6w E(m) (5)

where Aap;, is the area of a pixel, p, = 1.86 g/ cm? is the particle density of
soot, and F(m) = 0.373 is the complex refractive index of soot [43].The total

soot mass is computed by the summation of soot mass at all pixel locations.

13
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Temperature, KL, and soot mass are all highly non-linear with flame radi-
ance (Eqs. . Thus, each parameter (i.e., temperature, KL, and soot mass)
was calculated for each injection, timestep, and pixel to yield instantaneous,
spatially-resolved measurements. Then, ensemble averages of each parameter at
each timestep and each pixel were obtained by averaging across all 500 repeated
injections. Furthermore, while these parameters are calculated from soot incan-
descence which dominates flame radiance [36], minor interference from chemilu-
minescence species is possible, especially for low sooting injections. Combustion
radical CO is of particular concern since it emits broadly, with peak intensity
around 410-420 nm [44]. In this study, the 2CP diagnostic setup (exposure time,
f-stop, lens, etc.) was optimized for appreciable soot with a strong incandes-
cence signal. Low soot regions with the most chemiluminescence interference do
not affect the statistical analysis of this study because these regions converge
to zero soot mass. However, low soot regions correspond to high 2CP tem-
peratures, which must be interpreted with care with regards to radical species

interference and LOS effects.

4. Results

In the CPFR, experiments can be performed in quick succession to acquire a
large data set of injections unlike most studies with facilities, such as a constant
volume chamber, report up to 10-50 repeated injections at a single test condi-
tion. In this study, 500 individual injections were performed to obtain ensemble
averages, RMS deviations, and PDs of soot mass during the spray evolution
process. The ensemble averages could be compared to RANS modelling results
or to ensemble averages of repeated LES trials for validation(e.g. [7, 12, [5]).

Figure[4 shows typical time-synchronized raw instantaneous images acquired
by RSD (left), OH*CL (middle), and 2CP 650 nm intensity (right). Fuel is
injected downwards from the top of the image where the injector tip located
at the origin. The RSD image is shown with saturation and intensity set to

maximum for improved visualization see [9] [33 B4] for further details. The

14
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Figure 4: Time synchronized images from RSD (left), OH* Chemiluminescence (middle),
and 2CP 650 nm intensity (right). A single injection at t=1.7ms illustrates the fuel liquid
and vapor penetration by RSD, and the corresponding raw OH*CL and soot incandescence

intensities by qualitative false color scales.

raw OH*CL and 2CP intensity signals are false colored in shades of purple and
orange, respectively. Figure [f] shows the liquid region as a small, dark jet that
penetrates ~9mm from the injector tip (determined by methods in [45] near
the top of the RSD image. Further downstream, the green/blue colors of the
RSD image depict the vapor regions, as the jet spreads into the pressurized and
heated ambient air [33]. Combustion is visualized at the downstream location z
= 38 mm, by yellow/purple hues in RSD image and by OH*CL and 2CP imaging.
Note, that the overlapping OH and 2CP structures in the image illustrate that

the two diagnostics are precisely aligned, both spatially and temporally.

4.1. Ensemble Averaged Contour Plots

Figure [f] shows contour plots of results at different time steps arranged

chronologically from left to right, as labelled at the top of each column of plots.
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Figure 5: Contours of average combustion behavior at select time steps with the inverted
planar OH*CL signal in the top row, soot mass in the second row, soot temperature in the

third row, and soot mass rate in the fourth row.

These times were chosen to show the soot behavior at ignition, during transient
jet development, and at quasi-steady lift-off. Each contour is an ensemble aver-
age of 500 injections at the given time step. Each row shows a different param-
eter labeled in the color scale on the right side. Ensemble averages converge to
an axisymmetric behavior, even though instantaneous measurements are asym-
metric because of the turbulence-induced variations in mixing and chemical
reactions. From these result, one can infer that the off-axis view angle of the di-
agnostics (6.5 degrees from the center axis) does not affect the ensemble average

results.
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4.1.1. Planar OH*CL Distributions

The first row in Fig. [5| shows the planar distribution of OH*CL inten-
sity obtained by Abel inversion of ensemble average images, converging to ax-
isymemtric profiles because of the 500 injections, at each time step. The peak
location of OH*CL intensity generally coincides with the diffusion flame front
where soot oxidation takes place [13]. For all time steps, the high OH*CL in-
tensity regions indicate the reaction zones. The flame recesses slightly upstream
between times after start of injection, t = 1.8 ms and 1.9 ms, and then stabilizes
between t = 2.1 and 2.5ms. The OH*CL intensity shows reaction zone with an
initially oval shape, which then elongates and grows radially at the downstream
locations. At t = 2.5ms, two intense OH*CL regions are observed, one near
the lift-off length and another at the jet head. At t = 3.0ms, the high OH*CL
intensity regions pinch radially inward near the lift-off length while maintaining
a larger width farther downstream, in agreement with [I§] who noted a similar
decrease in the radial extent of OH*CL intensity near lift-off and broadening
downstream during the quasi-steady period.

The OH*CL intensity region is narrow at the upstream locations, zj60 mm
(about 18-24 mm in diameter) but it is much wider (about 35 mm in diameter)
near the jet head at the downstream locations. Similar trends were identified by
Du et al., where the OH*CL intensity was low near the long lift-off length [17],
which allowed more time for fuel/air mixing to reduce the local equivalence ratio
enabling the stoichiometric reaction zone (intense OH*) to move closer to the
jet center. In the next section, the spatial correlation between intense OH*CL

and soot mass regions will be examined to describe the soot oxidation processes.

4.1.2. Local Soot Mass

The second row of Fig. [5| shows contour plots of ensemble average soot mass
along the LOS at each pixel location. Flame shape and soot mass measurements
vary greatly from injection to injection [9, [§]. Thus, 2CP data might not exist
at each pixel location and time step for every injection. The ensemble average

soot mass tends to gradually approach zero near the edges where the soot mass
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may not be present for all injections. The ensemble soot cloud was trimmed
slightly by removing values below 1.0 ng to clean the edges of the contour and to
focus on regions with appreciable soot. The bounds imposed by the 1.0 ng soot
mass threshold were also applied to the remaining ensemble averaged contour
plots. The measurement uncertainty at each pixel location was also calculated
and those results are presented in Appendix A.

As expected, the highest average soot mass occurs in the core, in agreement
with the existing literature [37, [4]. At t = 1.8 ms, the soot cloud volume is
small as it forms from a locally fuel-rich auto-ignition zone in the premixed
phase described by Dec’s model [2]. At t = 1.9ms, the soot cloud volume has
increased as the flame recesses slightly upstream into the fuel-rich reactants, as
well as by momentum transport towards the downstream. At t = 2.1ms, the
soot cloud has grown farther radially and axially and the soot mass reaches local
peaks. At t = 2.5ms, the soot cloud elongates and pinches radially inwards near
the lift-off length, which can be attributed to soot oxidation in the reaction zone
depicted by OH*CL intensity. The soot boundary retracts radially at t = 3.0 ms
and shows a thin column of soot upstream but a broader region near the jet
head. Furthermore, the maximum soot mass in the core decreases from about
50ng at t = 2.1ms to about 20ng at t = 2.5ms, and to about 8.0ng at t =
3.0ms. Note the "regions of interest” demarcated by colored brackets partition

the flame into thirds, denoted as flame lift-off, jet core, and jet head.

4.1.3. Local Soot Temperature

The third row of Fig. [5| shows contour plots of ensemble average soot tem-
perature. Some pixel locations did not have temperature data for all injections,
and thus, these points were omitted from the ensemble averages. Similar to soot
mass, temperature measured by 2CP is impacted by the LOS nature of the di-
agnostic. Effectively, the soot temperature is an average temperature weighted
by radiant intensity, biased towards the higher temperatures along the LOS
[12, [5]. High temperatures measured in the upstream fuel-rich region of the jet

center are particularly uncertain because of the sparseness of data points and
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low signal intensity. In these low-soot regions, corresponding to high OH*CL
signal, 2CP temperature data could be affected by species chemiluminescence.
The uncertainty in ensemble average temperature is discussed in Appendix A.
Although the soot temperature measured by 2CP is not the actual temperature,
the spatial trends of 2CP soot temperature can be informative. The temper-
ature affects the molecular growth and fragmentation of soot precursors [46].
The uncertainty in ensemble average temperature is discussed in Appendix A.
Lastly, the grid-like structures in the temperature contours are the result of low-
level camera noise and pixel groupings on the sensor that are more apparent in
the temperature contours than the soot mass contours.

Temperature contours at t = 1.8 ms show relatively high temperatures in
the round soot cloud, which initiates the kinetics necessary to quickly form soot
precursors and soot mass in the premixed burn phase [2]. At t = 1.9ms, two
distinct high temperatures regions, at lift-off and the jet head, are observed.
At t = 2.1ms, temperatures in the lift-off and jet head regions are high, but
are relatively low in the jet core where the soot mass is observed to peak.
Temperature distributions suggests fast kinetics at lift-off that both forms and
fragments soot and its precursors; these pyrolized products transport into a
cooler jet core where soot growth takes place. High temperatures near the lift-
off are consistent with high OH*CL intensity between t = 2.1 ms and 3.0ms,
and indicate that soot formed near the lift-off oxidizes quickly along the jet
periphery and/or transports downstream into the jet core. High temperatures
at lift-off and jet head remain apparent at t = 2.5ms, supporting a similar
trend of soot formation/oxidation as the previous time step. At t = 2.5ms, the
low temperatures in the jet core are consistent with the low OH*CL intensity
between z = 56 mm and 64 mm, substantiating poor oxidation in this region.
At t = 3.0ms, high temperatures effectively surround the soot cloud, indicating

soot oxidation occurring in the diffusion flame along the jet periphery.
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4.1.4. Local Rate of Change of Soot Mass

The fourth row of Fig. [5| shows the rate of change of soot mass at each
pixel location in ng per 0.1 ms, which is the rate of change between consecutive
frames at the 10kHz framing rate. The rate of change of soot mass represents
the combined effects of soot formation, oxidation, and transport at each pixel
location. A positive rate (shade of red) signifies that the soot mass is increasing
with time either by formation and/or by transport processes at that pixel loca-
tion from the prior time step. At t = 1.8 ms and 1.9 ms, soot mass is increasing
everywhere in the soot cloud, and the increase is most rapid near the jet head.
At t = 2.1 ms, the flame recesses upstream towards the lift-off length where soot
mass is formed newly. Similarly, the positive soot mass rate near the jet head is
likely caused by soot transporting into this region from the upstream jet core.
At t = 2.1 ms, negative soot mass rate in the jet core indicates a higher soot
oxidation rate and/or downstream transport of soot mass. At t= 2.5ms, the
soot cloud has achieved nearly a quasi-steady behavior; the total soot mass is
decreasing everywhere, except for small regions at the lift-off length and the jet
head. At t = 3.0 ms, most of the jet is quasi-steady with slightly negative rate
of soot mass change, except for an appreciable increase in soot mass at the jet
head where downstream transport continues. Little to no soot is formed at the
quasi-steady lift-off length which can be expected for the average equivalence
ratio of less than two at the lift-off location [47]; a likely condition for this case

with a relatively long lift-off length.

4.2. Integrated Soot Mass

Spatially-resolved data in the previous section provided insight into the av-
erage soot behavior during the transient evolution of the spray flame. In this
section, soot mass data are leveraged to investigate further details of the sooting
behavior. First, the total soot mass in different regions of the flame (i.e., lift-off,
jet core, and jet head) was obtained by spatially integrating the soot mass in
the corresponding pixel locations. Second, the soot mass at each pixel location

was divided into four bins of varying quantities of soot mass (1-10 ng, 10-50 ng,
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Figure 6: Total soot mass accumulated in different axial sections of the flame.

50-100ng, and >100ng) and each bin was integrated separately over the en-
tire spray to determine the makeup of the total soot mass during the temporal
evolution of the flame.

Figure [6] shows the temporal evolution of total soot mass, averaged over
all injections, in the entire spray and in three localized regions of the flame:
lift-off, jet core, and jet head. These regions were approximated by dividing
the distance between soot lift-off length and jet head into thirds; the colored
brackets in Fig. [5| demarcate each region. The extent of each of these axial
regions changes with time as the total soot cloud volume increases. Figure [f]
shows that throughout the injections, the jet core region is generally the most
significant contributor to the total soot mass, followed by the jet head, and
finally, the lift-off region.

Figure |§| shows a rapid increase in total soot mass soon after ignition (t =
1.7 ms) until it reaches a peak value of mg~0.17mg at t = 2.1 ms. Thereafter,
the total soot mass declines gradually until the jet head impinges on the flow
conditioning mesh shortly after t = 3.0ms. The soot mass profile is consis-
tent with results in Fig. [f] which show the quick growth of the soot mass in

the premixed burn phase, followed by gradual oxidation in the diffusion flame.

21



460

465

470

475

0.25 T —_— — ]
- ——Total m_ - — m>100ng  —-=-10ng-50ng |
0.2 — —Uncertainty m_ ........ 50ng-100ng ——1ng-10ng
g L ’ RNES ]
—015 ]
7] C 1
g i 1
= 011 2
- 2 1
S C - - b
2 N /A <t
005 4 ST

1.6 1.8 2 2.2 2.4 2.6 2.8 3
Time aSOI (ms)

Figure 7: Total soot mass binned by magnitude of soot mass in individual pixels.

Figure [6] shows a gradual increase in the soot mass in the lift-off region reaching
a relatively low steady value of m,s=.015mg between t = 2.2ms and 2.5 ms.
The low soot mass in the lift-off region agrees with the corresponding region of
contours in Fig. 5] which show small flame width and small-moderate amounts
of soot mass. Conversely, the soot mass in the jet core increases quickly and
then decreases gradually until t = 3.0 ms, which is similar to the trend for the
total soot mass. Soot mass also rises quickly in the jet head region, presumably
by soot formation in the premixed burn and by transport from the upstream
jet core region. The soot mass in the jet head peaks slightly later than that in
the jet core and then, it decreases slowly to reach a steady value at about t =
2.6ms. As discussed previously, the jet head contains the most soot at the end
of the data collection period (t = 3.0ms). Overall, soot forms early during the
premixed burn phase, and mainly in the jet core and jet head regions.
Figure [7] shows the makeup of the total soot mass to gain further insight into
the soot formation and oxidation processes. Results show that the three largest
bins of soot mass (>10ng) are the main contributors of the total soot mass
and each of these profiles peak and decay before the end of data collection. The
smallest soot mass bin, 1-10 ng, contributes only a small fraction to the total soot

mass and shows a slow, gradual rise throughout the injection. Figure [7] shows

22



480

485

490

495

500

505

that the soot formed in each bin reaches a peak, followed by decrease caused by
soot oxidation. The peak is reached earliest for the >100ng or largest soot mass
bin followed by 50-100ng and then 10-50 ng soot mass bins. Much of the soot
mass is produced in the intermediate bins (50-100 ng and 10-50 ng) immediately
after auto-ignition occurring at around t = 1.7ms. The volumetric growth of
the soot cloud between t = 1.7 ms and 1.9 ms increases the optical thickness of
the flame, resulting in larger soot masses (in the >100ng bin) along the LOS.
The soot formed in the intermediate bins is also expected to contribute to the
largest soot mass bin through mechanisms of particle growth and agglomeration.

Figure [7] shows that the largest soot mass bin is the first to reach its peak
soot mass when oxidation begins at t = 2.0 ms. The 50-100 ng bin peaks next at
t = 2.2ms, and so on as the bin size decreases. As larger soot masses oxidize and
reduce in size, they would cause the soot mass in the smaller bins to increase.
Indeed, the soot mass in the smallest bin (1-10 ng) increases continuously as the
larger soot masses oxidize and decompose into small segments. These trends
are consistent with particle size distributions measured by fast gas sampling
in a diesel engine [3]. In an engine, moderately sized particles form quickly
after ignition, shortly thereafter soot concentration increases and larger sized
particles appear, and then as soot is oxidized, the largest particles are the first
to decrease [3]. Interestingly, the spatially-resolved soot mass measurements
obtained by 2CP in this study are consistent with the findings based on particle

size distributions.

4.8. Soot Behavior Across Injections

Figure [8 shows the spatio-temporal evolution of the RMS deviation of soot
mass and soot temperature. The RMS deviation for each pixel was calculated as:
RMS =4/ Z(ITW where x would be substituted for soot mass or temperature,
Z is the ensemble average value, and N is the total number of elements in the
ensemble average which may be less than the 500 total injections acquired as
discussed in Sec .14l

The soot mass ranges over three orders of magnitude and thus, the RMS
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Figure 8: Contours of RMS deviation of soot mass (first row) and temperature (bottom row)

at different selected time steps show the variability of soot distributions across injections.

deviation of soot mass is generally quite high, and in many parts of the spray,
higher than the ensemble average soot mass value. Near ignition at t = 1.8 ms,
the RMS deviations in the jet core are around 30ng, whereby the ensemble
average soot mass is about 10ng. The larger-than-average RMS deviation in-
dicates that some injections produce significantly greater than the average soot
mass, but the majority of the data points have low or zero soot mass, which
is common near ignition because of the slight differences in ignition delay time
(some injections may not have ignited yet). Additionally, each injection ignites
as one or more small ignition kernels at distinct locations. Thus, the ensemble
average at auto-ignition results in a larger zone which encompasses the spatial
variability of individual ignition locations.

At t = 1.9ms and 2.1 ms, the RMS soot mass is highest in the jet core and
deviations larger than the ensemble average soot mass are still typical. At t =
2.5ms, the RMS soot mass has decreased since most injections have achieved
quasi-steady lift-off length, when the peak variability is the lowest. Finally, at
t = 3.0ms, RMS,,,) is at a minimum throughout the jet and especially in the
upper half of the jet; increased variability at the jet head is likely caused by

some injections impinging on the bottom plate.
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RMS soot temperature contours in Fig. |8 show relatively low values com-
pared to the ensemble average temperatures. Recall that the grid-like features
in the RMS values are an artifact of the pixel groupings on the camera sensor
which are characteristic of low-level noise inducing variability in the raw sig-
nal that are amplified when calculating RMS temperatures. At t = 1.8 ms and
1.9ms, RMS temperatures in the ignition kernel vary between 400 and 500 K.
At t = 2.1ms, RMS temperatures increase slightly near the lift-off length and
at the jet head while values in the jet core tend to decrease. These results can
be attributed to injection to injection variations in lift-off length and jet head
penetration length. RMS temperatures on the left side of the soot cloud are
low, indicating slight asymmetry in the fuel spray. At t = 2.5ms, RMS tem-
peratures are highest along the outer edges of the averaged flame boundary. A
similar trend is observed at t = 3.0 ms, whereby the RMS temperatures are high-
est at the likely location of the reaction zone on the edges of the flame. These
results are in agreement with RMS temperature results from 16 repeated LES
realizations by [6], which show the highest variations around the diffusion flame
reaction front. Additionally, the high RMS temperature values are consistent

with the location of the intense OH*CL intensity in the first row of Fig.

4.4. Probability Distribution of Soot Mass

Figure [0] shows the PDs of soot mass at multiple time steps and for three
axial sections of the flame, lift-off, jet core, and jet head, marked by the colored
brackets in Fig.[5] Probability distributions are computed within each region at
each time step for all injections. Note that the horizontal-axis of Fig. [J]is a log
scale, and that the bin sizes are unequal, which allows for higher resolution for
the small soot values that dominate the soot cloud in pixel count (but not mass).
The probability of zero-soot mass, when no data exists within each region, is
denoted in the plot legends. For example, at t = 1.8 ms, small ignition kernels
initiate the combustion process, each with slightly different size and location.
These different ignition kernels across injections average out to form a single

round ignition region (left column of Fig. |5)) where a significant portion of soot
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mass data consists of zeros. Specifically, in the lift-off region at t = 1.8 ms, 22%
of data points have zero soot mass as listed in the legend in Fig[0] In contrast,
at t = 2.5 ms, the PDs have fewer pixel locations with zero soot mass; only 11%
of data points in the lift-off region.

The top frame (t = 1.8 ms) of Fig. [Jshows that the PD of soot mass follows
a somewhat normal distribution on a log scale with peaks at around 20-30 ng for
all regions. The jet core shows the highest probability of appreciable soot mass,
followed by the jet head, and lastly the lift-off region. This result is consistent
with the integrated soot mass of each region in Fig.[6]at t = 1.8 ms. The second
row of Fig. [0 for the next time step (t = 1.9 ms) shows an increase in probability
for all regions but particularly of large soot masses both in the jet core and the
jet head.

At t = 2.1ms, the probability of all soot masses increases further in agree-
ment with the increased integrated soot mass in all regions in Fig. [f] At t =
2.1ms, Fig. 0] shows PDs with the greatest bias towards the large soot mass,
in agreement with the total integrated soot mass results. At t = 2.5ms, Fig.[J]
shows peak probabilities similar to those at t = 2.1ms, but the peaks have
shifted toward smaller soot mass bins. The probabilities in the lift-off region
have increased compared to those at the previous time steps, but most of the
soot mass in this region is in bins with less than 30ng. At t = 3.0ms, Fig. [J]
shows lower probabilities of soot mass in the jet core and higher probabilities
in the jet head. The peak probabilities have all shifted toward lower soot mass
bins compared to the previous time steps.

Consider the trends of Fig. [J] across all times steps. Initially, soot mass
probabilities are low indicating that soot has not yet formed in the small auto-
ignition zone. Up to t = 2.1 ms, the peak probability of each curve shifts towards
the right with each time step, indicating a growing soot cloud with larger soot
masses and potentially increasing particle size, as reported by [3]. The increased
probability of large soot masses agrees with the trends shown in Fig. At t
= 2.5ms, the peak probability of each curve shifts towards smaller soot mass

indicating that soot oxidation dominates the flame and large soot masses are
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Figure 9: Probability distributions of soot mass in different axial regions: lift-off, core, and
jet head which correspond to the ensemble average boundaries divided into axial thirds. The
fraction of measurements with zero soot detected are noted in the legends. Each subplot

corresponds to a different time step, marked in the upper right corner.
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consumed. These trends are also replicated by the evolution plot of the inte-
grated soot mass (Fig. @ which show a decrease in soot mass after t = 2.1 ms.
Between t = 2.1 ms and 2.5ms, the soot mass probabilities are similar, but
a shift towards smaller soot mass bins is evident. At the last time step (t =
3.0ms), the peak probabilities have all shifted towards the left and most of the
soot is located in the jet head, rather than in the jet core, unlike the previous
time steps.

The PDs of soot mass could be particularly relevant to advanced soot mod-
elling approaches such as the sectional models [30] or the method of moments
[31] which compute a soot number density function. Typically, the soot distribu-
tions from these models indicate number of particles, particle diameter, and/or
soot volume fraction, which cannot be compared directly to Fig. [)] However,
some of these parameters could be combined and spatially integrated to match
the line of sight (LOS) soot mass measurements of this work for comparison

with the PDs obtained by 2CP.

5. Summary and Conclusions

A constant pressure flow rig was employed to acquire a large data set of
n-heptane injections under reacting conditions to study the transient soot for-
mation, oxidation, and transport processes. A novel optical configuration of
2CP was utilized together with pixel-by-pixel calibration to acquire spatially-
and temporally-resolved line of sight soot measurements with high accuracy at
all points on the sensor. Measurements were analyzed on a statistical basis to
obtain converged ensemble average values at each time step and to quantify
injection-to-injection variations in the sooting behavior in terms of root mean
square variations and probability distributions, with the goal of providing ex-
perimental data in support of the soot modelling efforts.

The following summary and conclusions are drawn from this study:

e Most of the soot formed promptly after auto-ignition in the jet core in-

dicating that for the present test conditions with long ignition delay and
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lift-off length, the overall sooting propensity is pronounced in the premixed

burn phase compared to that during the quasi-steady period.

Following the premixed burn phase, the soot mass decreased by oxidation
at the diffusion flame front determined by high OH*CL intensity. The
soot cloud contracted radially, especially near the lift-off length to prevent

appreciable soot formation during the quasi-steady period.

Measurements suggest that relatively high temperatures near the lift-off
length lead to fast chemical kinetics for production/destruction of soot
precursors and/or soot depending on local mixture composition and tur-
bulence. Moderate temperatures in the jet core favor the formation of
soot particulates and larger agglomerates, in agreement with existing lit-
erature. High soot temperatures measured at the jet head indicate that

the soot transported from the upstream is oxidized rapidly at the jet head.

The soot mass in the jet core closely matches the trend of the total soot
mass. The lift-off and jet head regions have greater access to oxygen,
higher temperatures, and thus, higher OH*CL intensity, which tend to
reduce the soot mass in these regions either through inhibited formation

or promotion of oxidation.

Large injection-to-injection variability in sooting behavior was detected
and quantified in agreement with previous studies [0 [8]. The RMS soot
mass indicates that the majority of injections were low-soot, but few in-

jections had significantly high soot at these conditions.

Measurements of spatially-resolved soot mass quantities agree with liter-
ature suggesting that large soot masses take longer to be seen because of
the time required to form primary particles in high concentrations and for
them to agglomerate. Conditions for soot formation are most favorable in
the jet core which was shown to have the highest probability of large soot

masses.
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e Although the 2CP technique cannot detect individual particle sizes, soot
mass probability distributions follow a similar trend as particle size dis-

tribution studies by in-cylinder fast gas sampling of a diesel engine [3].

The specific results provided here can be used to support model development
and validation. More advanced soot modelling approaches could validate the
soot number density function against the probability distributions. Further,
the uncertainty results presented in Appendix A, typically not available for
2CP, provide confidence bounds for the reported measurements. Future works
on the effects of alternative fuels and blends at varying ambient and injection
conditions and different combustion chamber designs can leverage the methods
presented to obtain previously unavailable data on soot formation, oxidation,

and transport processes using modest optical access.
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Appendix A. Uncertainty of 2CP Measurements

Uncertainty of ensemble averaged 2CP results are a combination of the bias
uncertainty of individual measurements and the precision uncertainty of the
mean value. Measurement uncertainties originate in the calibration and image
detection equipment. The full computational methodology of 2CP uncertainties
are detailed in [32] and contours of uncertainty in ensemble soot mass and
soot temperature are presented here for reference and context to the primary
discussions Sec. [

The steps involved in the propagation of uncertainty are illustrated in Fig.
As a summary of the methodology, the first step in the flow chart indicates that
the optical hardware must measure the radiation from the same lines of sight
(LsOS) through the flame for both wavelength images (made possible by the
novel design used). Next, the 2CP system is calibrated as a unit to correlate
the intensities registered by the camera (I ;) to radiance values (Rx.o). The
calibration process then accounts for the primary uncertainty terms: uncertainty
of the radiance emitted by the calibration light source (dyss, ), uncertainty of
the transmissivity of neutral density (ND) filters (d., ), and uncertainty of due
to camera intensity fluctuations or noise (dy, ,.). All the primary uncertainty
terms combine to give the uncertainty in the measured radiance (Jg, ,) through
the calibration, which was evaluated by a Monte Carlo simulation. Uncertainty
in radiance propagates through Eq.[I] to yield uncertainty in apparent tempera-
ture ((5TaA ). Finally, uncertainty in apparent temperature is propagated through
Eqgs. 4{and to yield uncertainty in temperature (d7), uncertainty in KL (dxr.),
and uncertainty in soot mass (d,,,). Each step for combination of uncertainty
employs the general formula in Eq. [A71] and propagation of uncertainty follows
the general formula defined by Eq.

da = 1\/6a? + a3 + - - (A.1)
de . \° dc \*
som(Zean) s (%o a2
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Precision uncertainty is defined by Eq. where z=1.96 is the z value for
95% confidence interval, o is the standard deviation, and N is the number of
samples included in the average. The uncertainty of the ensemble average was
determined at each pixel by averaging the measurement uncertainty of each
pixel value of temperature and soot mass and combining it with the precision

uncertainty at that pixel using Eq.

0as = 2——== (A.3)
N-1

Figure [A72] shows the resulting uncertainty of the ensemble average soot
mass and temperature distributions. These spatially-resolved uncertainties cor-
respond to the contours in Fig.[5] The top row of Fig.[A-2]shows that the highest
absolute uncertainties in soot mass occur in the core of the jet and follow sim-
ilar trends as the soot mass distributions in Fig. [}] Indeed, the highest soot
mass values are in the center, thickest part of the jet have the highest absolute
uncertainty while the periphery has low absolute uncertainty but high relative
uncertainty as the soot mass approaches zero on the jet periphery.

In contrast, the second row of Fig. [A-2] shows that the highest absolute
uncertainties in temperature occur on the jet periphery, which is the location
of a high temperature diffusion flame, where soot is oxidized. Since there is
little soot on the jet periphery it is difficult to measure and results in high bias
uncertainty in temperature. Furthermore, the injection-to-injection variation of
jet shape means that there are fewer number of elements (N) in the periphery

of the jet ensemble, increasing the precision uncertainty.

Pixel-by-Pixel or

Same LsOS |_ | I SR s
for each A Apx 77 A0 Ta, KL
Calibration Oy

Figure A.1: Flow chart of uncertainty propagation process.
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2 Representative phenomena of cyclic combustion

1 INTRODUCTION

The margins for gains in combustion efficiency for transient combustion events
found in compression ignition ‘diesel’ engines have become smaller. Increased
understanding of the fundamental physics that governs the spray breakup,
vaporization, fuel-air mixing, ignition, and combustion processes, still offers
the opportunity to mitigate in-cylinder criteria emissions (e.g. CO, NOx, THC)
and total greenhouse gas (GHG) production through the use of drop-in biomass
derived fuels. However, relating properties of these emerging fuel candidates to
expected ’engine out’ emissions remains a significant challenge in the screening
effort. Part of this challenge can be attributed to the lack of clarity obtained
from combustion experiments, even with exhaustive optical diagnostics. From
droplet combustion to spray vessels, rapid compression machines, and optical
engines, the ability to study various flow and combustion processes becomes
increasingly challenging. Typically this results in a limited number of fuel
injection events (in the case of spray chambers) acquired at steady operating
conditions. The analysis then focuses on ensemble average behavior that may
not represent an individual experiment/injection. As evident in the literature
and investigated in this study, ensemble average analysis does have significant
limitations since the injection-to-injection variation in the combustion process
can be vast even under very steady operating conditions. Further, in both
spark and compression ignition engines, the cycle-to-cycle variations represent
a significant challenge to researchers and engine calibrators to push efficiency
and reduce emissions. ireher-et-al: Kircher et al (2022) demonstrated through
simulation calibrated to experimental results that local variations in temper-
ature coupled with effects of negative temperature coefficient (NTC) drive a

wide range of main ignition delays. In that case, as ignition occurs from near
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piston top center up to 10° later resulting in the maximum cylinder pres-
sure for a cycle observed being 36% higher than lowest cycle. Experimentally,
Adeiferis—et—al-Aleiferis et al (2015) studied the impact of ambient flow field
on the spray under non- and flash boiling sprays and noted large impact for
flash boiling cases. To provide some measure of turbulence they report mean
and RMS spray images results though focus on discussion of ensemble average
behaviors.

The limitations of ensemble average results are not unique to combustion
phenomena. For example, to simplify and streamline the costly manufacture
of aircraft cockpits, the United States Army Air Force measured key dimen-
sions of over 4,000 of its pilots in the 1950’s. Ten of the most crucial design
dimensions were chosen to confirm the one-size-fits-all design outlook, and the
number of pilots that fell into the middle 30% of all parameters was deter-
mined to be zero. Not a single pilot was ‘average’ by the liberal definition of
falling within the middle 30% of ten key parameters. Reducing this definition to
include only three parameters excluded all but 3.5% of the pilots Rese{2616)
(Rose (2016)). A popular 1945 contest centered around the ‘Norma’ statue
Creadiek{2010)-(Creadick (2010)) arrived at the same conclusion; even in
seemingly repeatable circumstances, nature exhibits remarkable diversity, and
being normal never looks ‘normal’.

Beyond extracting typical behavior from experimental results, the
challenge also extends to the reliability of model based predictions as
they are built and calibrated against measurements. While increas-
ingly high-fidelity computational fluid dynamics (CFD) models of
spray, combustion, and flame stabilization offer insights into the tran-

sient combustion process Pei-et-al{2043}(Pei et al (2013)), these models
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must be validated against experimental data. Large Eddy Simula-
tions (LES) offer a significant advance in predicting localized turbulent
combustion behaviors over Reynolds Average Navier Stokes (RANS)
models Liu and Haworth (2010): Li et al {2017): Schunitt et al (2015)

AR ANAAAAANAANARAANAAIAARAAASAAAARAARTSAAARNRAIAAANAAANAANAARAANAAS

is not possible to meaningfully compare results from one experiment to a
single LES realization Sernette-et-al-{2007)-(Sornette et al (2007)) because
of the large injection to injection variations. Though both LES and RANS
approaches can predict fluid flow and some global combustion parameters
reasonably well Sem-et-al{2012}(Som et al (2012)), the fidelity and accuracy
required to predict the bulk behavior (e.g. cylinder pressure) versus emissions
is vastly different. This is true experimentally as well, for example, Bizon—et
at—Bizon et al (2009) utilized an optically accessible engine to report large
injection to injection variations of in-cylinder luminosity at conventional diesel
conditions, but less significant differences in pressure-tracesBizon-et-al-{2009)
. Likewise, Wright observed repeatable ignition delay and pressure-traces but
”substantial variations” in ignition location while testing n-heptane combus-
tion at high pressures/temperatures in a constant volume chamber Wright

cycle-to-cycle variations in OH* chemiluminescence (OH*CL) signal in an
optical engineDenkerbroek-et-al {204 —Sutheiently—.

Pal et al (2018) identified a single representative pressure trace out of a
sample of cycles in spark-ignition engines. Maes et al (2020) reported results

from 200 injection events quantifying variation in _soot mass at _a specific

AR A AAAARAANAANAANAR AN~ T O R A B Fadd it ARt g P et X
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understanding of injection to injection variations and to support CFD model
validation. These datasets should provide spatiotemporally resolved measure-
ments, typically from optical diagnostics. A rigorous statistical analysis could
then identify/isolate a smaller set or a single case representing the entire
datasets.

Large data-sets, while important for reliable statistical analysis, are prone
to include a wide range of disparate outliers. Xuan et al. describe massive injec-
tion to injection variations in soot formation across 30-40 injections, recorded
simultaneously with two color-pyrometry (2CP) and diffuse back-illumination
(DBI); an otherwise nominal injection had a propensity for ‘non-sooting’ at
particular thermodynamic conditions; this behavior was attributed to strong
fluctuations of in-cylinder air flow caused by the piston movement Xuan et al
(2019). Other work by Panagiotis has shown the strong impact of cyclic in-
cylinder pressure oscillations on average values Kyrtatos et al (2014) in engine
tests, and highlights the potential of LES in explaining these wide variations,
as done by Li and others Li et al (2017); Schmitt et al (2015). Therefore,
combustion models must be capable of predicting the range of variation, but
model validation requires a reference ‘nominal’ behavior, which is difficult to
isolate in a transient, turbulent combustion process Clark and Kook (2018).
This work seeks to identify the 'nmominal’ behavior from a large dataset of
repeated injection/combustion experiments in a constant pressure flow cham-
ber (CPFC) to provide context to LES modeling efforts, as has been done in
other fields where deviation from normalcy proves to be widespread.

The stochastic nature of turbulent flows has produced a long history of
statistical tools in combustion research. Turbulent combustion models often

involve assumptions such as assumed probability distributions to predict key

185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230



231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276

Springer Nature 2021 BTEX template

6 Representative phenomena of cyclic combustion

phenomena at limited spatial resolution Burluka et al (1997). Modern com-
bustion systems take advantage of improved abilities to collect vast amounts
of data - optical diagnostics are increasingly common, as are high sampling
rates - to better utilize statistical tools. For example, modern aviation gas
turbines collect over 2.5TB of data per day, and terms such as Combustion
Machine Learning (CombML) have been coined Ihme et al (2022). Though this
work does not leverage advanced statistical tools, the process of identifying
‘nominal’ or representative behavior from amongst a large data-set provides a
targeted approach compared to data reduction through averaging, which can
lead to misleading observations. The methodology of identifying a representa-
tive individual injection can be extended to various diagnostics or conditions
to delineate most appropriate single-event results.

This work presents a methodology to describe the key features and devia-
tions among transient, reacting turbulent jets to support improved modeling
and model validation of the same. The methodology is built on multiple injec-
tions at fixed test conditions to illustrate the limitations of ensemble average
analysis and to make the case for a representative injection. Hundreds of tran-
sient spray combustion experiments are performed in quick succession in a
high-pressure, high-temperature environment, and fuel injection, mixing, and
combustion processes are probed at high spatial and temporal resolutions
simultaneously by three optical diagnostics, each focused on different aspects
of the jet behavior. The diagnostics include Rainbow Schlieren Deflectometry
(RSD) to visualize the early, non-combusting jet Reggeti et al (2021); Parker
et al (2021), OH*CL to detect ignition and reaction zones Blocquet et al

(2013), and 2CP to quantify produced soot mass Xuan et al (2019); Reggeti
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et al (2021). The data-set is of sufficient size to accurately discern injection-
to-injection variations Donkerbroek et al (2011); Xuan et al (2019); Reggeti
et al (2021); Parker et al (2021); Li et al (2017).

The remainder of the paper presents the specifics of the experimental
apparatus, test conditions, diagnostics and data processing in Sec. 2, followed
by quantitative and visual analysis of the injection-to-injection variations in
Sec. 3.1 - 3.2, and demonstrates stability of test conditions in Sec. 3.3.1.
Finally, a methodology to identify a representative injection is presented in
Sec. 3.4 together with a set of representative injections before summary and

conclusions.

2 EXPERIMENTAL SETUP

The Constant Pressure Flow Chamber (CPFC) used in this study is illustrated
in Fig. 1 is a continuous flow system, maintaining a nearly quiescent ambient
environment in which to study fuel injection processes and enable the acquisi-
tion of about ~500 injections in two hours Parker et al (2021); Wanstall et al
(2019, 2020); Reggeti et al (2021). Pressurized, electrically preheated air is sup-
plied to the chamber at an average speed of about 0.5 m/s (nearly three orders
of magnitude less than the fuel injection velocity) in a counter flow arrange-
ment, as shown in Fig. 1. The flow velocity is less than that in direct-injection
studies Aleiferis et al (2015), and is much lower than the ambient velocity in
diesel engines Xuan et al (2019). Air enters through a diffuser section followed
by a flow conditioner consisting of six 0.5 mm thick, 100 micron mesh screens
to break up eddies and uniformly distribute the flow across the CPFC. The
air exits at the top of the rig through four 3 mm diameter holes, placed sym-
metrically around the injector tip. An upstream dome regulator controls air

supply pressure, and the air flow rate is regulated by a downstream control
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Fig. 1 Constant pressure flow rig (CPFR) schematic

valve. Fuel is injected by a Bosch CRIN3-18 injector modified to have a single

104 pm hole at the tip to create a spray along the axis of the rig.

bar. An injection-to-injection dwell time of at least 8 seconds ensures that

fresh air has completely displaced any residual combustion products (longer

dwell times occur as the fuel pressure cycles before the next rising-edge trigger

point). The fuel temperature is maintained at 355 K by circulating coolant in
a jacket around the injector. The ambient air is maintained at nominal condi-
tions of 800 K and 3 MPa (13 kg/m?). Table 1 shows the test conditions and

their variations during the experiment.
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Table 1 Actual ambient air and fuel injection conditions for CPFR experiments.
Variation indicates 95% confidence interval (CI) of individual injection events.

Property Units Value
Ambient Air Properties

Ambient Temperature K] 807 £4.00
Ambient Pressure [MPa] 3.00+0.0263
Ambient Density [kg/m3] 13.0 £0.1140
Fuel Properties

Fuel Species n-heptane
Fuel Temperature K] 355 £0.933
Fuel Pressure [MPa) 98.9 £0.714
Injector Orifice Size [um)] 104
Injection Duration [ms] 4.5

Table 2 Simultaneous diagnostics specifications.

RSD OH*CL 2CP
Camera Nova S9 SA5 v7.3
3 ; Dixe -
é’tipoin‘“&* Pheel_Resolu-— g5 160 pm 242 pm
Sampling Rate 20kHz 10kHz 10kHz
Exposure Time 4 s 100 ps 98 us

2.1 Diagnostics

This experiment used three optical diagnostics to simultaneously acquire data
for each injection consisting of liquid injection, vaporization, mixing, auto-
ignition, flame stabilization, combustion, and soot formation, followed by
venting of the combustion products. The diagnostics are RSD, OH* chemi-
luminescence (OH*CL), and 2CP. A schematic depiction of these diagnostics
in Fig. 2 shows the arrangement of each high-speed camera. Table 2 provides
additional details such as camera spatial (pixel) resolution, sampling rate, and
exposure time for each diagnostic.

Rainbow Schlieren Deflectometry is used to quantify the deflection angle
of light rays passing through a medium, in this case the vapor-jet region of
the fuel spray. As shown schematically in Fig. 3 from left to right, broadband
light (from an Energetiq EQ-99X fiber coupled broadband light source) is first

refocused by two 75 mm focal length, 50 mm diameter lenses onto a 3 mm high
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Two-Color Pyrometry Camera

Turning Mirror

CPFR

Schlieren Camera Beamsplitter

=

OH* Chemiluminescence

Ultraviolet
Camera

Intensifier

Fig. 2 Simultaneous high-speed diagnostic setup including Rainbow Schlieren Deflectom-
etry, OH* Chemiluminescence, and Two-Color Pyrometry (2CP). View angle of OH* and
2CP systems are exaggerated for illustration purposes.

and 100 pm wide rectangular aperture located at the focal point of a 75 mm
diameter, 250 mm focal length achromatic doublet lens Wanstall et al (2017);
Agrawal and Wanstall (2018); Wanstall et al (2019). The collimated broad-
band light is directed through the test chamber. Density gradients deflect the
light rays (some light will also be absorbed or scattered by liquid jet/spray)
which exit through the parallel window on the chamber. Then, a matching
achromatic doublet lens refocuses the light rays onto a rainbow-filter - a trans-
parent rectangular strip with very fine, digitally printed color (hue) gradations
- placed at the focal point as shown in Fig. 3. The undeflected light rays (dashed
blue ray) pass through the cyan color at the center of the filter, which forms
the background color in the schlieren image. A deflected light ray will focus
at some (transverse) distance away from the center of the filter (solid blue
ray). Thus, rays are color coded based on the transverse displacement on the
rainbow filter. The filtered rays create the color (hue) schlieren image, while

absorption and/or scattering by liquid region will reduce the ray intensity that
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is recorded independently (red ray). A Photoron Nova S9 color camera, in
conjunction with a 50 mm Nikon Nikkor lens, records the schlieren images as
described in Table 2. The RSD has been used to quantify the density field in
non-reacting jets Wanstall et al (2020, 2021), although in this work, intensity
and hue signals are used to detect liquid and vapor boundaries, respectively.
The specific methodology to identify liquid and vapor boundaries is presented
in prior work Wanstall et al (2019, 2017).

The RSD diagnostic improves upon traditional shadowgraphy and other
black-and-white imaging techniques Parker et al (2021); Agrawal and Wanstall
(2018). Fo example, both the presence and degree of jet fluctuations can be
quantified with the RSD hue signal. As in traditional schlieren and shadowg-
raphy, frame-to-frame deviations can be revealed by subtracting consecutive
images. However, hue makes the resulting values more meaningful and, in this
work, three distinct bands of frame-to-frame hue-variation are utilized. Lowest
band pertains to the nearly imperceptible fluctuations at each pixel location
in the image background, which are often very nearly zero in the quiescent
flow in the CPFC. Highest band of variations refers to the pixels within the jet
core, where the dense fuel jet (large hue displacements) moves quickly (large
frame-to-frame shifts). Between these two hue bands is the shear layer of the
jet periphery, where high intensity and background-like hues make it difficult
to distinguish the jet from the background. By utilizing the hue signal of RSD
and subtracting subsequent RSD image, this region becomes easily distinguish-
able as the true boundary of the vapor jet. This method of vapor detection is
used in this study together with a typical threshold sensitivity analysis.

OH*CL at the 310 nm wavelength is an indicator of the reaction zone in
the spray. As shown in Fig. 2, OH*CL signal is directed towards an Invisible

Vision ultraviolet (UV) intensifier equipped with a 310nm band pass filter
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White Light Collimating Lens ! Decollimating Lens
Source

Aperture
.Z< /!7

Collecting Lenses RSD Filter

Fig. 3 Rainbow Schlieren Deflectometry (RSD) uses collimated, broadband light, which is
then sent through a medium and focused onto a colored filter, encoding deflection angle as
hue.

and UV focusing lens. The intensifier utilizes a phosphorous screen to produce
visible light from UV (with a gate time of 70 us in these experiments) which
is acquired by a monochromatic Photron SA5 camera as described in Table 2.
Per ECN definition ECN (2020), the farthest upstream location detected via
chemiluminescence is the reported lift-off length. The algorithm recommended
by the ECN was applied to OH*CL images to reliably differentiate OH*CL
signal from the noise-floor; the first frame of detectable OH*CL signal was
considered the ignition time.

The dataset includes full field 2CP measurements of the thermal radiation
from soot, which dominates flame luminosity in the visible spectrum. The gen-
eral layout of the 2CP optics and camera can be seen in Fig. 2. The flame
luminosity passes through a 50/50 beamsplitter, which transmits half of the
light and reflects the other half at 90° angle. Band-pass filters of central wave-
lengths (650 nm and 550nm) each with 10nm full width at half maximum
bandwidths are attached to the beam splitter outlets. Each spectral signal
is reflected by a turning mirror towards a knife-edge prism mirror, and then
the two signals travel along parallel paths to the camera. This optical design
ensures that both spectral signals have equal path lengths and are imaged
on the same camera sensor without inducing parallax and path length errors
common in existing 2CP designs. Further details of the optical setup and cal-

ibration procedures for this 2CP design can be found in Reggeti et al (2019,
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2022). A Phantom v7.3, 14-bit, monochromatic camera with a Nikon Nikkor
105 mm lens is used as per Table 2. In this work, the relative difference in soot

radiation intensity between injections is considered in relation to RSD and

OH*CL signals.

2.2 Image Alignment and Analysis

The images of an injection using each of the three diagnostics will be presented

to assess the fuel jet. Different wavelengths/optics used for each diagnostic

require different arrangements and focus. Further, the regions of interest for the

three optical methods are not identical, but they do have significant overlap to

help with the alignment. Because images are recorded simultaneously by three
high-speed cameras with different resolutions, it aids analysis to consolidate
the information into a single, spatially aligned image. As shown in Fig. 2,
all three cameras view the jet along the center-plane of the CPFC (OH*CL
and 2CP view angles are exaggerated for illustration). The structure of the
reaction front observed across the three diagnostics aligns very closely, the
slight difference in view angles is insignificant.

Figure 4 presents the images recorded simultaneously by each optical diag-
nostic. The RSD (recorded in red-green and blue colors) is presented with
hues as recorded; saturation and intensity have been increased for clarity. The
OH*CL intensity (recorded in monochrome) is presented in yellow, and soot
luminescence at 650 nm (also in monochrome, from 2CP) is shown in magenta
with varying brightness according to the raw signal intensity; both OH*CL
and 2CP images have been outlined in red where the signal fades to back-
ground noise. These colors were chosen to provide maximum visual contrast

among the diagnostics.
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3
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End of Field o
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mm]

Fig. 4 Combustion was simultaneously recorded by Rainbow Schlieren (in color), OH*CL
(BW camera, shown in yellow), and two-color pyrometry (BW, shown in magenta) as shown
in Fig. 2. Images from each diagnostic, from the same time, are shown here, along with a
‘composite’ image to the right, in which the OH* and 2CP intensities are overlaid on top of

the RSD hues (note the alignment with extreme hues in the left RSD frame). Red outlines
were added to these intensities for heightened contrast.

In the rightmost panel of Fig. 4, the OH*CL and 2CP intensities are over-
laid on the RSD image - wherever both OH*CL and 2CP are present, the
intensities are added in their respective color-spaces. Thus, in the composite
image, pure yellow corresponds to OH*CL without any concurrent 2CP inten-
sity, and vice versa for pure magenta; orange results where both colors are
present. In Fig. 4, the OH*CL/2CP signals cover entirely the bright regions of
hue in the RSD image representing the ignition kernel, and confirm that the
spatial alignment of the three diagnostics is precise. Beth-OH*Ch-and-2CP-All
three diagnostics are line-of-sight measurements, and thus, they do not pro-
vide local information about the flame structure in the jet core. However, the
composite image illustrates the spatial non-uniformities and non-monotonic
trends in mixing (hue signal) in radial and axial directions, auto-ignition, and
soot behavior, and it is the basis for the analysis and methodology developed

in this study.
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3 RESULTS

This study makes the case that turbulent combustion phenomena should be
depicted by representative instantaneous behavior rather than ensemble aver-
age behavior. Figure 5 shows profiles of liquid length, vapor penetration
length, and lift-off length for the present data set. The results based on ensem-
ble average images (average of 500 individual images) are shown in red, and
the averages injections processed individually are shown in black. The 95%
confidence interval of the sample (CI) bands are included for each parameter
to quantify injection to injection variations —Jn-agrrement—of controlled test
conditions. In agreement with the literature Wright et al (2010), the CI for lift-
off length is much larger than that for liquid- and vapor-penetration lengths
because dissimilarities magnify as combustion takes place. With the exception
of vapor penetration length, the ensemble average lengths are shorter/closer
to the injector tip than the average results.

These results show that the global parameters determined from ensem-
ble average images are different from those obtained from individual images
and then averaged. Further, the CI of each parameter cannot be determined
from the ensemble average analysis. The difference between ensemble aver-
age and average results arises because the relationship between image signal
and flow/combustion parameters derived from it are non-linear. Thus, ensem-
ble averaging effectively functions as a low-pass filter. For example, with an
ensemble average image, the changeover from the background to signal is
smoother and less clearly defined, which makes boundary detection more arbi-
trary compared to individual images with steeper gradients at the boundary.
By changing thresholds used for boundary detection between individual and

ensemble results it could be possible to find a boundary that matches the
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— Average, 500 inj. .

End of —Ensemble Avg
RSD FOV .

Axial Distance [mm)]

Time [ms aSOl]

Fig. 5 Liquid and vapor penetration profiles are shown, along with the developing lift-off
length. Black lines give the mean and 95% CI for the entire data-set, and the red lines display
the same values as determined from the ensemble-average images.

average results. However, without knowing the average behavior this analysis
could not be performed and thus, it would offer little additional insight.

In the following sections, the variation among selected injections will be
explained and compared with ensemble average behavior. Next, stability and
repeatability of the experimental test conditions will be evaluated to determine
potential relationship with injection to injection variations. Then, correlations
between test conditions and global parameters such as jet penetration, ignition
delay, and lift-off length will be analyzed. Finally, the case for a representative
injection will be made and a methodology for to identify it will be presented.

The composite images in Fig. 6 show time evolution for several injections

near ignition to illustrate the variability in the test results. Each column ref

to a single injection event, and is labelled for reference as—from A to F. The
rightmost column contains the ensemble-average images for the complete data-

set and will be discussed in Section. 3.2. Rows of Fig. 6 correspond to different
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Fig. 6 Select times aSOI are shown for six single-shot injections, as well as ensemble-average
images (right). Three frames show the times by which most injections achieve ignition (1.8,
1.9 and 2.0 ms aSOI), and an additional image at 3 ms is provided, after the beginning of the
quasi-steady period. Each frame is a composite image of the videos recorded simultaneously
by several diagnostics, in the same style as Fig. 4. As labelled in the top left; Rainbow
Schlieren Deflectometry (RSD) is shown upstream (image backgrounds removed for clarity),
OH*CL intensity is overlaid in yellow, and 2CP intensity in magenta. The OH*CL and 2CP
intensities have been normalized across all frames shown.

time-steps after start of injection (aSOI), with the first three images depict-
ing consecutive times typically after ignition, and the last row after 1 ms to
represent the quasi-steady behavior before the flame impinges on the screens

located downstream.

3.1 Description of Individual Injections

In Fig. 6, injections A-E are outliers in various ways, while Inj. F is the best

representation of the overall data set, as will be shown in Sec. 3.4. Injection
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A ignites very late at 2.0ms aSOI and it’s upstream vapor-jet maintains a
quasi-steady jet has produced OH*CL reaction zones with intensity and loca-
tion similar to other injections, although the soot luminescence is negligible.
Next, Inj.B shows a typical ignition delay time (IDT) of 1.8 ms aSOI; reac-
tions start with a small ignition kernel that propagates upstream and spreads
across the jet-width. Notice that this injection has very robust OH*CL sig-
nal, shown by bright yellow in Fig. 6, and the shortest steady lift-off length at
3.0ms aSOI when modest soot luminescence (magenta) is also visible.

Injection C represents the sootiest of the injections observed. This injection
ignited at 1.6 ms aSOI (not shown), and the ignition kernel spread quickly to
produce strong OH*CL and soot luminescence signals in a large view area by
1.8 ms aSOI. The sub-areas of yellow/magenta at 1.8 ms aSOI show that the
high-intensity OH*CL/2CP regions do not align, although they are increas-
ingly homogeneous at later times. The jet achieves a stable lift-off between
2.0-3.0ms aSOI, and the lift-off length is shorter and flame shape is different
from most other injections. At 3.0ms aSOI, soot can be detected upstream
in the premixed lift-off region, as well as in the downstream region near the
screens at impingement.

Injection D shows typical ignition behavior at 1.8 ms aSOI when a weak
2CP signal is present. The OH*CL is imperceptible at 1.8 ms aSOI, barely
visible at 1.9ms aSOI, and is stronger at 2.0 ms aSOI. The ignition kernel
propagates upstream very slowly compared to other injections, and it does not
spread quickly to cover the width of the jet. Quasi-steady behavior with a faint
soot signal occurs at the typical lift-off length of 35-40 mm. Interestingly, this

injection has strong vapor-jet protrusions on the left side of the reaction zone
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at axial locations spanning from 40 mm to the end of the RSD field of view,
and a smaller protrusion on the right upstream.

Injection E shows multiple OH*CL ignition kernels at 1.8 ms aSOI, which
quickly widen to cover a larger and more homogenized region than those for
Inj.B&D at 1.9 ms aSOI. In this case, the lift-off length is within the normal
range, but soot signal is not visible either in the developing or quasi-steady
jets. Injection F has a large ignition kernel (OH*CL signal) and small soot
luminescence at 1.8 ms aSOI. Both OH*CL and 2CP signals quickly widen
to spread across the jet width, grow axially, and intensify homogeneously. By
3.0ms aSOI, the jet has a typical lift-off length and relatively small amounts
of soot in the combusting region.

Lastly, the composite ensemble-average images in the right most column
show symmetry about the centerline as random variations in instantaneous
RSD, OH*CL and 2CP images are effectively filtered out. One additional fea-
ture that is most clearly visible in the RSD portion of the ensemble images is
the reversal in hue about the centerline. Near the injector, the left size of the
jet is darker blue and the right side is cyan. However, the colors reverse direc-
tion near the lift-off length as heat release by combustion switches direction
of density gradients in the radial direction from relatively high density/low
temperature reactants to low density/high temperature combustion products.

The ensemble average images show fairly uniform OH*CL and 2CP signals
throughout the core at ignition; note that the red color is a blend of yellow and
magenta. The reaction zone occupies nearly the entire jet head at ignition and
during next few time steps (1.8 - 2.0 ms aSOI), similar to the individual injec-
tions. At quasi-steady period (3.0ms aSOI), the spray transitions to stronger
OH*CL signal (more yellow) but still with detectable soot luminescence in the

core region.
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3.2 Injection-to-Injection Variations

Figure 6 demonstrates drastic and significant differences in combustion behav-
ior from injection to injection. Besides ignition timings, differences also occur
in the axial location, signal intensity, and propagation of the initial ignition
kernels. These disparities are outside the error bounds of the spatial and tem-
poral resolutions of the diagnostics. In Fig. 6, ignition kernels are seen over
an axial range of approximately 20 mm, and the axial length of those kernels
ranges up to 15 mm. Most ignition kernels (yellow/orange) are approximately
the same size (see Injs. B/D/E), although 5-10% of the injections had mul-
tiple, distinguishable kernels as seen in Inj. E. The 2CP signal or soot cloud
(magenta/orange) at ignition is much more varied; Injs. C/D have strong sig-
nal, Inj. F has weak signal, and Injs. A/B/E have almost no signal. While no
injection had an ignition kernel so large (or dim) as that shown by the ensem-
ble average image, a few early, robustly reacting injections (e.g., Inj.C) are
close to it at 1.8 ms aSOL.

Although large increases in the spatial extent and intensity of OH*CL and
2CP signals occur within a frame after ignition, neither of these trends per-
sist thereafter. Instead, further time increments show homogenization of signal
boundaries and intensities as seen in Fig. 6 for all injections at 2.0 ms aSOI
(except Inj. A, which hasn’t yet produced strong OH*CL and 2CP signals) .
Injections with notable protrusions have filled in their gaps (Inj. B most obvi-
ously, and Injs. E/F are becoming more ovular). Injections B/E also have vastly
reduced OH*CL and 2CP intensity gradients, and Injs. C/F maintain larger
but uniform intensities at the core than those at the jet periphery. As tem-
peratures and reaction rates increase within the jet, flame stabilization leads

to more homogeneous signals at the lift-off length and downstream regions. In
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contrast, ensemble average images in Fig. 6 portray homogeneous combustion
at all times.

The quasi-steady state at around 3.0 ms aSOI in Fig. 6 demonstrates sim-
ilarity, if not consistency, between injections. Lift-off lengths vary from 30 to
45 mm, and the OH*CL signal is strong in the 5-10 mm long premixed region
near liftoff before reducing in intensity in the jet core and then rising again
at the jet head. The volumetric expansion caused by premixed reactions is
visible in the RSD images; the hot combustion products are likely present
in the radial region between the OH*CL and RSD signal boundaries. The
radial expansion of OH*CL (and often 2CP) signal at around 65-70 mm is a
consequence of jet impingement on the screens located downstream. Taken
together, Fig. 6 demonstrate that fuel injections undergoing autoignition at
diesel-like conditions are not repredueiblerepeatable. This observation high-
lights the challenge posed to combustion researchers and raises the question:

what is the typical/average/nominal injection behavior?

3.3 Potential Sources of Variation

In this section, potential sources of variations in experimental results dis-
cussed above will be explored: (1) repeatability of experimental conditions to
ensure accuracy and stability over the test duration to acquire large data-set,
(2) assessment of global parameters (ignition, stabilization, and quasi-steady
behavior) to determine if they are stochastic or predictive, and (3) stochastic
differences caused by the localized, small-scale turbulent mixing process. Each
of these potential sources of variation will be investigated next to ascertain the
most significant cause(s) of injection to injection variations in transient spray

combustion.
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967 3.3.1 Repeatability of Experimental Conditions

968

3(733 The CFPC used in this study is intended to perform fuel injection experiments
971 in quick succession at nearly identical test conditions. As shown in Table 1,
972
973
3;4 injections. The ambient air temperature has 95% CI of only +4°C. Finally,
972 the fuel injection pressure is within 0.71 MPa of target (98.9 MPa) for 95% of
977
978
3;3 percent of the set values. Figure 7 plots the individual injection test conditions
0981 versus time to demonstrate the high degree of experimental consistency and
982
983
984 running average of IDT, at temporal resolution of 0.1 ms limited by the framing

985
08¢ rate of OH*CL diagnostics. These results show that the IDT converges after

chamber pressure is maintained within 0.02 MPa of target (3 MPa) for 95% of

injections. Thus, test conditions are steady and repeatable to less than one

lack of drift during the test. Next, Fig. 8 present the single injection and

ggg about 200 injections, and that the present data set of 500 injections is more

989 than adequate.

990

991 Next, the potential for injection-to-injection variation caused by residual
2

383 product gases in the chamber is analyzed, in case the dwell time between

994 injections was insufficient to flush out the products. Figure 9 shows three key
995

096 parameters (vapor jet tip penetration at 1.0 ms aSOI, lift-off length, and IDT)
997
998
999 these return plots (n vs n-1 values) of IDT (black symbols in Fig. 9), variable
1000

1001 size symbols are used to convey the relative number of occurrences at each

}88; point. The lack of any trend, namely clusters removed from the x=y line,

for each injection plotted against the values from the previous injection. In

1004 supports the conclusion that consecutive injections are independent, and thus,
1005

1006 each injection is a distinct random sample.

1007
1008
1009 no drift, and the sample size of the tests is more than adequate. Further, the
1010

1011 inevitable, minor differences caused by the chamber air flow are much small

1012

Overall, the analysis shows that the test conditions are repeatable with
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Fig. 7 Chamber thermodynamic conditions for each ignition are presented to demonstrate
high degree of experimental repeatability.

compared to other test platforms, for example, optical engines Pastor et al

(2017); Xuan et al (2019).

3.3.2 Global Parameter Correlations

In this section, the impact of ambient air temperature variation (as seen in
Fig. 7) is investigated to determine systematic trends in IDTs. Thus, IDT was
organized in bins of the corresponding air temperature to generate Fig. 10
showing mean IDT and 95% CI for that particular bin (black solid and dashed
lines). The red solid curve represents the number of injections within each bin.
Figure 10 displays a slight inverse relationship between IDT and air tempera-
ture as expected, however this trend should be considered within the context
of IDT accuracy of +0.1ms. Figure 10 demonstrates that for the majority of

the injections (within the temperature range of 804 K to 810 K), the mean
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1072 Fig. 8 Ignition delay results from OH* for 500 consecutive injections, and cumulative aver-
1073 age (red line) demonstrating converged stationary average. The 95% CI of the mean is
1074 provided in dashed red lines.
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1079
1080
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1087
1088
1089
1090

1091

1092 Fig. 9 A return-plot (nth vs (n—1)th injection results) is provided to demonstrate shot-to-
09 shot independence based on three key global parameters: lift-off length, vapor penetration,

1093 and ignition delay.

1094
1832 IDT and CI are less than the 0.1 ms precision; less than 10 injections (out of a
1097 total of 500 injections) outside these temperature bounds have higher CI than

1098
1099 measurement accuracy, and can be considered outliers.
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1100 Next, results are analyzed to determine any systematic correlation among
1101

1102 parameters. For example, is the IDT inherently related to other global parame-

1103
1104 ters ? The top left frame in Fig. 11 shows a histogram of IDTs for all injections,
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Fig. 10 Mean ignition delay (and 95% CI of the mean) is presented as a function of ambient
temperature. The ambient temperatures recorded for each injection were binned to the
nearest 1 K. Only five injections had temperatures outside this range, and were excluded.

the top right and bottom left plots show histograms of lift-off length and vapor
penetration length, respectively, in bins of IDTs. A scatter plot of vapor pene-
tration length versus lift-off length is shown on the bottom right. These three
parameters were chosen for demonstration because they facilitate comparison
with Fig. 9, and also because they inform other parameters discussed so far.
In Fig. 11, the lift-off length has similar histogram distributions for different
IDTs, indicating no direct correlation between the two parameters. Similarly,
no correlation exists between vapor penetration length and IDT. No discernible
trend between lift-off length and vapor penetration length can be identified
from the scatter plot at 1.0 ms. Results in Figs. 8 to 11 show that injections
are independent and can be treated as random samples in this cyclic turbulent

combustion process. Multiple possibly-correlated parameters were analyzed in

the same way as Figs. 9, 10, and 11, and all arrived at the same conclusion.
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Fig. 11 The distribution of observed ignition delays among 500 injections (top left) is shown
1170 with the Cumulative DistributionFunetions-histograms of OH* Lift-off (top right) and vapor
1171 penetration (at 1ms, bottom left). Both €bFs- ns are binned by ignition delay to
1172 demonstrate that these events have unrelated distributions. The relationship between lift-off
1173 and vapor-jet penetration is likewise shown (bottom right).

1174

1175 3.4 Representative Single Injections

1176

1177 Having evaluated and dismissed other causes of injection to injection varia-

1179 tions, the localized, small scale turbulent mixing remains-and rate-ol-injection

ﬂg? variations remain as the primary seureesources. The localized turbulence can
1182 be observed in single-injection images whereas important details are lost in
1183

1184 the ensemble average images, as described in Sec. 3 and Sec. 3.1. As such, it
1185
1186
1187 the nominal/typical cyclic injection phenomena.

1188
1189 A large dataset is necessary to select a representative injection because tur-

is necessary to select a single (or a set of) injection that describes/represents

119(; bulent combustion phenomena are remarkably adverse to repetition as shown

1192 and discussed in Sec. 3.1. Several previous studies have utilized limited data-

1193
1194 Sets to characterize spray and combustion phenomena; < 20 injections is

ﬂgg widespread Wright et al (2010); Pickett et al (2011); Manin et al (2013, 2014);
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Xuan et al (2019). However, injections that are nominal or outliers cannot be
determined from the limited data-sets. Thus, our prior work has recommended
a minimum of 100 injectionsParker et al (2021); Reggeti et al (2021) to identify
a representative injection. Li has used LES to recommend at least 40 real-
izations to adequately edeseribe-describe cycle-to-cycle variation in a gasoline
direct-injection application Li et al (2017). In the present study, 500 injec-
tions, far exceeding those standards, are used to determine the representative
injection(s) as discussed next.

The method to identify the most representative injection (Inj.F in Fig. 6)
utilizes the concept of a z-score rating, which rates an event’s deviation from
the average (u) in terms of standard deviations (o). This follows the formula

T—p

z = ==F where z = 0 indicates perfect adherence to the mean behavior, and

z = +1 represents behavior consistent within one standard deviation from the
mean. This method is demonstrated by applying it to determine an injection
with representative image boundaries.

At each axial position and for each side of the RSD/OH*CL/2CP image
boundaries, a z-score is calculated. The z-scores are calculated as radii at left
(LB) and right (RB) boundaries at a given time, 715 or rp(i,ax,t), relative

to the average and standard deviations of all injections at that time/location,

"B o w0 LB or BB(AL, 1) a0 Or e 5 (A2, 1)-
The z-scores are averaged spatially and temporally for each injection and each
diagnostic to identify superlative injections across several optical diagnostics
Reggeti et al (2021). As shown in Eq.1, the total z-score for a specific diag-
nostic, ziot,; is the average over all time steps (from ¢, to t;) and spatial
locations (from injector tip, ax = 0, to jet tip at that time, ax = aZyqgp,i,i) Of

the combined left and right boundaries’ z-scores. Finally, an overall average is
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1243 obtained by dividing the total z-score by the number of axial steps and time
1244

1245 Steps, aTsteps and tsteps.

1246
1247
1248 especially 2CP boundaries, the 2.4 ; scores for each injection and diagnostic are
1249

1250 normalized by the maximum 2. ; over all injections for that diagnostic. Thus,
1251
1252
1253 z-score across all three diagnostics. This ranking results in Inj. F in Fig. 6 to be
1254

1255 the most representative injection. The other five injections presented in Fig. 6
1256
1257
1258
1259
1260 ty aTmax,t,i

AT
1261 § : 2 : rpg(i,az,t) 7LB(zaxt)+7nB(zaxt —7TrB(i,az,t) 2 : 2 ILL(IIII/ —TL1
1262 Trpp(iaw,t) Orpp(iaz,t) Orpplaz,t)
1263 2 ar=0 to ar=0

tot,i —
1264 ’ AT steps tstups (I I s/(

1265 (1)

1266
1267 For visualization of the z-score metric, Fig. 12 presents RSD images for a

Because the RSD boundaries are relatively steady compared to OH*CL and

each diagnostic is equally weighted to calculate the average normalized total

are outliers in various ways having high z-scores in one or more diagnostics.

1268 single injection (a, left), and the ensemble average image at the same time-step
1269

1270 (b, right). The red lines overlaid on both halves of Fig. 12a/b portray mean and

1271
12% 95% CI locations of the left and right jet-edges observed at each axial location

1273 at this time (2.5ms aSOI) across all injections. The average boundary does
1274

1275 not match with the boundary of the single injection (left image), neither does

12
12?2 it align with the ensemble average boundary (right image). This unexpected

1278 result stems-could stem from fuel vapor plumes randomly ejecting at all axial
1279
1280 locations on both sides of the jet, for example, owing to cavitation within
1281

1982 ¢ the injector although further investigation will clearly be necessary; Inj. F in

1283 Fig. 6 represents an example of this phenomena. The OH*CL and 2CP images
1284

1285 resulted in similar differences (not shown) among individual injection, average,

1286
1987 and ensemble average boundaries.

1288
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Fig. 12 RSD-images are shown in hue space for a) the Representative single injection (Inj.F 1302
in Fig. 6), and b) the ensemble image; both have had the background removed. Overlaid 1303
on both images, in red, is the mean and 95% CI determined from the full data-set of 500
injections. 1304
1305

1306
1307
1308
1309
1310
1311
1312
1313
1 1314
4 1315

10? p——rrrrrmy
—RSD
— o
—2CP

Normalized Z-Score

1316
1317
] 1318
L 1319
10" 102 1320

Injections 1321

Fig. 13 Normalized total z-score distribution for each diagnostic with symbols marking the 1322
five injections with overall lowest average z-score across all diagnostics. 1323

1324
1325
1326
Avg. Total Injection  Ignition Vapor Length OH* Lift-off 1327

Z-score Elfgll)biri Delay at 1 ms Length 1328
(ranked order) [ms] [mm)] [mm] 1329
0.018 7 1.8 48.8 39.4

0.042 255 1.8 48.6 1.1 1330
0.054 (Inj. F) 262 1.8 46.0 35.1 1331
0.054 177 1.7 47.5 38.1 1332
0.057 : 1.8 49.6 325 1333
Overall Avg. 1.73 48.5 40.5 1334

102 F

103

Table 3 Global parameter results for fewr—five most representative injections based on
average total z-score metric
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Inj77 Inj255 Inj262 Inj177

1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345

1346 Fig. 14 Composite images of the five lowest average z-score injections at 3 ms after start of
injection. Contrasted to large range of variation in Fig. 6, this subset exhibit clear consistency

Ensemble 0

[mm]
15

1347 iy behavior with Inj. F (262) being selected as most representative.

1348

134 . . . C .
1353 The z-score rankings of each diagnostic versus injections are shown in

1351 Fig. 13 plotted on a log scale. The normalized z-score values range from < 1073
1352

1353 for 2CP, and < 10~2 for others, up to 1.0. The five injections with overall low-
1354
1355

1356 The injection with the lowest z-score for 2CP, represented by the square sym-
1357

1358 bol, has the highest z-score for RSD and OH*CL for the five injections shown.
1359
1360

1361 behavior in all regards. The effect of sample size on represent
1362

est average z-score across all diagnostics are identified by symbols in Fig. 13.

This example illustrates a single injection is unlikely to exhibit representative

ative injection

1367
1368 the z-scores and the key global parameters for the five injections with the low-

1369
1370
1371 average is 1.73 ms), and vapor penetration length within 3.0 mm of the average.
g;g The main difference is observed in the lift-off length.

1374
1375
1376 with the lowest z-scores together with the ensemble average image in the last
g;g column. The consistency of injections in this small subset is clear, except for
1379
1380

est z-scores. Each of these injections shows IDT of either 1.7 or 1.8 ms (overall

Figure 14 shows composite images at the quasi-steady for five injections

Inj. 255 showing higher soot than other injections; any of these injections could
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represent the present data set. Theugh-Although Inj. F (262) does not have

A

tative injection because of its overall symmetry and consistency in all three
diagnostics.
characterization, it is reasonable to extend the analysis to_include other

parameters. For example global values such as ignition delay, lift-off length, etc.

AR AR AN AA AN AR AAANIAAAAAAN AN AR AAARAAAAD N AN AIA R RIAANIANANANAAAANA AN A

in_the final set of most representative injections identified.

4 SUMMARY and CONCLUSIONS

An optically accessible constant pressure flow chamber was utilized to acquire
500 injections of transient, n-heptane spray reacting in high pressure, high
temperature ambient air, while maintaining near-constant control of ambient
and injection conditions. Analysis of high-speed images acquired by rain-
bow schlieren deflectometery (RSD), OH* chemiluminescence (OH*CL), and
two-color pyrometry (2CP) show remarkable injection-to-injection variations
visually and in key global parameters. Analysis based on ensemble averaged
images is called into question because of its inability to preserve the spa-
tial and temporal gradients in measured and derived quantities. As a result,
ensemble average analysis under-predicted global parameters compared to the
results obtained from the analysis of individual injections and then averaged.
A rigorous examination of test conditions revealed no correlation with global
parameters such as jet penetration length, ignition delay time, and lift-off
length. This leads to the conclusion that the observed variations in injection-

to-injection behavior are the result of a combination spatial and temporal

1381
1382
1383
1384
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1427 differences in the localized, small-scale turbulence throughout the jet and
1428

1429 differences in rate of injection through the nozzle.

1430
1431

1432 from a relatively large data-set was presented and demonstrated to inter-

1433
1434 Pret injection-to-injection variation. The analysis is based upon a z-score of

1435

Next, a statistical methodology to identify representative injection(s)

user defined parameter(s), in this case, boundaries detected by each of the

1437 three diagnostics. The z-score measures the departure of a parameter from its
1438

1439 average values, and can be normalized and weighted to combine results from
1440
1441

1442 tion zone, or soot cloud of each injection are reduced to a single total z-score
1443

1444 by averaging the local z-score at each axial position and time, and assigning
1445
1446

1447 set to obtain statistically converged results, which can be challenging or even
1448

1449 Pprohibitive in some combustion applications. In view of the large injection-to-
1450
1451

1452 experimental data-set and determine a representative test case for further anal-

1453
1454 Ysis. In contrast, current approaches rely on analyzing averaged behavior of

different diagnostics. Using this approach, the boundaries of the spray, reac-

equal weights to each diagnostics. This methodology requires a large data-

injection variation, the methodology proposed here allows one to to screen an

ﬁ;g localized values. The generalized approach to identify a representative injection

1457 presented here can easily be applied to any diagnostic that provides spatiotem-

1458
1459 poral data and for data sets that are sufficiently large to show convergence of

1460 11,6 desired parameters.
1461

1462 The benefits of applying the present analysis to CFD development, val-

1463
1464 idation, and analysis are also significant. Representative target values can

ﬁgg be identified for models which aim to predict the fluctuating and inherently

1467 random turbulent combustion event. Additionally, single—tES—{er—similary
1468
1469 teatization-experimental representative data can be compared directly against

1470
1471
1472
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eost-of produeing-many-with the results of a single LES, instead of performing

many LIS realizations for the purpose of averaging and comparing to experi-
mental ensemble-averages. The present approach quantifies and describes the
range of variations in a phenomena to a degree impossible with ensemble
average analysis. A hitherto unavailable dimension of validation is therefore
offered to the CFD community; as few as three LES realizations may be suffi-
cient to validate the models, if the representative individual injection behavior
as well as the upper and low bounds of variation, quantified by an appro-

priate parameter, can be captured with acceptable accuracy. Further, while

rate of injection cannot be measured in-situ, additional studies characterizing

the range of variation for a specific injector would be helpful. As a result of
these developments, the CFD parameters can also be refined to produce more

physically meaningful phenomenological models.
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Abstract

Fundamental understanding of in-cylinder processes in diesel engines is im-
portant to screen emerging biofuels and advanced combustion modes that can
reduce greenhouse gas emissions and regulated pollutants including soot. In
this study, the role of fuel properties on spray development and combustion is
investigated by systematically isolating chemical and thermophysical effects.
Three different fuels are considered, two with similar chemical properties and
two with similar thermophysical properties with one fuel common to both
groups. Experiments are performed in a constant-pressure flow chamber de-
signed to provide stable test conditions and facilitate acquisition of at least
150 injections in quick succession for each fuel under reacting conditions at
high-pressure, high-temperature ambient conditions using a modified con-
ventional diesel engine injector. High speed optical diagnostics including
rainbow schlieren deflectometry, OH* chemiluminescence, and a two-color
pyrometry system are employed to simultaneously image the transient spray
and reacting jets. Image analysis is performed to determine liquid length,
vapor penetration length, timing and location of first stage and main ignition

events, lift-off location, total soot mass, and more. Results show that fuels
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with similar chemical properties or cetane number (CN) exhibit similar delay
times for first stage and main ignition events as may be expected, but very
different liquid length, first stage and main ignition locations, lift-off length,
apparent turbulent flame speed, and soot formation. As such, the ability to
characterize candidate biofuels with CN or other parameters derived from
simple flame configurations is called into question. In this study, thermo-
physical properties controlling the liquid length are identified as the main
contributing factor for the observed differences.

Keywords: Cetane Number, Biofuels, Transient Spray Combustion, Optical

Diagnostics, Sooting behavior




1. Introduction

The high energy density of liquid fuels makes them the preferred source
of energy for applications requiring extended mobility, light weight, and in-
tense heat and/or power. The liquid fuel portfolio in the near to long term
is expected to include an increasing proportion of biofuels produced from re-
newable biomass with net zero or negative carbon footprint. For example, the
Co-Optima project aims to identify promising fuels for transportation from a
wide range of candidates [1, 2, 3]. The project goals include co-optimization
of fuels and combustion modes for diesel engines to reduce greenhouse gas
(GHG) emissions as well as emissions of nitric oxides (NOx), carbon monox-
ides (CO), and particulate matter (PM) or soot. Achieving these goals,
however, requires a fundamental understanding of the in-cylinder combus-
tion processes and how fuel properties and/or advanced combustion modes
affect them.

The combustion process in conventional diesel engines can be divided
into two steps; rich, premixed combustion at the center of the jet followed
by mixing controlled combustion at the periphery of the diffusion flame [4].
The relative split between premixed and diffusion combustion can be varied
by advanced combustion modes introduced in recent years [5] to simultane-
ously reduce soot and NOx emissions. As the relatively cold fuel is injected
directly into the hot environment of the cylinder, the high jet momentum
entrains the oxidizer to facilitate vaporization and mixing, which produces
a combustible mixture that begins reactions in the lifted flame region. The
lift-off length - the distance between injector and the lifted flame location -

and local equivalence ratio at the lift-off length have been shown to correlate



closely with soot formation in diesel sprays [6, 7, 8]. However, the role of
fuel properties on spray dynamics and combustion behavior is not completely
understood.

Fuel properties affecting in-cylinder processes can be divided into two
groups, chemical and thermophysical. The chemical properties include the
heating value, molecular structure, and chemical composition. These proper-
ties affect the heat release rate, ignition behavior, and chemical pathways for
fuel fragmentation, oxidation, and soot formation; fuel’s ignition behavior is
characterized by the cetane number (CN). Fuels’ thermophysical properties
include density, viscosity, surface tension, boiling point /volatility character-
istics, heat of vaporization, etc. These properties affect fuel storage and
pumping as well as in-cylinder spray dynamics including fuel atomization
and vaporization, entrainment and mixing, and related flow parameters af-
fecting combustion and emissions. The large number of fuel properties makes
it challenging to screen alternative fuels to predict combustion performance
for specific applications and operating conditions.

The first requirement for compression ignition (CI) engines is to demon-
strate correct ignition timing, characterized by fuels’ CN. Traditional CN
tests utilize a special single-cylinder engine, although the measured values
are only reproducible within +4.8 CN [9]. The derived CN of the fuel can
also be measured in a constant-volume chamber using modern diesel injec-
tors such as PAC CID 510 per ASTM 7668 [10] or in an an ignition quality
test (IQT) system. Matching fuel’s CN (or ignition timing) is important for
performance optimization, but it does not correlate to combustion processes

including soot formation. Much work has focused on mitigating soot emis-



sions via blending with biofuels and other additives while minimally changing
CN [11, 12, 13, 14].

In recent years, Yield Sooting Index (YSI) [15, 16] has demonstrated
success in relating a fuel’s molecular structure to their sooting tendency in
laminar premixed flames. The YSI has also been used by Das and others
to study diesel fuels and their surrogates [17, 15, 18]. Measurements of YSI
for surrogates used in the present work suggest inherent sooting tendency to
be highest for iso-cetane, followed by n-cetane, and then n-heptane [15, 19].
Micro flow reactors have also been used to perform fundamental studies of
combustion and soot formation using different fuels. For example, Ref. [20]
found that the flame location was minimally affected by fuels including n-
cetane, iso-cetane, n-heptane, and others considered in the study. For pri-
mary reference fuels (PRFs), Ref. [21] found that soot formation is correlated
to the residence time in the reactor. However, it is not clear how these fun-
damental studies can be extended to predict sooting tendency in diesel-like
environments with transient spray development, mixing, and flame stabiliza-
tion, or how trends observed in simple configurations will hold up at more
realistic test conditions.

Spray and combustion parameters in high-pressure, high-temperature
diesel operation include liquid length, vapor penetration length, vapor cone
angle, first stage ignition and low temperature heat release (LTHR), second
stage ignition and high temperature heat release (HTHR), flame stabilization
and lift-off length, soot precursor, soot formation and oxidation pathways,
etc. In practice, these parameters are inter-linked and depend upon fuel prop-

erties and turbulence inherent in the system. One goal of the present study



is to analyze several of these parameters collectively under well-controlled
reacting conditions by systematically varying fuels’ chemical and thermo-
physical properties. A brief review of literature providing foundation for the
present study is provided next.

In one example study, Kook and Pickett performed simultaneous imag-
ing of liquid sprays and vapor fuel using Fischer-Tropsch, coal-derived, and
surrogate fuels sprays in a non-reacting diesel environment to conclude that
the vapor penetration is independent of the fuel properties while the liquid
length depended upon the boiling point and the density of the fuel. They
concluded that for fixed fuel injection and ambient conditions, the total am-
bient entrainment and mixing are not affected by fuel properties [22]. Study
by Zheng et al. investigated gasoline-diesel blends in a constant volume cham-
ber to measure liquid length, lift-off length, and soot concentrations. Results
show that increasing gasoline in the fuel blend decreased liquid length, in-
creased lift-off length, and significantly decreased soot concentration [23].
The observed correlation between lift-off length and soot formation is con-
sistent with previous findings [6, 7]. However, varying gasoline in the fuel
blend simultaneously changes fuels’ thermophysical properties that reduce
the liquid length as well as chemical properties that increase the ignition
delay time (IDT). These two effects were coupled in the experiment, making
it difficult to isolate individual effects. The study by Persson et al. found
only a weak correlation between IDT and lift-off length [24]. McGann et
al. provide comprehensive background on studies of CN effects in different
test platforms, and highlight the role of low temperature fuel breakdown,

ignition kernel growth, and heat release rates [25].



The flame stabilization mechanism at lift-off length is also not completely
understood. In atmospheric-condition flames, the diffusion flame stabilizes
by flame propagation to reach a balance between the jet flow speed and the
flame speed. However, at high-pressure, high-temperature diesel conditions,
flame stabilization at lift-off could occur via isolated ignition kernels formed
upstream [26]. Another potential mechanism for flame stabilization is the
turbulent mixing between incoming reactants and high-temperature com-
bustion products found at jet edges [26]. The first stage ignition and LTHR
could also play a role, which has prompted recent studies of fuel effects on
first stage and overall ignition processes [27].

Regardless of the stabilization mechanisms, the correlation between lift-
off length and soot formation is well established in multiple studies [6, 7].
Soot formation can also be affected by the structure of the fuel [2, 3]. For
example, Ref.[23] shows that n-cetane (n-hexadecane) is the more soot prone
fuel compared to heptamethylnonane (iso-cetane/HMN) based on higher con-
centrations of the measured polycyclic aromatic hydrocarbons (PAHs, with
the exception of toluene).

In this study, the role of fuel properties on spray development and com-
bustion is investigated by systematically isolating chemical and thermophys-
ical effects. Two of the fuels have the same CN and ultimately IDT, but
different thermophysical properties. Similarly, two of the fuels have similar
thermophysical properties but different CN. One of the neat fuels is common
to both groups, resulting in a total of three fuels investigated in this study.
A constant pressure flow chamber (CPFC) is utilized to achieve stable high-

pressure, high-temperature reacting conditions. Experiments are conducted



at slightly lower ambient pressure and temperature compared to those in
operational diesel engines to increase the relevant length and time scales,
and thus, differentiate fuel effects with sufficient spatial and temporal resolu-
tions possible by the available optical diagnostics. At least 150 injections are
performed in quick succession for each fuel at steady ambient conditions to
obtain reliable statistics including mean, standard deviation, and histogram
distributions during the complete temporal evolution of the jet, and not just
during the quasi-steady period.

Three high-speed optical diagnostics techniques are utilized to simulta-
neously visualize and quantify various spray and combustion parameters.
Rainbow schlieren deflectometry (RSD) is used to quantify liquid and vapor
penetration lengths by a single diagnostics, and also to locate and quantify
first stage ignition and associated LTHR. Benefits of RSD to provide quan-
titative data under reacting conditions have been demonstrated in recent
studies [28, 29]. OH* chemiluminescence (OH*CL), a well established diag-
nostics for flame detection [30], is used to visualize the main ignition event
and the flame stabilization at lift-off. A two color pyrometry (2CP) system
is used to obtain soot mass measurements within the flame. The 2CP used
in this work provides spatially resolved measurements of soot mass with high

accuracy as described in previous works [31, 32].

2. Experimental Setup and Test Conditions

Figure 1 (previously reported in [29]) illustrates the CPFC used to col-
lect data presented in this study. Fuel is injected into a continuous flow of

high pressure, electrically preheated air flowing at nearly quiescent velocity



(0.5m/s) through the CPFC. Compressed air enters through a flow condi-
tioner that uses several 100-micron mesh elements to break up eddies and
a diffuser section to uniformly distribute flow across the CPFC. A Bosch
CRIN3-18 injector, modified to have a single 104 um hole at the tip, in-
jects fuel along the axis of the chamber. All tests are performed at the same
nominal ambient air conditions of 800 K, 13kg/m? and fuel injection temper-
ature and pressure of 360 K and 100 MPa, respectively. The CPFC enables
acquisition of 150 consecutive injections per hour to study transient combus-
tion phenomena with adequate flush time between injections so as to avoid
residual effects on injection-to-injection behavior. For each fuel, at least 150
injections were performed to compute various global and time resovled pa-
rameters. Specific test conditions are listed in Table 1 which includes 95%
sample confidence interval (CI) ranges, demonstrating steady experimental
conditions in the chamber.

Figure 2 portrays the layout of the three optical diagnostics, recorded
simultaneously, as discussed in [33]. An Energetiq LDLS broadband light
source and Photron Nova S9 are used along with standard optics hardware to
capture the RSD images. The RSD system uses a continuously graded color
filter (see Fig. 2), instead of a knife-edge, to convert light ray deflections by
the test media into colors or hues in the schlieren image. Undeflected rays will
pass through the center of the filter to produce a cyan (180°C') background of
the schlieren image. Rays with positive deflection angles will take colors on
the left side of the filter, and vice versa, to produce the color schlieren image
amenable to quantification [34]. The RSD uses hue to provide quantitative

information about the vapor-jet penetration similar to traditional schlieren,
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Figure 1: Schematic of the optically accessible constant-pressure flow chamber (CPFC).
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but also enables simultaneous detection of liquid length by the independent
intensity signal as discussed by Wanstall [35]. In this study, the RSD will
also be used to detect first stage ignition and phenomena associated with it
including quantification of LTHR using Abel inverted average planar refrac-
tive index fields (related to temperature or density fields) as demonstrated
previously in reacting jets [29].

In addition, OH*CL in band-passed (310 nm) ultraviolet (UV) spectrum
is recorded by an Invisible Vision UVi intensifer (Model 1850-10-S20) coupled
to a Photron SA5 high-speed camera used to detect the main ignition event.
Ignition delay time is defined by the first frame after start of injection (aSOT)
which records OH*CL (with a precision of 0.1 ms dictated by 10 kHz framing
rate). Abel inverted average planar OH*CL data will be used to determine
the reaction zones and movement of the diffusion flame. Finally, soot incan-
descence at two wavelengths is recorded simultaneously by a single Phantom
v7.3 high-speed camera in a 2CP system consisting of a beam-splitter, band-
pass filters (650 and 550 nm, 10 nm FWHM), and turning mirrors to enable
spatially resolved measurements of soot-temperature and soot density (KL)
to calculate the total soot mass along the line of sight [32, 31]. This novel
2CP system eliminates many of the known optical uncertainties to provide
high accuracy measurements of soot mass along at each pixel location in
the image [31]. The image acquisition rate and spatial resolution for RSD,
OH*CL, and 2CP are, respectively, 10kHz and 90 um, 20 kHz and 160 um,
and 10kHz and 262 um.

The fuels under study are pure n-heptane (CN = 53.8 per ASTM D6890
ignition quality test (IQT), CN = 56 per ASTM D613 /engine test [36]) and
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Table 1: Test conditions for CPFC experiments with +95% sample confidence intervals.

All experiments were conducted with air (21% oxygen) and 4.5 ms injection duration.

heptane CN=40 CN=53.8
Ambient
Temperature [K] 807+4 810+4 809 £7
Pressure [MPa] 3.0+0.03 3.0+0.05 2.91+0.03
Density [£4] 13.040.1 13.040.2 12.940.2
Temperature [K] 356 +1 364 +1 366 +1
Pressure [MPa] 98.9 £0.7 98.9 £0.7 100 +0.9

two blends of n-hexadecane (n-cetane) and iso-cetane/HMN - the PRFs for
CN determination - having CN = 53.8 and 40. For brevity, these blends
will be referred to as CN54 (matching the CN of n-heptane) and CN40.
Both blends are mixed to a precision of 40.425 CN based on the graduated
cylinders used to mix blends. Table 2 lists the key properties of n-heptane, n-
cetane, HMN, CN54 and CN40. The two reference fuels have higher densities,
and higher boiling point temperatures compared to n-heptane among other

differences.

2.1. Image Processing and Data Analysis

This section will present the images obtained experimentally, demonstrate
time synchronization among diagnostics, and describe the data analysis pro-
cedures to obtain important spray and combustion parameters. Figure 3

contains examples of the instantaneous images acquired simultaneously by
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Table 2: Fuel properties for n-heptane, n-hexadecane (n-Cetane), heptamethylnonane

(HMN), CN54, and CN40. Pure component fuel properties as listed in DOE’s Fuel Prop-

erty Database [1].

heptane n-Cctane HMN CN40 CN54
Mol. Weight [-Z.] |100.2  226.4 226.4  226.4 226.4
45.6% n-cetane 29.4% n-cetane
Mol. Formula CrHig CigHsy Chi6Hsa
54.4% HMN/  70.6% HMN/
Density [24] 683.8¢  773.4¢ 793.0°  784.0 787.2
Boiling Point [°C] [98.0 287.0 2400 - -
Heat of Vap. [}2] |365.0°  359.5" 202.3°  274.0 248.5
Heat Cap. [ghor] |2.24 2.21 2.03 2.11 2.08
AFR [’,33] 13.02 12.94 1294 1294 12.94
Cetane Number  [53.8¢  100° 15¢ 40¢ 54¢

220°C, ¥25°C, “measured, 56 in [7], definition, /by volume
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the three diagnostics, with minimal post-processing to improve clarity. The
RSD image, recorded in color, is presented with intensity and saturation set
to maximum values of 1.0 (except in liquid region where intensity is zero),
while the primary signal, hue/color, representing light ray deflections is un-
changed, and the background has been removed. Raw, unaltered RSD images
used to depict the first stage ignition will be presented and discussed later
in Fig. 10. The intensities of OH*CL and soot incandescence at wavelength
of 650nm (both recorded in black-and-white) have been false-colored, re-
spectively, to yellow/magenta based on raw intensity, and red outlines were
added to provide contrast at the signal boundaries. The OH*CL/2CP images
are then overlaid on the RSD image to create the right, composite image of
Fig. 3. The RSD hues are centered on cyan (hue = 180°C'), so contrast was
maximized by utilizing the other subtractive colors, yellow and magenta, for
false-coloring.

The three diagnostics employ separate hardware and imaging cameras to
view various regions of the jet from different angles. Thus, it is important
to ensure that diagnostics are truly synchronized, spatially and temporally
as discussed next. Figure 3 corresponds to an instant soon after autoigni-
tion, and while more exhaustive analysis is not shown here, the instantaneous
shape and location of the reaction zone identified by RSD, OH*CL, and 2CP
are nearly identical. These results provide confidence in image synchroniza-
tion, and demonstrate that findings from one diagnostics can be connected
to those from other diagnostics. Images of the same format seen in Fig. 3
will later be used to compare spray development and combustion behavior

of different fuels. Next, the quantitative nature of these images is explored.
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| End of Field of View
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Figure 3: Combustion was simultaneously recorded by RSD, OH*CL (shown in yellow),
and 2CP (in magenta) as shown in Fig. 2. Instantaneous images from each diagnostic
acquired simultaneously are shown along with a ‘composite’ image to the right, in which

OH*CL and 2CP intensities are overlaid on top of the RSD hues. Red outlines were added

to increase contrast.
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The RSD diagnostic has been shown to discriminate between liquid- and
vapor-phase regions of the spray [29, 35|, and to provide quantitative infor-
mation simultaneously about liquid and vapor boundaries and penetration
length (until the vapor jet exceeds the RSD field of view, FOV). The high
sensitivity of RSD also provides important information on first stage ignition
and LTHR, where the jet cone angle increases suddenly (here around 45 mm
downstream), as will be discussed later. The OH*CL coincides with HTHR
[30], and is the basis of ignition delay time and lift-off length measurements.

The ECN defines 50% of the maximum observed OH*CL intensity to be
a reasonable threshold for distinguishing reaction signals from the noise-floor
[37], and the same method is used here to define IDT (the first frame after
injection with pixels surpassing that threshold) and lift-off length (the fur-
thest upstream location above that value, corresponding to about 42 mm in
Fig. 3. Lastly 2CP measurements of soot incandescence at multiple wave-
lengths (550 and 650 nm in this study) are used to determine the soot-mass

along the line of sight at each pixel location of each frame [32, 31].

3. Results

In this section, first the global parameters such as liquid length, vapor
penetration length, ignition location, lift-off length, and total soot mass will
be compared for different fuels. These parameters will be obtained by aver-
aging individual values over all injections performed for each fuel, and 95%
CI of injection-to-injection variations will be noted. Next, histogram plots of
ignition delay time, ignition location, and lift-off location will be presented

to identify potential correlation with the CN. This will follow with over-
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laid ensemble averaged images of RSD, soot mass, and OH*CL to visualize
the spray dynamics including fuel-oxidizer mixing, LTHR, main ignition and
flame recession to lift-off length, and sooting behavior. Then, the concept of
the apparent turbulent flame speed (ATFS) will be introduced. Next, raw
RSD images will be analyzed in detail to determine the time and location
of first stage ignition. The analysis will show the important effects of lig-
uid length on first and main ignition events, and the lift-off length. Finally,
semi-quantitative analysis of RSD-based planar average refractive index dis-
tributions will be used to explain the role of first stage ignition and LTHR

on flame stabilization and sooting behavior.

3.1. Global Parameters

The top of Fig. 4 shows average liquid length, vapor-penetration length,
and lift-off location versus time aSOI for the three fuels considered with
shaded regions indicating instantaneous 95% CI bands to quantify the range
of injection-to-injection variation over all injections. The bottom of Fig. 4
provides the corresponding total soot mass data for n-heptane and CN54
only. For the present ambient conditions, CN40 ignited farther downstream
and with very low soot signal prior to the flame impinging downstream on
the metal screen of the flow diffuser located at a distance of ~80 mm from the
injector as shown in Fig. 1. Thus, only limited data will be provided for this
fuel blend, but that will have negligible effects on the outcomes of this study.
For each case, at least 150 injections (500 for n-heptane) were performed to
compute the averages in Fig. 4. An independent study with a comprehensive

analysis of injection to injection variations (not shown here) revealed that the
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average values for these particular parameters were statistically stationary
when about 50 injections were utilized [38].

Liquid Length. Figure 4 shows that the liquid length for n-heptane

increases linearly for about 0.15ms, and then reaches a quasi-steady value
of about 10mm and remains constant thereafter. In contrast, the liquid
length for CN54 and CN40 blends increases linearly for about 0.25 ms aSOI
to reach a steady value of 19 mm for both blends. These results show that
fully vaporized fuel is available within 0.1-0.3ms, and that the increased
fuel vaporization time for CN40/CNb54 blends has a negligible effect on the
physical delay time, i.e., an increase by no more than 0.1 ms. Figure 4
shows that the liquid length measurements are repeatable, with 95% CI of
about 1.5mm. The liquid length is affected by ambient and fuel injection
conditions [39, 40, 41], but these conditions are the same for all fuels in this
study. Thus, the observed differences in the liquid length can be attributed
to the differences in the thermophysical properties of the fuels.

Using boiling point and heat of vaporization data in Table 2, fuel jet
evaporation in this study would require 399 2—‘97, 634 2—‘;, and 589 2—‘97, respec-
tively, for n-heptane, CN54 (45.65% cetane/54.35% HMN by volume), and
CN40 (30% cetane/70% HMN). Thus, CN54 and CN40 produce longer lig-
uid lengths compared to n-heptane because additional heat must be supplied
by the entrained ambient fluid. These findings are consistent with previous
studies in the literature showing a decrease in the liquid length for more
volatile fuels [22, 23]. Kook and Pickett (2012) also show that fuels with
higher densities have longer liquid lengths. Table 2 shows that CN54 and
CN45 blends have higher densities compared to n-heptane. Thus, longer lig-
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Figure 4: Average global parameters including (top) liquid- and vapor-penetration lengths,

lift-off length, and (bottom) total soot mass. Shaded regions show the 95% CI of data.

uid length for CN54 and CN40 is a combined effect of their higher boiling
point temperatures and higher densities compared to n-heptane. These ther-

mophysical properties of CN54 and CN40 are sufficiently close to each other,
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and thus, liquid length measurements of the two could not be distinguished.

Vapor Penetration Length. Figure 4 shows temporal evolution of av-

erage vapor penetration length until the jet is no longer visible in the RSD
images at around 60 mm. Initially, the liquid- and vapor-penetration profiles
follow each other, but they diverge once the liquid length reaches quasi-steady
state. The vapor penetration length is essentially the same for all fuels, and
no correlation with fuel properties is found. The narrow bands of standard
deviation in Fig. 4 demonstrate that the vapor penetration length measure-
ments are highly repeatable, with relatively small injection-to-injection vari-
ations. The cone angles for all fuels (not shown here) were similar, and only
minor differences were caused mainly by the image processing algorithm.
These results agree with data presented by Kook and Pickett [22], who show
that the vapor penetration length and associated momentum flux are func-
tions of injector pressure drop and hole diameter only, and are independent
of the fuel density and other thermophysical properties affecting the liquid
length.

Note that this study differs from Kook and Pickett [22] in two significant
ways: (1) present experiments were performed in a reacting environment
while [22] utilized non-reacting ambient conditions. Thus, the findings that
fuel’s thermophysical properties affect the liquid length, but not the vapor
penetration length still apply to situations when LTHR could be present
during the mixing process; (2) the ambient temperature (900 K) and pressure
(60 MPa) for [22] are higher than those in the present study. Thus, the
present approach to study mixing at lower temperatures and pressures would

result in longer IDT's and lift-off lengths to enable resolution of the fuel effects
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by the available diagnostics.

Flame Location. Figure 4 also depicts the average flame location de-

termined from OH*CL images for all injections. The flame location was
identified continuously from the main ignition event to quasi-steady lift-off
since images were acquired at high-speed. Results show that even though n-
heptane and CN54 have similar CN, the flame location for these two fuels is
different at all times. Both flames show a gradual recession upstream between
ignition location and quasi-steady lift-off. For n-heptane, ignition occurs at
50mm from the injector exit and the flame stabilizes at about 36 mm. The
corresponding values for CN54 are 60 mm and 45 mm, signifying a difference
of about 10 mm from n-heptane.

Figure 4 shows that unlike minor fluctuations in liquid length and vapor
penetration length, the flame location data exhibit relatively large injection-
to-injection variations. However, the observed differences in flame location
for n-heptane and CN54 persist throughout the injection. As expected, the
CN40 ignites farther downstream because of its low CN and correspondingly
long IDT. As discussed earlier, CN40 data are overwhelmingly impacted
by impingement on the metal screen located downstream. However, these
results clearly show that ignition location and lift-off length are affected by
not only the chemical effects (as in case of CN54 and CN40) but also the
thermophysical effects as discussed later in case of n-heptane and CN54.

Total Soot Mass. The bottom of Fig. 4 provides total soot mass ob-

tained by summing local soot mass data across the soot cloud versus time.
The data are shown for n-heptane and CN54 only, since CN40 soot mass mea-

surements were too small and deemed unreliable as explained above. Figure 4
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shows that the total soot mass measurements exhibit the largest injection-to-
injection variations, indicating that even though the upstream fuel-oxidizer
mixing is repeatable on a global scale, the soot chemistry is extremely sensi-
tive to the local fuel/oxidizer mixture fluctuations inherently present in the
flow. Figure 4 shows that in the case of n-heptane soot forms quickly, reaches
a peak value, and then soot oxidization dominates and gradually reduced the
soot mass before impingement on the screens. In contrast, soot formation is
delayed for CN54 and apparently never reaches the peak or oxidation phase
within the available field of view. Most importantly, the relative amounts
of total soot mass are dramatically different for n-heptane and CN54 fuels;
the measured peak soot mass is nearly 100 times more for n-heptane than
that for CN54 (note the log scale for soot mass). The higher soot mass for
n-heptane can likely be attributed, at least in part, to the shorter lift-off
length for n-heptane compared to CNb4, as accepted widely in the literature
6, 7]. Present trends however do not agree with YSI measurements of fuels’
inherent sooting tendency in idealized flame configurations [15, 19].

Next, Table 2 shows that the stoichiometric air-fuel mass ratio for the
two fuels is similar; 13.0 for n-heptane and 12.9 for CN54. Thus, flame
stoichiometry for the two fuels is similar. Further, n-heptane is a lighter
molecule with only 7 carbon atoms compared to 16 carbon atoms in the
heavier CN54 molecule. Thus, CN54 is expected to produce higher soot
concentrations based upon measurements in micro flow reactors and YSI
measurements [15, 19]. Interestingly, experimental observations presented so
far cannot be supported fully by the available explanations in the literature.

The remainder of this work will provide context and show how liquid length
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and first stage ignition lead to these unexpected differences in lift-off length

and soot formation.
3.2. Ignition Delay Time

Instantaneous OH*CL images were used to determine the start of main
ignition, and to create the histogram plots of IDT for the three fuels as
shown in Fig. 5. In these and all subsequent histogram plots, data for each
bin is shown at the mid-point and bin width is listed in the figure caption.
Recall that n-heptane had 500 injections while CN54 and CN40 blends had
150 injections. Thus, plots in Fig. 5 are normalized by the number of total
injections. Despite repeatable ambient and fuel injection conditions, the

IDT varies in a turbulent environment [9], and so a distribution results. In

0.5
nHeptane
0.4 — CN54
- CN40
0.3
0.2
0.1
0
1.5 2 2.5 3

Ignition Delay [ms]

Figure 5: Normalized histograms of ignition delay time for each fuel (bin width = 0.1 ms).
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Figure 6: Histograms of the axial location of main ignition for (a) n-heptane and (b) CN54
(bin width = 1.5 mm). Different curves represent data segmented into bins of ignition delay

times. The number of injections contributing to each curve is shown in the legend.
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the present study, the ambient conditions are such that injection-to-injection
variations in IDT are relatively high. This variation in IDT is present, though
less, even at higher temperatures and pressures relevant to diesel engines.

Figure 5 shows that IDT histogram plots for n-heptane and CN54 align
almost perfectly, and CN40 has the expected longer average IDT distribution.
The differences in IDT between n-heptane and CN54 are too minute to be
detected by the 10kHz framing rate used in this study. The excellent match
in IDT for n-heptane and CN54 IDT demonstrates that the kinetic features
affecting ignition process are very similar or perhaps the same, and that the
present experimental facility indeed correlates with standardized tests used to
determine fuel’s CN. This outcome is fortuitous since the correlation between
CN and IDT cannot be replicated in general, as reported in the experimental
study of fuel effects by [24] utilizing an operational diesel engine.

All three fuels show nearly symmetric distributions of IDT indicating
a stochastic phenomenon. Rigorous analysis of ambient conditions in the
chamber (Table 1) revealed no systematic departures from the set pressures
and temperatures. Thus, the IDT distributions can be attributed to the ran-
dom variations in the local ignition kernels created by the turbulent mixing
process. The presumed similarity in kinetic mechanisms during the ignition
processes of n-heptane and CN54 fuels also suggests that the differences in
ignition and lift-off locations in Fig. 4 must originate in fuel’s thermophysical

properties.
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3.8. Flame Location

Local variations in ignition kernels affect ignition location and lift-off
length and are observed via OH*CL imaging. Figure 6 shows the histogram
plots of ignition location for n-heptane and CN54 to quantify these fluctua-
tions. The blue curve in Fig. 6 represents all injection events, and it shows
a relatively symmetric distribution for ignition location of n-heptane over a
range of axial distances from 40 mm to 65 mm. For CN54, the distribution
is also symmetric, but the ignition occurs at a noticeably downstream axial
location, and its variation between 48 mm and 68 mm is still quite wide.

Initially, it was hypothesized that the variations in ignition location would
correlate with variations in IDT) i.e., a longer IDT would correspond to an ig-
nition location farther downstream, the jet having penetrated farther. Thus,
injection data were divided into bins of different IDTs to generate multiple
histogram plots, represented by different colors in Fig. 6. Each IDT bin
still has more than 50 injections to obtain sufficiently resolved distributions.
Results show only a very weak correlation between IDT and ignition loca-
tion, indicating that ignition does not occur at the farthest extent of the
jet tip. Instead, ignition occurs in localized kernels that can take different
trajectories depending upon the turbulent mixing processes.

Figure 4 showed that the reaction front recesses gradually upstream from
ignition location to lift-off length. Figure 7 presents histogram plots of the
quasi-steady lift-off length for n-heptane and CN54 for all injections as well
as for injections divided into bins of IDTs. Results show that histograms
are symmetric for all cases, and the lift-off length varies between 25 mm and

40mm for n-heptane and between 33 mm and 50 mm for CN54, regardless
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of the IDT bin used to generate the plot. Thus, this heavily mixing-driven
process contains enough randomness to obscure any relationship between
IDT and stable lift-off length, a result consistent with previous studies [42,
26, 43, 44]. Considering the lack of a matching trend between IDT and lift-
off length within the data set, and the matching IDTs between n-heptane
and CN54 in Fig. 5, the observed difference in the lift-off length between
these two fuels must be attributed elsewhere. Note that the separation of 8
to 10 mm between the lift-off lengths of these fuels is close to the difference

between their liquid lengths.
3.4. Temporal Evolution of Spray and Combustion

Large injection-to-injection variations in the combustion phenomena such
as IDT, ignition location, lift-off length, and soot mass make it difficult to
analyze the instantaneous images to describe the spray dynamics, ignition,
flame stabilization, and soot formation. Thus, images acquired by RSD,
OH*CL, and 2CP were ensemble averaged to depict the temporal evolution of
spray and combustion processes. For each diagnostic, ensemble averages were
obtained at each time step by averaging relevant data across all injections.
For sufficiently large number of injection events (>50), this averaging process
resulted in axisymmetric distributions for the quantities of interest.

In case of RSD, this approach provides axisymmetric distributions of light
ray deflection angles (related to hues) resulting from density gradients in the
test media. Then, an Abel transform is used to obtain the local distributions
of average refractive index difference across the whole field, which can be re-

lated to local temperature, species concentrations, and pressure prior to the
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Figure 8: Composite images of developing a) n-heptane and b) CN54 combustion including
(left column) ensemble average hues (RSD) and soot mass (2CP), and (right column)
normalized planar average refractive index and planar average OH*CL. Deflection angle
in hue, soot mass in magenta, and planar OH*CL in yellow, and planar refractive index

in teal are all plotted on same arbitrary scale for both fuels.
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onset of any chemical reactions. Similarly, for OH*CL, axisymmetric ensem-
ble averaged data across the whole field will be inverted by Abel transform
to obtain the local distributions of average OH*CL to identify the reaction
zone of the diffusion flame. The soot mass measurements from 2CP are en-
semble averaged across all injections to create the axisymmetric soot cloud
at each time step. For ease of visualization, the soot cloud image will be su-
perimposed upon the ensemble averaged RSD hue image at each time step.
Separately, the average refractive index difference field obtained from RSD
and the average reaction zone determined from OH*CL are superimposed to
determine their relative behavior with time.

Figure 8 presents composite images at several time-steps between ignition
and near quasi-steady periods of the reacting spray. The figure is divided into
n-heptane images on the left half (a) and CN54 images on the right half (b).
In each half, images on the first column combine RSD hue and soot mass data
and those in the second column show RSD refractive index difference data
superimposed with OH*CL reaction zone data. The time stamps, identified
in Fig. 8, are 1.8, 1.9, and 2.0 ms aSOI to describe phenomena near ignition,
and 3.0ms aSOI to show the quasi-steady behavior before impingement on
screens located downstream. First, the temporal evolution of n-heptane will
be discussed followed by that for CN54.

In Fig. 8a (Ist column) for n-heptane, the composite image displays a
thin black strip near the injector tip representing the liquid phase (where
light is attenuated as discussed by [35]) and vapor phase regions shown by
hue variations (blue/green colors) consistent with the design of the RSD filter

shown in Fig.2. The shades of blue and green appear, respectively, on the left
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and right sides of the images. The jet width increases suddenly at point 1 in
the figure. The images show that downstream of this jet expansion location,
the color gradations switch direction from left to right and vice versa.

Note that the density gradients in the jet can occur by concentration
gradients (heavier fuel near the center diffusing into lighter ambient on the
outside), temperature gradients (hot ambient on the outside to cooler fuel
near the center) or both. Light rays bend inward in fuel rich dense regions
and outwards in hot low density regions, although the two effects cannot
be discriminated. The sudden jet expansion at point 1, and switch in color
gradations thereafter indicate significant LTHR has taken place at and prior
to this location. Details of LTHR resulting from first stage ignition will be
discussed in section Sec. 3.6.

The OH*CL intensity and raw 2CP intensity are shown, respectively, in
shades of yellow and magenta. At the time of ignition at 1.8ms aSOI, a
soot cloud is formed typically at the jet head along with the reaction zone
of the diffusion flame. At 1.9ms aSOI, both soot cloud and reaction zone
have grown axially. Subsequently, at 2.0 and 3.0ms aSOI, the soot cloud
and diffusion flame have grown downstream by convection and upstream by
flame propagation. The images show excellent symmetry in all parameters
owing to the large number of injection utilized to create these averaged plots.
Moreover, the diffusion flame location is very well correlated with the location
of the soot cloud; the soot cloud is positioned mainly within the jet core
and jet head regions and it is surrounded by the reaction zone where soot
oxidation takes place. Finally, quasi-steady conditions are achieved at 3.0 ms

aSOI; the soot cloud is thinner near lift-off, longer and thicker at jet head,

32



and contains less soot mass indicating that soot oxidation has taken place at
this time. The reaction zone is consistent with the soot cloud, diffusion flame
has stabilized at the lift-off length located downstream of the jet expansion
point 1, and the reaction zone extends all the way towards the downstream
impingement screens.

Figure 8b has identical layout for CN54, and displays a longer liquid
length for CNb5H4. The jet expansion by LTHR develops less intensely for
CNb54, and stabilizes farther downstream than that of n-heptane. Less robust
formation of hot-products is seen in decreased sheath-thickness and the more
gradual left /right hue-reversal downstream of the jet expansion location. At
the time of ignition at 1.8 ms aSOI, the soot cloud cannot be observed even
though the reaction zone is visible at the end of the jet head. At 1.9, 2.0,
and 2.1 ms aSOI, the soot cloud appears and grows gradually but it contains
much less soot mass, indicated by the white color (color scale for heptane and
CNb4 is the same). At these times, the reaction zone has developed, although
the diffusion flame is thicker and oriented differently from the n-heptane
flame. Finally, by 3.0ms aSOI, the diffusion flame recesses and stabilizes
downstream of the jet expansion region, similar to n-heptane. However, in
this case the jet expansion length and the lift-off length are both located 8-10
mm downstream of those for n-heptane.

Results in Fig. 8 show that the flame recesses and propagates upstream
and stabilizes slightly downstream of the sudden expansion resulting from
the LTHR. Although this description of flame stabilization shares ideas from
previous studies (e.g., ignition kernels and/or mixing with hot products),

it provides a new explanation based on strong experimental evidence. The
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preheating and precursor accumulation by LTHR seems to be far greater for
n-heptane compared to that for CN54. In case of CN54, the jet expansion oc-
curs farther downstream, which allows more time and distance to increase air
entrainment and lower the overall equivalence ratio, and ultimately, increase
the lift-off length. A detailed analysis of first stage ignition and LTHR will
be presented in section Sec. 3.6. Recall that the relative difference in soot for
n-heptane and CN54 observed in this study is aligned with the results from
others works [6, 7], which document the connection between lift-off length

and soot formation.

3.5. Apparent Turbulent Flame Speed

Relatively repeatable ambient conditions listed in Table 1 and shown
in Fig. 4 give the impression that local mixing and ignition dynamics are
likewise repeatable. However, local fuel-air mixing differences manifest in
similar global parameters (liquid length and vapor penetration length) and
yet vastly different ignition, lift-off, and sooting behavior. The ignition, lift-
off, and sooting behavior depend upon both fuels (even with matched CN)
and injection-to-injection variations.

One attribute often viewed as a global parameter, but also intrinsically
linked to local mixing behavior, is the concept of turbulent flame speed.
Though the mechanism of upstream flame propagation is imprecise, it is still
reasonable to characterize mixing in terms of an apparent turbulent flame
speed at the lift-off location when quasi-steady conditions have been achieved.

Previous work has reported use of simultaneous schlieren and OH*CL im-

ages to determine an apparent turbulent flame speed (ATFS) of the reacting
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jet [33]. Schlieren images capture the initial vapor penetration profile of the
jet (as in Fig. 4), which establishes a relationship between jet-tip location
and velocity. The red curve in Fig. 9 (top) shows the jet-tip velocity (and
its variance) as function of jet-tip location for n-heptane. Note that the jet-
tip velocity for injections is fairly constant. The black curve in Fig. 9 (top)
shows the histogram of the lift-off length, as determined from the analysis of
instantaneous OH*CL images. The combination of these two results allows a
histogram of the ATFS to be generated. As an example, the arrow in Fig. 9
(top) shows how a lift-off length of 40 mm is converted to an ATFS of 30m/s
by intersecting with the profile of the jet-tip velocity. Repeating this process
for each axial location on the top plot yields the histogram of ATFS shown in
the bottom plot. This methodology discussed in Ref [33] has acknowledged
shortcomings, namely that the velocity detected from RSD is the jet-head
velocity rather than the velocity within the jet interior at steady conditions,
but this difference is relatively minor and the reported trends are expected
to be reliable.

The same procedure is followed for the CN54 blend to obtain histogram
plot of ATFS shown in blue in Fig. 9 (bot.). For n-heptane, the ATFS varies
from 20 to about 50 m/s, with an average value of 33 m/s across all times and
injections. For CN54, the range is between 10 and 36 m/s, and the average
ATFS is about 26 m/s. Thus, the CN54 blend has approximately 20% lower
ATFS compared to that for n-heptane. The reduced ATFS for CN54 seems
to results from a longer mixing time/distance prior to the onset of HTHR,
which allows the flame to be essentially soot-free under these ambient and fuel

injection conditions. The ATFS parameter (average values and distribution)
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Figure 9: Normalized histogram of (top) OH*CL stagnation locations and average jet-
tip velocity for n-heptane (with 95% CI, not shown for CN54) (bin width = 2mm), and
(bottom) apparent turbulent flame speed (ATFS) for both heptane and the CN54 blend

(bin width = 2m/s). Mean values in legend.
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could be correlated with soot measurements to quantify the sooting behavior.

3.6. First Stage Ignition

Fuel-air mixtures at high-temperatures and high-pressure undergo early
stage endothermic and exothermic reactions, generally manifested by LTHR
and referred to as first stage ignition in the engine literature. First stage
ignition at diesel conditions has been investigated previously [45, 29, 27]
although it can be difficult to characterize quantitatively and requires special
diagnostics such as formaldehyde imaging. The LTHR mildly heats the jet
by these early reactions to introduce changes in density gradients, and thus
RSD is well equipped to image not only the LTHR behavior [29] but also to
quantitatively identify the first stage ignition location and timing. As LTHR
reactions progress, the corresponding regions of the jet become invisible to
the RSD.

The RSD is used first to identify the key features of the first stage ignition,
and then to determine ignition timing and location algorithmically for each
fuel. For this reason, raw RSD images for the three fuels are presented in
Fig. 10 at 0.2ms intervals during 1.0 to 2.0ms aSOI, as well as at 3.0 ms
aSOI. The first six image frames show first stage ignition and onset of LTHR
in the fuel jet, and the final frame at 3.0 ms aSOI illustrates main ignition in
the quasi-steady period for comparison. As an example, the RSD images for
n-heptane will be used to describe the ignition and LTHR phenomena within
the FOV of about 60 mm max.

At 1.0ms aSOI, the n-heptane jet has fully vaporized downstream of the

liquid length, and the vaporized fuel core is denser than the surrounding
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Figure 10: Raw RSD images at early time steps for (top) n-heptane, (middle) CN54, and
(bottom) CN40 jets illustrating first-stage combustion development.

38



ambient air on account of fuel’s high molecular weight and lower initial tem-
perature. At this time, the cone-angle of the jet is nearly constant indicating
entrainment and mixing with the ambient air. By 1.4m aSOlI, first stage
ignition has taken place at the jet periphery, where the jet spreading ap-
parently contracts suddenly at around 20 mm downstream marked by point
(a). Farther downstream, point (b) displays an area previously occupied by
the jet at 1.2ms aSOI, that now matches the background color. The jet has
neither contracted at point (a) nor is it absent in the region (b). Rather,
the LTHR at 1.4 ms has raised the temperature locally such that the density
gradients have diminished by the opposite effects of fuel fraction gradients
and temperature gradients. Thus, the jet refractive index very nearly equals
that of the ambient, which has the effect of making the jet disappear as its
hue matches the background hue. Note, however, that the structures in these
areas are much smaller than those in the background near the injector. This
fine-scale turbulence makes the true width of the jet visible to the eye, and
the fact that these structures (and hues associated with them) move between
image frames (unlike the quiescent background) makes it possible to identify
them algorithmically by frame-subtracting consecutive images.

By 1.6 ms aSOI, the LTHR has occurred throughout the jet beyond point
(c) located at about 45 mm downstream of the injector. At first glance, the
jet appears to have shortened axially. This LTHR behavior and retraction,
radially at point (b) and axially at point (c), has been documented previously
in the literature [45, 29]. The first stage ignition spot, for example, at point
(a) can be difficult to recognize owning to the faint signal at this location.

Beyond 1.6 ms aSOI, main ignition or HTHR takes place. The HTHR reac-
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tions emit significant light, which obscures RSD images somewhat - this is
seen after point (d) in Fig. 10, where the image is noticeably brighter than
the upstream jet. The HTHR reactions raise the temperature significantly,
and thus product gas is locally less dense than the surrounding air. The
switch from more-dense to less-dense than ambient coincides with a reversal
of hues in the ensemble-average images in Fig. 8.

Having stepped through the LTHR behavior of n-heptane in Fig. 10, the
effect of different fuels can be compared. First, n-heptane has a significantly
shorter liquid-length than CN54 and CN40, which have about the same liquid
length. However, both n-heptane and CN54 have similar onset of LTHR,
maturing to HTHR around 2.0 ms aSOI; injection-to-injection variations of
IDT account for the small differences in ignition timing between the injections
in Fig. 10. These results indicate that n-heptane and CNb4 have similar
chemistry-driven behaviors, because their ignition timings match very closely.
However, the downstream phenomena such as flame recession, lift-off length,
and sooting do not match between these fuels seemingly due to the effects
of thermophysical properties and turbulent mixing. In contrast, the CN40
blend shows LTHR along the jet periphery at 1.6 ms aSOI, but it is much
weaker than that observed for n-heptane and CN54. Main ignition has not
occurred by 2.0 ms aSOI, and even at 3.0 ms aSOI, the HTHR is barely visible
in the FOV of the RSD camera.

The RSD images were analyzed to determine the onset of first stage ig-
nition in terms of its timing and location. The LTHR was algorithmically
located using the traditional shadowgraphy method of subtracting consec-

utive image-frames [46, 47] between SOI and main ignition as presented in
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Fig. 5. Very high frame-to-frame hue variations define the jet core, while
the jet periphery - where fuel vapor exists at densities near ambient levels
- has small hue variations. In these regions, hues in the RSD images vary
because of the fast-moving jet, even though fluctuations are small and hues
are close to the background hue. The background, meanwhile, is quiescent
and does not exhibit frame-to-frame hue variations. In this way, the jet pe-
riphery is distinguished, and the axial location where it suddenly thins can
be determined to locate the first stage ignition. Recall that the mixing and
LTHR reactions slowly raise the temperature at the periphery to match the
hue to that of the background, causing the aforementioned contraction near
location (a) in Fig. 10.

Figure 11 shows histogram plots of first stage IDT for different fuels.
Results show that n-heptane and CN54 both undergo first stage ignition at
about the same time, i.e., 1.4-1.5 ms aSOI. This result indicates that CN
of these two fuels is also a good indicator of the onset timing of cool flame
chemistry. In spite of this match, Fig. 10 shows that the LTHR associated
with first stage ignition is more robust for n-heptane than that for CN54
indicating that a physical process is affecting the results. For CN40, the first
stage ignition takes place at about 1.7 ms aSOI, which is consistent with the
lower CN of the fuel.

Next, Fig. 12 presents histogram plots of the axial location for each fuel
where the first stage ignition begins, as at (a) in Fig. 10. Figure 12 demon-
strates that on average, the axial location for first stage ignition depends
upon the fuel. It is closest to the injector for n-heptane, and at least 5 mm

downstream for CN54 on average, and another few millimeters downstream

41



for CN40. The separation between n-heptane and CN40 can be explained by
the lower chemical reactivity of CN40. However, axial separation between
n-heptane and CN54 ignition location seems unlikely to be a chemical ef-
fect because these two fuels have matching IDTs for first stage and main
ignition events. Interestingly, Fig. 12 shows that first stage ignition occurs
downstream of the liquid length even though large injection-to-injection vari-
ations are present. Histogram plots show that first stage ignition occurs at
13mm or greater for n-heptane (liquid length is 10 mm) and at 21 mm or
greater for CN5H4 whose liquid length is 18 mm.

These results demonstrate that even though n-heptane and CN54 exhibit
similar first stage and main ignition behavior, and the physical delay times for
fuel vaporization are similar (see Figure 4), the vaporized fuel for n-heptane
is available closer to the injector (by about 8 mm) because of its smaller liquid
length. Thus, all subsequent phenomena including first stage ignition, main
ignition, and lift-off occur closer to the injector (by about the same 8 mm)
for n-heptane compared to those for CN54. Overall fuel vapor availability at
a farther downstream location for CN54 causes the mixing process to entrain
more oxidizer into the fuel jet, which likely causes less robust LTHR and
reduces the local equivalence ratios (and ATFEFS as shown in Fig. 9) at lift-
off length to reduce soot formation in the flame. Recall that complete fuel
vaporization takes 0.1 ms longer for CN54 compared to n-heptane, i.e., the
physical delay time associated with complete fuel vaporization is insignificant
compared to the first stage IDT of 1.4ms and main IDT of about 1.8 ms.

As shown in Fig. 12, LTHR for CN54 occurs farther downstream, allow-

ing for additional fuel-air mixing, and hence, less robust heat release rate.
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Figure 11: Histogram plot of Low-Temperature Heat-Release (LTHR) timings for each
fuel (bin width = 0.1 ms).

In Fig. 12, the further displacement of first stage ignition for CN40 must be
primarily chemically-driven, given its lower CN and thermophysical proper-
ties similar to CNbH4. It seems clear that the onset of first stage ignition and
related phenomena such as LTHR, sudden jet expansion, main ignition loca-
tion, and flame stabilization affecting lift-off length are all determined by the
availability of the vaporized fuel at the end of the liquid length, established
by the thermophysical properties of the fuel.

3.7. Refractive Index Difference Profiles

Figure 13 displays the LTHR behavior quantitatively using average nor-

malized refractive index difference profiles at select axial locations obtained
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Figure 12: Histogram plot of Low-Temperature Heat-Release (LTHR) location for each
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by RSD (n = n/n, — 1, where n is local and n, is background refractive
indexes, respectively); conversion of recorded hues to n utilizes a rigorous
calibration process discussed in prior works [29, 28]. 7 is calculated from
Abel inversion of ensemble-averaged axisymmetric deflection angle data from
RSD. Note that n depends upon density, which is a function of the pressure
(constant in this study), gas constant, and temperature, the last two depend-
ing upon local fuel-air mixture. Assuming adiabatic mixing in non-reacting
flows, a unique relationship can be developed to relate measured n to fuel
mole fraction [28]. However, applying those methods to fuel sprays under
reacting conditions is not been well documented in the literature, and thus
results are presented as 7. Since fuel vapor has a higher molecular weight or
refractive index than air, a positive 7 corresponds to low-temperature fuel-
rich regions, while negative 17 would occur where the mixture temperature
rises, for example, by chemical reactions. The narrowing of the RSD-based
vapor boundaries previously described is a result of the shift through n = 0
as LTHR increases local mixture temperature during the mixing process.
Figure 13 shows radial profiles of refractive index difference at selected
axial locations at 1.8 ms aSOI when the main ignition has just occurred at a
farther downstream location and the presented profiles are not affected by the
HTHR. For each fuel, profiles are shown at three axial locations: the location
where jet expands suddenly (point labelled 1 in Fig. 8), 4 mm upstream of
it, and 4 mm downstream of it. The jet expansion locations are 33 mm and
44 mm, respectively, for n-heptane and CN54. The magnitudes of 1 cannot
be compared directly between fuels, but rather the trends are important. In

both cases, profiles show slight radial expansion and a decrease in n values
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across the radius as the axial distance increases. This trend can be attributed
to the mixing process, whereby the jet width increases, and at the same time,
entrained fluid mixes with the fuel to decrease the fuel fraction and increase
the temperature of the local mixture; both of these effects decrease the local
refractive index.

The profiles in Fig. 13 reveal significant differences between n-heptane
and CN54 in the outer regions of the jet. In case of n-heptane, the n profile
at 33 mm, where sudden expansion takes place, shows negative values that
cannot be explained by the mixing alone. Instead, significant heating by
LTHR has taken place in these regions to depress the refractive index differ-
ence into the negative range. This heating is also accompanied with radial
expansion of the jet, and both trends continue at the downstream location
of 37mm. For CN54 the n profile edges are still positive, indicating minimal
if any significant temperature rise by LTHR at these positions in the jet. In
the jet core, refractive index difference changes mainly by the mixing pro-
cess, and thus the two fuels exhibit similar trends. Overall, Fig. 13 provides
quantitative evidence of significant heating by LTHR for n-heptane, which
has access to vaporized fuel closer to the injector exit. Heating by LTHR has
likely progressed sufficiently to accumulate PAH fragments (formation begins
between 900 and 1000 K [21]) upstream of the lift-off length that subsequently

leads to extensive soot formation in the core of the diffusion flame.

4. Summary and Conclusions

In this study, the effect of a fuel’s chemical and thermophysical properties

were isolated by investigating three fuels under reacting conditions using a
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slightly modified diesel injector. The three fuels include n-heptane and two
primary reference fuel blend of n-hexadecane and heptamethylnonane result-
ing in cetane numbers of 54 and 40 (called CN54 and CN40, respectively),
chosen to create a set with similar thermophysical properties and/or similar
cetane number rating; tests comparing trends with similar thermophysical
properties but different cetane number (CN54 vs CN40) and visa versa (n-
heptane vs CN54) were considered. The constant-pressure test facility used
in this study provided stable ambient conditions to perform 150 to 500 injec-
tions in quick succession for each fuel. Three high-speed optical diagnostics
were used to simultaneously image the transient evolution of the jet including
liquid fuel vaporization, vapor penetration, first stage ignition and LTHR,
main ignition and HTHR, and soot formation. Analyses include Abel in-
verted schlieren and OH*CL data, obtained with the use of a large number
of injections, to monitor spray development, reaction zone movement, and
related phenomena. The following are key summary and conclusions of this

study:

e Thermophysical properties of the fuel determine the liquid length. n-
Heptane has lower boiling point and lower density which resulted in smaller
liquid length of 10 mm at the test conditions. The higher boiling point and
density of CN54 and CN40 increased the liquid length to about 18 mm.
Fuel evaporation added negligible physical delay of only 0.1 ms to produce
fully vaporized fuel for mixing within 0.15 to 0.25ms after injection.

e The vapor penetration length was independent of the fuel indicating that
fuel properties do not affect the overall entrainment of ambient fluid and

mixing, a result in agreement with the findings of Kook and Pickett [22].
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The ignition delay times for the first stage ignition and main ignition were
indistinguishable between n-heptane and CN54 indicating that the present
experiment accurately replicated the CN behavior of these fuels.

In spite of the same cetane number and ignition timing, the first stage ig-
nition and main ignition occurred at different axial locations for n-heptane
and CNbH4, and the lift-off length for these two fuels was also different
indicating that these differences are caused by thermophysical effects as
opposed to chemical effects of the fuel.

The delay times for first stage ignition and main ignition for n-heptane/CN54
and CN40 were easily separable as expected because of the different CNs
of these fuels.

Ignition location exhibited effectively no correlation with IDTs indicating
that ignition occurs in localized kernels that can take different trajectories
depending upon the turbulent mixing processes.

Low-temperature heat release (LTHR) was robust and closer to the injector
for n-heptane followed by CN54 and then CN40. The quasi-steady lift-off
length was also positioned in the same sequence, i.e., n-heptane, CN54, and
CN40. The robust LTHR likely increased PAH formation before lift-off as
precursors to soot.

In agreement with existing correlations between soot mass and lift-off
length, soot mass was highest for n-heptane, followed by CN54 and then
CN40. This trend does not agree with measurements of a fuel’s soot
propensity based on simple flame configurations.

Composite schlieren, OH*CL, and 2CP images provided excellent visual-

ization of the diffusion flame and its relationship to the soot cloud. The
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reaction front recessed upstream to stabilize at the lift-off length, seemingly
determined by the LTHR.

The apparent turbulent flame speed at the lift-off length was higher for
n-heptane compared to CN54, and it correlated with LTHR upstream of
the lift-off length.

Refractive Index Difference profiles confirmed that n-heptane received sig-
nificantly more heating by LTHR, much closer to the injector, than CN54.
All these factors lead to a measured peak soot mass of 100x less for the
CNbH4 blend despite matching ignition timing.

Even though the physical delay times for fuel vaporization are similar for
different fuels, the axial location where vaporized fuel becomes available
depended upon the liquid length, which was found to be the primary factor
affecting LTHR, ignition locations, and lift-off length. All these parameters
shifted downstream by about 8 mm (same as the difference in the liquid

lengths) for CN54 compared to n-heptane.

The present study utilized fuels with single or two species with similar

boiling points. However, real fuels contain a large number of chemical species

with varying boiling points, as defined by fuels’ volatility curve. Further,

end of injection behavior can contribute significantly to eventual engine out

emissions, however exploring those effects was out of the scope of this work.

Thus, further work will be needed to study the impact of more complex fuel

blends and end of injection effects.

In conclusion, these measurements and observations highlight the critical
connection between fuel properties and flame stabilization mechanism (and

thus, soot formation) in transient reacting sprays at high-pressure, high-
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temperature ambient conditions. Particularly, the liquid length, determined
by fuels’ boiling point temperature and density, can greatly affect the first
availability of the vaporized fuel, and thus, first and main ignition locations,
LTHR, lift-off length, and soot mass. Results show that the sooting be-
havior of a fuel in high-pressure diesel-like reacting sprays can be contrary
to the expectations based on fundamental studies of fuel’s molecular struc-
ture. Consistent with literature and supported by present observations, spray
development and mixing, LTHR (if distinguishable), flame stabilization pro-
cesses, and injection to injection variations can have greater impact on the
sooting behavior than the chemical make-up of the fuel alone. Thus, fuel
screening efforts should consider transient spray development and combus-
tion at relevant ambient conditions, and how these phenomena are affected by
fuel’s chemical and thermophysical properties while utilizing a large number

of injection experiments.
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Abstract

Two-Color (2C) pyrometry technique has been used extensively to quantify temperature
and/or soot concentration in flames. Originally developed for point measurements, 2C
pyrometry has increasingly been used with high-speed camera systems to acquire temporally
and spatially resolved measurements. Several optical designs of 2C pyrometry are available in
the literature, but most tend to introduce undesirable errors such as parallax and unequal
optical path lengths. In this study, a novel 2C pyrometry setup using off-the-shelf optics is
presented to minimize these optical aberrations by design rather than post-processing
compenstation. The setup is integrated with a high-speed camera to obtain measurements in
flames. Experiments were conducted to demonstrate the errors introduced by existing designs,
and then the capabilities of the system are demonstrated by acquiring temperature and soot

concentration measurements in a flickering diesel wick flame.

Keywords: two-color pyrometry, soot measurements, temperature measurements

1. Introduction

Particulate Matter (PM) or soot emissions from combustion
have long been recognized for their harmful effects on human
health and environment. Exposure to PM can cause respiratory
irritation, asthma-like symptoms, and increased risk of cancer
[1]. PM emission is second only to carbon dioxide in its impact
on climate forcing [2]. Combustion strategies that improve
fuel efficiency such as gasoline direct injection (GDI),
compression ignition (CI) or diesel engines tend to increase
PM emissions [3]. In recent years, advanced engine strategies
as well as new fuel blendstocks have been and continue to be
explored to enable cleaner combustion [4]. Two-Color (2C)
pyrometry (also called the 2-Color method or 2-Color
thermometry) has been used since the 1930s to characterize
the sooting tendency of flames to account for fuel chemistries
and combustion conditions in a variety of studies for diesel
engines [5,6].

XXXX-XXXX/ XX/ XXXXXX

The principle of 2C pyrometry is based on the detection of
radiative emissions from soot along the line-of-sight in the
flame at two distinct wavelengths in the visible light spectra.
Then, the signal is mathematically manipulated to quantify the
soot concentration and temperature representing the line-of-
sight. Numerous optical system designs to facilitate the
application of 2C pyrometry to suit different test scenarios
have been developed. Based on a review of the literature, and
specifically the prevalent optical designs, key weaknesses
have been identified and addressed by a novel optical design
presented in this work. The present design aims (1) to reduce
uncertainties associated with the optical hardware affecting
the two spectral signals, and (2) to construct a simple system
using off-the-shelf optical components. The following
sections provide a brief theoretical background and calibration
process, an assessment of the errors associated with existing
designs, an optical design and how it overcomes existing
drawbacks, and an application example in a simple flickering
flame to illustrate the methodology.
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2. Background

2C pyrometry is an established diagnostic with extensive
publications over the last century for combustion and other
applications such as thermal plasma [7] and metallurgical
processes [8, 9]. The underlying principles of 2C pyrometry
are presented in this paper, and for details, the reader is
referred to the existing literature [10, 11, 12]. Originally used
for spatially averaged measurements employing a
photodetector, new methodologies for 2C pyrometry have
been developed to acquire spatially resolved data by camera
systems employing a 2D imaging sensor [13, 14, 15].

2.1 2C Pyrometry Principles

Thermal radiation from soot particles dominates the flame
luminosity — this is the basis of 2C pyrometry. The detection
of thermal radiation at two distinct wavelengths allows for the
calculation of soot concentration and temperate in the flame
[16]. The starting point for this analysis is the Planck’s
equation of spectral blackbody radiation:

E =
bA =TT G N
A5 [e(cz/AT) - ]_] (M
E,, — spectral emissive power of a blackbody at
temperature T (W/m? um)
A — wavelength (um)
T — temperature (K)

C, Planck’s first constant =3.742x10% (W-um®*/m?)
C, — Planck’s second constant =1.4388x10° (um-K)

Multiplying Eq. 1 by the monochromatic emissivity, €,
yields the spectral emissive power of a non-blackbody at the
same temperature.

Ey(T) = €,E, 2(T) )

Spectral emissive power of a non-blackbody at
temperature, T, can be equated to the spectral emissive power
of a blackbody at a reduced or apparent temperature, Ty, .

Ex(T) = Epa(To) 3)
Substituting Eq. 3 into Eq. 2 yields:
Eb A(Ta)
€= ——n 4
A B a () @

Next, a widely used relationship from one of the original
works on 2C pyrometry by Hottel and Broughton is often used
[6]. The basis of this relationship is Kirchoff’s law of thermal
radiation which states that for a surface in thermal equilibrium
with its surroundings, spectral emissivity is equal to spectral
absorptivity (6; = a;). Thermal equilibrium of the soot with
the surrounding gases (< 1 K difference) occurs very quickly
for in-cylinder diesel combustion, within 10-° and 10 second

[7], which lends credibility to this assumption. The Hottel-
Broughton relationship in Eq. 5 establishes the linkage among

momochromatic  emissivity, soot concentration and
wavelength.
€, =1— e KL/A® (5)
a — constant (~1.39 for visible) based on the
wavelength range of the measurement
K - absorption coefficient (proportional to number
density of soot particles)
L — depth of the flame (characteristic length)

The product KL indicates soot concentration in the flame,
and it is a physical quantity independent of the wavelength.
With some algebraic manipulation, Eqgs. 1, 4, and 5 can be
combined to solve for the product KL in terms of wavelength,
A, apparent temperature, T, and actual temperature, T. In 2C
pyrometry, the product KL is obtained for two different
wavelengths and equated to one another. Thus,

e(C/aT) _ 1\
(KL) ;, =(KL) ,, = [1 - (e(Cz/llTal) _ 1>]
Lo (60b)
e(C2/2;T) _ 1 2
= [1 - <e(cz/127‘a2) _ 1)]

The apparent temperatures (Tg,, Ty, ) are measured by 2C

v
pyrometry. Then, the soot temperature, T, and product KL can
be calculated from Egs. 6a, and 6b. Note that 2C pyrometry is
a line of sight technique, and hence, T and KL represent
respectively temperature and soot concentration along the line
of sight. Particularly in turbulent flames of diesel engines,
variations and gradients along the optical axis of the flame
cannot be distinguished by the 2C pyrometry measurement
[17]. Other diagnostics techniques can be used for more
accurate measurement of soot concentration such as laser-
induced incandescence (LII) [18] or 2C diffused back-
illumination [19], but these require greater optical access,
which is not always possible. Even though 2C pyrometry does
not yield an absolute measurement, it does provide a strong
indication of trends in soot concentration and temperature in
flames and is often used for quantitative comparison of results
at different test conditions. Error propagation in 2C pyrometry
caused by uncertainty in properties such as soot emissivity and
particle morphology are analysed in [20, 21].

2.2 2C Pyrometer Calibration

Each 2C pyrometer is unique in design and application and
thus, it requires calibration to relate the measured spectral
signals to the property of interest. The goal of the calibration
is to correlate the spectral intensity measured by the camera to
the spectral emissive power of a blackbody (E}, ;) at a given
temperature. Ideally, a blackbody at a known temperature
would be used as the source to deliver known emissions to the
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Figure 1: a) Calibration curves for the two wavelengths (exposure time: 98 ps, f-strop: 1.4, distance from source: 0.61
m, b) Apparent temperature versus radiance for each wavelength.

2C pyrometer, which can then be correlated to the intensity
measured by the camera with specific settings (f-stop,
exposure time, and camera distance from the emitter). This
process must be repeated at different blackbody temperatures
to develop the calibration curve between camera intensity and
blackbody emission at various temperatures. Thereafter, when
collecting data from a flame, the measured camera intensity
can be correlated to the apparent blackbody temperature based
on the calibration curve for each wavelength.

However, the use of a blackbody calibration source is often
impractical because of the high cost. As a result, many studies
report calibrations carried out with a tungsten filament lamp.
The lamp emulates blackbody behavior by passing an
electrical current to heat the filament invoking thermal
radiation. Although such lamps do not exactly follow a
blackbody emission spectrum, their radiance across the visible
spectrum is known from manufacturers’ calibration; radiance
is spectral emissive power divided by 7. Certainly, as has been
pointed out in the literature [22], the calibrated tungsten lamp
method is less accurate than a true blackbody. However, this
calibration approach is often sufficient since a properly
calibrated lamp has NIST traceable calibration. In any case,
the most rigorous calibration method is not crucial since 2C
pyrometry is not an absolute measurement.

The 2C pyrometer in this study was calibrated with a
tungsten uniform illumination sphere (UIS) from StellarNet.
The UIS had three calibration points based on a variable power
setting to yield three corresponding radiance spectra. To create
a more continuous calibration curve, neutral density (ND)
filters were used to decrease the radiance at a known power
setting by a fraction (given by the optical density of the ND
filter) which yields additional data points to relate camera
intensity to radiance values. With this method, a series of
images were recorded by the camera using the various power
settings and ND filters; intensity values measured across the
UIS emission port were averaged to build the calibration curve

in Figure la. Radiance values are then converted to apparent
temperatures as discussed previously. When processing flame
data, the intensity measured at a given pixel location is related
to the radiance value using the calibration curve for the
particular wavelength in Fig. la and then the apparent
temperature is obtained from Figure 1b. The camera signal
will of course vary based on the exposure time, f-stop, and
distance from the source; therefore, calibration is performed
for the settings used for data acquisition.

2.3 Previous 2C Pyrometer Optical Configurations

The literature is full of various optical configurations of 2C
pyrometers that have been constructed and used for data
collection over a variety of flame types and devices. Each of
these designs have their respective pros and cons but all
employ the same basic approach, i.e., record and analyze an
object’s radiative emissions at two distinct wavelengths. The
early versions of 2C pyrometers utilized a bifurcation module
to split the emissions (light) from the object into two paths,
then two distinct bandpass filters would be placed in each light
path and subsequently, spectral light in each path would be
measured by photodiodes, as described by Zhao et al [10]. The
photodiodes in effect “average” the light intensity over the
field of view of the optics and therefore did not resolve spatial
variations. With the introduction of the high-speed digital
cameras (whose sensors can be thought of as an array of
photodiodes), the emissions from the flame could be spatially
and/or temporally resolved across the field of view.

Singh et al. devised a hybrid system with a photodiode and
a high-speed camera [14]. This unique design was equipped
with three photodiodes to provide an additional wavelength
detection in the near-infrared region. The camera detected the
natural luminosity of the flame to yield qualitative information
about regions with high soot concetrations and temperatures.
However, the intensity was averaged across the field of view
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to calculate the product KL and temperature. Thus, this setup
could not be used to spatially resolve soot concentration and
temperature across the field of view.

In more recent works, the 2C pyrometer designs take full
advantage of the spatial data processing capabilities of digital
cameras. For example, Densmore et al. applied a beam-splitter
and bandpass filters to direct the spectral images to two
individual monochromatic cameras [13]. Some works have
circumvented the need for splitting the image by using a color
camera and demosaicing the image from the built-in color
filter of the camera [5, 22, 23]. A color camera eliminates the
need for additional optical components since the signal is
channeled directly to the camera and is separated into distinct
wavelengths in post processing. This approach limits data
collection to built-in color filters of the camera, and spectral
responses of the camera must be well known. Additionally,
some resolution of the flame is lost during the demosiacing
process since pixels are divided among the mosaic filter.

Other unique experiments in 2C pyrometry have extended
traditional methodologies to produce more accurate results.
The development and evaluation of multi-spectral pyrometry
(collecting measurements with more than two wavelengths)
can reduce uncertainties by providing multiple measurements
to validate the results [25]. With a multi-camera setup to
image the flame at different angular orientations, Moinul et al
produced 3D reconstructions of flame temperature and
emissivity using the 2C pyrometry technique [26].

Two prevalent 2C pyrometer optical designs shown
schematically in Fig. 2 are discussed next. The first, Fig. 2a,
utilizes a commercially available image doubler (stereoscope),
a bandpass filter pair, and a monochromatic camera [12, 24].
Such a design offers simplicity since the image doubler is

mounted on the camera like a lens and the system is ready for
calibration and data collection. There would be no need to
select, configure and align optical components — as was
necessary for the work presented in this paper. However, the
cost of a commercially available image doubler is much
greater than the off-the-shelf optical components used in this
study. Perhaps the most significant error to consider with this
system is the parallax or the discrepancy produced by viewing
the same object from two different points of view. Ideally, the
test media (or flame) must be imaged from the same point for
both wavelengths to ensure precise pixel-to-pixel mapping,
which is crucial to pair the apparent temperatures at each pixel
location in the two images and thus, to spatially resolve the
measurements. The parallax depends on the spacing between
light entrance paths on the image doubler and the distance
between object and image doubler. As can be inferred from
Fig. 2, placing the 2C pyrometer too close to the test media
will increase the parallex angle (6) and thus, each spectral
image would be acquired from a substantially different point
of view. Placing the 2C pyrometer far away from the test
media will reduce the parallex angle (8) but at the expense of
the spatial resolution and/or overall signal intensity. Errors
associated with parrallax are discussed in detail in the results
section of this work.

Payri [11] utilized a similar scheme as in [12, 24] but with
the addition of a beamsplitter to eliminate the parallax as
shown in Fig. 2b. However, the optical path length upstream
of the camera sensor is different for each wavelength. Thus,
the images recorded by the camera will be of different sizes
and one or both will be slightly out of focus. The typical
approach is to resize one of the images in post-processing to
match the pixel locations in the two images, which can be a

Test Media

(Soot Cloud)

Turning Mirror

)

Beamsplitter -

Bandpass

“ Filters
: 1
I ] . |
I ,’ . I‘ 7777777777 Stereoscope
| ] | (Image Doubler)
I \'K - / :
I 1 :
P A .

To Camera To Camera

Figure 2: Schematic showing image doubler with a) separate viewpoints causing parallax,
and b) single viewpoint and a beamsplitter causing difference in the optical path length.
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source of significant error. Furthermore, the pixel resolution
of the image is limited by the smaller of the two images. In the
results section, the effect of path length differences is analyzed
in greater detail.

2.4 New Optical Configuration

The 2C pyrometer presented in Fig. 3 provides a practical,
cost-effective solution using off-the-shelf optics to resolve
issues associated with previous designs. Additionally, it will
be shown that parallax and path length differences can
aversely affect the results, making them physcially
meaningless in some cases. In particular, this will be the case
when a camera sensor is used to acquire spatially resolved
measurements, for example, in turbulent flames with
embedded structures of different length and time scales.

The present setup uses a beamsplitter as the primary optics
for light collection and it is oriented at 45° angle with respect
to the camera sensor, thereby dividing the image
symmetrically about the axis of the camera lens. Bandpass
filters are attached to the beamsplitter to pass the light through
the system at the desired wavelengths. Filters with 550 nm and
650 nm central wavelengths respectively and bandwidth of 10
nm FWHM are used [12]. A pair of turning mirrors reflect the
two signals towards a right-angle prism mirror which directs
the signals toward the high speed camera (Phantom v7.3) for
imaging on the same but separate portions of the sensor.

The present design provides several additional benefits.
Use of a monochromatic camera offers flexibility in choosing
the bandpass filters and bandwidths. A design with off-the-
shelf optics offers flexibility to use any combination of
bandpass filters for different ranges of sensitivity, and to easily
change the field of view by changing the camera lens.
However, most importantly, this setup has equal path lengths
for each signal which eliminates the need to resize the image
in post-processing and the beamsplitter eliminates the parallax
present in other designs.

3. Experimental Setup

The experiments presented in this work were designed first
to analyze the errors introduced by parallax and differing path
lengths, and then to apply the new 2C pyrometer to
demonstrate its benefits and measurement capabilities. The
effect of image parallax is assessed by simulating a
stereoscope with receiving optics spaced 12.5 cm apart to
introduce the parallax angle (0) (see Fig. 2a) for varying
distances from the test media. The effect of signal path length
is evaluated by displacing the right-angle prism mirror by 1.25
cm, thereby simulating a 2C pyrometer with path length
difference of 2.5 cm between the two wavelengths. Lastly, the
2C pyrometer with the new optical design was constructed and
images of a flickering flame were acquired and analyzed.

All experiments were conducted with a simple diesel-
fueled wick flame as the test media. The flame was created by

Test Media
(Soot Cloud)

\l_ _______ __’\Turning Mirror
d
_UhN ’

Beamsplitter +
Bandpass Filters

Turning Mirror -—E_

Figure 3: Schematic of Optical Configuration for the new
2C pyrometer

pouring a small amount of diesel fuel into a beaker and using
a cotton wick to draw up the fuel for burning. The result was
similar to a candle flame but one end of the wick was
immersed in diesel and on the other end, the flame steadily
burned while producing considerable amounts of soot. The
same flame was used in experiments with each of the three
pyrometer constructions.

4. Results

4.1 Flame Similarity and Alignment

The beamsplitter in the 2C pyrometer design presented here
permits recording of the flame emissions from the same point
of view for both wavelengths with equal path lengths, and
therefore the intensity characteristics of the two images can be
precisely correlated at each pixel location, which is crucial to
obtain reliable pixel-to-pixel mapping with high spatial
resolution. Indeed, flame images acquired without the
bandpass filters (i.e. natural luminosity) showed that the
intensity distributions in the two images matched each other.
Ideally, intensity distributions in the two images without
bandpass filters would be identical; slight differences can be
attributed to an imperfect 50-50 split by the beamsplitter
which is accounted for by the calibration process.

4.2 Parallax Error Analysis

Ideally, in 2C pyrometry, the two images must be identical
except for the wavelength dependent intensity variations. This
is feasible with the use of a beamsplitter allowing imaging of
the object (or flame) at the two different wavelengths from the
same point of view. However, as discussed earlier, some
systems in the literature have used commercially available
stereoscopes that view the object at different locations to
create a stereoscopic image using a set of mirrors. Even a
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Figure 4: a) Flame images for parallax angle of 9.9°, and b) Transverse profiles of intensity at varying axial locations

small difference in the viewpoint introduces parallax that can
be significant depending upon the parallax angle ().

Thus, a stereoscope setup was emulated with a pair of
turning mirrors and a right-angle prism mirror to measure the
natural luminosity of the flame. The diesel burning wick flame
was placed at distances of 0.61 m and 1.22 m away from the
pyrometer setup, yielding parallex angle, 8 (Fig. 2) of 9.9° and
5.6°, respectively. Two natural luminosity images (without
bandpass filters) were recorded simultaneously with a high
speed camera and are shown in Fig. 4a. This setup
demonstrates noticeable differences in the images acquired
from different viewpoints, because the flame is asymmetric.
Upon close observation of Fig. 4a, it is apparent that the image
on the left is wider than the one on the right and the features
in the right image are more pronounced and grouped within a
smaller radial extent. These differences are evident in Fig. 4b,
which shows the transverse profiles of intensity at different
axial locations. For example, the crests and troughs of
intensity profiles for the two images appear out of phase in
Fig. 4b. This misalignment of flame images is a result of the
9.9° parallax angle and indicates that the individual pixels in
the two images cannot be mapped precisely with each other
which would result in non-physical solutions for the actual
temperature and KL values.

Figure 5 shows images of a flame placed at a greater
distance away from the 2C pyrometer to decrease the parallax
angle. As a result, the separation between the two viewpoints
is not as great as in Fig. 4 and thus, the images in Fig. 5a
appear similar to one another. However, the intensity profiles
at various axial locations in Fig. 5b show that the intensity

profiles for the two views do not match and appear out of
phase, similar to Fig. 4b. Furthermore, greater more pixilation
can be observed in Fig. 5a compared to that in Fig. 4a due to
the reduction in parallax angle being accompanied by a loss in
the spatial resolution. This effect may be addressed partially
by using a higher focal length camera lens but at a trade-off of
light throughput because of a potentially lower lens f-stop and
more diffuse soot radiance at a longer distance from the flame.
While a minimum parallax angle can be prescribed to reduce
this type of error, the addition of a beamsplitter completely
eliminates the parallax.

The line-of-sight nature of 2C pyrometry introduces
additional complexities with parallax. Each pixel of the
camera images the thermal emission integrated along a
particular line-of-sight. However, with parallax, the line-of-
sight will be different for the two wavelengths, making the use
of Egs. 6a, b physically inconsistent. For example, consider a
hypothetical case in which the red light (650 nm) of one soot
particle and the green light (550 nm) of another soot particle
are measured and used to solve for the temperature. If a
numerical solution is even possible, it will not represent the
temperature of either of the two soot particle, i.e., the result is
effectively meaningless. Again, the problem is completely
avoided by incorporating a beamsplitter in the optical design
of the 2D pyrometer.

4.3 Effect of Path Length

To simulate the effect of different path lengths, the right-
angle prism mirror in Fig. 3 was moved towards one of the
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turning mirrors to increase the length of one path by 1.25 cm
and decrease the length of the other path by 1.25 cm causing
a path length difference of 2.5 cm. In this case, Fig. 6a shows
that one of the recorded flame images is smaller than the other.
In Fig. 6a, the smaller image is on the left was resized to match
the larger image and then the intensity profiles for both flames
were plotted in Fig. 6b. Contrary to Figs. 4 and 5, Fig. 6b
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shows matching intensity profiles for the two images albeit
after resizing in post-processing. The scaled intensity profiles
are similar since the beamsplitter ensures a single viewpoint
for both wavelengths. While this setup is a viable option, the
image resizing represents a potential source of error. Resizing
can be difficult or impractical in turbulent flames containing
structures with multiple length and time scales. Additionally,
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Figure 6: a) Flame images for path length difference of 2.5 cm, b) Transverse profiles of intensity at varying axial
locations; the small image was scaled up to the size of the larger image at each axial location.
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it is impossible to focus both images due to their differences
in focal length. This lack of focus is manifested as bluring of
the image(s). In effect, the blurring would prevent proper
resolution of turbulent structures in the soot cloud causing a
more spatially averaged measurement, rather than pixel
mapping corresponding to precise physical locations in the
flame. Again, the present system eliminates these problems
by design to maintain equal path lengths for the two signals.

4.5 Sample Results from New Design

The capability of the new 2C pyrometer design is
demonstrated by again collecting data on the aforementioned
diesel wick flame. The 2C pyrometer in Fig. 3 was constructed
and then calibrated using the UIS system to obtain calibration
curves shown in Fig. 1. Flame images were recorded at 10,000
frames per second with an exposure time of 98 ps and pixel
resolution of 5.8 pixels/mm.

Figure 7 demonstrates the ability of the 2C pyrometer
design to map the features of the flame in the two images
recorded by the camera. The images in Fig. 7a were taken with
bandpass filters to enable 2C pyrometry processing, rather
than the broadband natural luminosity images shown in Figs.
4-6. In effect, the intensity distribution in the two images is
different because of the spectral emissions from the flame are
different at the two wavelenghts. Figure 7b shows transverse
intensity profiles at various axial locations demonstrating
excellent match in profiles shapes for the two images at all
axial locations. Specifically the difference in intensities of the
two images is much smaller at the bottom of the flame

compared to that at the top of the flame. The signficance of
this effect is discussed in the following section.

To demonstrate the 2C pyrometry image processing
procedure, Fig. 8 shows results for three timesteps at 10 ms
intervals to depict the flickering of the flame. For each instant
and pixel location, the intensity measured by the camera is
converted to radiance value using the calibration curve for the
corresponding wavelength (Fig. 1a). The radiance values for
the two wavelengths are converted to a pair of apparent
temperatures (Fig. 1b), and then Eq. 6 is used to solve for the
actual temperature (T) and the product KL. Detailed analysis
of the specific features of the flame is beyond the scope of this
work, but as expected, the soot concentration is highest at the
flame tip where the temperature is the lowest due to lack of air
resulting in rich combustion.

4.5 Extent of Measurement Capabilities

An important strength of 2C pyrometry is its ability to
output two useful variables, temperature and soot
concentration, from apparent temperatures measurements for
two wavelengths. Figure 9 exhibits the viable solutions to Eqn.
6 in a graphical form. This style of plot was inspired by Hottel
and Broughtons’ work on 2C pyrometry in 1932 [6] although
similar computations and predicitons of measurement ranges
have been performed in recent studies [27, 28]. In Fig. 9,
experimental data from the diesel wick flame are
superimposed to show the range of values actually observed
in the measurements. The flame temperature varied from
around 1450 K to 2400 K, yet the apparent temperature for the
650 nm wavelength ranged between 1300 K and 1500 K.
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Figure 7: a) Flame images obtained by the present 2C pyrometer design, left and right images were obtained with 650 nm
and 550 nm band-pass filters respectively, b) Transverse profiles of intensity profiles at varying axial locations.
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product KL in a diesel wick flame

According to Eq. 5, an increase in KL will also increase €;.
Thus, increasing soot concentration causes soot emission to
behave more like a blackbody. Indeed, for very high soot
concentration or KL, the two apparent temperatures would be
the same and equal to the blackbody temperature. The top
portion of Fig. 9 depicts these conditions when the measured
apparent temperatures are close to each other (AT, = 10 K);
the soot concentration or KL is large and the temperature, T,
is only slightly greater than the apparent temperatures. For the
diesel wick flame in this study, the smallest difference in
apparent temperatures was 9.2 K, resulting in KL of
approximately 1.0 and monochromatic emissivity of 0.84 and
0.90 respectively for wavelengths of 650 nm and 550 nm.
Only a few experimental data points resided in this region.
Conversely, low soot concentration implies low emissivity or
a significant departure from the blackbody behavior.
Experimental results is Fig. 9 show that the flame temperature
is lower in regions of high soot concetration. This result can
be explained by recognizing that the soot tends to form at fuel-
rich conditions where temperatures are far below the
stoichiometric flame temperature. The bottom of Fig. 9
pertains to near stoichiometric conditions where soot is burned
off at high flame temperatures.

The left bound of the experimental data in Fig. 9 results
from the camera noise threshold utilized to process the
images, i.c., data to the left of the experimental points in the
plot were filtered out. Conversely, if the flame brightness were
to saturate the camera sensor, a similar cut-off would need to
be implemented on the right side of the experimental data.
Therefore, while the isolines in Fig. 9 represents all possible
measurement conditions, the actual range can be constrained
by the dynamic range of the camera.

5. Conclusions

In this study, a new optical design for 2C pyrometry is
presented to eliminate errors associated with parallax and
optical path length difference for the two wavelengths;
parallax occurs when an object is imaged from separate
viewpoints and optical hardware placement in 2C pyrometry
setup can introduce path length differences. Although these
errors have been acknowledged in past studies, they have not
been fully addressed. The present system overcomes these
problems by optical design, built from off-the-shelf hardware
components, to develop a highly flexible and cost effective
device utilizing a single imaging camera.

First, the device was configured to simulate parallax and
show that it displaces (spatially) features within the flame in
images acquired at the two wavelengths. Thus, the basic
principle of 2C pyrometry requiring intensity, radiance or
apparent temperature measurements at the same physical
location for both wavelengths is violated. Consequently, the
derived quanitities of temperture and soot concentration could
be numerically intractable, physically irrelevant, or spatially
unresolved, depending upon the parallax angle.

The configuration simulating different optical paths for the
two wavelengths confirms that intensity measurements must
be scaled in post-processing to account for the differences in
image sizes to yield intensity data at the same physical
location in both images. Image scaling can be challenging,
especially in practical turbulent flames containing embedded
vortical structures of multiple length scales.

Next, the improved measurement capability of the new 2C
pyrometer compared to the existing designs was
demonstrated, and then the system was used to obtain contours
of temperature and soot concentration in a flickering diesel
wick flame. Results are considered spatially resolved since
matching pixels in both images represent the same physical
location in the flame. However, 2C pyrometry is a line-of-
sight technique, and thus, multiple views and tomography
techniques will be required to obtain the local measurements
in asymmetric turbulent flames. Still, the present spatially
resolved single view measurements can be effective to
compare different portions of the flame and/or flames at
different operating conditions such as varying fuel type,
ambient temperature, fuel injection strategies, etc.
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ABSTRACT

In support of efforts to develop improved models of turbu-
lent spray behavior and combustion in diesel engines, experimen-
tal data and analysis must be obtained to guide and validate them.
For RANS-based CFD modeling approaches it is important to
have representative ensemble average experimental results. For
models that provide high fidelity local details such as LES-based
CFD simulations, it is desirable to have precise individual ex-
periment results. Making comparisons however is a challenge as
it is impossible to directly compare local parameters between a
given experiment and LES simulation.

An optically accessible constant pressure flow rig (CPFR)
is utilized to capture injection and reaction behavior with three
optical diagnostic techniques: rainbow schlieren deflectometry
(RSD), OH* chemiluminescence (OH*), and two-color pyrom-
etry (2CP). The benefit of these high-speed, simultaneous diag-
nostics is that local measurements can be made for every stage of
a single injection event, observing both how much injections dif-
fer one from another, and also how such differences evolve tem-
porally. The CPFR allows a sufficiently large number of repeated
injection experiments to be performed for proper statistical anal-
ysis and ensemble convergence, while maintaining highly repeat-
able, nominally constant test conditions. Even given such stable
conditions however, variations in local turbulent fuel-air mixing
introduce a degree of variability which may manifest as signif-
icant differences in OH* and 2CP results. A statistical method
is utilized to analyze the extent of this variability, and to iden-
tify superlative injections within the data set for discussion and
analysis of shot-to-shot variation.

Experimental measurements of characteristic parameters in-
cluding liquid and vapor jet penetration, lift-off length, soot tem-
perature and concentration, and turbulent flame speed, along with
the shot-to-shot variability of each, are presented and discussed.
While the results shown here can only postulate about the causa-
tion, the framework to characterize shot-to-shot variations could

*Corresponding Author: jbittle @eng.ua.edu

be leveraged to enable direct comparison with high-fidelity sim-
ulations without the need for averaging multiple realizations.

INTRODUCTION

It is common to consider and describe reacting fuel sprays,
like those found in diesel engines, in terms of average behav-
ior. Parameters such as liquid length, lift-off length, and igni-
tion delay time describe the result of an experiment for a given
fuel, injected into some controlled ambient. Significant work
has been done to develop methodologies and to compare be-
tween ensemble average spray behavior and various modeling
approaches (e.g. [1,2]). Computational fluid dynamics (CFD)
spray modeling using Reynolds Averaged Navier Stokes (RANS)
approaches were developed to simulate average/ensemble behav-
ior of spray experiments. As computational power has increased,
it has become possible to apply large eddy simulations (LES)
with smaller grid scales, which are able to resolve the turbulent
flow behavior in sprays [3, 4] and relevant emission formation
processes. Comparisons between LES simulations and experi-
ments are still largely based on global parameters and qualita-
tively on local structures or properties as a comprehensive direct
replication of an experimental conditions is not possible in sim-
ulation. In addition to exploring the physics of spray mixing and
combustion processes, both RANS and LES based approaches
are leveraged to enable reliable development of engine combus-
tion control strategies.

To support development of these modeling approaches, re-
searchers have created a variety of spray vessels with differ-
ent features such as constant-volume or -pressure, and pre-
combustion or electric heating (see [5] for description of some
such systems). Regardless of the approach, the primary goal
of these chambers is to enable controlled experimentation on
fuel sprays at engine-relevant thermodynamic conditions. As
the primary means by which features of the spray evolution
can be quantified, these vessels are typically equipped with



some combination of optical diagnostic techniques. In this
work, an electrically heated constant-pressure flow rig (CPFR)
is used in combination with Rainbow Schlieren Deflectometry
(RSD), OH* Chemiluminescence (OH*), and two-color pyrom-
etry (2CP) imaging to acquire measurements from 100 repeated
injection experiments at nominally the same ambient conditions.
While many studies report ensemble results or highly detailed
investigations into measurements from a single injection, very
few studies have explored shot-to-shot variations. In one exam-
ple, Swantek et al. used x-ray imaging to generate statistical data
on mass distributions from a single hole injector over 32 injec-
tions [6].

While RANS modeling is generally able to capture average
behavior, and LES is able to capture single injection behavior,
there remains the challenge in identifying which single injec-
tion to use to guide the design. It is critical to understand the
bounds of shot-to-shot injection behavior that can be expected as
combustion design efforts push the limits of combustion stability
through hardware and control methods. It is often not econom-
ical to run large parametric sweeps (many realizations) of LES
simulation to capture range of behavior, and thus this work aims
to provide a new methodology and motivation for quantifying
shot-to-shot variations.

Here we will demonstrate how ensemble-averaged axisym-
metric results can be obtained (and consider how many injections
are required to achieve convergence) as well as present an anal-
ysis of different classifications of individual injection behavior.
Single injection events that can be considered the most average
or most unique (or other classifications in between) — identified
using a statistical approach — will be considered alongside the
ensemble results. Through this approach, this work will demon-
strate how much variation can be observed in both global and
local behavior even at nominally the same experimental condi-
tions.

As an additional focus of this work, apparent turbulent flame
speeds and their variations are extracted and discussed. Turbu-
lent flame speed is a critical parameter for characterizing any tur-
bulent combustion system, and one that is a challenge to measure
and model. Many canonical experiments have been conducted to
study the impact of geometry and conditions on turbulent flame
speed and also provide data for model development. A recent
work by Kolla et al. [7] presented validation of a turbulent flame
speed model against experimental work from studies published
between 1966-2006. They sampled this work in order to include
results from a number of canonical flames such as V-shape, pla-
nar, and conical. The need to sample such a wide time span for
validation data indicates that a relatively limited set of canonical
results are available, let alone application specific results such as
for diesel fuel sprays. Despite the availability of turbulent flame
speed models such as [7, 8], it is typical to estimate the turbulent
flame speed in spray modeling by extrapolating it from the lam-
inar flame speed and the associated turbulent wrinkling of flame
front [9]. While the complexity of the experiment is only com-
pounded by the challenge of modeling, we present a method to
measure the apparent turbulent flame speed OH* chemilumines-
cence and RSD imaging; by spatially and temporally processing
the vapor jet tip and the OH* based lift-off length, and combin-
ing the associated velocities, the reaction front velocity can be

determined.

The remaining sections describe the experimental setup, in-
cluding test apparatus, diagnostics, and data processing, fol-
lowed by results and conclusions. The results will first focus
on demonstrating experimental repeatability in typical global pa-
rameters such as liquid length, vapor penetration, and lift-off
length. Then, considering global repeatably, the local differences
in shot-to-shot behavior will be considered for the RSD liquid
and vapor penetration lengths, OH* reaction zones and intensity,
and finally 2CP temperatures and soot concentrations. The major
implication of the work is that despite repeatable global parame-
ters, there are clear local differences in fuel-air mixing and sub-
sequent ignition that would result in wide variations in emissions
and overall combustion efficiency, especially important in cases
when combustion stability is a concern.

EXPERIMENTAL SETUP
System operation and capabilities

The constant pressure flow rig (CPFR) utilized in this study
is shown in Fig. 1. This rig provides line-of-sight optical ac-
cess to the nearly quiescent environment into which fuel is in-
jected. Injections enter downward, in a counter-flow arrange-
ment as shown. Air velocity is approximately three orders of
magnitude less than the fuel injection velocity, and thus, air can
be considered as quiescent (this is also confirmed by RSD high-
speed images). Electrically preheated, pressurized air enters the
chamber at approximately 0.5% through a flow conditioner to
produce near-uniform inlet velocity distribution. The flow con-
ditioner consists of six, 0.5 mm thick, 100 micron mesh elements,
as well as a diffuser. The continuous upward air flow efficiently
flushes repeated injections from the chamber, and thus, large
datasets can be quickly generated (~360 injections/hour). Air
exits the chamber through four, symmetrically placed, 3 mm di-
ameter holes. The pressure of supplied air is regulated by a dome
regulator (upstream), and the flow rate is controlled by a control
valve (downstream).

Fuel is supplied by a pneumatic pressure multiplying pump.
The injector return flow, which increases with pressure (even
when not injecting), results in pulsation as the pump re-
pressurizes. In order to ensure repeatable injection pressures, the
data acquisition and injection triggering systems are configured
to automatically trigger on a rising edge of the pressure signal
occurring within range of the desired injection pressure. Fuel is
injected along the axis of the rig through a Bosch CRIN3-18 in-
jector with a single 100 pum hole at the tip. The injector body and
fuel temperatures are maintained by circulating coolant; specific
test conditions are described below with details summarized in
Table 2.

Diagnostics

The layout of the three simultaneous optical diagnostics uti-
lized in this study is shown in Fig. 2: Rainbow Schlieren De-
flectometry (RSD), chemiluminescence (or OH*), and two-color
pyrometry (or 2CP). A summary of sampling rate and spatial res-
olution is provided in Table 1.

RSD is arranged perpendicular to the chamber windows in
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FIGURE 1. Constant pressure flow rig schematic.

alignment with its light source; OH* chemiluminescence and
2CP signals are viewed at a slight, off-set angle. An Energe-
tiqg EQ-99X fiber coupled broadband light source is used for the
RSD system. This light is refocused by two 75 mm focal length,
50 mm diameter lenses onto a 3 mm x 100 um rectangular aper-
ture, located at the focal point of a 75 mm diameter, 250 mm
focal length achromatic doublet lens. As shown in Fig. 2, the
collimated light passes through the CPFR and then, it is decolli-
mated (focused) by a matching achromatic doublet lens and fo-
cused onto a rainbow filter. The digitally designed and printed
rainbow filter is a transparent strip with very fine (4 um) hue
(color) linearly distributed gradations, and it is placed at the lens
imaging plane. Directly behind the filter plane is a Photron Nova
S9 color camera, acquiring RSD images at 20 kHz with 4 us ex-
posure time and 512 x 784 pixel resolution. A Nikon Nikkor
50 mm lens provides 90 wm/ px spatial resolution. This camera
was used to synchronise the two other cameras by generating an
trigger pulse every other frame resulting in acquisition rates of
10 kHz for OH* and 2CP high-speed cameras.

OH* chemiluminescence from the reacting spray is reflected
by a UV mirror through a 310 nm band pass filter, a Nikon UV
lens, an Invisible Vision UV intensifier (gate time 70 (s, and into
a monochromatic Photron SAS camera. The images are acquired
over 896 x 848 pixels, with spatial resolution of 160um/px and
framing rate of 10kHz.

The thermal radiation from soot, which dominates flame lu-
minosity in the visible spectrum, is detected by the 2CP camera at
two distinct wavelengths. Based on the calibrated apparent tem-
peratures at the two wavelengths the actual soot temperature and
concentration can be calculated [10, 11]. The general layout of
the pyrometer collecting optics can be seen in Fig. 2. The flame
luminosity passes through a 50/50 beamsplitter, which allows
half of the light to be transmitted through and reflects the other
half at a 90° angle. Band-pass filters of central wavelengths,
650nm and 550 nm, each with 10 nm FWHM bandwidths, are
attached to the outlets of the beamsplitter. Each spectral signal
is reflected off of a turning mirror, towards a knife-edge prism

Two-Color Pyrometry Camera

Turning Mirror

CPFR

Schlieren Camera Beamsplitter

]

OH* Chemiluminescence

Ultraviolet
Camera

Intensifier

FIGURE 2. Simultaneous high-speed diagnostic setup including
Rainbow Schlieren Deflectometry, OH* Chemiluminescence, and Two-
Color Pyrometry (2CP). View angle of OH* and 2CP systems are exag-
gerated for illustration purposes.

TABLE 1. Simultaneous diagnostics specifications.

RSD OH* 2CP
Spatial Resolution 90 um 160 um 242 um
Sampling Rate 20 kHz 10kHz 10kHz

mirror, and then along parallel paths to the camera. Both spec-
tral signals follow paths of equal lengths and are imaged on the
same camera sensor thereby avoiding the need for spatial reso-
lution scaling or parallax errors induced by other designs. More
details of this novel pyrometer design can be found in [12]. A
Nikon Nikkor 105 mm lens is used with a Phantom v7.3, 14-bit,
monochromatic camera, giving spatial resolution of 242um/ px.
The 2CP system is triggered at 10 kHz framing rate.

Data Processing

Where possible, identical or similar programs analyzed im-
ages from each diagnostic for consistency of results; given the
spatial differences, and the key fact the RSD images are de-
rived from hue (color) while chemiluminescence and 2CP are
intensity-based, this is not always feasible.

Determination of ignition delay is common to both OH*
(chemiluminescence) and soot (2CP) signals. To calculate ig-
nition delay, an intensity-signal background-threshold was first
established from mean and standard deviation of images before
start of injection (bSOI), for each injection. The intensity signals
recorded for the presence of OH*/soot vastly differentiate them-
selves from this threshold, so the program flagged the first frame
to contain signals in statistical excess of this threshold as the ig-
nition delay. Start of injection (SOI) was ascertained visually via
captured RSD images, with frame-rates then applied to convert
frame number into ignition delay in milliseconds.



The method to determine the vapor and liquid penetration
lengths is similar to that for lift-off length. Liquid phase bound-
ary detection is described in detail by Wanstall et al. [13]. Briefly,
liquid phase is distinguished by extremely low intensity, or lack
of signal, in RSD images due to light attenuation through scatter-
ing or absorption during interaction with the dense liquid. The
vapor jet is easily distinguishable from the background by the
conventional method of subtracting from each frame the value of
the previous, thus removing any quiescent background structures
and leaving only the spray region containing any significant sig-
nal. This differential signal can easily be processed to find the
spray boundary using statistical threshold analysis. For identi-
fying and tracking reaction zones in OH* and 2CP images, the
methodology is very similar. For each injection, a radial mean
of OH* chemiluminescence and raw 2CP signals (at 650nm) is
referenced for each frame. Upstream (non-reacting) locations
provide a threshold to determine the first downstream instance
of statistically apparent signal, which is recorded as the lift-off
length.

Having determined the vapor jet penetration and the lift-off
length for OH* signal, local velocities are calculated from deriva-
tives of the aforementioned lengths as a function of time. Note
that the vapor/jet speed is absolute, with respect to the stationary
frame of reference; the OH* signal speed is likewise, and thus the
local turbulent flame speed (relative to the jet) is identified when
the flame is stationary, indicating its equivalence with the jet ve-
locity. The significance of this parameter is discussed further in
the Results section.

A key focus of this study is to highlight the significant shot-
to-shot variability observed in repeated experiments even when
common global spay characteristics are nominally the same. To
this end, and as the culmination of several processing techniques,
a methodology was developed to identify for comparison the in-
stantaneous data from the most superlative single injections from
each diagnostic. The technique previously discussed to identify
vapor phase penetration was used to demarcate two-dimensional
boundary lines, and was utilized across all diagnostic techniques
to identify spray, OH*, or soot boundaries. Maintaining shot-to-
shot history of the boundary lines for the right and left sides of
each injection, such lines were compared across all injections
(of the same diagnostic) to establish a mean(u) and standard
deviation(o) of injection boundaries. Consider that the bound-
aries and mean/standard deviation lines have radial [mm] values
stored at each axial location; radial boundary values are then con-
verted to a non-dimensional standard score (also called z-score,
z= %). Thus the z-score is the number of standard deviations
away from average that a boundary is, for a single injection at a
particular time and axial location.

Boundaries are defined fractionally relative to the mean. Re-
jecting statistical outliers, such z-scores are averaged axially, and
then averaged again in the time dimension. Only frames between
the start of injection and the end of reliable signal are considered
in the temporal average. For RSD, this means prior to ignition,
when the collimated light is the only source of light. However,
OH* and 2CP intensities are reliably recorded at all times. Each
injection is thereby described by a singular number (on both the
right and left side) representing how far away that injection’s
edges are, on average, from a typical injection as it develops

through time. Ascribing a physical meaning to this statistical pa-
rameter, it could be said that an injection of z-score = 1.5 is best
represented by the iso-line of u+1.5¢ as it develops. The right
and left sides of the spray are maintained separately to support
a wide range of superlative discovery. Consider that Z;0 indi-
cates that the spray favors the positive radial direction; separate
left/right values allow the determination of more than "rightmost’
or ’leftmost’ injection because one side can be negated, in which
case the greatest total z-score would represent the *widest’, and
the least the ’thinnest’. The absolute value of both sides could be
averaged to locate the *most representative’ or deviant injections,
regardless of directionality. Thus the *widest’, "thinnest’, etc., in-
jections are ascertained from each diagnostic and presented for
comparison and discussion. Of course, any desired superlative
or metric for identifying such can be used and this study only
serves to highlight the large difference amongst nominally the
same injection events.

Specific Test Case and Repeatably Demonstration

The global thermodynamic state of the CPFR was held con-
stant for each injection experiment with values and ranges pro-
vided in Table 2. Ambient pressure and temperature were nomi-
nally 3 MPa and 800 K with a corresponding density of 13 kg/m?>.
n-heptane was injected for 2 ms with the fuel and injector body
maintained at 90 °C. Finally, the injection pressure was set to
100 MPa. All actual measured values are shown in Table 2 with
uncertainty indicating 95% confidence interval based on repeata-
bility for any single injection over the 100 injection experiments
included in the data set for this study.

Given a very stable ambient and injection condition, it is ex-
pected that the subsequent spray mixing and ignition would be
repeatable. The ignition delay results as determined from both
OH* and 2CP imaging techniques are shown in Fig. 3. While
the imaging rate (10 kHz) limits the ability to precisely iden-
tify the onset of ignition, it is clear from these results that the
OH* signal precedes the first observations of soot signal by less
than 0.1 ms on average. This corresponds to slightly less than
1 frame with an average ignition delay of 1.71 +0.16ms from
OH* and 1.79 +0.2 ms from 2CP — again with a 95% confidence
interval for any individual injection. This additional delay be-
tween OH* and 2CP signals is expected based on the extremely
complex process by which soot particles are formed from con-
glomeration of carbon atoms. Many detailed soot formation and
oxidation models of various complexity can be found in litera-
ture, such as [14-16].

RESULTS
Global Parameters

The global thermodynamic condition, injection settings, and
ignition delay are examples of properties generally considered as
global parameters. It is expected then that for a given fuel, in-
jected into a given ambient, the ignition delay will be a repeat-
able number. Global parameters such as this are often used to
describe a spray or experiment and subsequently used to guide
or generalize discussion. Of course this type of spray combus-
tion experiment is more complex than a premixed combustion



TABLE 2. Actual ambient air and fuel injection conditions for CPFR
experiments. Variation indicates 95% confidence interval over consecu-
tive 100 injections.

Property Units Value
Ambient Air Properties

Ambient Temperature K] 806 £3
Ambient Pressure [MPa] 3.01 +£0.03
Ambient Density lkg/m®]  13.0 £0.13
Fuel Properties

Fuel Species n-heptane
Fuel Temperature [K] 364 +£3
Fuel Pressure [MPa] 99.1 £0.9
Injector Orifice Size [um] 100
Injection Duration [ms] 2
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FIGURE 3. Ignition delay results from both OH* and 2CP diagnostics
for 100 consecutive injections demonstrating converging average and
final average results with 95% CIL.

system that might be modeled using detailed kinetics as a zero-
dimensional homogeneous reactor, but the principle is similar.
In this section global parameters such as those already shown are
considered for their repeatability across the 100 injection data
set. Figure 4 shows the average vapor and liquid penetration pro-
files as well as lift-off lengths as determined from both OH* and
2CP imaging techniques; all averages are bounded by single shot
95% confidence intervals.

Often liquid length and lift-off length are considered global
parameters as well. Typically they are quantified based on quasi-
steady spray combustion results and thus allow a single scalar
value to be used to characterize an experiment. In this study,
the transient behavior of vapor, liquid, and lift-off length from
the two diagnostics are considered based on Fig. 4. Note that
the vapor penetration profile ends abruptly at 1.25 ms aSOI as
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FIGURE 4. Ensemble average vapor and liquid penetration (deter-
mined by RSD) and time-resolved lift-off length from both OH* and
2CP diagnostics. All ensemble results include 95% confidence intervals
capturing individual injection variation.

it leaves the schlieren system field-of-view . The consistency of
the vapor penetrations over repeated experiments is clear based
on the approximately £ 2 mm range observed even at 50 mm
downstream of the injector tip. Further, the stability of liquid
length in both time and across injections suggests the fuel and
injector temperature control was effective.

The 2 ms injection duration can be visualized by the drop
in liquid length right at that time. Relative to the OH* and 2CP
based lift-off lengths, this end-of-injection timing clearly shows
that a quasi-steady lift-off length was perhaps only just achieved
at around 2.5 ms, before reaction zones are transported down-
stream by jet momentum after end-of-injection. After initial re-
action at 1.6 ms takes place downstream, the relatively high tur-
bulent flame speed causes the lift-off lengths of both OH* and
2CP to recess back towards the injector. The lift-off length even-
tually stabilizes only to begin increasing immediately at a lo-
cation where the jet velocity and flame speed are momentarily
equal. The lift-off lengths begin to increase again after 2.5 ms
as they are swept downstream with the last of the fuel and the
mixture becomes very lean as the entrainment wave passes [17].

The distinct phases of initial penetration, ignition, stabiliza-
tion, and end-of-injection are clearly evident in this experiment.
Note that it is possible that, given a longer injection duration, the
quasi-steady lift-off lengths would be slightly shorter than those
minimum values observed in this study. As may be expected
based on the slightly longer delay before 2CP signal is detected
compared to OH* (from Fig. 3), the lift-off length based on 2CP
is longer than that from OH*. In the spatial frame of reference,
later in time corresponds to further downstream from the injec-
tor. In this particular case, the relatively low ambient pressure,
compared to those found in actual engines, results in a relatively
long ignition delay. This propagates and results in longer lift-off
lengths as well; however, the trends and relative locations of both
vapor, liquid and lift-off lengths progress as expected. As a result
of the relatively long ignition delay (again compared to engine
conditions) the differences in local fuel-air mixing from shot-to-
shot seem to be causing a relatively high variation in the lift-off



length measured by both OH* and 2CP techniques. This leads to
the consideration that the relatively repeatable ignition delay re-
sults in Fig. 3 may actually represent substantial variations. The
remaining results sections will explore this observation further.

While the field-of-view of the schlieren system is limited,
the vapor penetration can reasonably be expected to continue
roughly proportional to the square-root of time. If one consid-
ers extrapolating the vapor penetration profile, it is clear that the
OH* presence is first detected slightly behind the jet-head plume
in time and space. The 2CP signal is first detected slightly closer
to the leading edge of the jet likely emanating from the rich core
slightly after reactions begin as indicated by OH* signal. This
discussion will be supplemented in the following sections which
includes images of the sprays for each diagnostic and discus-
sion of apparent turbulent flame speeds based on these results in
Fig. 4.

Range of Shot-to-shot Variation for each Diagnostic

As described in the Data Processing section, a statistical ap-
proach for analyzing the boundaries of RSD, OH* and 2CP re-
sults at each time step was developed to identify superlative in-
jections such as the ’widest’, ’thinnest’, and *most representa-
tive’. This analysis is cumulative over the entire injection event,
however the superlative description is suitable even at an instant
in time. Figure 5 shows these superlative injections alongside the
ensemble average results for RSD, OH*, and soot temperature
and concentration from processed 2CP data. As the spray has
moved beyond the RSD field of view before ignition, results for
it are shown at 1 ms after start of injection (aSOI) while for the
other diagnostics results are shown at 2.5 ms aSOI when when
the average lift-off lengths are at a minimum as seen in Fig. 4. On
each frame of Fig. 5 the specific injection number, time stamp,
and boundary from the ensemble result is overlaid. The ensem-
ble boundary gives context to the classification indicated at the
top of the columns. The spatial scaling is uniform throughout all
images while color bars are constant for each injection within a
diagnostic parameter. Each diagnostic was considered separately
when identifying superlative injections and thus the *widest’ in-
jection for RSD is not necessarily, and in fact is not, the same
injection for OH* or 2CP*. The injection number stamp in each
frame illustrates this identification. Of course, the choice could
have been made to identify superlatives with one diagnostic and
then compare the same injections for the other diagnostics.

First considering the RSD superlatives, the *widest’ injec-
tion clearly stands out as being wider than the others while the
’thinnest’ is only marginally so compared to the *'most represen-
tative’ injection and the differences are mostly obscured behind
the overlaid average boundary. While the instantaneous RSD im-
ages do not appear to have much structure to their hue distribu-
tions, the ensemble averaged image clearly shows the distinct
hue distributions that enables RSD to be quantitative.

The OH* images show much more significant differences
between the various superlative classifications. The ensemble re-
sult clearly shows a repeatable split reaction zone behavior with
one peak at 50 mm and the other between 65 mm and 70 mm.
Only the *widest’ superlative injection shows this behavior, how-
ever, this structure must be common to all injections to be visible

in the ensemble. The relative size of the ’thinnest’ injection is
clearly the smallest overall reaction zone of the three while the
shape of the most representative’ is slightly off from the en-
semble. As with the RSD results, the behavior of an individual
injection is only loosely connected with the ensemble result. In
this case the “most representative’ injection does not have a split
reaction zone, though it does have a slightly wider reaction zone
further downstream from the injector. However the magnitude
is clearly reduced due to averaging (effectively filtering), though
OH* magnitude is normalized and only used qualitatively in this
case.

OH* location and magnitude primarily serves to mark re-
gions where certain reactions in the overall-reaction kinetic-
pathways are taking place, rather than any specific details. So
while OH* intensity is only loosely related to subsequent com-
bustion and emissions formation, measurements of soot temper-
ature and concentration from the 2CP system provide a direct
measurement of soot formation processes and can be correlated
with expected exhaust soot levels. It is important to note that
while soot is clearly forming under the test conditions in this
study, for this well-mixed spray condition, it is likely that very
little net soot would be left in exhaust stream. After soot forms in
the rich core of the spray it can be expected that most of the soot
is consumed through oxidation as it is transported through the
primary stoichiometric reaction region at the jet head and edges.
However, it is also possible that the high sooting regions in the
edges of the jet may experience reduced heat release and thereby
transport soot out of the reaction zone [18]. Based on the com-
plexity of soot formation, oxidation, and transport processes, it is
perhaps not surprising that 2CP results show the most dramatic
shot-to-shot variations observed.

Considering either the soot temperature (T) or concentra-
tion (KL), it is apparent that between the ’widest’, ’thinnest’,
and 'most representative’ injections, a wide range of local be-
havior is observed. As compared to the RSD and OH* results,
the spatial size and temperature of the ’'most representative’ in-
jection actually closely resembles the average values, and yet due
to the high sensitivity to temperature at low KL values [12] the
instantaneous KL values are significantly different than the av-
erage values. The higher sensitivity of soot formation to local
fuel-air mixing is expected based on complexity of soot forma-
tion processes [15]. As with the OH* results, this averaging has
a significant impact as it smooths the local peaks observed in sin-
gle injection results. Despite only having a few millimeters dif-
ferent lift-off length, the total apparent soot concentration for the
“thinnest’ injection is significantly less than any of the other in-
jections or ensemble results. It also has some of the highest peak
temperatures suggesting better fuel-air mixing and perhaps near
to stoichiometric reactions occurring and thereby avoiding soot
formation altogether. On the other hand the ’widest’ injection
has the most cool soot regions which results in higher concentra-
tions. Note that a pyrometer optimized for a lower temperature
range may in fact capture soot temperatures over a larger volume
for the *thinnest’ injection. Regardless, the trends and takeaways
from the analysis in this work will be unchanged.

The larger reaction regions in both OH* and 2CP data can be
correlated to the slightly wider initial RSD images but the actual
mechanism is not so apparent. Typically a wider jet would sug-
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gest more entrainment and better mixing. This is supported by
the larger OH* reaction region indicating higher overall reactiv-
ity, but is perhaps contradicted by the soot concentrations. Again,
it is likely that all soot formed will be oxidized prior to end of
combustion. Finally, while time histories of the results in Fig. 5
are not provided, time steps before and after those shown were
investigated to determine if one or more of the instantaneous re-
sults were just a frame or so behind the others and would show
similar structures a few tenths of a millisecond later. The relative
differences remain clear for OH* and especially 2CP results even
0.5 ms earlier or later.

Apparent Turbulent Flame Speed

As demonstrated, the relatively repeatable global spray char-
acteristics, such as those shown in Figs. 3 and 4, can give the im-
pression that the local fuela-ir mixing and ignition dynamics are
repeatable as well. Even amongst the RSD results in Fig. 5 there
are no dramatic difference between repeated injections. How-
ever, for OH* and 2CP results in Fig. 5 it is clear local deviations
from average mixing behavior exist that result in significant dif-
ferences in OH* and particularly 2CP results. While the shot-
to-shot variation in the lift-off length for both OH* and 2CP is
significantly higher than the variation in vapor penetration, this
observation does not provide insight into why these difference
are occurring. The question to ask is, how do local mixing differ-
ences between different injections manifest with nominally simi-
lar global characteristics and yet have substantially different local
ignition and sooting behavior?

One such parameter that can be observed at a more global
scale, but that is more closely linked with local fuel-air mixing,
is the turbulent flame speed. As mentioned in the introduction,
incorporating this parameter into models is a challenge still being
addressed in both fundamental and applied research today. By
comparing relative velocities of the OH* based lift-off length at
a given time step and spatial location with corresponding values
from the vapor penetration profile, some interesting and mean-
ingful results can be obtained. Figure 6 shows the vapor penetra-
tion and OH* lift-off location velocities, both calculated as the
derivative of position with time, plotted versus position (top) and
time (bottom).

Though it obscures the changes with time, first consider the
spatial results in the top frame of Fig. 6. It is clear that the reac-
tion front initially recesses upstream (negative velocity) towards
the injector. Then the reaction front is transported downstream
slightly slower than the initial vapor jet due to the reduced mo-
mentum flux after end-of-injection. Note that there is no direct
measurement of local velocities and they are only derived values
based on vapor penetration and lift-off results in Fig. 4. At the
point where the OH* lift-off location reaches zero velocity it can
be interpreted that the average turbulent flame speed along the
reaction front is equal to the spray velocity at that point in time —
in this case approximately 42.5 m/s as illustrated.

This analysis is most appropriate under true quasi-steady
conditions; however, the bottom frame of Fig. 6 actually illus-
trates that this case does not in fact have a quasi-steady period.
While results are not available to confirm at this time, it can be
expected that a truly quasi-steady condition would result in a sus-
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FIGURE 6. Vapor tip penetration velocity and OH* lift-off location
velocity results as a function of axial distance (top) and time (bottom)
indicating apparent turbulent flame speed. Minor zero-phase IIR filter-
ing is applied to the individual injection OH* based velocities prior to
averaging. All ensemble results include 95% confidence intervals, cap-
turing individual injection variation.

tained period of zero velocity OH* (and 2CP) lift-off lengths.
This can be achieved by simply having a longer injection period
or shorter ignition delay in future experiments. For the results
shown here, while the lift-off length certainly seems to stabilize
based on Fig. 4, the calculated lift-off location velocity only mo-
mentarily crosses zero from negative to positive as the front be-
gins to be carried downstream after end-of-injection.

Consider the variation in the OH* lift-off location velocity
illustrated as confidence interval bounds in the bottom frame of
Fig. 6). This large variation offers insight into how the variability
in local fuel-air mixing ultimately leads to the difference in the
sooting behavior. During the reaction front recession (where ve-
locity is negative) the variability is large compared to after it be-
gins to be transported downstream after end-of-injection. While
all injections ignite within +0.2 ms of each other, the initial re-
cession velocity varies from nearly 60 m/s (fast) to 10 m/s (slow).
While individual lift-off location velocities are not shown, analy-
sis shows that the *widest’ injection from Fig. 5 has a correspond-
ingly higher apparent flame-speed and the *most representative’
and ’thinnest’ have decreasing initial flame speeds. The initial
flame speed correlates strongly with the subsequent size of the



reaction zone as well as with the time it takes to reach zero ve-
locity at the minimum lift-off length. Without further study, it
can only be postulated that the faster initial reactions lead to a
slightly shorter lift-off length which can then lead to an overall
richer reaction front. Though based on simple jet modeling, it
is clear that radial averaged equivalence ratio can be expected
to increases rapidly closer to the injector [17]. This gives some
support to the significant differences observed.

While this discussion does not directly explain how or why
the local fuel-air mixing may be different from shot-to-shot, it
does indicate that the average apparent turbulent flame speed as
determined in this work correlates well with local reaction and
sooting behavior. Future work will explore this approach further
with comparisons to local fuel-air mixing and variance results
from quantified rainbow schlieren deflectometery.

SUMMARY AND CONCLUSIONS

The connection between experiments and modeling efforts
in any field is a critical feedback loop, and one that evolves with
advances in both areas. For models only able to capture average
behaviors, it is often a challenge to perform enough experiments
to ensure fully converged ensemble-averaged results. In contrast,
capturing local details in a individual experiment is often possi-
ble and complex models capable of simulating these features are
more and more prevalent. This introduces the new challenge for
direct comparison, since subtle shot-t—shot differences are not
sufficiently resolved in model configuration or experiment to pre-
cisely define initial conditions. As a result, multiple simulations
or realizations based on uncertainty in initial conditions might be
necessary to generate an average model prediction.

Expanding the understanding of shot-to-shot variations in
high pressure diesel-like fuel sprays is a critical topic that needs
exploration. This work provides a preliminary demonstration of
a potential methodology for quantifying the variability between
multiple injection experiments that exhibit nominally repeat-
able global characteristics. Bounding the shot-to-shot variation
for these experiments may provide greater confidence to mod-
eling efforts that will not require extensive parametric, multi-
realization campaigns to enable a direct comparison with exper-
imental results. Results shown in this study demonstrate that un-
der stable ambient and fuel injection test conditions, many of
the global spray characterization parameters are repeatable and
values converge neatly to an ensemble behavior. In particular,
ignition delay, vapor and liquid penetrations and lift-off lengths
based on OH* and two-color pyrometry (2CP) all show relatively
repeatable behavior when averaging individual injection results
or processing the ensemble average signal. Further, the distribu-
tion is well characterized by normal distribution standard devia-
tion statistical approaches. However, when considering individ-
ual characteristic injections, there is clear deviation from average
behavior for both OH* and especially 2CP soot concentration
and temperature results.

By analyzing spatial and temporal vapor jet penetration ve-
locity and lift-off length position, it is possible to assess the ap-
parent average turbulent flame speed for a given injection exper-
iment. Comparison of experiments with fast or slow initial re-
action front velocities to a corresponding spray contour for both

OH* and 2CP results shows a distinct connection. Fast initial re-
action front velocity drives a larger reaction volume and slightly
shorter lift-off length. This manifests as higher apparent soot
concentrations, though total emission is not clear as total soot
mass quantification is not part of this work. Despite this connec-
tion it is still not clear what local fuel-air mixing differences are
leading to high or low initial reaction speeds.

The methodology and observations made here may be fur-
ther developed to enable more direct comparison with highly re-
solved spray simulations. Future work will expand the method-
ology to more thermodynamic conditions, fuels, and injection
strategies to provide insight into the impact each may have on
shot-to-shot variations. Additionally, with analysis of local fuel-
air mixing and variance using RSD imaging, a more complete
understanding of the spray combustion process can be observed.
Complementing this work with other more detailed local mea-
surement techniques is also desirable.
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Abstract Rainbow schlieren deflectometry (RSD) is
applied to acquire quantitative concentration measure-
ments in a turbulent environment for the first time.

jet, offer insight into the underlying mixing phenom-
ena without the practical complexities, e.g., the sub-
sequent combustion processes in diesel or gas turbine

RSD methodology is developed and validated using Rayleigtengines. Several studies of turbulent binary gas jet mix-

scattering data available in the literature. Experiments
were performed in an initially laminar, momentum-driven
helium jet injected into ambient air. Full-field measure-
ments are acquired that span the laminar, transition,
and fully turbulent regions of the jet. The RSD results
are shown to provide accurate measurements in each
region, and also confirm the self-similar nature of the
fully turbulent jet. Analysis shows that the transition
from laminar to turbulent flow occurs across an axial
span that decreases with increasing Reynolds number.
Experiments with a long exposure time were conducted
to evaluate the limitations of hardware averaging of the
RSD signal in comparison to software averaging.

Keywords Rainbow Schlieren Deflectometry -
Turbulent Mixing Measurements - Optical Diagnostics

1 Introduction

Turbulent jets have been the subject of interest from
the time of Prandtl’s mixing length theory [28] to re-
cent efforts in understanding the entrainment mecha-
nisms along the shear layer [21,36]. Canonical systems,
such as binary mixing in an axisymmetric turbulent
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ing have been reported in the literature to provide de-
tailed scalar measurements using intrusive techniques
(hot-wire anemometry, interference probes, etc.) and
non-intrusive optical techniques such as laser induced
fluorescence (LIF) and Rayleigh scattering.

Papanicolaou and List [22] obtained a comprehen-
sive set of velocity and concentration measurements in
buoyant jets using laser Doppler anemometry and LIF.
Dowling and coworkers [11,13,12] used Rayleigh scat-
tering to show that the constant density axisymmetric
jets exhibit the self-similar behavior in the fully turbu-
lent region. Pitts et al. [25,26,29,27] also used Rayleigh
scattering to demonstrate self-similarity in variable den-
sity jets. They concluded that the variable density jets
reach an asymptotic scaling state regardless of the ini-
tial conditions contingent on a fully developed, momen-
tum driven regime. Westerweel et al. [38,39] used pla-
nar laser induced fluorescence (PLIF) and particle im-
age velocimetry (PIV) to show that the entrainment at
the turbulent/non-turbulent interface is dominated by
a partially viscous process attributed to irregular small-
scale eddy motions, and not to large scale engulfment.
More recent PIV/PLIF measurements have been used
to evaluate the roles of large scale engulfment versus
small scale local entrainment at the interface and have
confirmed power-law scaling for the entrained velocity
[21].

Path integrated techniques such as interferometry
and schlieren deflectometry have also been used in con-
junction with a deconvolution procedure to obtain the
local scalar measurements in turbulent jets. Watt and
coworkers [37,24] applied interferometry coupled with
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computed tomography to obtain the 3-D density field
in a turbulent helium jet. Davis [8-10] implemented a
single beam laser schlieren system to measure the fluc-
tuation intensity along the shear layer in subsonic and
supersonic turbulent jets. Ko and Kihm developed an
algebraic tomographic reconstruction technique com-
bined with speckle photography to reconstruct the den-
sity field in asymmetric helium jets [15]. Kolhe and
Agrawal [17] developed a spectral analysis algorithm
and applied it to synthetic deflectometric data to pro-
vide local scalar statistics in turbulent flows applicable
to any deflectometric line of sight diagnostic, e.g., rain-

Ref. [31] has reported a negligible co-flow, which is not
replicated in this work.

Figure 1 also shows the RSD system used in this
study. RSD system was optimized following recommen-
dations by Agrawal and Wanstall [3]. An Energetiq EQ-
99X continuous laser driven light source emits high in-
tensity broadband light through a 100um fiber optic
that terminates at a 30 um wide, 3 mm high rectangular
aperture. The emerging light is collimated by a 250 mm
focal length 76 mm diameter achromatic doublet lens.
Upon collimation, light rays propagate through the test
media and refract according to the local density gradi-

bow schlieren deflectometry (RSD). Schlieren-interferometrients. The refracted light rays are color encoded by a

systems have also been incorporated in other turbulent
flow applications to study vortex shedding behind cir-
cular and square cylinders [30].

In the past 25 years, RSD has been used exten-
sively for measurements in laminar flows [3,4,23,40,2,
32]. However, so far RSD has not been validated for
quantitative mixing measurements in turbulent flows.
Thus, the objective of this study is twofold: 1) validate
quantitative RSD for scalar measurements in a turbu-
lent helium jet, and 2) gain insight into the jet mixing
behavior including the transition region. This study is
an important step towards enabling the use of quanti-
tative RSD for advanced applications such as fuel-air
mixing in diesel sprays [34,35]. The study is divided
into five sections. First, the experimental details are
provided. Next, the theory to apply RSD in a turbulent
flow field is developed, followed by the data acquisition
and post processing details. Then, RSD results are com-
pared with Rayleigh scattering from Ref. [31], and other
supplementary measurements are presented. Lastly, the
key findings from this study are summarized.

2 Experimental Setup

Figure 1 illustrates schematic of the test setup and RSD
system used in this study. Pressure regulated bottled
helium filtered with a 30 um mesh filter passes through a
200 um choking orifice to avoid flow oscillations. A GM3
Dakota flow meter measures the mass flow rate to cal-
culate the bulk jet velocity at the tube exit (1 = pAV).
A ball valve downstream of the flow meter controls the
helium supply to the experiment. Once the valve is
opened, helium discharges vertically upward into quies-
cent ambient air at room temperature/pressure condi-
tions through a stainless steel tube with an inner diam-
eter (d), outer diameter (d,), and length (1) of 4.6 mm,
6.35mm, and 44d, respectively (chosen to match the
dimension from Ref. [31]). The tube is translated by a
traverse to vary the field of view (FOV) of the jet flow
with respect to the stationary RSD system. Note that

0.6 mm wide asymmetric rainbow filter mounted on a
two-stage traverse. The two stages consist of a motor-
ized stage (ThorLabs KDC101) in the transverse di-
rection to automate calibration and a manual stage in
the axial direction to precisely locate the filter at the
focal plane of the decollimating lens. A Photron SA5
color camera outfitted with a 50 mm focal length Nikon
Nikkor lens (spatial resolution of 100 #m/px) acquires the
color images. RSD images are acquired at sampling rate
of 250 Hz for sample duration of 20 s and at an exposure
time of 14 ps. This exposure time is the system’s low-
est reliable exposure time that provides accurate hue
measurements.

Table 1 provides the flow conditions for the two test
cases performed at room temperature/pressure condi-
tions. The subscript ‘o’ is used for the helium nozzle
exit conditions. Chen and Rodi [7] introduced the non-
dimensional axial coordinate, zg, in Eq. 1 to demarcate
the flow regimes.

1
- Poo \* 2 poug
zpr = Fr 1/2<) -, Fr=———— 1
po) d 9d(psc — po) )
Poo

where Fr is the Froude number and = s the density
ratio. The z/d is the non-dimensional distance down-
stream. In this study, the maximum downstream loca-
tion of data collection for each experiment is labeled as
2/ dmaz- For zp, < 1, the flow is momentum dominated,
buoyancy effects are negligible, and the resulting tur-
bulent flow follows similarity scaling. For 1 < zp, < 5,
the flow is transitional with both buoyancy and mo-
mentum effects present [22]. For zp, > 5, plume-like,
buoyant behavior pertains. As shown in Table 1, the
Rey = 800 case includes both buoyant and momentum
driven regimes, whereas the Reg = 2500 case is momen-
tum dominated.

3 Mathematical Background

In this study, RSD is configured to measure the trans-
verse deflection angle of light rays (6,) related to the
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Fig. 1: Schematic of the experimental setup and RSD system.

Table 1: Helium jet flow conditions.

V' (L/min) ug (m/s) Reo ZFrmaz| Z/@max
21.7 21.7 800 1.31 32
66.5 66.5 2500 0.27 20

normalized refractive index difference () according to
Eq. 2,

0. (x,z,t) = / on

oo O

n
dy7 77:*_1 (2)

T,Y,2,t no

where n is the local refractive index and ng is the refrac-
tive index of the surrounding media [3]. In a turbulent
flow, Eq. 2 can be rewritten as Eq. 3 where the over-
bar and apostrophe represent the mean and fluctuating
components, respectively.

0. (7, 2,t)+0, (z, 2,t) = / (gz

— 00

on’
z,y,z,t ox

3)

For statistically stationary processes, the average of the
fluctuating components is zero [19], and thus the aver-
age deflection angle field is related to the average re-
fractive index field as developed in Eq. 4.

1T -
TIEI;O ?/0 0. (x, 2)dt = 0, (x, 2) (4a)
1 T o0 o0 9=

lim — / M gyar = / 90 gy (b
T—oo T 0 —00 Ox x,Y,2 — 00 Ox z,Y,2

_ o0 8ﬁ

= — . 4

0wz = [ G| (4¢)

Note that the limits of integration remain the same as
when swapping the integration order in Eq. 4b.

Jo
z,Y,2,t

For a circular jet, the time-averaged turbulent flow
is axisymmetric, and thus, Abel transform [5] can be
used to invert Eq. 4c to determine the planar refrac-
tive index difference field. In this study, the discretized
two-point formula to minimize inversion errors in de-
flectometric measurements given by Eq. 5 is used [16].

N+1

7(ri,t) = Z D;j0,(z;,t) (5)

Thus, the normalized refractive index difference at a
point can be expressed as weighted linear combination
of the measured total deflection angles along the radial
direction.

For ideal gas mixtures, the refractive index is related
to thermodynamic properties using Eq. 6,

P

n—1=

where n, P, R,, T, M, k, and x are the refractive index,
pressure, universal gas constant, temperature, molecu-
lar weight, Gladstone-Dale constant, and mole fraction,
respectively, and the subscript i’ refers to each species
in the mixture. The Gladstone-Dale constants and re-
fractive index for helium and air are xp, = 1.96 x 10~*
2 and Kgir = 2.27x 107 22 and nj,, = 143.6x 1075
and ngir = 1+ 3 x 1074, respectively. Figure 2 shows
the refractive index versus helium mole fraction given
by Eq. 6. Because of the linear relationship, the data
in Fig. 2 can be used to determine the average helium
mole fraction from the average refractive index differ-
ence. In summary, the average deflection angle in an
axisymmetric turbulent jet can be converted to the av-
erage helium mole fraction as long as the process is
statistically stationary.
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Fig. 2: Refractive index of a helium-air mixture versus
helium mole fraction.

4 Data Analysis
4.1 Rainbow Filter

In the present system, RSD uses a rainbow filter to mea-
sure the ray deflection angle in the transverse direction
(x). The rainbow filter, shown in Fig. 1, is a transparent
slide with color gradations to color-code the deflected
light rays depending upon the transverse distance (D)
on the filter plane. For small deflections, the deflection
angle can be calculated from Eq. 7 [33],

_ D-Dy
/

where f is the focal length of the decollimating lens
and Dy is the reference location or distance on the fil-
ter plane without ray deflection (see Fig. 1). The error
introduced by the small angle approximation for the
maximum deflections observed in this study are much
less than 1%. Colors in the RSD image provide a quan-
titative measure of the numerator in Eq. 7, and hence,
the ray deflection angle at every time and every pixel
location in the FOV.

RSD wuses a single parameter, hue (H), to quan-
tify color from the three raw acquired signals Red (R),
Green (G) and Blue (B) or RGB acquired by a color
camera [14]. However, a filter calibration is required to
establish the mapping between the hue in the RSD im-
age and the transverse location on the filter plane. Filter
calibration is achieved in the absence of the test media
by recording image(s) at each filter location to correlate
the background image hue and the transverse location
of the filter. Two calibration procedures are possible: an
average and a local or pixel-by-pixel calibration. The
former computes one calibration curve representative
of the average hue in a window of pixels in the FOV,
while the latter provides a calibration curve for every
pixel in the FOV. The average calibration is easy to im-
plement, albeit at the expense of accuracy and greater
uncertainty. In this study, high fidelity measurements
are obtained by using a pixel-to-pixel calibration.

0 (7)

360
300 F
240

180 F

Hue Prime [deg]

120 F

60 F

| |
| |
1 1

T T T TR TR B
0 01 02 03 04 O 0.6
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Fig. 3: Hue-to-distance calibration curves at several
pixel locations are shown. The solid-black, and red-
dashed lines represent horizontal locations along the
middle of the FOV image and vertically along the cen-
terline of the image, respectively. The hue prime filter
is illustrated above the graph.

The calibration process begins with establishing the
appropriate parameters (framing rate, exposure time,
etc.) for the experiment. Then, the filter is traversed
in small increments (Ux) to acquire the background
RSD images. For high accuracy, the step size should
be approximately the print resolution of the filter to
minimize hue interpolation errors between the filter’s
printed pixels. In this study, the step size is Uz = 6um
- slightly above the print resolution of 4 um. The filter
calibration process is automated with a precision mo-
torized traverse to accommodate such small steps. In
this experiment, 25 images were recorded at each loca-
tion to achieve a converged hue stability of less than
0.5° of variation within the FOV.

The typical hue range is 0 to 27 (0 to 360°) with
the filter centered at 7 (cyan). In this study, the hue
varies from -27/3 to 107/9 centered at 2 7/9 or 40°. This
unorthodox approach is motivated by the high absorp-
tivity of the filter in the dark blue region (200° — 240°)
that limited the exposure time. Thus, this region was
excluded by transforming the hue into hue prime, H’,
using Eq. 8

E{H+?y it H < & -
H + 107” — 27, otherwise

This transformation ensures the continuity of H' at
the 0/27 location. To the author’s knowledge, this is
the first time a rotated hue coordinate system has been
used to overcome the filter linearity issues in RSD appli-
cations. Figure 3 shows an image of the hue prime filter
and calibration curves at multiple pixel locations. The
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solid black curves represent pixels at various radial lo-
cations along the dashed region in Fig. 4, whereas the
red-dashed curves represent different pixels along the
centerline of the image. Both radial and axial variations
in the calibration curves arise because of minor opti-
cal aberrations, printing imperfections, and pixel varia-
tions across the camera sensor. Figure 3 also shows that
even though the filter is linearly prescribed, slight non-
linearities manifest from the aforementioned effects. Fig-
ure 3 shows that an average calibration curve would in-
troduce unwarranted errors. Thus, a pixel-by-pixel cal-
ibration process is highly recommended for turbulent
flow applications.

4.2 Uncertainty Analysis

In RSD, hue or hue prime is the primary measurement.
In this work, uncertainty propagation begins with un-
certainty in hue prime (Ug/). Note that Up only con-
tains precision uncertainty caused from fluctuations in
the light source, camera, etc. The pixel-by-pixel cali-
bration process provides a new reference for each color
effectively driving bias uncertainty from the camera
to zero. If an average calibration procedure is imple-
mented, bias uncertainty is not zero and must be in-
cluded. It is possible to have an uncertainty component
from the translation slide; however, the stepper mo-
tor used in this study has an uncertainty of £0.1um
which corresponds to approximately 0.05° which is sig-
nificantly smaller than the precision uncertainty in hue.
Equations 9a-9f show all sources of uncertainty consid-
ered in this study.

In Eq. 9a, the precision uncertainty at each pixel lo-
cation is determined from the standard deviation, o.q;,
of H’ in the 25 background images. Therefore, 0.4 is a
function of transverse filter location and pixel location
in the background image. The degrees of freedom for
Ocql 18 Teduced by considering the average transverse
deflection distance across the filter at each location in
the image during the experiment to provide a unique
0cq) for each pixel in the background image. This pro-
cedure is performed for all uncertainty variables that
are functions of both pixel location and transverse de-
flection distance, e.g., g and %. The uncertainty in
H’ ranges from 0.2° to 1.2°.

Equation 9b propagates uncertainty from H’ to trans-
verse deflection distance, Up. A central difference method
is used to determine % for each pixel in the image.
The local derivative corresponding to the average de-
flection distance during the experiment is used for each
pixel. Next, Eq. 9d calculates uncertainty in deflection
angle by considering the bias uncertainty from the cali-
bration curve and the lens focal length (Uy = £2.5 mm)

(Eq. 9¢, and the precision uncertainty from the 5000 im-
ages acquired in the experiment. Uncertainty propaga-
tion to the refractive index difference is given by Eq. 9e.
Note that the Abel inversion causes uncertainty in the
center to be the highest. Lastly, Eq. 9f gives the uncer-
tainty in the helium mole fraction. The results from the
uncertainty analysis are shown later in Fig. 9.

Uy =t 9
" NI,(,al 1 ( a)
dD
Up T Uy (9b)
Up\> (D, \°
Beg = \/(f) + (]QUf) (9¢)
Uo = /B3 + P2, Po=t—00 9d
al U
Ui = | >_(Dij - Uej)?, Uy = 172 (9e)
Jj=t
U,
Uxhe = n (9f)
%(Mhe’{he — MairKair)
5 Results

5.1 Raw RSD Image Analysis

Figure 4 shows instantaneous RSD images for the two
test cases stitched together from multiple FOVs; Fig. 4a
for Rey = 800 and Fig. 4b for Req = 2500. The black
dashed line in the images signifies the middle of each
FOV. The yellow color (hue=7/3) in the background,
also observed throughout the center of the jet, corre-
sponds to undeflected light rays, whereas deviations
from the background hue indicate ray deflections by
the test media. For example, red and green colors indi-
cate large deflections caused by the sharp density gra-
dients in the shear layer of the jet flow. For both cases,
the RSD images clearly show the laminar, transition,
and fully turbulent regimes. Helium emerges as a lam-
inar jet and then, the turbulent structures in the shear
layer lead to breakdown in both cases. For Rey = 800,
the jet flow is laminar for approximately z = 0d to
10d and transitional for z = 10d to 13d. In contrast,
for Reg = 2500, the laminar and transition regions are
much shorter, z = 0d to 1d and z = 1d to 2d, respec-
tively. After transition, turbulence engulfs the jet at z
= 13d for Reg = 800 and z = 2d for Reg = 2500. The
RSD images also show stark differences in the sizes of
the turbulent structures. The higher Reynolds number
case contains much finer structures indicating a higher
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Fig. 4: Instantaneous RSD images stitched together
from multiple FOVs are shown for (a) Reg = 800 and
(b) Rep = 2500. The black dashed line represents the
middle of each FOV.

turbulent intensity. Another important contrast illus-
trated in Fig. 4 is the diffusion of helium in the radial
direction. At z=20d, the jet width for Rey = 800 is 6d
and about 8d for Rey = 2500. In summary, the raw RSD
images are useful to identify many distinct features of
the jet, and illustrate the ability to acquire images of
the turbulent structures at high temporal and spatial
resolutions (discussed further in Section 5.2).

The transition region for Reg = 800 is further ana-
lyzed in Fig. 5 showing three different snapshots during
the experiment. Figure. 5 illustrates that the transition
location varies approximately by 3.5d even though the
helium flow rate is nominally constant during the ex-
periment.

Next, the flow regimes are analyzed using a fast
Fourier transform (FFT) of hue fluctuations during the
experiment. Figure 6 shows the results of the FFT anal-
ysis for both cases in terms of a contour plot of the
count of frequency components with a detectable signal
intensity. In the laminar region, the hue at a pixel is con-
stant (with time), and thus, no frequencies are observed
in the contour plot (blue color). In contrast, a higher
frequency count indicates the shear layer instabilities
(green/yellow color). Once coherent structures overtake
the jet, a large continuous frequency count, indicated by

_
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Fig. 5: Selected instantaneous RSD images showing the
unsteady transition location for Rey = 800.
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Fig. 6: Frequency count of hue fluctuation via FFT
analysis is shown for (a) Re = 800 and (b) Re = 2500.

the red color, is observed. Thus, Fig. 6 provides a quan-
titative spatial map of laminar, transition, and turbu-
lent regimes in the jet. In both cases, the mixing layer
outlines a wedge shaped potential core - an unmixed re-
gion of jet fluid - commonly observed in turbulent plane
jets [1]. The wedge begins at the location where the jet
starts to diverge. For Rey = 800, this process begins at
around z=10.5d and by z=12.5d the potential core is
completely consumed. For Req = 2500, the wedge be-
gins at z=1d and end around z=1.5d. Figure 6b shows
a reduction in hue fluctuations downstream, suggesting
a dissipation of the turbulent intensity.

5.2 Quantitative RSD Image Analysis

Figure 7 shows the contour plots of instantaneous and
average deflection angle data for Rey = 2500. The in-
stantaneous contour shown in Fig. 7a displays larger
deflection angles magnitudes than its average counter-
part in Fig. 7b. Local eddies create large density gra-
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Fig. 7: Instantaneous (a) and average (b) deflection an-
gle contours for Reg = 2500.

dients leading to local regions of large deflections that
could exceed the filter range. Figure 7a reveals small ed-
dies of opposite magnitudes in close proximity, e.g., at
Z/d=3.25 and r/d=-0.5. Note that the smallest dissipa-
tive structures for this case are approximately 200 um
given Eq. 10. [6].

Ap = ASRe; ¥4 51/ (10)

Here, A, Res = u.0/Vs, and Sc are a mixing layer
thickness constant, the outer-scale Reynolds number,
and Schmidt number (0.2) respectively. The mean jet
centerline velocity (u.) and the full width of the mean
axial velocity profile at 5% (0) are estimated using the
scalings given for pure jets in Chen and Rodi [7] and
provided in Eq. 11.

d
we = 6.2ug 2L L

oo

0 =0.36z (11)
Buch and Dahm [6] found the mixing layer thickness
constant to vary between 5.6 and 16.8 with a mean
of 11.2 (used in this study). The 10PX/mm sampling fre-
quency (spatial resolution) used in this study is twice of
that for the smallest dissipative eddies (5P%/mm). Thus,
the Nyquist criterion is satisfied and the instantaneous
images are spatially resolved. Figure 7b illustrates that
symmetry develops after the averaging process.

Figure 8 plots the average deflection angle versus
number of images for both cases to establish statisti-
cally stationary flow, which is necessary to apply Egs. 4a-
4c. The Reg = 800 and Rey = 2500 cases show the con-
vergence of the deflection angles on the negative (left
side of the jet) and positive (right side of the jet) side
as the number of images is increased. Plots are shown
at multiple radial locations, center (green line), inner
shear layer (blue line), middle of the shear layer (orange
line), outer shear layer (red line), and the farfield (black
line), at z=20d for Rey = 800 and z=5d for Rey = 2500.
Figure 8 highlights that most fluctuations (+1 x 1075)
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Fig. 8: Average deflection angle versus number of images
for (a) Rep = 800 and (b) Rey = 2500. The five different
radial locations, indicated in the legend, are at z=20d
for Reg = 800 and at z=5d for Reg = 2500.

average out for 1000 images for both cases, while the
minor fluctuations (+4 x 10~ 6) diminish with 3000 im-
ages for Reg = 800 and 4000 images for Rey = 2500.

Figure 9a shows the radial profile of the average de-
flection angle and its uncertainty at z=20d for Rey =
800. The profile exhibits a high level of symmetry, with
minor asymmetry likely caused by slight jet tube mis-
alignment and/or ambient flow field circulation. The
uncertainty is lowest at the edges where variation is
minimal and highest in the shear layer around r=10 mm.
Figure 9a shows the corresponding radial profile of the
refractive index difference obtained using Eq. 5, inde-
pendently for each side of the jet. Thus, any asymme-
try will manifests itself by a discontinuity at the center.
Figure 9a demonstrates symmetric profile of refractive
index difference on each side, and only a minor dis-
continuity at the center. The slight asymmetry can be
mitigated by mirroring and averaging the two refractive
index difference profiles.

The final result in Fig. 9b shows that the helium
mole fraction at the center is 0.54 and it reaches a value
of zero at approximately r=20 mm. Figure 9 shows that
the uncertainty in both normalized refractive difference
and mole fraction is highest at the center. In this study,
an uncertainty of less than 1% full scale of hue propa-
gates to an uncertainty of about 3.5% full scale of he-
lium mole fraction. Figure 9b also shows the helium
mole fraction profiles for £10% higher and lower he-
lium flow rates than the nominal flow rate. The +£10%
profiles are selected to address possible discrepancies in
the helium flow rate measurements between this study
and Ref. [31] - where uncertainty in the flow system is
not provided. Results show that the measurement un-
certainties are far less than those resulting from =10%
change in the flow velocity at the inlet.
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Fig. 9: Radial profiles of (a) average deflection angle
and refractive index difference at z=20d for Re = 800,
and (b) helium mole fraction at z=20d for Rey = 800.
The uncertainty is shown by the error bars.

5.3 Validation with Published Data

Figure 10 compares the radial profiles of mean helium
mole fraction for Reg = 2500 at z— 5d and 15d ob-
tained by RSD in this work and Rayleigh scattering
in Ref. [31]. In Fig. 10a, the mole fraction is normalized
by the mole fraction at the center (X.) and the radial
distance is normalized by the jet full width at half max-
imum concentration (dg.5). This normalization scheme
provides self-similarity for the concentration field in mo-
mentum dominated (zp, < 1) turbulent free jets [29].
Figure 10a shows good agreement between between the
two studies, demonstrating the validity of RSD to pro-
vide accurate concentration measurements in a turbu-
lent flow field. The self-similarity observed in Fig. 10a
shows that variations in the initial conditions, due to
minor experimental differences, do not affect the re-
sults. Helium mole fraction profiles in Fig. 10b shows
only minor discrepancies likely caused by small differ-
ences in initial jet velocity, tube thickness, and/or mi-
nor co-flow.

The normalizing parameters,dg 5 and X, across the
full-field provide further insight into the jet behavior.
These parameters reveal if self-similarity is satisfied by
checking the two main assumptions: 1) the constant
entrainment hypothesis, and 2) centerline decay is in-
versely proportional to z [13]. Furthermore, the two pa-
rameters show the effect of experimental differences on
the jet, e.g., occurrence of jet transition. Both dg 5 and
X, give context to the radial comparison plots previ-
ously shown.

Figure 11 shown axial profiles of 495 and X, for
Rey = 2500. Three different momentum dominated re-
gions (zp, < 1) are outlined in both plots. Region I
indicates the laminar portion of the jet. Although the
jet growth rate and centerline decay are constant un-

Fig. 10: (a) Non-dimensional and (b) absolute helium
mole fraction from RSD (black lines) and Ref. [31] (col-
ored lines) for Rey = 2500.
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Fig. 11: (a) Full width at half maximum and (b) cen-
terline helium mole fraction profiles for Req = 2500 for
RSD (solid black) and Ref. [31] (red dashed).

til about z=2d,the potential core start to diminish at
z=1d (see Fig. 6b) - demonstrating that Fig. 11 is not
sufficient by itself to identify the end of the laminar
region. Region II is the developing turbulent region,
where instabilities set in to initiate turbulent mixing.
This region shows a slight non-linear behavior in both
jet spreading and centerline decay. Beyond z=4.75d,
Region III shows a constant entrainment and center-
line decay given by a linear fit (blue-dashed line) with
an R? value of 0.994 and 0.987 for dy.5/d and X,, re-
spectively. The high degree of linearity shows that self-
similarity is achieved in Region III, which would also ex-
plain the excellent agreement reached between the pro-
files in Fig. 10a. A linear spreading rate is observed for
data from both studies in Region IIT (Fig. 11a), where
the slope from RSD is slightly greater than Ref. [31].
Kwon and Seo [18] showed that an increase in Reynolds
number decreases the jet spreading rate for Reynolds
numbers greater than 1300. Thus, it is likely that the
jet inlet velocity in Ref. [31] was slightly higher than
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reported, owing to the uncertainties in the flow mea-
surements.

Next, the normalized and absolute profiles for Rey =
800 obtained by RSD and Rayleigh scattering [31] are
compared in Fig. 12 at z=9d, 20d, and 30d. In this
study, z=9d is within the laminar region, and hence,
the RSD profile does not follow similarity in Fig. 12a.
Conversely, in Ref. [31], the z=9d profile straddles in
the transition region, and therefore, shows a centerline
mole fraction of less than 1 in Fig. 12b. In spite of these
difference, caused by un-quantified minor variations in
the inlet conditions from Ref. [31], the two profiles agree
with each other for r>3 mm including at the edge of the
jet (r &~ 5) with sharp gradients. At z=20d, the jet ap-
proaches self-similar behavior in Fig. 12a and mostly
agrees except at the outer radial positions indicating
that the 20d location is still slightly influenced by initial
conditions either because the jet is not fully turbulent
or because of the minor buoyancy effects (zp, = 0.82).
Even the absolute comparison in Fig. 12b for the 20d
location shows minor differences which are less than
the £10% velocity discrepancies shown in Fig. 9b. The
agreement at z=30d in Fig. 12a is much better indicat-
ing negligible influence of experimental discrepancies at
this downstream location.

Figure 13 compares §g.5 and X, for Reg = 800 from
RSD and Ref. [31]. Region I is the laminar region until
z=10.25d (also found in Fig. 6a), Region II is the de-
veloping turbulent regime until approximately z=16.2d,
Region III is momentum-dominated regime given by a
linear fit with an R? of 0.990 and 0.983 for 6p.5 and
X., respectively, from z=16.2d to z=25d, lastly, Re-
gion IV governed by combined buoyancy-momentum
effects starting at z=25d, where zp,, = 1. Profiles in
Fig. 13 agree in Region I although Ref. [31] shows an
earlier transition. Region III shows similar centerline
values but slightly different jet spreading rates. Region
IV shows similar slopes in both spreading rate and cen-
terline decay indicating negligible effects of initial ex-
perimental conditions at these downstream locations.
In both cases, RSD shows full-field spatially resolved
data beginning near the tube exit (z>0.1d) to either
z=20d (Rep = 2500) or z=32d (Rey = 800).

5.4 Full Field Measurements

The RSD technique is extended to quantify the average
helium mole fraction across the whole field by stitching
together multiple FOVs for both test cases. For Rey =
800, the jet undergoes slight spreading near the exit,
but the mole fraction remains nominally constant until
about z=12.5d where the jet width increases suddenly
in the transition region. For Rey = 2500, Fig. 14b shows
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Fig. 12: (a) Non-dimensional and (b) absolute helium
mole fraction from RSD (black lines) and Ref. [31] (col-
ored lines) for Rey = 800.
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Fig. 13: (a) Full width at half maximum and (b) cen-
terline helium mole fraction profiles for Rey = 800 for
RSD (solid black) and Ref. [31] (red dashed).

that the jet spreads at z=1.5d and farther downstream,
and the results for each FOV match seamlessly.

Next, radial profiles of helium mole fraction are pre-
sented at various flow regimes as useful validation data
for computational models and to gain insight into the
physical mechanisms of the jet. Five locations for each
test case are shown in Fig. 15: tube exit, pre-transition
and transition locations, a turbulent location, and at
the end of the FOV. In the near field and before tran-
sition, self-similarity does not hold, thus experimental
data in these regions will be useful to validate the com-
putational models. Both cases show broadening of the
jet and decreasing helium mole fraction at the center.
Thereafter, a large change occurs in a relatively small
axial distance across the transition region. This effect is
amplified at the higher Reynolds number, whereby the
jet evolves from a potential core with a radius about
0.75mm to the centerline mole fraction value of 0.9 in
just 0.5d as seen in Fig. 14b.

One effect present in the Reqg = 2500 that is not
present in Reg = 800 is the inflection at the two transi-
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Fig. 14: Full field helium mole fraction for (a) Rey = 800
(b) and Rey = 2500.
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Fig. 15: Radial profiles of helium mole fraction for (a)
Re=800 and (b) Re = 2500.

tional profiles. This peculiar behavior is postulated to
be occurring from a Strouhal number effect enhancing
the mixing. It has been observed by Mastorakos et al.
that forcing at Strouhal numbers around 0.6 enhances
the mixing in the developing region of a momentum
driven jet and this enhancement increases with increas-
ing amplitude of excitation [20]. Figure 6b clearly shows
self excitation frequencies present in the near field prior
to turbulent mixing. Post transition- 20d and 30d for
Rey = 800 and 10d and 20d for Reg = 2500 -the be-
havior shows the same qualitative shape in Fig. 15 as
observed previously.

5.5 Hardware Averaging

The deflection angle required for the RSD analysis can
be averaged either in software or in hardware. The for-
mer converts the instantaneous hue to the instanta-
neous deflection angle, and then, the average is ob-
tained in post-processing, as in the methodology de-
scribed above. However, in hardware averaging, the cam-
era sensor itself effectively averages the RGB signal in
a long exposure to obtain an average hue, and thus, the
average deflection angle. A higher degree of symme-
try can be achieved by a combination of software and
hardware averaging rather than the hardware averaging
alone. If all the intermediate steps are linear relations
then hardware averaging or partial hardware/software
is no different than software averaging. Because the
RGB to HSV conversion and H to H’ conversion are
linear relations, the filter calibration process is the only
potential source of non-linearity. To further explore this
hypothesis, a filter with non-linear calibration on one
side and a linear calibration on the other side was de-
signed and used with long exposure experiments.

The optical setup is slightly modified for the long ex-
posure experiments. A neutral density filter is attached
to the aperture to reduce the light throughput. The
camera’s exposure time is changed to 250 ms for hard-
ware averaging. At exposure times longer than 250 ms,
the ambient light can interfere with the signal. Thus,
100 long exposure images are used for averaging.

Figure 16a shows sample individual pixel filter cal-
ibration curves at r=-20mm (red line) and r=2.5mm
(green line) and their respective least squared fits (dashed).
Considering the R? value for each pixel along a radial
line, Fig. 16b demonstrates non-linear behavior with
R? of about 0.91 between r—-14 to -22mm and a R?
value of around 0.98 on the positive side (r > 0) of the
image. Thus, individual pixel calibration curves on the
left side of the filter are more non-linear than those on
the right-side of the filter.

The sample RSD image in Fig. 17a shows that the
long exposure smooths out the turbulent features. As
mentioned previously, one hundred such images were
acquired and averaged to obtain a converged image used
to obtain average deflection angle, average refractive
index difference, and finally, average helium mole frac-
tion. Figure 17b shows that the side of the image with
linear calibration (right side) provides accurate results,
but the results obtained with the non-linear side are
highly erroneous. As expected, the results in Fig. 17b
demonstrate that hardware averaging can be used only
if the filter is linear, e.g., R? > 0.98. This R? target
can be a useful guide for future studies where hardware
averaging is required because either the light source or
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Fig. 16: (a) Individual pixel calibration curves sam-
pled to show linear (solid green) and non-linear (solid
red) behavior and corresponding linear regression lines
(dashed). (b) Radial profile of R? at z=20d for all pixels
in the FOV.

i L 11— : .

o —

he] = === Literature

N T0.8f 1
c

£20 g ]

© 7 B 6

® o

a I-:]-) ]

I °

% =0.2 .

-
[$)}
1

20 0 20
Radial Distance [mm]

-5 0 5
Radial Distance [r/d]
(a) (b)

Fig. 17: (a) Long exposure raw image for the case of
Rep = 800 and (b) corresponding results for mole frac-
tion for RSD (solid black) and Ref. [31] (red dashed).

the data size is limited. However, given a bright light
source, it is best to use short exposure times with soft-
ware averaging. Further for transient events, like initial
jet penetration, a high-speed camera is also needed.

6 Conclusions

In this study, RSD was implemented and validated to
obtain quantitative mixing measurements in a turbu-
lent environment. Measurements were obtained across
the whole field of turbulent helium jets, including lam-
inar, transition, and turbulent regions. Due to instabil-
ity of transition to turbulence, the average transition
region spans a range of axial distances that decreases
with increasing Reynolds number. Radial profiles re-
veal that significant changes occur in the mixing pro-
files, both in shape and magnitude, across a relatively
small transition distance. Self-similarity was observed
in the turbulent region of the momentum dominated

jet. Results show that RSD can provide high quality
quantitative data with low measurement uncertainties,
which will be useful to validate computational models,
especially in regions where self-similarity may not be
satisfied.

Several important considerations are necessary for
accurate RSD measurements. First, a pixel-by-pixel cal-
ibration process with multiple images acquired at each
calibration step is strongly recommended to minimize
the uncertainty. Second, an alternative hue coordinate
(hue prime) can be utilized to exclude regions of the
filter with high absorptivity that limits light through-
put. Thus, enabling data acquisition at lower exposure
times by eliminating these regions. Third, turbulent
RSD measurements require a large dataset (>1000 im-
ages) to ensure statistically stationary state. Lastly, the
linear relationship between refractive index difference
and density can be used to obtain the average thermo-
dynamic properties. The effect of exposure time on the
quantitative measurements was also investigated. Par-
tial hardware averaging with long exposure provides the
same results as short exposure experiments and soft-
ware averaging, but a highly linear filter is necessary to
avoid spurious measurements. If possible, high-speed,
short exposure data acquisition is preferred to provide
more details about the transient phenomena that the
long exposure cannot provide.

7 Acknowledgements

This work was performed with support by the Depart-
ment of Energy, Office of Energy Efficiency and Renew-
able Energy (EERE) and the Department of Defense,
Tank and Automotive Research, Development, and En-
gineering Center (TARDEC), under Award Number DE-
EE0007301.

References

1. Abramovich, G.: The theory of turbulent jets,(1963).
R411 p. 541 (1963)

2. Agrawal, A., Alammar, K., Gollahalli, S.: Application of
rainbow schlieren deflectometry to measure temperature
and oxygen concentration in a laminar gas-jet diffusion
flame. Experiments in fluids 32(6), 689-691 (2002)

3. Agrawal, A.K., Wanstall, C.T.: Rainbow schlieren deflec-
tometry for scalar measurements in fluid flows. Journal of
Flow Visualization and Image Processing 25(3-4) (2018)

4. Al-Ammar, K., Agrawal, A., Gollahalli, S., Griffin, D.:
Application of rainbow schlieren deflectometry for con-
centration measurements in an axisymmetric helium jet.
Experiments in fluids 25(2), 89-95 (1998)

5. Bracewell, R.N., Bracewell, R.N.: The Fourier transform
and its applications, vol. 31999. McGraw-Hill New York
(1986)



12 C. Taber Wanstall et al.
6. Buch, K.A., Dahm, W.J.: Experimental study of the fine- 27. Pitts, W.M., Kashiwagi, T.: The application of laser-
scale structure of conserved scalar mixing in turbulent induced rayleigh light scattering to the study of turbulent
shear flows. part 2. scal. Journal of Fluid Mechanics mixing. Journal of Fluid Mechanics 141, 391-429 (1984)
364, 1-29 (1998) 28. Prandtl, L.: 7. bericht iiber untersuchungen zur ausge-

7. Chen, C.J., Rodi, W.: Vertical turbulent buoyant jets: a bildeten turbulenz. ZAMM-Journal of Applied Mathe-
review of experimental data. Nasa STI/Recon Technical matics and Mechanics/Zeitschrift fiir Angewandte Math-
Report A 80 (1980) ematik und Mechanik 5(2), 136-139 (1925)

8. Davis, M.: Measurements in a subsonic turbulent jet us- 29. Richards, C.D., Pitts, W.M., et al.: Global density effects
ing a quantitative schlieren technique. Journal of Fluid on the self-preservation behaviour of turbulent free jets.
Mechanics 46(4), 631-656 (1971) Journal of Fluid Mechanics 254, 417-417 (1993)

9. Davis, M.: Quantitative schlieren measurements in a su-  30. Singh, S., Panigrahi, P., Muralidhar, K.: Effect of buoy-
personic turbulent jet. Journal of Fluid Mechanics 51(3), ancy on the wakes of circular and square cylinders: a
435-447 (1972) schlieren-interferometric study. Experiments in fluids

10. Davis, M.: Intensity, scale and convection of turbulent 43(1), 101-123 (2007)
density fluctuations. Journal of Fluid Mechanics 70(3), 31. Su, L., Helmer, D., Brownell, C.: Quantitative planar
46374.79 (1975)' . ) o imaging of turbulent buoyant jet mixing. Journal of fluid

11. Dowling, D., Dlmotakls, P.: On mixing and structulre of mechanics 643, 59-95 (2010)
the.concentra.tlon field of turbulent jets. In: 1st National 32. Takano, H., Kamikihara, D., Ono, D., Nakao, S., Ya-
Fluld, Dynamics Confergnce, p. 3611 (1988) . . mamoto, H., Miyazato, Y.: Three-dimensional rainbow

12. Dowling, D.R.: The estimated scalar dissipation rate in . . ..

X . N . schlieren measurements in underexpanded sonic jets from
gas-phase turbulent jets. Physics of Fluids A: Fluid Dy- . .
ics 3(9). 22299246 (1991 axisymmetric convergent nozzles. Journal of Thermal
namics 3(9), 2229-2246 (1991) i Science 25(1), 78-83 (2016)
13. Dowling, D.R., Dimotakis, P.E.: Similarity of the concen o -
. . . 33. Vasil’ev, L.A.: Schlieren methods. Israel Pro-
tration field of gas-phase turbulent jets. Journal of Fluid D
. gram;[distributed by Keter Inc.] New York (1971)
Mechanics 218, 109-141 (1990) . e
. ) . 34. Wanstall, C.T., Agrawal, A.K., Bittle, J.A.: Quantifying

14. Greenberg, P.S., Klimek, R.B., Buchele, D.R.: Quanti- A 0 . .
tati . . . . liquid boundary and vapor distributions in a fuel spray by
ative rainbow schlieren deflectometry. Applied optics ! ¢ N )

34(19), 38103825 (1995) rainbow schlieren deflectometry. Applied Optics 56(30),

15. Ko, H., Kihm, K.: An extended algebraic reconstruc- 8385-8393 (2017) . )
tion technique (art) for density-gradient projections: laser 35. Wanstall, C.T., .Agra..wal, A'K" Bittle, JA Phase
speckle photographic tomography. Experiments in fluids boundary ~detection in .transmnt, .evaporatlng high-
27(6), 542—550 (1991) pressure fuel sprays by rainbow schlieren deflectometry.

16. Kolhe, P.S., Agrawal, A.K.: Abel inversion of deflectomet- Applied optics 58(25.)7 6791-6801 (2019)
ric data: comparison of accuracy and noise propagation 36. Watanabe, T., Sakai, Y'{ Nagata, K., Tto, Y., Hayase,
of existing techniques. Applied optics 48(20), 38943902 T.: Enstrophy and passive scalar transport near the
(2009) turbulent /non-turbulent interface in a turbulent planar

17. Kolhe, P.S., Agrawal, A.K.: A novel spectral analysis al- jet flow. Physics of Fluids 26(10), 105}03 (.2014) ]
gorithm to obtain local scalar field statistics from line- 37. Watt, D, \/jest‘, C.M.: Turbl}lent flow visualization by in-
of-sight measurements in turbulent flows. Measurement terferometr.lc 1ntegral 1maging and computed tomogra-
Science and Technology 20(11), 115402 (2009) phy. Experiments in fluids 8(6), 301-311 (1990)

18. Kwon, S.J., Seo, . W.: Reynolds number effects on the 38. Westerweel, J., Fukushima, C., Pedersen, J., Hunt, J.:
behavior of a non-buoyant round jet. Experiments in Mechanics of the turbulent-nonturbulent interface of a
fluids 38(6), 801-812 (2005) jet. Physical review letters 95(17), 174501 (2005)

19. Libby, P.A.: An introduction to turbulence. CRC Press 39. Westerweel, J., Hofmann, T., Fukushima, C., Hunt,
(1996) J.: The turbulent/non-turbulent interface at the outer

20. Mastorakos, E., Shibasaki, M., Hishida, K.: Mixing en- boundary of a self-similar turbulent jet. Experiments in
hancement in axisymmetric turbulent isothermal and Fluids 33(6), 873-878 (2002)
buoyant jets. Experiments in fluids 20(4), 279-290 (1996) 40. Yildirim, B., Agrawal, A.: Full-field measurements of self-

21. Mistry, D., Philip, J., Dawson, J.R., Marusic, I.: Entrain- excited oscillations in momentum-dominated helium jets.
ment at multi-scales across the turbulent/non-turbulent Experiments in fluids 38(2), 161-173 (2005)
interface in an axisymmetric jet. Journal of Fluid Me-
chanics 802, 690-725 (2016)

22. Papanicolaou, P.N., List, E.J.: Investigations of round
vertical turbulent buoyant jets. Journal of Fluid Me-
chanics 195, 341-391 (1988)

23. Pasumarthi, K.S., Agrawal, A.K.: Schlieren measure-
ments and analysis of concentration field in self-excited
helium jets. Physics of Fluids 15(12), 3683-3692 (2003)

24. Pelliccia-Kraft, B., Watt, D.: Three-dimensional imaging
of a turbulent jet using shearing interferometry and op-
tical tomography. Experiments in fluids 29(6), 573-581
(2000)

25. Pitts, W.M.: Effects of global density ratio on the cen-
terline mixing behavior of axisymmetric turbulent jets.

Experiments in Fluids 11(2-3), 125-134 (1991)
26. Pitts, W.M.: Reynolds number effects on the mixing be-

havior of axisymmetric turbulent jets.
fluids 11(2-3), 135-141 (1991)

Experiments in



Simultaneous Rainbow Schlieren Deflectometry and OH* Chemiluminescence
Imaging of a Diesel Spray Flame in Constant Pressure Flow Rig

Allen Parker?, C. Taber Wanstall®, Shawn Reggeti?, Joshua A. Bittle?, Ajay K. Agrawal'

@ University of Alabama, Box 870276, Tuscaloosa AL 35487, USA

Abstract

The physical and chemical phenomena that take place during fuel injection, entrainment and fuel-air mixing, cool-
flame and ignition reaction, and combustion in diesel sprays still require extensive study. Global parameters such as
liquid and vapor jet penetration lengths and spreading rates render useful yet still limited information. Understanding
of the temporal evolution of the spray as it progresses through various steps is needed to develop advanced clean
combustion modes and high-fidelity predictive models with sufficient accuracy. In this study, high-speed rainbow
schlieren deflectometry (RSD) and OH* chemiluminescence are used to simultaneously image fuel-air mixing, cool-
flame reactions, ignition, flame propagation and stabilization, and combustion in a transient diesel-like flame. A
constant pressure flow rig (CPFR) is used to conduct multiple injections in quick succession to obtain a statistically
relevant dataset. n-heptane was injected at nominal supply pressure of 1000 bar from a single-hole diesel injector into
ambient at pressure of 30 bar and temperature of 800 K. About 500 injections were performed and analyzed to reveal
structural features of non-reacting and reacting regions of the spray, quantify jet penetration and spreading rates, and
study cool-flame behavior, ignition, flame propagation and stabilization at lift-off length, and combustion at upstream
and downstream locations.
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1. Introduction

Modern diesel injectors deliver fuel at supply pres-
sures up to 250 MPa through holes from one to a few
hundred microns in diameter into the high-pressure,
high-temperature ambient environment in pulses often
lasting less than 1.0 ms. Processes that follow include
liquid fuel penetration, fuel vaporization and mixing
with high-temperature ambient gas, cool-flame reac-
tions, autoignition, and premixed and diffusion flame
combustion. Fuel-air mixing in the near field and sub-
sequent processes ultimately determine the combustion
efficiency and engine-out emissions of soot, carbon
monoxides, nitric oxides, etc. Understanding the un-
derlying physics of these turbulent and transient pro-
cesses is challenging because detailed measurements in
a diesel environment are inherently difficult to acquire.

Early studies of diesel sprays focused on the global
parameters such as liquid and vapor penetration lengths
and spreading angles measured via Mie-scattering [1]
and schlieren or shadowgraphy techniques [2]. Simpli-
fied analytical models to predict the penetration length
[3, 4] and empirical correlations to estimate the flame
lift-off length [5] have been used in the literature. Dec’s
model is widely used to describe the conventional diesel
combustion process [4]. Musculus et al. [6] presented
conceptual models to describe the partially premixed
low temperature diesel combustion. These models and
approaches tend to approximate the inherently unsteady
diesel processes as quasi-steady state. However, de-
tailed information about the temporal evolution of the
diesel spray as it progresses through various stages
from injection to combustion is needed to develop not
only the advanced modes of combustion but also to ad-
vance accurate, predictive computational fluid dynamics
(CFD) models.

Detailed measurements of transient diesel sprays are
difficult because of the complex test environment (high-
temperatures and pressures) and diagnostics challenges
such as limited optical access, and inadequate spatial
and temporal resolutions. Optically accessible con-
stant volume facilities have contributed greatly towards
the current understanding, although only a few injec-
tions can be realized for a given experiment [7]. Sev-
eral research groups have used high-speed schlieren
imaging and planar laser induced fluorescence (PLIF)
or Rayleigh-scattering techniques [7-10]; the former
method is qualitative and suffers from poor sensitivity,
while the latter method provides spatially resolved re-
sults but requires either expensive kHz rate laser sys-
tems or multiple experiments with low speed lasers.

In this study, a high-pressure, diesel-like n-heptane

spray flame is investigated with two main objectives: (1)
perform large number of injections in quick succession
to describe the flame evolution both instantaneously and
statistically on an average basis, and (2) simultaneously
visualize and quantify the relevant physical processes
using multiple high-speed diagnostic techniques. An in-
house developed constant pressure flow rig (CPFR) will
be used for the experiments. Diagnostics include rain-
bow schlieren deflectometry (RSD), OH* chemilumi-
nescence, and 2-color pyrometry (2CP), although 2CP
results will be presented in future work. The RSD uses
a continuously graded rainbow filter to quantitatively
encode the deflection of light rays in color (or hue) to
overcome the limitations of intensity-based, black-and-
white schlieren techniques [11].

RSD uses a small source aperture (<100 micron
wide) compared to a large pinhole (few mm) in the con-
ventional schlieren technique to achieve high measure-
ment sensitivity. Moreover, the RSD signal is relatively
insensitive to light absorption by the test media. These
unique features of the RSD are well documented in
studies to acquire quantitative measurements in canoni-
cal jets and flames [12]. More recently, Wanstall et al.
have extended the RSD methodology to quantify liquid
and vapor boundaries in diesel sprays [13]. RSD is ap-
plied for the first time in the harsh environment of the
present study, and thus, it has not been fully optimized
to obtain the quantitative distributions of the local ther-
modynamic properties.

2. Experimental Setup

2.1. Constant Pressure Flow Rig (CPFR)

Figure la illustrates the CPFR used in this study. It
is a vertical continuous flow system designed to provide
line-of-sight optical access of fuel injection into a nearly
quiescent environment to generate large datasets (~500
injections) in about an hour. The chamber is supplied
with pressurized, electrically preheated air at an average
speed of about 0.5 m/s (nearly three orders of magnitude
less than the fuel injection velocity) in a counter flow
arrangement shown in Fig. la. The air enters through
a flow conditioner consisting of six 0.5 mm thick, 100
micron mesh elements followed by a diffuser section
to uniformly distribute the flow across the CPFR. The
air exits at the top of the rig through four 3 mm diame-
ter holes placed symmetrically around the injector tip.
The air supply pressure is controlled by an upstream
dome regulator and the air flow rate is regulated by a
downstream control valve. Fuel is injected by a Bosch
CRIN3-18 injector modified to have a single 100 um
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Figure 1: (a) Constant pressure flow rig (CPFR) illustration. (b)
Schematic of simultaneous diagnostics where each component is la-
beled as: CPFR (1), RSD Camera (2), rainbow filter (3), decollimating
lense (4), collimating lense (5), focusing aperture (6), focusing lenses
(7), laser light source (8), chemiluminescence camera (9), intensifier
(10), mirror (11), beam splitter (12), mirrors (13), 2CP camera (14)

Table 1: Air flow and fuel injection conditions in CPFR.
Amb. Amb. Fuel Fuel Pres.

Temp. (K) | Pres. (bar) | Temp. (K) (bar)
803+10 30.1+£0.3 89+6 990+8

hole at the tip to create a spray along the axis of the
rig. The fuel temperature is maintained at 90 °C by a
surrounding cooling jacket circulating coolant. Table
1 shows the test conditions recorded during the experi-
ment. The available facilities limited the maximum op-
erating pressure, which remains below typical compres-
sion ignition engine cylinder conditions during injection
(as well as ECN Spray A test conditions) at this time.

2.2. Optical Diagnostics

Figure 1b shows the layout of the three simultane-
ous optical diagnostics used for data acquisition, of
which only two are utilized in this study (RSD and OH*
chemiluminescence, or OH*). RSD is orthogonal to
the chamber while OH* chemiluminescence is viewed
at an angle. The RSD system uses an Energetiq EQ-
99X fiber coupled broadband light source, refocused by
two 75 mm focal length, 50 mm diameter lenses onto
a 3mm x 100 um rectangular aperture located at the
focal point of a 75 mm diameter, 250 mm focal length
achromatic doublet lens. The collimated light enters the
CPFR (Fig. 1b), and after exiting, is decollimated (fo-
cused) by a matching achromatic doublet lens onto a
digitally printed rainbow filter - a transparent rectangu-
lar strip with very fine color (hue) gradations of 4 um
- placed at the focal point. A Photron Nova S9 color
camera (1) with 512 x 784 pixel resolution is placed di-
rectly behind the filter plane to acquire the RSD images
at 20 kHz with 4 us exposure time. The camera is outfit-
ted with a Nikon Nikkor 50 mm lens to provide a spatial
resolution of 90 um per pixel.

The OH* chemiluminescence emitted in the reacting
spray is reflected by a mirror towards the Invisible Vi-
sion UV intensifier with gate time of 70 us, outfitted
with a 310 nm band pass filter. The OH* images are ac-
quired by a monochromatic Photron SAS camera (pixel
resolution of 896 x 848). The framing rate and spatial
resolution of the camera are 10 kHz and 160 um, respec-
tively.

3. Data Processing

RSD measures light ray deflection angle, €, related to
normalized refractive index difference ¢ along the line
of sight, § = (/n, — 1). Here, 7 is the local refractive
index, and 7, is the refractive index of the surroundings.
For small deflection angles, the transverse displacement
at the filter plane, d, can be obtained as:

d = ftan () (D

where f is focal length of the decollimating lens. In
RSD, the displacement d is coded in color by the rain-
bow filter, and thus, in the rainbow schlieren image.
The color is quantified by hue according to the hue-
saturation-intensity (HSI) color model. Hue at a pixel
location in the schlieren image is related to the trans-
verse displacement at the filter plane through a filter cal-
ibration curve as explained by Al-Ammar et al. [12].
In this study, each pixel is calibrated independently for
high accuracy. Because both the aperture and filter are
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Figure 2: (a) Shown above is an ensemble average of deflection an-
gle versus number of injections at 1.1 ms aSOI at 5 locations in the
spray, where z; = 25mm, z2 = 35mm, r; = =3.7mm, r» = Omm,
r3 = 87mm, ry = —4.6mm, and r5 = 6.2mm. Colored symbols
corresponding to these locations are overlaid on the RSD images in
Fig. 5. (b) Radial profiles of deflection angle are plotted at z = 25mm
downstream for an instantaneous injection (red) along with the en-
semble of 10 (green), 100 (blue), and 500 (black) injections.

rectangular, the filter responds only to transverse ray
displacement and is insensitive to the axial ray displace-
ment.

Reliable measurements of hue from RSD images re-
quire intensity and saturation values above a minimum
threshold of 10% and 15%, respectively [13]. Ensemble
averaging for turbulent flows requires a large number of
realizations to ensure statistical stationarity, i.e., the av-
erage of instantaneous fluctuations is zero [14], which is
demonstrated in Fig. 2a showing the average deflection
angle at specific points versus number of injections at
five different locations. In the background (blue line: z;,
r3), the deflection angle quickly converges to a constant
zero deflection angle after only 20 injections. However,
over 300 injections were required to reach statistically
stationary values at all locations in the jet. In Fig. 2b, the
radial profile at z=25 mm shows the outcome of ensem-
ble averaging. Successive averages improve the sym-
metry and smoothness of the radial profile, which ulti-
mately reaches a well defined symmetric shape for 500
injections.

Both RSD and OH* are line of sight techniques.
However, in RSD, the signal (deflection angle) is pro-
portional to the gradient of refractive index difference
integrated over the line of sight while, in OH*, the sig-
nal detected by the camera is proportional to the OH*
chemiluminescence integrated over the line of sight.
The two techniques result in different Abel inversion
formulas that are complementary to each other, i.e., one
is inverse of the other, as noted by Kolhe and Agrawal
[15]. Accordingly, for an axisymmetric profile, RSD (¢)
and OH* data are converted into local measurements (&
and OH* intensity) using Abel transforms expressed in

o
w

40
E

o 50 0.2

e B f'__
260 2 15
e £0.1

870 05
2

80 0 4o

-20 0 20
(a) Radial Distance [mm]

0
(b) Radial Distance [mm]

Figure 3: (a) An ensemble averaged false color OH* intensity contour
at 1.9 ms aSOI is shown along with (b) the radial profile of raw camera
intensity (black lines) and the inverted OH* results (red lines) at two
different axial locations.

discretized form by Eq. 2.

(5(}"]') = Z Di,jEj
J

2
OH'(r) = > D1
J

Here D;; represents the coeflicients matrix given by
Kolhe and Agrawal [15]. Figure 3a shows an aver-
age false color OH* contour for 200 injections. The
symmetric OH* radial profiles in Fig. 3b (black lines)
demonstrate that the OH* reaches statistical stationarity
and symmetry sooner than RSD. The inverted normal-
ized OH* intensity profiles (red lines) indicate that the
OH* intensity peaks away from the jet center where the
main reaction zone is located.

4. Results

In this work, a statistically significant dataset of 500
consecutive injections was acquired by utilizing capa-
bilities of the CFPR to obtain transient ensemble av-
eraged behavior of fuel-air mixing and low- and high-
temperature ignition via RSD and OH* chemilumines-
cence imaging. Prior to this work, truly average behav-
ior of diesel spray dynamics and combustion has not
been obtained because of the difficulty in acquiring such
large datasets required for statistical stationarity. Thus,
this work offers a unique perspective of reacting spray
dynamics on both instantaneous and average basis. Re-
sults in this section are presented in two parts. First,
global parameters of the spray and qualitative observa-
tions of the instantaneous RSD and OH* chemilumines-
cence are used to gain insight into the development of
the ignition process. Then, instantaneous line of sight
RSD and OH* chemiluminescence data are averaged to
obtain symmetric profiles that are suitable for the Abel
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angles at 1.35 ms, respectively. Also shown in (a) is the start of igni-
tion (red "x”) from the OH* signal.

inversion to obtain local ensemble averaged measure-
ments. The qualitative local OH* intensity is deter-
mined to track the evolution of the second stage igni-
tion while the local refractive index difference profiles
determined by RSD are used to characterize the fuel-
air mixing to bridge the first and second stage ignition
events.

4.1. RSD Imaging and Global Parameters

Recently, the intensity signal detected by the RSD has
been used to obtain liquid and vapor penetration lengths
and phase boundaries in high pressure fuel sprays us-
ing a novel probabilistic approach [13, 16]. Figure 4a
shows the liquid and vapor penetration distances versus
time for this experiment. The liquid penetration in Fig. 4
is defined as the region with 95% probability of liquid
[13]. The initial jet penetration up to t=0.1 ms, where
”t” represents time after start of injection (aSOI), is the
same for both liquid and vapor. However, after this time
the vapor begins to diverge as the liquid reaches a quasi-
steady penetration length of about 8 mm at t=0.2 ms.
The vapor penetration continues until t=1.35 ms when
the RSD signal shows a retraction caused by a ’soften-
ing’ of the refractive index gradients indicating that the
fuel-air mixture is being heated by the low-temperature
chemical reactions such as formaldehyde near the spray
head [9]. Thus, by this time the ’cool-flame’ or first
stage ignition has begun.

Figure 4b shows the axial development of the full
cone angle of the liquid and vapor portions of the spray
at t=1.35ms. Half cone angle is defined as arctan[’/p],
where r and D are the spray radius and axial distance, re-
spectively; the sum of left and right half angles is the full
cone angle presented. Figure 4 shows a continuously
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Figure 5: RSD images for a single injection. Two thermocouple
sheaths visible in the top-right (black regions) of each frame are used
to measure the ambient and injector temperatures. Symbols in top-
middle frame correspond to averaging locations in Fig. 2

decreasing liquid cone angle until termination around
z=8 mm. The vapor cone angle initially decreases until
about z=20 mm, where it begins increasing to a value of
approximately 27° at around z=35 mm; thereafter, the
cone angle decreases signifying the closing of the va-
por jet. Note that the vapor jet never reaches a period
of a constant cone angle as reported in the literature for
non-reacting conditions [13, 17]. The cool-flame soft-
ens the refractive index gradients, which affects the de-
tectable vapor boundary (also shown in Fig. 5). The
vapor cone angle plot reveals the appearance of cool-
flame reactions on the jet periphery earlier than the jet
head shown by the vapor penetration length.

These findings are supported by visual inspection of
the RSD images in Fig. 5; eight instantaneous RSD im-
ages are shown at different times after start of injec-
tion (aSOI). In these images, the intensity and saturation
values at each pixel location were increased for clarity
without affecting the hue (color) detected by the RSD
technique. Images in Fig. 5 show a dominantly light
blue background corresponding to the undeflected rays
passing through the center of the color filter. Injection
of the dense fuel (in relation to ambient air) causes den-
sity gradients, and thus, color gradations in the jet re-
gion. For t=0.25 ms, the first image in Fig. 5 shows the
so called quasi-steady liquid region (dark region near



injector tip) and a small surrounding vapor cloud. Af-
ter this (t=0.75 ms), the vapor penetrates farther down-
stream, noted by mostly dark blue and green/yellow col-
ors signifying deflections associated with the density
gradients in the jet.

At t=1.1 ms, the jet has reached about z=48 mm with
no visual signs of ignition. However, at t=1.35ms
the cool-flame is initiated on the jet periphery between
z=25mm and 40 mm. The high sensitivity of the RSD
in detecting early stages of the cool-flame is attributed
to, and dictated by, the small source aperture (100um).
At t=1.6 ms, the cool-flame spreads downstream to the
jet head, resulting in the so-called “’softening” observed
by other researchers using the conventional schlieren
imaging [9]. Interestingly, at this time, the RSD image
reveals not only the softening of the jet head but also a
reversal in the density gradients in the shear layer region
between z=40 mm and 60 mm marked by a switch in
color gradations (i.e. green color in top half that is other
wise dark-blue), indicating that the local temperatures
are higher than those of the surroundings. This pro-
cess persists and is more clearly observed at t=1.7 ms
when nearly all of the jet head (about 20 mm) is con-
sumed by the cool-flame reactions. After this time, den-
sity gradients intensify at t=2.0ms indicating second
stage combustion. By 2.5 ms the injection has ended,
yet combustion persists consuming the remaining fuel.
At 3.5 ms, the fuel jet disappears and the product cloud
or end of combustion still remains between z=40 mm
and 60 mm. The RSD results are consistent with the
findings of Skeen e al. [9], based on multiple diag-
nostics, i.e., schlieren and formaldehyde PLIF. Consid-
ering different time steps, two additional observations
can be made from Fig. 5: (1) the turbulent structures in
the background are stationary proving that the airflow
is nearly quiescent, and (2) the spray contains very fine
scale turbulent structures in both non-reacting and re-
acting regions.

OH* images in Fig. 6 spanning z=35 mm to 90 mm
support the observations made from the RSD images.
The first plot in Fig. 6 pertains to the start of combustion
at t=1.8 ms and z = 55 mm, matching with the large de-
flections (red/purple color) observed in the schlieren im-
age shown in Fig. 5. The OH* first appeared at around t
= 1.7 ms signifying first stage ignition (not shown here).
Thus, the time between ignition and combustion is only
about 0.1 ms or within the framing rate tolerance of the
camera system. In contrast, the cool-flame behavior is
observed for a much longer period from 1.1 ms to 1.7
ms, in agreement with the findings of [9]. Att=2.0ms
the combustion zone has expanded (both upstream and
downstream) and the OH* signal peaks at z=60 mm.
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Figure 6: False color images of the instantaneous OH* chemilumines-
cence are shown for four time steps aSOI.

The RSD images also reveal upstream flame propaga-
tion whereby a region of large deflections appears at
z=45mm. At t=2.5ms (injection ended at 2.2 ms), the
combustion zone has elongated and the OH* signal is
bimodal signifying reactions in localized upstream and
downstream regions. The last frame at t=3.5 ms shows
diminishing reactions because of the absence of the in-
coming fuel in the upstream region while the OH* in-
creases in the downstream combustion zone.

4.2. Local Measurements

In this section, data for multiple injections were en-
semble averaged, which resulted in symmetric profiles
at each time step. Next, Abel inversion was used to ob-
tain local distributions to gain insight into the combus-
tion processes. Normalized refractive index (6) profiles
from RSD are shown in Fig. 7 followed by OH* inten-
sity contours in Fig.8.

Figure 7 shows the time evolution of ¢ at z=25 mm,
30mm, and 35 mm to illustrate the jet arrival, quasi-
steady flow, and then softening/retraction by the cool-
flame. First note that the quasi-steady period at each
axial location is different: at z=25 mm from t=0.75 ms
to 1.25ms, at z=30mm from 0.75 ms to 1.0 ms, and at
z=45 mm from t=1.0ms to 1.1 ms. These results show
that it takes longer to reach the downstream location and
that the quasi-steady period decreases with increasing
axial distance. The results agree with the RSD image
in Fig. 5, where jet head at t=0.75 ms has just passed
z=30 mm but it has not yet arrived at z=35 mm. More
importantly, agreement between instantaneous RSD im-
ages and ensemble averaged refractive index profiles
shows that the RSD could be utilized for local quantifi-
cation once the measurement uncertainties are analyzed
in detail for this challenging application. For example,
recent work [18] has demonstrated a robust methodol-
ogy to convert ¢ to thermodynamic properties such as
equivalence ratio.

As discussed, cool-flame reactions affect the RSD
signal, visible as softening of the jet periphery in Fig. 5.
This effect is also seen in the ¢ profiles in Fig. 7, again



indicating that the process is repeatable across injec-
tions. Each of the three axial locations in Fig. 7a-c
show the arrival of the jet (red line), the fuel-air mixing
locally (at that axial location) reaching a quasi-steady
state (green and blue lines show same profiles), the
inception of the cool-flame on the periphery (orange)
noted by a narrowing of the profiles, and deepening of
the cool-flame into the jet core (purple and black line).
Note that the purple/black lines representing later times
are nearly identical; this re-stabilization is best seen in
Fig. 7c.

Fig. 7d tracks the temporal evolution of the cool flame
using radial profiles of normalized refractive index dif-
ference for the quasi-steady state at two axial locations,
taken from Fig. 7a and 7c. The radial position of the
recessed RSD boundary, signifying the inner edge of
the cool flame, is shown at three different times, i.e.,
t = 1.25 ms, 1.50 ms, and 1.75 ms. Fig. 7d shows that
the radial location of the cool flame is about the same at
both axial locations. It is apparent that the reactions pro-
ceed radially inwards into increasingly fuel-rich regions
as time progresses. The magnitude of the normalized
refractive index difference at the cool flame boundary
is greater at the downstream location compared to the
upstream location. As shown in [18], a higher value
of the normalized refractive index difference denotes
a higher mixture fraction or equivalence ratio. Thus,
Fig. 7d suggests that the cool flame starts in a fuel-lean
region, and subsequently spreads into gradually richer
mixtures. These results demonstrate the ability of the
RSD diagnostics to quantitatively delineate the spatial
and temporal pathways of the cool flame, which even-
tually leads to the second stage ignition.

The local OH* intensity contours extend the analy-
sis domain into second stage ignition. Figure 8 shows
the ensemble averaged planar OH* intensity contours
for eight different times aSOI; note that the high de-
gree of similarity between left and right profiles/images
in Fig. 7/Fig. 8 supports the axisymmetric assumption
of the Abel inversion. Figure 8 quantitatively identifies
the time and spatial location (axial and radial) of igni-
tion observed via RSD (Fig. 5). As evidenced in both
figures, on average the ignition kernels first appear at
t=1.7 ms approximately at z=60 mm. Figure 8 iden-
tifies the radial location of main ignition, 4<r<8 mm,
which is precisely the region of cool-flame development
(Fig. 7). By t=2ms the ignition region has broadened,
with peak OH* intensity at approximately the same lo-
cation as the previous plot. At t=2.2ms the flame has
stabilized at the lift-off length. After t=2.2 ms, the OH*
intensity contour reveals upstream flame propagation
consistent with the instantaneous image in Fig. 6 where
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Figure 7: (a,b,c) Radial profiles of normalized refractive index at axial
distances of 25, 30, and 35 mm are shown as they develop through
time (aSOI). (d) The quasi-steady profiles are shown along with the
retraction due to cool-flame progression.

the peak reaction has shifted radially inward. The next
time reveals the bimodal shape observed in the instan-
taneous images where peak OH* concentrations occurs
both upstream and downstream. Beyond this time, the
upstream radical pool diminishes (t=2.7 ms) and the re-
actions persist downstream between t=3.1 and 3.5 ms.

5. Summary and Conclusions

This study provides unique insight into the transient
fuel-air mixing, cool-flame behavior, ignition, flame
stabilization, and combustion in a n-heptane spray at
diesel-like conditions. The study combined two ma-
jor experimental advancements: (1) a CPFR allowing
for the largest number of fuel injection experiments at
high pressure and temperature test conditions to collect
statistically significant data, and (2) the first application
of combined RSD and OH* imaging to simultaneously
measure line of sight ray deflection angle and OH* con-
centration across the whole field. Both provide insight
into fuel-air mixing, cool-flame development, ignition,
flame propagation and stabilization, and combustion.

Cool-flame behavior was identified by visual obser-
vation of the RSD images and experimental data for
liquid/vapor penetration and cone angles. Results sup-
ported previous findings showing cool-flames along the
jet periphery, much earlier and with a much longer in-
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Figure 8: Ensemble average planar OH* relative intensity contours
are shown for eight times.

duction time than that between ignition and combus-
tion. Once developed, the cool-flame spreads inwards
into the jet core and downwards to the jet head where
ignition ultimately occurs. Radial profiles of refractive
index difference demonstrate quasi-steady fuel-air mix-
ing conditions, enabling identification of the cool-flame
pathway both spatially and temporally. The cool-flame
reactions decreased the quasi-steady fuel-air mixing du-
ration at the downstream locations. The planar contours
of OH* intensity revealed ignition and combustion oc-
curring close to each other and at nearly the same lo-
cation. At the end of injection, OH* intensity contours
revealed a bimodal distribution indicating distinct up-
stream (near lift-off length) and downstream reaction
zones. At later times, the upstream zone decayed while
reactions continued in the downstream zone.
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This work presents a statistical algorithm to detect phase boundaries in liquid sprays. Experimental
data were obtained in a non-evaporating acetone spray at atmospheric conditions to minimize the
refractive index gradients and associated beam steering. Mie-scattering and diffuse background il-
lumination (DBI) diagnostics are implemented to demonstrate the robustness of the approach. The
analysis shows that the present algorithm yields similar results for the two different diagnostics,
unlike existing threshold-based methodologies providing inconsistent results. The algorithm can
be used to identify partial liquid boundaries between single-phase liquid and vapor boundaries.
Thus, for each case, liquid boundaries were defined in terms of liquid probability of 100% or less
than 100%. Sprays from two different injectors were analyzed to demonstrate the versatility of the
methodology. A parametric study was conducted to demonstrate that motion blur can affect an ac-
curate detection of the phase boundaries, and hence, the exposure time in the experiment must be

sufficiently small.

KEY WORDS: DBI, Mie-scattering, Sprays, Exposure Time, Liquid boundary detection
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1. INTRODUCTION

Liquid sprays are important for engineering applications such as drying, cooling, combustion,
etc. In particular, clean combustion of liquid fuels in gas turbine and reciprocating engines re-
quires an understanding of the complex physical processes associated with liquid fuel atom-
ization, vaporization, and fuel-oxidizer mixing. These processes occur at harsh conditions of
high pressures and temperatures, making it difficult to acquire detailed intrusive measurements.
Thus, advanced optical diagnostic techniques and processing tools to study liquid sprays are of
continual interest.

Ideally, measurements of droplet size, density, and velocity distributions throughout the spray
are desired to fully understand the physical processes and to develop/support models for high-
fidelity numerical simulations. Phase-Doppler particle analysis (PDPA) has been used to charac-
terize sprays produced by twin-fluid swirl atomizers (Chong and Hochgreb, 2015), fuel injectors
for gas turbines (Behrendt et al., 2006), flow blurring atomizers (Simmons and Agrawal, 2010),
etc. Recently, x-ray radiography, an absorption based technique, has been used to measure the
fuel mass fraction, fuel velocity, and penetration length (Kastengren et al., 2009; Ramirez et al.,
2009; Yue et al., 2001), and to quantify the Sauter mean diameter of fuel droplets in the near
injector region (Matusik et al., 2019). The laser absorption-scattering (LAS) technique, employ-
ing ultraviolet (UV) and visible wavelengths, has been developed to quantify droplet density and
vapor concentration in diesel fuel sprays (Zhang et al., 2000). In LAS, the fuel is replaced with
a liquid providing strong absorption of UV light and negligible absorption of visible light at the
chosen wavelengths.

The above diagnostics are difficult to apply for the study of diesel-like fuel sprays because
of the limited optical access, harsh ambient conditions, intermittent operation, and fast time
scales. As such, global parameters such as liquid length, among others, are typically measured.
Liquid penetration or liquid length defined as the distance between the injector exit and tip of
the liquid jet is a standard measurement acquired by the diesel engine community (Manin et al.,
2012; Siebers, 1998). Liquid length provides an indirect measurement of fuel vaporization and

fuel-oxidizer mixing, and thus, it is useful to compare different fuel injection systems and/or
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operating conditions.

Historically, Mie-scattering has been the standard method to measure liquid length in diesel
sprays (Espey and Dec, 1995; Siebers, 1998). In these seminal works, a long exposure Mie-
scattered image is acquired during the quasi-steady period of the diesel spray to determine the
liquid length. However, Mie-scattering is sensitive to the illumination source, and hence, it is
difficult to compare measurements from different test facilities (Manin et al., 2012). In recent
years, the Engine Combustion Network (ECN) has recommended diffuse background illumina-
tion (DBI) as the new standard because the background light intensity also acts as the reference
for calibration (Bardi et al., 2012). DBI is based on attenuation of light directly passing through
the liquid spray. DBI provides greater sensitivity compared to Mie-scattering which detects the
scattered light only in the direction of the camera, i.e., the light scattered in other directions does
not contribute to the signal.

Although DBI and Mie-scattering are based on the same principles, a unifying post process-
ing approach to determine consistent liquid length from different diagnostics can be challenging.
For Mie-scattering, the simple approach of an intensity threshold based on sensitivity analysis is
well-established (Siebers, 1998). For DBI, first, the optical thickness is determined according to

the Beer-Lambert Law in Eq. 1.

T=—log [I} (1)

I,

In Eq. 1, I and I, are the local intensity and background intensity, respectively. The optical
thickness (T) can be correlated to the liquid length obtained by Mie-scattering (Hamzah et al.,
2016; Jung et al., 2015-01-0946; Pickett et al., 2015; Westlye et al., 2016-01-0860). Alterna-
tively, the decay rate of the optical thickness (via a linear tangent approach) is used to estimate
the liquid length (Meijer et al., 2013; Nilaphai et al., 2016).

Recently, we presented a statistical approach to detect the liquid boundary in high pressure
diesel sprays using rainbow schlieren deflectometry (RSD) (Wanstall et al., 2017, 2019). This
probabilistic method was shown to obtain detailed features of the spray by RSD as compared to
a single parameter such as the liquid length. The objective of the present work is to extend the

statistical approach of (Wanstall et al., 2019) to diagnostics based on scattering and extinction
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to describe the probability of liquid existence rather than a fixed parameter, e.g., liquid length.
Thus, both Mie-scattering and DBI are used and compared to demonstrate the robustness of
the proposed methodology - actually showing that the post-processing algorithm is independent
of the diagnostics, and the procedure to find the threshold is built into the algorithm. A non-
evaporating acetone spray at atmospheric conditions is used to minimize the refractive index
gradients and associated beam steering. The paper is divided into six sections. The first section
will discuss the experimental apparatus and hardware. Next, existing methods to detect the liquid
boundary and/or length are evaluated. Then, the statistical algorithm is described and used to
analyze Mie-scattering and DBI images. Next, the effect of exposure time is investigated in a

parametric study. Lastly, the conclusions of the study are summarized.

2. EXPERIMENTAL SETUP
2.1 Spray Apparatus

Figure 1 shows a schematic and photograph of the test stand. A nitrogen supply bottle regulated
to 10.5 MPa is used to pressurize the liquid storage tank filled with acetone atomized at atmo-
spheric conditions. A three way valve was installed to fill and vent the pressurized tank. A needle
valve located immediately downstream of the tank is used to control liquid injections at a high
supply pressure. The acetone is injected continuously through an injector - a capped stainless
steel tube with a laser drilled central opening of diameter, D = 75 um in tube wall of thickness,
L =500 um - at an estimated velocity and mass flow rate of 160 ™/s and 0.56 9/s, respectively.
A 30 um mesh filter was installed upstream of the injector to prevent blockage by any impurities
in the acetone flow. The spray was contained within a Lexan enclosure with optical cutouts for
the optical diagnostics. A ventilation system was installed downstream of the enclosure to safely

vent the vaporized acetone.

2.2 Optical Setup

A Phantom v7.3 monochrome camera is used to acquire images for both Mie-scattering and DBI

experiments. The camera was outfitted with a Sigma 105mm DG macro lens to obtain a spatial
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FIG. 1: Schematic (a) and photograph (b) of the experimental setup. Mie-Scattering and DBI components
are labeled, respectively, as I and II in the schematic.
resolution of 50 um. The camera was operated at 10 kHz to acquire 5000 512 x 128 pixels

images. Specific hardware details for each diagnostic are discussed in the following sections.

2.2.1 Mie-Scattering

A customized linear array of 20 individual light emitting diodes or LEDs (OH36-LGME by
LightSpeed Technologies, Inc.) packaged in a single housing unit (about 50 mm x 50 mm x
250 mm) mounted on the square Lexan enclosure about 0.15 m away from the injector is used
as the illumination source. A sheet generating optic was placed on the LED array and resulted
in an approximately 3 mm thick light sheet - with a maximum intensity variation of 20% in
the background - to illuminate the spray orthogonal to the camera view. Light scattered by the
liquid and directed towards the camera is detected to identify the liquid boundary in an otherwise
zero-intensity/black background. The 270 W source used to power the LED array resulted in a
minimum exposure time for Mie-scattering of 1 us; lower exposure times would require higher

power light source exceeding the capacity of the LED array.

2.2.2 Diffuse Background-Illumination

The DBI setup is similar to the one described by (Westlye et al., 2017). A single pulsed broad-
band LED (450 nm-700 nm) driven by a HPLS-36DD7500 Lightspeed Technologies driver was
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installed inline with the camera as shown in Fig. 1. Spatially uniform high-intensity illumination
was achieved by using a 125 mm x 125 mm Fresnel lens with an effective diameter of 100 mm
and a focal length of 71 mm (Edmund Optics, 32-683) followed by an engineered diffuser (RPC
Photonics, EDC-5-06217-A) with a divergence angle of 5 degrees. The small angle diffuser pro-
vides uniform illumination while minimizing beam steering (Westlye et al., 2017). The diffuser
is outside the Lexan shield with holes cutout for the diffuser and camera. The distance between
the diffuser and camera is 500 mm, and the injector is located in-between. The diffuse light at-
tenuated by the liquid is measured by the camera and appears as darker regions in the otherwise
bright DBI image. The Phantom v7.3 camera has a minimum exposure time of 1 us. However,
exposure times down to 5 ns were achieved by pulsing the LED driver by a signal generator
(Stanford Research System, Model DG 645). Camera saturation at long exposure times was

prevented by installing neutral density filters (Thorlabs, NDKO01) immediately after the LED.

3. IMAGE PROCESSING

Figure 2 shows the instantaneous Mie-scattering (top) and DBI (bottom) images of the spray
rotated 90 degrees counter-clockwise relative to the actual experimental setup, such that the in-
jector tip is on the left. The images were acquired at an exposure time of 1 us to eliminate the
effects of motion blur (see Section 6 for details). Images show an attached bright (Mie-scattering)
or dark (DBI) region until an axial distance of approximately x = 6 mm. Farther downstream,
the bright/dark regions appear intermittently indicating liquid breakup and dispersion into liga-
ments and droplets. The jet width at x = 20 mm is approximately 2 mm. Images show a slight

asymmetry in the spray likely caused by minor imperfections in the injector opening.

Figure 3 shows the time-averaged Mie-scattering (top) and DBI (bottom) images obtained
from 5000 instantaneous images. The time-averaged images shows features similar to the in-
stantaneous images in (Fig. 2), i.e., bright/dark regions representing the liquid core. However,

the averaging has smoothed the downstream features as expected.

Next, the liquid length was determined from the time-averaged images in Fig. 3. Following
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FIG. 2: Instantaneous Mie-scattering (top) and DBI (bottom) images acquired at exposure time of 1 ps.
The images have been rotated counterclockwise 90 degrees orienting the injector on the left-hand side.
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FIG. 3: Time-averaged Mie-scattering (top) and DBI (bottom) images based on 5000 instantaneous images.

(Siebers, 1998), the liquid length from the Mie-scattering image is found using threshold inten-
sity, e.g., 3% of the maximum intensity. The threshold intensity could be greater than 3% if the
image is saturated (Pickett et al., 2015) in which case a sensitivity analysis is used to identify the
correct threshold. The liquid radius at each axial location is found by searching from the cen-
terline in both directions outwards for the first radial pixel with intensity less than the threshold
intensity. The liquid length is then determined from the location of the closed tip of the liquid
jet.

For DBI, the linear tangent approach summarized in (Meijer et al., 2013; Nilaphai et al.,

2016) is used to determine the liquid length instead of methods that require prior knowledge
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FIG. 4: Axial distribution of the optical thickness T for the average DBI image in Fig. 3. Liquid length is
determined where the tangent to the curve in the near-linear decay region intersects the x-axis.
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FIG. 5: The liquid boundary determined from Mie-scattering (black solid line) and liquid length (red "x’)
measured by DBI.

of the liquid length data obtained by Mie-scattering. First, the average intensity at each pixel
location is converted to the optical thickness, T using Eq. 1. Then, the liquid length is found as
the point intersecting tangent to the axial T distribution in the near-linear decay region and the

axial coordinate, i.e. x = 3.3 mm as shown in Fig. 4 (Meijer et al., 2013).

Figure 5 shows the liquid boundary from Mie-scattering images processed with 3% thresh-
old intensity and illustrates that the liquid length is outside the field of view. However, the DBI
linear tangent approach yields a liquid length of 3.3 mm shown by a red "x’ in Fig. 5. These
results illustrate that the two methods to determine the liquid length are producing inconsis-
tent results demonstrating the need for a robust post-processing methodology. The statistical
approach discussed next identifies liquid existence on a probabilistic basis to yield consistent

results regardless of the diagnostics.
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4. PROPOSED STATISTICAL ALGORITHM

The procedure previously described for RSD (Wanstall et al., 2017, 2019) to determine the liquid
boundary on a statistical basis is outlined in Algorithm 1. Thus, instead of analyzing a single
time-averaged image, multiple instantaneous images are analyzed to create a probability map of
liquid existence. In step 2, the threshold intensity for Mie-scattering is the measured value in the

liquid region near the injector, while for DBI, it corresponds to the background intensity, Ip,.

Algorithm 1: Algorithm for liquid detection

Step 1 Compile all intensity values at each pixel location of each instantaneous image.

Step 2 Determine a threshold or reference intensity value to compare each intensity value
obtained in the first step.

Step 3 Binarize each pixel in each instantaneous image with respect to the threshold such
that the regions of liquid are given a value of 1.

Step 4 Add all instantaneous binarized values at each pixel location.

Step 5 Search for the last axial pixel which has a value equal to the maximum number of
frames (liquid at every frame).

Step 6 Preform a threshold sensitivity analysis by repeating Steps 3-5.

Step 7 After identifying threshold, generate the final probability map by repeating steps
3-5.

Figure 6 shows a binarized image (step 3) for an arbitrary threshold intensity. The red and
blue colors on the contour map signify pixel locations with or without liquid present on an
instantaneous basis. As the threshold is changed, more or less pixels will be “tagged” red or
blue. The contour map of probability (or frequency) at each pixel registering liquid (step 4)
is shown in Fig. 7. In this case, the farthest axial location with the highest liquid probability
(100%) is approximately 5 mm (step 5). An accurate probability map requires a sufficiently
large number of instantaneous images to capture the stochastic behavior of the injection event.
Figure 8 plots the liquid probability at different locations in the spray versus the number of
instantaneous images. In this case, the liquid probability at all locations in the spray converges

if over 1000 images are used to calculate the liquid probability.
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FIG. 6: Instantaneous DBI image binarized using intensity threshold of 80%. Intensity at red pixels is less
and at blue pixels is greater than the threshold intensity.
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FIG. 7: Liquid probability contour map based on average of all binarized instantaneous (80% threshold)
DBI images.
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FIG. 8: Effect of the number of images on liquid probability calculation at multiple locations in the spray:
two in the shear layer (red and green) and one at center-line (blue).
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FIG. 9: (Left) Effect of threshold intensity on the farthest axial distance with 100% liquid determined
by Mie-Scattering. (Right) Effect of threshold intensity on derivative of the axial distance determined by
Mie-Scattering images.

5. APPLICATION EXAMPLES

In this section, the statistical algorithm is applied to analyze experimental Mie-scattering and
DBI images. In each experiment, 5000 frames were recorded at exposure time of 1 us and the
steady portion comprising between 1400 and 5000 image frames was used for post-processing.

The results from both diagnostics are compared to demonstrate the efficacy of the approach.

5.1 Mie-scattering

The built-in sensitivity analysis to determine the threshold intensity is similar to the approach
used by (Siebers, 1998), i.e., the chosen threshold is based on a distinct change in the output
as the threshold changes. Figure 9(a) illustrates the sensitivity analysis, i.e., the farthest axial
distance with 100% liquid versus threshold intensity (step 6). In Fig.9(b), the derivative (with
respect to the threshold intensity) of the farthest axial distance where 100% liquid appears ver-
sus threshold intensity is plotted. These plots show that the axial distance with 100% liquid is
insensitive to the threshold intensity for values greater than 5%, which is taken as the threshold
intensity to binarize and obtain the final liquid probability map in Fig. 10.

The binarized plot (top) in Fig. 10 shows an instantaneous contour plot with and without

liquid regions. The averaged plot (bottom) quantifies the presence of liquid in terms of liquid
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FIG. 10: (Top) Instantaneous Mie-scattering image binarized using intensity threshold of 5%. Intensity
at red pixels is less and at blue pixels is more than the threshold intensity. (Bottom) Liquid probability
contour map based on average of all binarized instantaneous (5% threshold) Mie-scattering images. The
white solid, white dashed-dotted, white dashed, represent respectively the boundaries where the liquid
probability is 100%, 70%, and 1%. The black solid line pertains to the existing 3% threshold methodology
for Mie-scattering.

probability varying between 0 and 100%. The averaged plot also identifies 100% liquid boundary
(solid white line), 70% liquid boundary (white dash-dotted line), and 1% liquid boundary (white
line). Note that the 1% liquid boundary matches with the liquid boundary in Fig. 5 determined
using the existing threshold-based methodology. However, the 100% liquid boundary represents

a smaller region where liquid is present at all times. Similarly, 70% liquid boundary represents

the surface with liquid present in only 70% of the instantaneous frames.

5.2 Diffuse Background-lllumination

The sensitivity analysis of the DBI images in Fig. 11 reveals a sudden change in axial distance at
threshold intensity of about 90%. Figure 12 shows the corresponding binarized (instantaneous)
and liquid probability plots. The instantaneous plot (top) shows randomized regions with no
liquid starting at x = 8.5 mm. The jet breakup is illustrated by irregular structures represented by
ligaments and droplets at around x = 7 mm. The jet width at x = 20 mm is about 2 mm, which

agrees with the visual image in Fig. 2.
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FIG. 11: Effect of threshold intensity on the farthest axial distance with 100% liquid determined from DBI
images.

Figure 12 reveals a slightly wider jet (bottom plot) than the jet width on an instantaneous ba-
sis (top plot) indicating asymmetric temporal variations in the jet radial boundary. Spray asym-
metry is also evident in the contour plot showing greater likelihood of liquid in the top half as
compared to that in the bottom half. The probability contour map in Fig. 12 reveals a region
where liquid appears 100% of the times (white solid line). The white dashed boundary repre-
sents liquid present only 1% of the times - similar to the Mie-scattering boundary presented in
Section 3 or the spray boundary. The 70% liquid boundary denoted by white dash-dotted line

represents an intermediate region.

5.3 Comparison of Liquid Boundaries

Figure 13 compares the liquid boundary (100% liquid probability) and spray boundary (1% lig-
uid probability) as well as an intermediate boundary (70% liquid probability) for Mie-scattering
and DBI. Interestingly, the two different diagnostics provide the same results demonstrating ro-
bustness of the proposed algorithms as compared to the inconsistent results obtained by existing
methodologies. Figure 13 demonstrates a unique feature of the proposed statistical approach,
i.e., different boundaries can be described based on the liquid probability. These results can be
further improved by increasing the spatial resolution to achieve higher fidelity in locating the
boundary.

Next, a different injector (diameter, D = 200 pm) is used with the same inlet conditions. The
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FIG. 12: (Top) Instantaneous DBI image binarized using intensity threshold of 90%. Intensity at red pixels
is less and at blue pixels is more than the threshold intensity. Bottom: Liquid probability contour map based
on average of all binarized instantaneous (90% threshold) DBI images. The white solid, white dashed-
dotted, and white dashed lines represent the boundaries where the probability is 100%, 70% and 1%,
respectively.
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FIG. 13: Comparison of the liquid boundary measured by Mie-scattering and DBI. The left figure shows
the 100% liquid boundary, and the right figure shows the 70% and 1% liquid boundaries.

larger injector increases the spray width and thus, improves the spatial resolution. Figure 14(a)
shows a wider 1% liquid boundary compared to that for 75 pm injector indicating that the larger
diameter injector produces a wider spray. The measured results show excellent agreement be-
tween the two techniques, within 200 um (one injector diameter) of each other. Figure 14(a).
However, Fig. 14(b) shows two distinct 100% liquid boundaries resulting in a hollow cone struc-

ture. These results indicate a partially throttled injector as demonstrated in Ref. (Soteriou et al.,
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FIG. 14: Results from using a different injector (D = 200 um) are shown for the 1% liquid boundary (left)
the and 100% liquid boundary (right) for Mie-scattering and DBI.

2000). The 100% liquid boundaries measured by Mie-scattering (dashed-black line) and DBI
(solid-black line) agree with each other within 200 um (one injector diameter) at all locations
except at the start of the inner boundary at axial distance of 3 to 5 mm. The slight inconsistencies
in these regions are attributed to the detection limits of the Mie-scattering system causing very

low sensitivities in the core region of the spray.

6. EFFECT OF THE EXPOSURE TIME

As discussed previously, the Mie-scattering image to determine the liquid boundary is typi-
cally acquired by long exposure hardware averaging (Siebers, 1998). Long exposure hardware
averaged images are also used in DBI to determine the liquid length (Meijer et al., 2013). How-
ever, long exposure can introduce motion blur because liquid parcels and droplets would travel
longer distances in a given snapshot, thereby, broadening the apparent liquid boundary/length.
The intensity measured with motion blur will be different (greater for DBI and lesser for Mie-
scattering) from that without the motion blur, which will affect the threshold intensity. However,
it is unclear how motion blur affects the threshold intensity and ultimately the measured liquid
boundary/length.

Thus, a parametric study was conducted to determine the effect of motion blur on the pro-
posed algorithm. The experiments were repeated for a range of exposure times: 5 ns - 50 us for

DBI and 1 ps - 50 us for Mie-scattering. Note that the minimum exposure time with DBI was
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about 200 times smaller than that with Mie-scattering indicating an attractive feature of the DBI.
The sensitivity analysis for DBI in Fig. 15(a) shows that exposure times greater than 1 ps tends
to smooth out the step change in the axial distance (farthest 100% liquid location) as the thresh-
old intensity is increased. However, for exposure times less than 1 ps, the axial distance is not

affected by the exposure time (or threshold intensity) indicating negligible motion blur.

Similar results for Mie-scattering in Fig. 15(b) show that the measured axial distance with
100% liquid probability increases with increasing exposure time. The threshold intensities for
exposure times of 5 and 10 us were determined using a derivative analysis as shown in Fig. 9(b).
For exposure times greater than 10 us, the camera sensor became at least partially saturated.
Camera saturation can produce camera charge blooming to neighboring pixels causing an ar-
tificial broadening of the boundary (Pickett et al., 2015). This is one possible reason that an
appropriate threshold is not observed at higher exposure times. However, for the non-saturated
(5 to 10 pus) cases where motion blur exists, the last predicted axial distance where 100% liquid
is registered is consistent between DBI and Mie-scatter measurements. For exposure time of
5 ps, DBI and Mie-scattering predict 100% liquid penetration distances of 10 mm and 10.5 mm,
respectively, and exposure time of 10 us measures 100% liquid penetration distances of 12 mm

and 13.5 mm, respectively.

Fig. 15 shows that motion blur can alter the liquid probability maps and thus, artificially
lengthen the 100% liquid boundary. However, the 1% liquid (or spray) boundary is not affected
by the motion blur since the liquid does not exist outside this boundary. Thus, the existing im-
plementation of Mie-scattering to detect the so-called 1% liquid boundary is likely not affected
by the long exposure experiments. The existing DBI methodology seems to detect a region near
the 100% liquid boundary, which can be sensitive to the motion blur. However, motion blur in
present experiments is eliminated for exposure times at or less than 1 ps since further reduction
in exposure time did not change the 100% liquid boundary. Note that exposure times below 1 ps
could not be realized with Mie-scattering, indicating that DBI provides better temporal resolu-

tion for a given light source.
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FIG. 15: Effect of exposure time on sensitivity analysis to determine the threshold intensity for DBI (left)

and Mie-scattering (right) images.

7. CONCLUSIONS

In this study, a statistical algorithm is presented to identify liquid existence on a probabilistic

basis (rather than on deterministic basis) in two-phase liquid sprays. The algorithm was applied

to analyze Mie-scattering and DBI images of a quasi-steady non-evaporating acetone spray at at-

mospheric conditions. A parametric study of the effects of the exposure time was also conducted

for both diagnostics. The conclusions of the study are as follows:

e The methodology developed in this work provides a rigorous stand-alone post-processing

methodology to obtain the liquid length from both Mie-scattering and DBI.

e The probability map obtained by the present statistical approach describes liquid existence

on a probabilistic basis. The approach provides greater details of the spray instead of

previous methodologies which provide only a single parameter, i.e., liquid length.

e The liquid boundary was detected consistently regardless of the diagnostics. For exam-

ple, boundaries representing 100%, 70%, and 1% probability of liquid obtained by Mie-

scattering and DBI matched with each other.
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e The liquid probability map can be affected by the motion blur, which must be eliminated to
prevent artificial thickening of the boundaries. In this regard, DBI is recommended since
the minimum exposure time with DBI was 200 times smaller than that with Mie-Scattering

using an illumination source of similar power.

This work can be applied to analyze transient sprays such as diesel injections. However, multiple
injection events are required to obtain an ensemble dataset at each instant as demonstrated in
Ref. (Wanstall et al., 2019). Application of the proposed algorithm to evaporating sprays will
require a careful assessment of beam steering introduced by refractive index gradients, which is

a task beyond the scope of the present study.
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Abstract

Three models to compute the refractive index of gaseous mixtures at real
gas conditions are presented with the purpose to improve the accuracy of
state relationships between refractive index and thermodynamic properties.
Models are compared with experimental data to determine one that is ap-
plicable to high pressure mixtures with non-ideal thermodynamic behavior
near or above a fluids’ critical point. The optimal model is applied to analyze
adiabatic thermal mixing of fuel and air at typical diesel engine conditions.
Results show that the ideal gas mixture law is appropriate in the vapor re-
gion, assuming it is known, for example, from experimental measurements.
Finally, the model is applied for binary fuel-air mixing at supercritical con-
ditions to demonstrate its full potential.
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1. Introduction

For combustion applications such as diesel engines and gas turbines, fuel
is injected into a hot, high pressure oxidizer environment. Ambient air en-
trainment and turbulent mixing with fuel results in a gaseous phase fuel-air
mixing region containing the combustible mixture. Rayleigh scattering can
be used to acquire vapor-phase fuel concentration and temperature measure-
ments [1, 2]. In two-phase systems, the Rayleigh scattering signal of the
vapor phase must be separated from the Mie scattering signal of the liquid
phase. Thus, Mie and Rayleigh scattering diagnostics are often used to-
gether, though not simultaneously, to distinguish each phase [3]. Rayleigh
scattering is the elastic scattering of light quanta from particles smaller than
the wavelength of light, and the measured intensity of the Rayleigh signal

(Ir) can be related to the local gaseous mixture properties using Eq. 1 [1].
Ip=CIN Y _ Xo; (1)

Where C, I;, N, X, and ¢ are respectively the calibration constant, intensity
of the incident light, total number density (molecules per m?), mole fraction,
and Rayleigh scattering cross section. The subscript ¢ represents a species in
the gaseous mixture. The Rayleigh scattering cross section is related to the

incident light wavelength () and the species refractive index (n) according

to Eq. 2 [4].
2 2
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Where N, is the total molecular number density at standard pressure and

2473
\

o; =

temperature (STP), and the refractivity (r.) is substituted for the refractive



index terms. In the engine community for n &~ 1 , the refractivity (r.) in
Eq. 2 is approximated by Eq. 3:

n?—1

T 2y 2)

2
~—(n—1 3
“(n-1) Q
thereby approximating the Rayleigh cross-section as Eq. 4 [1].

2
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For an ideal gas, the number density, N, is determined from the total inlet
enthalpy by assuming adiabatic fuel-air mixing [1, 5] as outlined in the ECN
[6]. Relating Rayleigh signal to species mole fraction using Eq. 1 and Eq. 4
requires relationships between the refractive index and the thermodynamic
properties (i.e., state relationships) for each species as inputs.

In recent years, the line-of-sight rainbow schlieren deflectometry (RSD)
technique has been used to obtain the thermodynamic properties in laminar
gaseous systems, as outlined in Ref. [7]. However, Wanstall et al. have shown
the potential of RSD for quantitative measurements in the fuel-air mixing
region of diesel sprays [8]. They developed the RSD methodology to simulta-
neously detect the liquid phase boundary and estimate thermodynamic prop-
erties in the surrounding vapor zone to overcome the need for requiring two
separate diagnostics for such measurements [8, 9]. RSD directly measures the
refractive index which can be related to the thermodynamic properties using
the state relationships discussed previously. For an ideal gas with n ~ 1,

refractive index is related to density using the Dale-Gladstone equation:

PM
n p=h—r (5)



Where k is the Dale-Gladstone constant, P is the pressure, M is the molecular
weight, R is the universal gas constant, and T is the temperature. For an

ideal gas mixture,
1=k P > kM X (6)
N — 1= FmizPmiz = 55 iV A
Pmis = R

where , X is the species mole fraction, and subscript i refers to species i. The
Dale-Gladstone relation uses the same linearized approximation for refractive
index (n &~ 1) shown in Eq. 3. Thus, both Rayleigh scattering and RSD rely
upon the state relationships between refractive index (only the real-part is
considered here) and thermodynamic properties, e.g., Eq. 5 for an ideal gas
and Eq. 6 for ideal gas mixtures.

Both Rayleigh scattering and RSD have been used to obtain accurate
measurements in combustion environments at atmospheric pressures [10, 11].
However, state-of-the-art combustion engines operate at high pressures (e.g.,
cylinder pressures exceeding 100 bar in diesel engines) and thus ideal gas
law and/or ideal mixing laws (e.g., Amagat’s Law) may not be applicable..
Recent experimental and theoretical findings have challenged the conven-
tional paradigm by suggesting that the pressure and temperature in modern
diesel engines can exceed the thermodynamic supercritical conditions for lig-
uid/gas mixtures in regions of the fuel jet [12, 13, 14, 15, 16, 17, 18, 19].
Thus, the mixing processes and mixture laws in fuel spray could be different
than conventionally described. [20, 21]. Oefelein et al. have described the
evolution of a purely supercritical spray without liquid droplets and surface
tension forces where mixing between the fuel jet and the surrounding ambi-
ent is dominated by turbulent diffusion [22]. These non-ideal gas conditions

require real fluid thermodynamic mixture models. Large eddy simulations
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(LES) studies based on real fluid equation of state (EOS) have determined
that the fuel-air mixing is profoundly modified by the non-ideal gas ther-
modynamic properties [23, 24, 25]. Recently, Crua et al. showed that the
fuel-air mixing at diesel conditions can occur by the classical evaporation of
fuel droplets, purely diffusive mixing between supercritical fuel and ambient
air, or a combination of both, i.e., transcritical mixing, depending on the
pressure and temperature of the ambient environment [18].

The above review raises the following important question, “Are current
ideal gas mixture laws relating refractive index to thermodynamic properties
valid for applications such as modern diesel environments where the gaseous
mixtures can be non-ideal?”. Thus, the objective of this study is to develop
a robust model to relate optical (e.g, refractive index) and thermodynamic
(e.g., density) properties of real-gas mixtures at high pressures. This paper is
divided into six more sections. First, the Lorentz-Lorenz equation providing
the link between a microscopic quantity (polarizability) and a macroscopic
quantity (refractive index) is presented. The next two sections discuss polar-
izability and thermodynamic models for pure substances and gaseous mix-
tures. Then, three different models are presented to compute the refractive
index of a real gas mixture, and compare them against experimental data
available in the literature. Next, the refractive index models are investigated
for an extensive range of diesel engine conditions including Spray A, as de-
fined by the ECN community [6]. Then the best model is applied to the
problem of fluid mixing at supercritical conditions to demonstrate its full

potential. Finally, the conclusions of the paper are summarized.



2. Lorentz-Lorenz Equation

The theoretical basis for relating refractive index to density is embedded
in the state equation of electromagnetic polarization established in the late
19" and early 20" century [26, 27]. As the electromagnetic wave travels
through a medium, the wave’s phase velocity changes proportionally to the
refractive index of the substance. At the atomic level, this is caused from
disturbances created by the electromagnetic field in the charge of each atom
(mostly electrons), and how closely the charges are packed (density). The
susceptibility of the substance to these disturbances is called the molecular
polarizability, . The end result is the so called Lorentz-Lorenz equation
relating refractive index to molecular polarizability («) and molar density (p)
shown in Eq. 7 from which the Dale-Gladstone equation (Eq. 5) is derived.
The Lorentz-Lorenz equation applies to an isotropic system containing non-
polar substances with no molecular interactions, e.g., each molecule is treated

as an isolated system.

n®>—1 Njyo Nyja

T mrr2) 3 "7 3M

p (7)

Where N4, «, and M are Avogadro’s number (constant), mean molecular
polarizability, and molecular weight, respectively. Note that Eq. 7 can be
written either using molar or mass density (p). For n ~ 1, the Lorentz-
Lorenz equation (Eq. 7) can be simplified to the Dale-Gladstone formulation
(Eq. 5) in which the Dale-Gladstone constant is:

. 3NAOé
"M

(8)

Figure 1 plots the error in refractivity r. introduced by the Dale-Gladstone

approximation for various hydrocarbons, and highlights regions with errors
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greater than 5 and 10 percent. The exponential of r. is shown on the vertical
axis to highlight the difference between Lorentz-Lorenz and Dale-Gladstone
equations. Considering the error introduced by the Dale-Gladstone approx-
imation, especially at high refractive index values, it is not recommended
for the analysis. The Lorentz-Lorenz Eq. 7 requires virtually no additional
effort with today’s modern computing power. Thus, moving forward, the
Lorentz-Lorenz Eq. 7 will be used and the Dale-Gladstone Eq. 5 will not be
considered.

The primary focus of the present study is to extend Eq. 7 for gaseous
mixtures at high pressures. This requires accurate models to relate the mix-
ture refractivity (or mixture refractive index) to polarizability and density
of the mixture and/or its components. In the next two sections, polarizabil-
ity and density calculations for pure substances and mixtures are discussed,
and then, different refractivity mixture models analyzed in this work will be

introduced.

3. Polarizability Models

3.1. Single Component

Polarizability is often reported in the literature at standard temperature
and pressure (STP), T = 273 K and P = 1 bar. Gardiner et al. provide a
detailed data set for polarizability of numerous combustion related substances
in [28], and Bosque et al. provide one of the largest experimental data sets
for polarizability with over 400 compounds including many diesel surrogate
fuels [29] such as n-heptane and n-dodecane. However, the validity of using

polarizability data at STP for applications at high pressures or temperatures



is not immediately clear. Thus, existing literature was searched to identify
experimental studies that report polarizability of several gases as functions
of pressure and temperature [30, 31, 32]. Figure 2 shows the percent change
in polarizability with pressure for seven species relevant to this study at a
constant temperature of 305 K except for heptane at 550 K, i.e., close to its
critical temperature.

Figure 2 shows a slight increase and then decrease in polarizability with
increasing pressure for all seven species. However, the change in polarizabil-
ity with pressure is small, less than 1 percent, except for CO, at around its
critical point of 304 K and 73.9 bar where the difference from the STP value
is about 4.5%. Polarizability also has a slight linear temperature dependence
[32], especially for propane among the seven species considered in this study.
However, at some pressures/temperatures the temperature effect counteracts
the pressure effect, e.g., the temperature effect can cause a decrease in po-
larizability while the pressure can cause an increase [32]. Still, the effect
of pressure and temperature on polarizability is quite small for combustion
relevant species, less than 5% of the value at the reference conditions. Thus,
following the Lorentz-Lorenz formulation of Eq. 7, polarizability at STP is
used to rewrite Eq. 7 as Eq. 9

n> -1 _
e = = _:A
re= grp=AP=4p (9)

where A = % and A = gﬁj‘ are, respectively, mole and mass based con-
stants. More advanced forms of the Lorentz-Lorenz Eq. 7 have been devel-
oped by Buckingham [33, 34, 35] where the refractivity (or refractive index)
is calculated from a higher order virial expansion as shown in Eq. 10. Equa-

tion 10 accounts for pressure and temperature effects on polarizability as
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shown in Fig. 2.

n®—1

n? 4 2

=[A+Bp+Cp*+..1p (10)

3.2. Miztures

For mixtures, Buckingham et al. [36] derived a theoretical basis for Eq. 10

as shown in Eq. 11.

,J

The constant A is the same as in Eq. 9. However, the coefficient B requires
an interaction term (B;;) which is generally unknown. Since the higher order
virial coefficients are negligible (as shown in the last section), the first term
alone (i.e., A) is a good approximation to compute the mixture polarizability,
and will be used in this study. Nearly linear behavior of mixture polarizabil-
ity (Amiz = >_; 4;X;) has been observed in supercritical environments for

methanol-carbon dioxide and ethanol-carbon dioxide mixtures [37, 38].

4. Thermodynamic Models

4.1. Single Component

Real fluid EOS are well-developed for determining thermodynamic prop-
erties at non-ideal gas conditions. The most useful EOS are semi-empirical
or empirical in nature. Once reasonable computing power became available

in 1960s, empirical multiparameter EOS became the new standard [39].



The most recent and accurate multiparameter EOS are formulated in
terms of reduced Helmholtz energy, a. Equation 12 shows the form of the

reduced Helmholtz EOS [40]

a(T,p) _ a'“(T,p) + a"(T, p)
RT RT (12)

- fIG(T7 5) + fR(Tv 6)

where T is temperature, R is the ideal gas constant, the parameters ¢ and 7
are the reduced density and temperature based on the critical values (p/p.
and T./T). The superscripts IG and R stand for the ideal gas and residual,
respectively. The ideal gas Helmholtz energy is generally obtained from the

isobaric ideal gas heat capacity correlation shown in Eq. 13

T
a'® = a, + / (i — R)dT—
’ (13)

TCIG_R p
T L dT Tln(=).
/D T +R n(po)

where ¢, is the specific heat and the subscript o refers to a chosen reference
state. Often empirical calorimetric data (c,) are correlated with polynomial
functions [40].

The residual part, loosely supported by theoretical considerations, is given

by a general empirical function:

k=n
R (r,0) = Z Ny 5%rt + Npd% 7t exp(—d'). (14)
k=1

Where N, d, t, and 1 are substance specific coefficients determined by a
complex multivariable fitting procedure; in which the summation contains
between 4-20 terms [41]. Often vapor-liquid equilibrium of a substance is

utilized to optimize these EOS parameters. Once the EOS is determined,
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consistency can be checked by ensuring that pressure (P), temperature (T),
and Gibbs function (g) values follow vapor-liquid (V' and L) equilibrium

conditions, respectively.

Pt =pY
TE=TV (15)
=L _ gv

Figure 3 shows the effect of pressure on density in terms of percent differ-
ence between real gas and ideal gas models. Figure 3 shows that computing
density from ideal gas law leads to large errors at high pressures, as expected.
The sharp peaks for methane, heptane, and carbon dioxide in Fig. 3 are a
consequence of phase change not accounted for by the ideal gas law. At
temperatures farther away (higher) from the critical point, the errors would
decrease because the density decreases at high temperatures (for a given pres-
sure), and hence, the substance approaches towards the ideal gas conditions,
i.e., compressibility factor closer to unity. Comparing Fig. 2 and Fig. 3, one
can observe that the pressure has a negligible effect on polarizability but
a much greater effect on the density of the pure substance. Thus, accurate

density calculations will require a real gas equation of state at high pressures.

4.2. Mixtures

The Helmholtz energy equation can be extended to fluid mixtures. Each
component of the mixture is linearly combined and weighted by mole frac-
tion to obtain the mixture EOS. For fluid mixtures with negligible inter-
molecular interactions between the species, mole weighted additive principle

is sufficient. However, a comprehensive treatment of fluid mixtures requires a
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departure function to account for the intermolecular mixture dynamics. The
departure function is determined through regression analysis of available ex-
perimental data [42, 43] and is shown in Eq. 16 where X represents the mole
fraction of all species as a vector.
F(r.0,X) = Xif19(r, 0)+ X, (7, 6)+
i (16)
Af(r,8,X)

This approach was further improved for binary mixtures in Ref. [44] where
the reducing functions, 7(z) and §(z), are determined for the mixture to pro-
duce a reduced mixture Helmholtz EOS. The mixture’s reduced temperature
and density are determined by applying weighting functions to each compo-
nent’s reduced temperature and density and the general functional form is
shown in Eq. 17

T+
foYm + Z Z 20, BYU;;%Y (17)

=1 j=i+1

Where Y is a function of either density or temperature, [ is one of the
fitting parameters, and the subscripts r and c refer to the reduced and critical
property parameters, respectively. The fitting parameters e.g. g in Eq. 17 are
obtained by matching the numerical thermodynamic surface to experimental
data points for the mixture, namely the bubble and dew points. The binary
interaction parameters, and thus, the mixture EOS obtained are only as good
as the experimental data upon which they are based [44]. In this study, the
software package REFPROP by NIST incorporating the above methodology
with features such as a python library for thermodynamic mixture property
calculations [45] for a limited number of substances and even a smaller set

of binary mixtures has been used.
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5. Refractive Index Models

5.1. Model Development

The Lorentz-Lorenz Eq. 7 was formulated for pure substances, and un-
fortunately, little research exits to extend it to real gas mixture at high pres-
sures. Nevertheless, Liu et al.provide a detailed summary of different first
order mixture laws for refractivity (r.) neglecting the higher order terms in
Eq. 10 and the subtleties associated with each one [46]. Mixture laws can be
divided into two categories - additive refractivity and additive polarizability.
Both are an extension of the Amagat’s law whereby the mixture property is
calculated as the mole-weighted summation of the component property, i.e.,
refractivity or polarizability. The general form of the additive refractivity

formulation is given in Eq. 18.

Temiz = Z re,iXi = ZZZﬁle (18)

In the additive polarizability formulation, the mixture polarizability, A,,;.,
is calculated from Eq. 1la to obtain the mixture refractivity, remiz, from

Eq. 19.
Temiz = pmzxzmw = pmm Z ZZXl (19>

Here, p,,;, is the mixture density. These formulations have been used for
mixtures of gases and liquids, though with no particular attention to real gas
mixtures. In this study, three different models are formulated to calculate
the refractivity of gaseous mixture. The first is an ideal gas model while the
last two are real-gas models. For the ideal gas model, the two formulations

in Eq. 18 and Eq. 19 are identical.
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Ideal Gas (IG) Model

n?>—1

n? -+ 2

= Z AiDi16Xi = P16.mia Z AiX; (20a)

Real Gas Model 1 - Additive Refractivity (AR)

n?—1 -
o Z Aibi ra X (20b)
Real Gas Model 2 - Additive Polarizability (AP)
n -1 _ _
n2 4+ 2 = Pmixz,RG zz: AZXZ (20C)

In this work, Egs. 20a-c are referred to as the IG, AR, and AP models,
respectively. Note that additive refractivity and additive polarizability for-
mulations are different for real gas mixtures. The AR model uses species po-
larizability at STP and the density of each species is computed from real-fluid
EOS as discussed in Section 4.1. For AP model, the mixture polarizability is
mole-weighted sum of species polarizability at STP, and the mixture density

is obtained from real-fluid mixture EOS as discussed in Section 4.2.

5.2. Model Validation

The above mixture models are compared against experimental refractive
index data at high pressures relevant to compression ignition engines. Un-
fortunately, very limited experimental data exist [37, 38, 47, 48, 49] of which
[49] provides the most extensive measurements of refractive index of mixtures
for a large range of high pressures. Thus, Ref. [49] will be used to compare
the three refractive index mixture models presented above.

In Ref. [49], the refractive index was measured by a Michelson interfer-

ometer with a maximum relative uncertainty of 0.03%. The refractive index
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was measured for binary mixtures of methane and carbon dioxide at pressures
ranging from 0.5 to 20 MPa, and a fixed temperature of 303 K. Six different
mole fractions of CO, were studied: 0%, 50%, 78.2%, 80.2%, 82.2%, and
100%. In our study, the molar polarizability for methane and carbon dioxide
is taken from [28]. For each test condition in Ref. [49], the density is calcu-
lated by the ideal gas law for the IG model, reduced Helmholtz EOS for each
component for the AR model, and reduced Helmholtz EOS for the mixture
for the AP model.

Figure 4 shows the computed refractive index difference (n-1) for each
model compared with experimental data for a binary mixture of 78.2% CO,
and 21.8% CHy at pressures of 1 to 200 bar. For pressures below about 30 bar,
all models predict nearly the same linear increase in the refractive index dif-
ference with an increase in the pressure. In this regime, the mixture behaves
as an ideal gas, thus, the IG model is a valid approximation. Additionally,
the AR and AP models are equivalent, and same as the IG model, indicating
that each species also behaves as an ideal gas. However, at pressures above
30 bar, the refractive index difference is increasingly under-predicted by the
IG model.

The two real gas models provide very different results at pressures above
50 bar: AR model grossly overpredicts while AP model shows excellent agree-
ment with experimental data for the entire pressure range. At high pressures,
the compressibility (or real-gas behavior) affects the density significantly but
polarizability is nearly constant as shown in Figs. 2 and Fig. 3. However,
the AR model combines both density and polarizability as one ”lumped” pa-

rameter weighted linearly with the mole fraction. The net effect is a higher

15



(and erroneous) weighting for components with higher density. The non-
linear behavior of density is most significant near the critical point and phase
boundaries. The experimental data in Fig. 4 were obtained at 300 K. The
density of carbon dioxide will exhibit highly non-linear behavior near its crit-
ical point of 304.4 K and 73.8 bar, which explains the large errors introduced
by the AR model at around 70 bar. The error decreases at higher pressures
as conditions depart away from the critical point. Note that the test condi-
tions are far above the critical point of methane (190 K and 46.5 bar), i.e.,
methane would behave close to an ideal gas, and thus, would contribute little
to the errors in the AR model. The molecular interactions between species
also change the phase transition space of mixtures compared to that of the
component species. Thus, the AR model will introduce large errors if any
of the component species are near the two-phase region. However, if all of
the mixture species are sufficiently far away from the phase boundary and
critical point, e.g., in the compressed liquid region or ideal gas region, then
the AR model and AP model will give equivalent results. For example, AR
type models have been successfully used in liquid mixtures of biodiesel-diesel
fuels blends [50].

Based on the above results and discussion, it is clear that if the pres-
sures and/or temperatures of the experiment are near one or more of the
constituent fluids phase transition point or critical point, the AP model is
the only reliable option among the three models. The AP model uses mix-
ture EOS to compute the mixture density but retains the so-called ideal gas
behavior to compute the mixture polarizability to yield accurate results. Fig-

ure 4 illustrates that (1) computing mixture refractivity as the summation of
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mole-weighted refractivity of its components or AR model is grossly inaccu-
rate at high pressures, regardless of the method used to compute the density
(ideal gas or real gas), and (2) AP model can accurately predict the refrac-
tive index for non-polar binary real gas mixtures. Thus, the higher order
terms in Eq. 11b (By, By, and Bjy) are indeed negligible, especially for the
CO5-C Hy mixture. Considering that C'Oy exhibited the strongest pressure
dependence on pure component polarizability in Fig. 2 (though still <5%
error), the fact that the AP model accurately captures its mixture behavior
with C'Hy, it is expected that the AP model will work for the other combi-
nations of these non-polar substances. The error could be much smaller if
the temperature/pressure are farther away from the critical point of one of
the components.

Next, Fig. 5 shows comparison of refractive index data for all of the
mixtures in Ref [49] with predictions from the AP model. The maximum
error is less than 0.6% indicating robustness of the model. The corresponding
maximum error in the computed mole fraction is less than 3.5%. In summary,
the AP model has been demonstrated to accurately predict the refractive
index at high pressures with non-ideal gas behavior. A detailed investigation
of the possible sources of errors is beyond the scope of this work. However,
minor errors observed in Fig. 5 are likely caused by the small effect of pressure

on polarizability (see Fig. 2) which are ignored in this study.

6. Application Examples

In this section, the models developed above will be applied to investigate

fuel-air mixing at compression ignition engine conditions assuming adiabatic
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mixing. First, models will be compared against each other for Spray A con-

dition. Next, AP model will be applied for a wide range of engine conditions.

6.1. Adiabatic mizing and phase space

Spray A condition is designed to represent low temperature combustion
with moderate exhaust gas recirculation. The fuel for Spray A is n-dodecane
- a diesel fuel surrogate - injected at a pressure of 1500 bar. The fuel (pre-
injection) temperature is 363 K, and the ambient pressure and temperature
at the test point are 60 bar and 900 K, respectively. Nitrogen is used as the
ambient fluid to limit the discussion to binary mixtures. The fuel tempera-
ture changes across the injector, and isenthalpic and isothermal conditions
across the injector provide the two limiting bounds for the fuel injection
temperature. In this study, the fuel injection temperature is obtained by as-
suming constant enthalpy across the injector, though this choice only affects
specific numbers and not any of the trends or conclusions.

Thermodynamic properties of the mixture are determined by assuming
adiabatic fuel-air mixing supported by Siebers and others [51, 52, 53, 54].
Adiabatic mixing assumes: (1) local thermodynamic equilibrium with heat
transfer occurring only via mass transfer, i.e., no radiation or exothermic
reactions, and (2) non-differential transport of all mass, momentum, and
energy, i.e., all Schmidt numbers and Lewis numbers are unity. In turbulent
flows, the mixing is dominated by turbulent viscosity transport, which is
the basis for most CFD simulations. For example, Ref [53] investigated the
effect of a realizable Schmidt number in the near nozzle region and found
the results were independent of the Schmidt number. CFD studies have

found good agreement with experimental centerline mixing measurements
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using adiabatic mixing assumption [54]. Adiabatic mixing assumption will
not work in the sooty flame region or even in cool-flame and ignition regimes
associated with exothermic reactions.

The time scale for thermodynamic equilibrium are typically much shorter
than heat transfer time scales, and mixing assumption is applied locally (each
pixel or grid in CFD) to determine the non-uniform mixing behavior. For
adiabatic mixing at a constant chamber pressure, fuel enters as liquid at the
fuel injection temperature, the ambient gas is at the chamber temperature,
and the exiting fluid can be gaseous, liquid, or two-phase mixture. For a
given chamber pressure and temperature, the mixture enthalpy and hence,
the thermodynamic state of the mixture including its temperature, quality
(if two-phase), mixture fraction, and equivalence ratio can be calculated as
a function of the fuel mole fraction.

Figure 6 shows mixture temperature versus fuel mole fraction for real gas
and ideal gas mixtures. The saturated liquid/vapor lines, two-phase region,
and the critical point determined from real-gas EOS for the mixture are
also shown. For Spray A fuel injection and ambient conditions, the two-
phase mixture occurs at fuel mole fraction of 0.1 (saturated vapor) to 0.9
(saturated liquid). Figure 6 shows that the mixture temperature for ideal
and real gas assumptions agree with each other for fuel mole fraction of up to
0.15, but depart significantly at higher fuel mole fractions, i.e., for mixtures
in the two-phase region. This result is expected since the ideal gas model
assumes a vapor phase for the entire fuel mole fraction (or mixture fraction)
space. In the two-phase region, the ideal gas model severely underpredicts

the mixture temperature as the fuel mole fraction is increased. The dashed
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green line in the two phase region is a spline fit where REFPROP fails to
return a valid solution. Note that the two-phase region cannot be quantified
by Rayleigh scattering or RSD diagnostics. Thus, reliable measurements can
only be obtained in the vapor region, i.e., for fuel mole fraction of up to 0.10
for this test case. Fortunately, this is not a serious drawback for compression
ignition engine applications since fuel mole fraction (or equivalence ratio)

measurements are needed mainly in the combustible vapor region.

6.2. Model Comparison

In this section, the three models (IG, AR, and AP) will be compared at
Spray A condition. Model Egs. 20 will be used to compute the refractive
index as a function of fuel mole fraction, which can be related to density,
temperature, equivalence ratio, etc. of the mixture. In practice, a look-up
table is generated with refractive index as input to determine thermodynamic
properties outputs. Figure 7 shows the equivalence ratio and mixture tem-
perature for different models as function of the normalized refractive index
difference defined as 6=n/ny — 1 where nq is the refractive index of the sur-
rounding ambient - pure nitrogen in this case. The vapor zone (left side,
d < 0.012) and two-phase zone (right side, § > 0.012) are identified in the
figure.

Figure 7 shows that the AR model performs poorly in both vapor and
two-phase zones in comparison to the validated AP model. The AR model
overpredicts the mixture temperature and slightly underpredicts equivalence
ratio even though it uses real-gas properties, again indicating that the ad-
ditive principle incorporated in the model is grossly inaccurate. This is ex-

plained by the chamber conditions being close to the critical point of n-
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dodecane. The IG model performs well in the vapor zone, but it increasingly
deviates from the AP model in the two-phase zone. The large deviation in
the two-phase region is easy to explain since the IG model treats the two-
phase zone as ideal gas as discussed previously. Results show that the IG
and AP models are equivalent in the vapor zone, indicating that Spray A
can be approximated by the ideal gas assumption. However, one should be
aware that the phase boundary must be determined either experimentally or
from the real-gas analysis. While a detailed uncertainty analysis is outside
the scope of this work, uncertainty in ¢ will propagate to uncertainty in cal-
culated thermodynamic quantities. For example, at Spray A conditions a 1%
error in § corresponds to a maximum of a 1% error in ¢ in the vapor region;

where the percent error in ¢ decreases as ¢ increases.

6.3. Parametric Study

Next, the IG and AR models are compared with the AP model for a
wide range of compression ignition engine conditions: Ambient conditions
are varied from an assumed engine intake at Pj,ape =2 bar and Tj,01. =360
K to top dead center (TDC) at Prpc =200 bar and Trpe =1250 K, and
the inlet fuel temperature in the chamber is 419 K (after isenthalpically
expanding from T},,;=363 K and P;,;=1500 bar). These conditions represent
a typical engine with 2 bar boost at the intake and isentropic compression at
compression ratio of 6 to 29 to span the range in compression ignition engines.
Figures 8 and 9 show, respectively, the absolute error in mixture temperature
and equivalence ratio introduced by the IG model when compared to the
validated AP model.

The y-axes in Figs. 8,9 represent pairs of chamber (cylinder) pressure
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and temperature reached via isentropic compression from the initial state.
In Fig. 8, the right edge of the colored region represents ¢ = 0 and the left
edge is terminated at ¢ = 50. The dashed white line denotes the phase
boundary with vapor on the right and two-phase region on the left side.
Figure 8 shows that the IG model does quite well in the vapor zone (<5%
error). i.e., the IG model is adequate in the vapor zone for most diesel
applications. However, one could inadvertently apply the IG model in the
two-phase region causing large errors (~20% error). If the IG model is used,
the two-phase boundary must be identified from either real-gas analysis or
diagnostics for liquid boundary detection. Such errors can be avoided by
applying the AP model throughout the operational regime.

Figure 9 shows the error in the equivalence ratio introduced by the 1G
model. The right side of the colored region represents the phase boundary.
Figure 9 shows that the IG model introduces larger errors at higher compres-
sion ratios (or high chamber temperatures and pressures). Figure 9 identifies
region with errors above 5% (solid white line) and 10 % (dashed white line).
However, for pressures below 100 bar, the error in equivalence ratio is small
indicating that the IG model is adequate.

Next, Fig. 10 shows the error in mixture temperature and equivalence
ratio introduced by the AR model as compared to the validated AP model.
Even in the vapor zone, the temperature is overpredicted or underpredicted
by as much as 150 C. At low chamber pressures (or temperatures), the error
is greater near the phase boundary, but at high pressures, it is confined to
fuel-lean conditions with significant compressibility effects. Figure 11 further

supports the poor performance of the AR model. Even in the vapor zone,
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the errors in equivalence ratio could be up to 80%. As such, the AR model

should not be used in optical diagnostics of gas mixtures at high pressures.

6.4. Supercritical Fuel-Oxidizer Mixing

The AP model will reach its full potential at conditions departing from
the ideal gas behavior, e.g., transcritical and supercritical mixing regimes.
Recent experimental and theoretical findings have stimulated interest in su-
percritical fuel-oxidizer mixing at diesel conditions. [12, 13, 14, 15, 16, 17, 18].
Thus, the ability to acquire quantitative thermodynamic measurements in
the supercritical regime is of great interest. However, purely supercritical
mixing in diesel engines requires either much higher ambient pressures (and
thus, temperatures) or fuel modifications, e.g., high injection temperature
or fuels with low critical temperature. In this study, propane at Spray A
conditions is used to simulate supercritical mixing. Figure 12 shows that
the mixture temperature for propane at supply temperature of 395 K (af-
ter isenthalpically expanding from T;,; =363 K and P,,; =1500 bar), i.e.,
slightly above its critical temperature of 370 K, injected into an ambient at
Spray A conditions (60 bar and 900 K) never enters the two-phase regime and
thus completely diffusive mixing without surface tension (or no droplets) is
likely to occur. Absence of droplets could potentially allow RSD or Rayleigh
scattering measurements across the entire mixture fraction space.

Figure 13 shows equivalence ratio and mixture temperature versus refrac-
tive index difference (or fuel mole fraction) for the three models presented in
this study. For refractive index difference, 9, less than 0.01, all three models
provide similar results indicating that the mixture is close to an ideal gas.

For refractive index difference of 0.02 or fuel mole fraction of 0.5, the mixture
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temperature is underpredicted by about 25°C by the IG model and overpre-
dicted by about 25°C by the AR model. For fuel mole fraction greater than
0.5 (0 > 0.02), the IG model is no longer useful since it deviates exponen-
tially from the accurate AP model. The AR model is also inaccurate for
fuel mole fractions between 0.5 and 0.96. The poor performance of the IG
model can be attributed to the significant compressibility effects in this fully
supercritical mixing regime. The AR model approaches the AP model at fuel
mole fraction close to unity when the mixture approaches a pure substance.
However, the AP model would be the method of choice to accurately calcu-
late both mixture temperature and equivalence ratio across the entirety of

the mixture fraction space for mixing at purely supercritical conditions.

7. Conclusions

This study investigated the effect of pressure on polarizability and den-
sity to extend the Lorentz-Lorenz equation to real-gas mixtures at high pres-
sure. Three different formulations of the Lorentz-Lorenz equation for gaseous
mixtures were compared against experimental data in the literature. The
Additive Polarizability (AP) model was identified as the robust model for
applications at the harshest conditions. The AP model was validated using
published experimental data on refractive index and then used to estimate
errors in the other two models (IG and AR models) for a wide range of com-
pression ignition engine operating conditions. Finally, the AP model was
applied to study supercritical mixing of propane and nitrogen. Following is

a summary of the conclusions from this study:

e The original Lorentz-Lorenz equation should be used instead of the sim-
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plified Dale-Gladstone equation to eliminate unwarranted errors that

can affect the thermophysical property calculations.

For liquids, both polarizability and density are nearly constant. How-
ever, for non-polar gases, the polarizability is nearly constant while
density varies significantly with pressure. In contrast, density vari-
ation with pressure is linear in the ideal-gas regime, but highly non-
linear near the critical point and phase change boundaries of component

species and mixture.

Following the additive principle (e.g., Amagat law), the mixture laws
for Lorentz-Loretz equation can be expressed as mole weighted sum
of component refractivity (product of polarizability and density) or
polarizability. For incompressible liquids (constant density) or ideal
gases (linear variation in density with pressure), both formulations yield
the same result. However, they are different when density varies non-
linearly with pressure, for example, near the critical point and/or phase

boundaries of components or mixture.

In the ideal-gas regime, the IG, AR, and AP models are equivalent.
In the compressed liquid region where density is linear with mixture

fraction, the AR and AP models are equivalent.

In the non-linear density regime, the IG and AR models can be highly
inaccurate. The AR model performs poorly across the entire range of
compression ignition conditions, yielding errors in equivalence ratio of

up to 80%.
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e The AP model works well across the entire compression ignition engine
regimes including conditions near the critical point and phase bound-
aries. The IG model is valid in the vapor region (assuming it is known)
at the typical compression ignition engine operating conditions. How-
ever, IG model could introduce large errors if inadvertently applied to

the two-phase region, for example, in CFD analysis.
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Figure 1: A plot showing the exponential of refractivity (r.) based on the Lorentz-Lorenz

(L-L) equation and the Dale-Gladstone (D-G) approximation for three different fuels.
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Abstract:

Two color (2C) pyrometry has long been used to measure flame temperature and soot
concentration from radiative emission in flames. While 2C pyrometry is not an absolute
measurement in non-axisymmetric flames (such as diesel spray combustion) it is a desirable
diagnostic for semi-quantitative or qualitative measurements since it requires minimal optical
access and can utilize high-speed imaging to attain exceptional temporal and spatial resolution.
In this work, an improved optical configuration of 2C pyrometry is presented that 1) eliminates
optical errors inherent in other designs, and 2) uses off-the-shelf optics and a single camera . In
particular, this work analyzes the impact of parallax and path length differences on the 2C
pyrometry measurement and exemplifies how the present design eliminates associated errors
by design rather than in post-processing. The theoretical range of measurements were generated
a priori and overlaid with experimental data to illustrate the dynamic range over which 2C
pyrometry can determine the soot concentration and temperature in theory and in practice.

1. Introduction

Particulate Matter (PM) or soot emissions from combustion have long been recognized for their
harmful effects on human health and the environment. Exposure to PM can cause respiratory
irritation, asthma-like symptoms, and increased risk of cancer [1]. PM emission is second only
to carbon dioxide in its impact on climate forcing [2]. Unfortuately, combustion strategies that
improve fuel efficiency such as gasoline direct injection (GDI) or diesel engines tend to increase
PM emissions [3]. However, advanced engine combustion control strategies and new fuel
blendstocks have continued to enable cleaner combustion [4]. Two-Color (2C) pyrometry (also
called the 2-Color method or 2-Color thermometry) has been used since the 1930s to
characterize the sooting tendency of flames in a variety of studies for diesel engines [5]. The
2C pyrometry is based on the detection of radiative emissions from soot along the line-of-sight
at two distinct wavelengths in the visible light spectra to calculate the soot concentration and
temperature. Numerous optical system designs of 2C pyrometry to suit different test scenarios
have been developed.

Early versions of the 2C Pyrometer utilized a pair of photodiodes equipped with bandpass
filters to measure the spectral signals from the test media [6]. As a result, the photodiodes
“averaged” the radiative emissions over the field of view (FOV) of the optics and thus, lacked
spatial resolution. Singh et al. and Musculus utilized a hybrid system with photodiodes and a
high-speed camera [7, 8], whereby the camera detected the natural luminosity of the flame to
yield qualitative information about the sooting regions. Most current systems utilize high-speed
digital cameras to acquire temporally and spatially resolved 2C pyrometry measurements.
However, spatially resolved measurements require accurate pixel-by-pixel mapping of the two
images at different wavelengths. Thus, Densmore et al. applied a beamsplitter and bandpass



filters to image the spectral images to two separate cameras [9, 10]. Other researchers have used
an image doubler equipped with bandpass filters to project the spectral images on a single
camera sensor [11-13]. Some works have circumvented the need for splitting the image by
using a color camera and demosaicing the image from the built-in color filter of the camera to
extract two spectral signals in post processing [14-19].

Existing optical designs of 2C pyrometry can introduce errors of parallax [11-13], path
length difference [20], or demosaicing [14-18], which degrade the measurement accuracy
and/or spatial resolution. Image processing techniques to account for these errors can be
helpful, but they depend upon the application and don’t completely eliminate the problems.
This work presents a novel hardware design for 2C pyrometry that eliminates the above errors
completely, i.e., it does not produce them. Limitations of existing design, present design, 2C
pyrometry theory, and results demonstrating the capabilities of the new optical configuration
are discussed in the following sections.

2. Limitations of existing optical designs

The widely used 2C pyrometry configuration with an image doubler and single monochrome
camera [11-13] is represented schematically in Fig. 1a. This design offers simplicity since the
image doubler is mounted on the camera like a lens and the system is ready for calibration and
data collection. There is no need to select, configure, and align optical components. However,
this system introduces parallax since the point of view to image the test media is different for
each wavelength. As can be inferred from Fig. 1a, placing the 2C pyrometer too close to the
test media will increase the parallax angle () or the parallax error. Placing the 2C pyrometer
far away from the test media will reduce the parallax angle (6) but at the expense of the overall
signal strength and/or spatial resolution.

Khosravi and Kirchen [13] sought to address parallax by modifying the images in post-
processing before solving for temperature and soot concentration. Thus, a spatial calibration
was performed by placing a two-dimensional target in the combustion chamber and recording
it with the image doubler. Then, a matrix transformation of the two images was performed to
correlate the images on a pixel-by-pixel basis; the same transformation matrix was applied to
the experimental images recorded by the 2C pyrometer. While this methodology yielded a
converged solution at more pixels (more on the solution method in Section 4.1), the pixel-to-
pixel mapping is not assured since the two-dimensional target for calibration does not represent
the turbulent three-dimensonal flame. The hardware solution presented in this work overcomes
the limitations of the post-processing techniques by accurately mapping the line-of-sight
emissions at two wave lengths on a pixel to pixel basis.

Payri et al. [20] devised a hardware solution to eliminate parallax (see Fig. 2b) by adding a
beamsplitter. However, this modification resulted in different optical path lengths upstream of
the camera sensor for each wavelength. Thus, the images recorded by the camera would be of
different sizes and one or both will be slightly out of focus. Poor focus would cause more of an
averaging effect of turbulent flame structures across the FOV as the light is essentially diffused
across multiple pixels in one of the two images on the camera. The different size of the images
can be resolved by resizing one of the images in post-processing, which introduces uncertainty.
Furthermore, the pixel resolution of the image is limited by the smaller of the two images.

Other works have opted to use color cameras [14-19], which do not encounter parallax or
path length differences, but produce an error in the demosaicing process. Each pixel in the color
camera image sensor corresponds to a single color (wavelength) on the Bayer filter mosaic,
therefore the two spectral signals will always be off by one pixel. This implies that the two
spectral signals measured by a color camera will not correspond to the same line of sight.
Naturally, the pixel resolution determines the distance between the two lines of sight. In [14]
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error but introduces difference in the optical path length [20].

the pixel resolution of the color camera was 35 um/pixel whereas the soot particle size for an
acetylene diffusion flame, for example, ranges from 2.5 nm to 40 nm [21], i.e., the soot particle
size is three orders of magnitude smaller than this exceptional pixel resolution. Thus, without
significant down sampling (binning) to spatially average the measurements, even a single pixel
discrepancy could result in different values of soot emissions, rendering 2C pyrometry
measurement without physical meaning. Additionally, a disadvantage with this configuration
is that the wavelength selection, and therefore the measurement range, is limited to the built in
Bayer filter of the camera.

3. Present optical design

The 2C pyrometer design presented in Fig. 2 provides a cost-effective solution using off-the-
shelf optics and a single camera to resolve issues associated with previous designs. The setup
uses a beamsplitter for light collection and it is oriented at 45° angle with respect to the camera
sensor, thereby dividing the image symmetrically about the axis of the camera lens. Bandpass
filters are attached to the beamsplitter to pass the light at the desired wavelengths. Filters with
550 nm and 650 nm central wavelengths and bandwidths of 10 nm FWHM are used as in [11].
A pair of turning mirrors reflect the two signals towards a right-angle prism mirror which
directs the signals toward the high-speed camera (Phantom v7.3) for imaging on the same but
separate portions of the sensor.

4. 2C pyrometry principle and impact on optical design

Thermal radiation from soot particles dominates flame luminosity — this is the basis of 2C
pyrometry. The detection of thermal radiation at two distinct wavelengths allows for the
calculation of soot concentration and temperature in the flame [22]. It has been demonstrated
that the soot concentration and flame thickness (combined as the product KL) is related to the
apparent emissivity of the imaged soot cloud and is independent of the wavelength [5, 6, 11,
20]. Combining these theoretical concepts results in Eq. 1 which relates the apparent blackbody
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The 2C pyrometer enables measurement of the apparent temperatures (T, ,T,,) via a
calibrated detector, typically a digital camera. Then, the soot temperature, T, and product KL
are calculated from Eq. 1 by an iterative method. Khosravi and Kirchen [13] studied several
different solution algorithms to evaluate the calculation time and accuracy. For spatially
resolved 2C pyrometry, Eq. 1 must be solved at each pixel for each frame in the data set. Thus,
the algorithms speed has a significant impact on the overall computation time [13]. In this work,
a look-up table relating T and KL to a range of apparent temperatures was created using the
bisection method, which dramatically decreased the computational effort. Alternatively, a
coarse table could be created to “look up” an initial guess for an iterative solver such as the
Newton-Raphson method to more precisely calculate T and KL.

Figure 3 exhibits the viable solutions to Eq. 1 in a graphical form. This style of plot was
inspired by Hottel and Broughtons’ work on 2C pyrometry in 1932 [S] although similar
computations and predicitons of measurement ranges have been performed in recent studies
[23, 24]. In Fig. 3, experimental data from a diesel wick flame are superimposed to show the
range of values actually observed in the measurements. The actual measured flame temperature
varied from around 1450 K to 2400 K, yet the apparent temperature for the 650 nm wavelength
ranged between 1300 K and 1500 K showing a significant variation in the effective emissivity
throughout the flame. The clear left edge of the experimental data in Fig. 3 results from the
camera noise threshold utilized to process the images, i.e., data to the left of the experimental
points in the plot were filtered out. Conversely, if the flame brightness were to saturate the
camera sensor, a similar cut-off would need to be implemented on the right side of the
experimental data. Therefore, while the isolines in Fig. 3 represents all possible measurement
conditions, the actual range is constrained by the dynamic range of the camera.

More details of the specific experiment are given in the results section, however in the
context of optical design considerations for 2C pyrometry systems it is important to note that
Fig. 3 could be quite useful to design and construct the 2C pyrometer for a particular
application. For a given process, an approximate range of temperatures and soot can be
predicted to select the appropriate wavelengths for the bandpass filters to optimize the
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Figure 3: Relationship between apparent temperatures measured at 650nm and 550nm and
temperature and product KL or soot concentration. Experimental data for the diesel wick
flame are overlaid on the plot.

measurement range given by Fig. 3. Additionally, camera settings such as exposure time and f-
stop could be modified to optimize the collection range of the camera for the process of interest.

4.1. 2C pyrometer calibration

Each 2C pyrometer is unique in design and application and thus, it requires calibration to relate
the measured spectral signals to their respective apparent temperatures. Ideally, a blackbody
emitter at a known temperature is used as the source to deliver known emissions to the 2C
pyrometer, which can then be correlated to the intensity measured by the camera with specific
settings (lens, f-stop, exposure time, and camera distance from the emitter). This process is then
repeated at different blackbody temperatures to develop the calibration curve between camera
intensity and blackbody emission at various temperatures. Thereafter, when collecting data in
an experiment, the measured camera intensity can be correlated to the apparent blackbody
temperature of the incandescent soot at each wavelength (T, T,,) to solve Eq. 1.

However, the use of a blackbody calibration source is often impractical because of the high
cost. As a result, many studies report calibrations carried out with a tungsten filament lamp [7,
8, 13, 20]. The lamp emulates blackbody behavior by passing an electrical current to heat the
filament invoking thermal radiation. Although such lamps do not exactly follow a blackbody
emission spectrum, their radiance across the visible spectrum is known from manufacturers’
calibration; radiance is spectral emissive power divided by . Certainly, as has been pointed
out in the literature [15], the calibrated tungsten lamp method is less accurate than a true
blackbody. However, this calibration approach is often sufficient since a properly calibrated
lamp has NIST traceable calibration.

The 2C pyrometer in this study was calibrated using a tungsten uniform illumination sphere
(UIS) as in [13] from StellarNet which employs a tungsten halogen bulb inside of a sphere with
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distance from source: 0.61 m, b) Apparent blackbody temperature versus radiance for each
wavelength.

reflective interior coating to produce uniform and diffuse light output across a 50 mm diameter
opening in the sphere. The UIS had three calibration points based on a variable power setting
to yield three corresponding radiance spectra. To create a more continuous calibration curve,
neutral density (ND) filters were used to decrease the radiance at a known power setting by a
fraction (given by the optical density of the ND filter) which yields additional data points to
relate intensity measured by the camera to radiance values [11]. With this method, a series of
images were recorded by the camera using the various power settings and ND filters; intensity
values measured across the UIS emission port were averaged to build the calibration curve in
Fig. 4a. Radiance values are then converted to apparent temperatures according to Planck’s
law. When processing flame data, the intensity measured at a given pixel location of the camera
is related to the radiance using the calibration curve for the particular wavelength in Fig. 4a and
then the apparent temperature is obtained from Fig. 4b. The camera signal will of course vary
depending upon the exposure time, f-stop, and distance from the source; therefore, calibration
is performed for the settings used for actual data acquisition.

5. Results and discussion

The capability of the new 2C pyrometer design was demonstrated by collecting data on a simple
diesel wick flame. A beaker was partially filled with diesel fuel and a cotton wick was inserted
into the fuel to draw it up for burning. Flame images were recorded at 10,000 frames per second
with an exposure time of 98 us and pixel resolution of 345 pm/pixel. For this experiment, a 50
mm camera lens with an f-stop of 1.4 was used; however, the FOV and spatial resolution could
be altered by using a different lens.

5.1. Optical distortion inherent in previous designs

The optical hardware used to build the final design was configured to emulate the two designs
in Fig. 1 and associated optical distortions. An image doubler is created with two turning
mirrors and a knife-edge mirror as in Fig. la. The diesel burning wick flame was placed at
distances of 0.61 m and 1.22 m away from the pyrometer setup, yielding 8 = 9.9° and 5.6°,
respectively. Two natural luminosity images (without bandpass filters) were recorded
simultaneously with a high speed camera and are shown in Fig. Sa for the 9.9° case. This setup
demonstrates noticeable differences in the images due to the parallax indicating asymmetric
flame structure. Upon close observation of Fig. Sa, it is apparent that the image on the left is
wider than the one on the right and the features in the right image are more pronounced and
grouped within a smaller radial extent. These differences are further exemplified in Fig. 5b,
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which shows the transverse profiles of intensity at different axial locations. For example, the
crests and troughs of intensity profiles for the two images appear out of phase in Fig. 5Sb. With
the flame placed further from the camera, resulting in a smaller parallax angle of 5.6°, the
transverse profiles more closley match but are still clearly different and therefore are not shown.

The misalignment of flame images is a result of the parallax and indicates that the individual
pixels in the two images cannot be mapped precisely with each other which would result in
non-physical solutions for T and KL values. For example, consider a hypothetical case in which
the red light (650 nm) of one soot particle and the green light (550 nm) of another soot particle
are measured and used to solve for the temperature. If a numerical solution is even possible, it
will not represent the temperature of either of the two soot particle, i.e., the result is effectively
meaningless. This problem is completely avoided by incorporating a beamsplitter in the 2C
pyrometer design as each pixel will image the same line of sight.

To simulate the effect of different path lengths, the right-angle prism mirror in Fig. 2 was
moved towards one of the turning mirrors to increase the length of one path by 1.25 cm and
decrease the length of the other path by 1.25 cm causing a path length difference of 2.5 cm. In
this case, Fig. 6a shows that one of the recorded flame images is smaller than the other. In
Fig. 6a, the data from the smaller image is on the left was manually scaled to best match the
larger image size and then the intensity profiles for both flames were plotted in Fig. 6b. Contrary
to Fig. 5b, Fig. 6b shows matching intensity profiles for the two images albeit after resizing in
post-processing. The scaled intensity profile shapes are similar since the beamsplitter ensures
a single viewpoint for both wavelengths. While this setup is a viable option, the image resizing
represents a potential source of error. Resizing can be difficult or impractical in turbulent flames
containing structures with multiple length and time scales. Additionally, it is impossible to
focus both images due to the difference in the focal lengths. Lack of focus is manifested as
bluring of the image(s) that would make it difficult to identify the turbulent structures in the
soot cloud yielding a more spatially averaged measurement, rather than precise pixel mapping
at all physical locations in the flame. Again, the present system eliminates these problems by
design to ensure equal path lengths for the two signals.

5.2. Error free performance of current design

The beamsplitter in the new 2C pyrometer design presented here records the flame emissions
from the same point of view for both wavelengths with equal path lengths, and therefore the
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Figure 6: a) Flame images for path length difference of 2.5 cm, b) Transverse profiles of
intensity at varying axial locations; the small image was scaled up to the size of the larger
image at each axial location.

intensity characteristics of the two images can be precisely correlated at each pixel location,
which is crucial to achieve accurate pixel-to-pixel mapping with high spatial resolution. Indeed,
flame images acquired with the bandpass filters showed that the intensity distributions in the
two images are proportional to one another and Fig. 7 demonstrates the ability of the present
2C pyrometer to map the features of the flame in the two images recorded by the single camera.
In effect, the intensity level in the two images is different only because of the different spectral
emissions at the two wavelengths and camera spectral response (the calibration in Fig. 4
eliminates the spectral response differences). Figure 7b shows transverse intensity profiles at
various axial locations demonstrating matching profile shapes at all axial locations for the two
images. The difference in intensities of the two images is much smaller at the bottom compared
to that at the top of the flame, which is indicative of the 2C pyrometry processing as can be
interpreted from the graphical solution in Fig. 3 and is discussed in the following sections.

5.3.  Application example and discussion

Figure 8 shows results using the present setup for three timesteps at 10 ms intervals to depict
the flickering of the flame. For each instant and pixel location, the intensity measured by the
camera is converted into radiance using the calibration curve for the corresponding wavelength
(Fig. 4a). The radiance values for the two wavelengths are converted to a pair of apparent
temperatures (Fig. 4b) which accounts for differences in the camreas spectral response, and
then Eq. 1 is used to solve for the actual temperature (T) and the product KL. Detailed analysis
of the specific features of the flame is beyond the scope of this work, but as expected, the soot
concentration is highest at the flame tip where the temperature is the lowest because of rich,
sooty combustion.
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Figure 7: a) Flame images obtained by the present 2C pyrometer design, left and right images
were obtained with 650 nm and 550 nm band-pass filters respectively, b) Transverse profiles of
intensity profiles at varying axial locations.

According to the relationship between soot concentration and apparent emissivity in [5],
€ =1—e KL/ A% an increase in KL will also increase €,. Thus, increasing soot concentration
causes soot emission to behave more like a blackbody. Indeed, for very high soot concentration
or KL, the two apparent temperatures would be close to each other and approach the blackbody
temperature. The top portion of Fig. 3 depicts these conditions when the measured apparent
temperatures are close to each other (AT, = 10 K); the soot concentration or KL is large and the
temperature, T, is only slightly greater than the apparent temperatures. For the diesel wick flame
in this study, the smallest difference in apparent temperatures was 9.2 K, resulting in KL of
approximately 1.0 and monochromatic emissivity of 0.84 and 0.90 respectively for wavelengths
of 650 nm and 550 nm. Only a few experimental data points resided in this region. Conversely,
low soot concentration implies low emissivity or a significant departure from the blackbody
behavior. Experimental results in Figs. 3 and 8 show that the flame temperature is lower in
regions of high soot concetration. This result can be explained by recognizing that the soot
tends to form at fuel-rich conditions where temperatures are far below the stoichiometric flame
temperature. The bottom of Fig. 3 and also the bottom of the flame in Fig. 8 represent conditions
near stoichiometric where soot is burned off at high flame temperatures, and is therefore
characterized by low KL and high temperature. Once again, considering results in the context
of Fig. 3 can provide useful guidance to the specific 2C pyrometry and camera setup. While
not performed in this work, the knowledge gained from this preliminary experiment could be
directly used to optimize the bandpass filter selection for subsequent tests. Using the 2C
pyrometry theory, the expected intensity at alternative wavelengths could be predicted and used
to ensure optimal use of the dynamic range of the camera.

6. Summary

In this study, a new optical design for 2C pyrometry is presented to eliminate errors associated
with parallax (perspective), optical path length difference, and demosaicing. These errors have
been discussed to varying extents in past studies with some attempts to compensate in post-
processing [13, 20]. The design presented here is unique in that it eliminates each type



simultaneously using a novel optical hardware configuration.The present system consists of
off-the-shelf hardware components to develop a highly flexible and cost effective device
utilizing a single imaging camera.
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Figure 8: Time evolution of a) temperature (K) and b) product KL in a diesel wick flame.

The measurement capability of the new 2C pyrometer was demonstrated relative to two
alternative designs common in literature, and then the system was used to obtain contours of
temperature and soot concentration in a flickering diesel wick flame. Results are considered
spatially resolved since matching pixels in both images are captured from the same line-of-
sight, and thus same set of soot particles in the flame. However, 2C pyrometry is a line-of-sight
technique, and thus, multiple views and tomography techniques are required to obtain the true
local measurements in asymmetric turbulent flames. Still, the present spatially resolved single
view measurements can be effective to compare different portions of the flame and/or flames
at different operating conditions such as varying fuel type, ambient temperature, fuel injection
strategies, etc.

For researchers developing new 2C pyrometry systems the design presented in this work is
encouraged for its inherent elimination of the common optical distortions of alternative designs.
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