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ARTICLE INFO ABSTRACT

Keywords: Understanding the production of non-volatile particulate matter (nvPM), which is composed primarily of
Aeroengine combustion soot, is critical not only for reducing emissions but also for improving engine performance. While there
Jet A fuel

has been significant prior work studying the fundamentals of soot formation, there is significantly less work
that investigates soot formation with realistic aeroengine geometries, injectors, and fuels in high pressure
conditions. In this work, soot production in a three-sector rich-quench-lean (RQL) aeroengine combustor
is studied with Jet A fuel. Global equivalence ratios ranging of 0.10 to 0.20 and pressures ranging from
2.7 to 6.9 bar absolute (40 to 100 psia) are tested. In order to characterize in-situ soot production near the
fuel injectors, two-dimensional laser-induced incandescence is utilized to estimate single-shot and average soot
volume fractions. Time-resolved laser-induced incandescence is then used to create single camera and single
laser-shot incandescence decay time images in order to infer how soot particle sizes evolve. Results show a
significant increase in soot production at higher global equivalence ratios and higher pressures. Incandescence
decay times, however, do not change significantly over the same range of conditions. These measurements can
not only help understand soot distributions in practical RQL systems but also help improve future aeroengine
combustor designs.

Time-resolved laser induced incandescence
Non-volatile particulate matter

Soot volume fraction

Soot incandescence decay time

1. Introduction simple flow geometries such as counterflow flames [5,6], turbulent
premixed flames [7,8], shock tubes [9], laminar premixed flames [10],
and laminar diffusion jet flames [11-14]. In most cases, ethylene or
methane are used for these studies. Simple combustor geometries [15-
17] and high pressures up to 32 bar in counterflow flames [5] and
100 bar in diffusion flames [11] have also been studied in the literature.
Despite the extensive body of work, the chemical kinetics of soot forma-

tion and oxidation [18,19] are still difficult to model. Recently, several

Reducing the emission of non-volatile particulate matter (nvPM),
which is composed primarily of soot, is critical for meeting a variety
of environmental, health, and performance metrics. Aeroengine soot
emissions, for example, can have long term impacts on climate [1] as
well as human health [2]. When soot is created in a flame or deposited
on the inside of engine surfaces, it can also enhance radiation heat
transfer to various components, thereby reducing engine efficiency and
lifetime. While scenarios that increase soot production, such as rich-
burn conditions, may be considered sub-optimal, these conditions can

studies have also been conducted in more realistic engine geometries
utilizing simple fuels like ethylene, methane, and kerosene [6,20-

also be used strategically in various practical combustor designs. Rich-
burn, quick-mix, lean-burn or rich-quench-lean (RQL) combustors, for
instance, utilize a fuel rich region to achieve improved combustion
stability, lower flame temperatures, and decreased nitrogen concen-
trations, reducing the production of NOx [3,4]. Because of this trade
off, understanding soot distributions in these combustors is critical for
improving aeroengine designs and minimizing nvPM production.
Fundamental soot production has been extensively studied in var-
ious laboratory environments. Existing work includes studies using
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23] and simple jet-in-crossflow injector geometries [24]. Comparisons
between Jet A fuels and more laser-diagnostic-friendly fuels, such as
Testbenzin D80, have also been investigated using realistic combustor
geometries [25]. Extensive studies with Jet A fuels in complex injector
configurations [26-28] have been investigated, but these experiments
have focused on lean premixed combustors. While these studies provide
a lot of insight into soot production, changing the fuel type, mixing
scheme, or injector geometry can significantly alter soot production
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Fig. 1. Experimental setup is described showing the pressure vessel for the combustor,
air inlet, optics, and high speed camera. An image of the flame, injectors, and quench
holes is also shown from a side window.

and oxidation [20,23]. Thus, more studies that investigate in-situ soot
production for realistic combustors, injectors, and fuels are needed.

In this work, we apply two-dimensional (2D) or planar laser-induced
incandescence (LII) and incandescence decay time measurements for
the first time in a three-sector RQL combustor utilizing swirl injectors
and Jet A fuel. First, the experimental setup (shown in Fig. 1) detailing
the pressure vessel design, RQL combustor, and control systems are
described. Next, the LII diagnostic setup and LIl models used for calibra-
tion are reported. Here, a 10 MHz high speed camera is used to capture
the prompt LII signal intensity as well as the signal decay as a function
of time [8]. Thus, simultaneous estimates of soot volume fraction and
soot incandescence decay times can be obtained. Finally, experimental
data is described for global equivalence ratios ranging from 0.1 to 0.2
and pressures ranging from 2.7 to 6.9 bar absolute (40 to 100 psia).
Using these results, it is possible to understand the conditions that
control soot distributions inside a realistic RQL aeroengine combustors.

2. Materials and methods
2.1. Pressure vessel and combustor design

In this work, a large stainless steel pressure vessel (rated for a
maximum of 30 bar at 727 K) is utilized to contain the combustor, fuel
lines, and exhaust, as illustrated in Fig. 2. The vessel has an internal
diameter of 43 cm (18 in) with three 25.4 cm diameter (20.3 cm is
transparent) by 10.1 cm thick fused quartz windows for optical access,
one on each side for laser access and one on top for camera access. A
squeeze flange mounted on the upstream side is used to pass fuel and
instrumentation lines into the vessel, enabling measurement of vessel
pressure and temperature at various locations along the combustor.

Air for the experiments is supplied to the system by the high pres-
sure air supply at the Ben T. Zinn Combustion Laboratory at Georgia
Tech - a blowdown system capable of supplying a stable, static pressure
of up to 50 bar at 1100 K. The air flows through a sub-critical orifice
used for measuring and monitoring mass flow rate, after which it enters
the vessel through a perforated plate. Air then enters the combustor

Applications in Energy and Combustion Science 18 (2024) 100269

Pneumatically-
Actuated Globe

Valve Coriolis F‘uel Squeeze Flange
Filter
Flow Meter .
n —:]] Top Window
- - Choke
Fuel Plate
il - | )
. Flow : A
| /l . Exhaust
Perforated
Plate
Nitrogen b | - )
Supply  Piston G 4—‘ Air Supply
Accumulator L1 . -
Sub-critical Igniter Air and
Orifice Hydrogen Supplies

Fig. 2. Side view of pressure vessel shows the process flow, instrumentation, and
control elements for the combustor.
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Fig. 3. (a) Side view of combustor illustrates the hydrogen torch ignitor, fuel injectors,
effusion cooling holes, quench holes, and windows. (b) Top view of combustor
highlights the laser path and top window used for imaging. (c) Chemiluminescence
image of flame shows the spray cones for all three injectors. The white box highlights
the area used for detailed comparisons.

through the swirlers, providing the majority of the air for the rich-
burn region, as well as through effusion cooling and quench holes. The
distribution of air is described in more detail in the Appendix.

Fuel for this system is supplied through a 38 L (10 gal) piston
accumulator, driven by a cylinder of pressurized nitrogen gas. The fuel
flows through a remotely-operated pneumatic globe valve, which is
used for flow control, followed by a Bronkhurst Coriolis flow meter
(Cori-Flow M55, accuracy 0.2% of rate), which monitors and measures
the fuel mass flow rate. Then, fuel passes through the squeeze flange
into a manifold, where it is supplied evenly to all three injectors.
The variation between the injectors is <4% based on liquid volume
accumulation measurements taken at a variety of injection pressures.

The combustion liner for this system includes a proprietary dome
face assembly with three aircraft fuel injectors and swirlers provided
by Honeywell International Inc. This design represents multiple sectors
of an aeroengine combustor, as illustrated in Fig. 3. The combustion
liner has four fused quartz windows for optical access. Two windows on
opposing sides enable laser access across all three injectors, while two
windows on top provide visual access to the rich-burn and lean-burn
regions. The combustion liner is made from 3D-printed Inconel 718
with small, angled effusion cooling holes covering all surfaces, both for
cooling the combustor walls and for preventing soot from depositing on
the walls and windows. Larger quench holes are also located on the top
and bottom of the liner to enable the introduction of air downstream of
the rich-burn region. Additional detailed dimension for the combustor,
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windows, effusion holes, and quench holes as well as detailed air splits
are described in the Appendix.

Initial combustor ignition is achieved via a hydrogen torch igniter
mounted to the bottom of the combustor. Here, hydrogen and high
pressure air are supplied to the igniter from pressurized cylinders
outside the vessel. Opposing jets of hydrogen and air impinge on a glow
plug inside the body of the ignitor, causing an internal flame. After
sufficiently heating the tip of the ignitor, the air supply is closed off,
causing an external diffusion flame to appear through a small hole in
the bottom plate of the combustor. Jet A supply can then be slowly
increased at the main injectors until a stable flame is achieved, after
which the supply of hydrogen to the igniter is closed.

After the combustion gases exit the liner, the combustion products
are exhausted out of the back of the pressure vessel through a water-
cooled exhaust system mounted to the downstream flange, which also
acts as the primary support for the combustor. Choke plates of varying
size (23 mm in height and 60 to 75 mm in width) are attached to
the exhaust outlet to achieve a desired differential pressure across the
combustion liner walls to help ensure proper droplet breakup. During
experiments, the desired temperature and pressure are first set from the
building supply and the vessel is preheated to the desired temperature
range. Then, the air supply is increased until the stagnation pressure in
the vessel, P;, reaches the desired test point. Then, a custom LabView
program (run from an adjacent control room) is used to ignite the
hydrogen torch, adjust valves, monitor temperature/pressure sensors,
control lasers, and collect diagnostic data. The LabView program is
also used to adjust fuel flow rates until the desired equivalence ratio is
reached. Due to the presence of the fixed-size choke plate at the exit of
the combustor, the mass flow rate cannot be independently controlled
during a run. Thus, changing the pressure requires adjusting the global
equivalence ratio (and vice versa) until both variables reach the desired
values. After the transient effects subside after each adjustment, data
are collected. Due to building pressure tank limitations, data collection
is typically limited to approximately an hour per run. To conserve
resources, a limited number of data sets are collected at each condition
and several test conditions are explored following a single ignition.

For these experiments, the target inlet pressure conditions P; range
from 2.7 to 6.9 bar absolute (40 to 100 psia), the target global equiva-
lence ratios ¢ range from 0.10 to 0.20, the inlet temperatures T3 range
from 470 to 640 K, and the pressure drop across the liner compared
to the inlet pressure dP/P; is typically 3.4%. Note that all pressures
in this paper are listed as absolute pressures and all experiments are
conducted at an ambient room pressure of 1 bar. Additionally, note that
this paper quotes global equivalence ratios. Local equivalence ratios
can be estimated by using the air split data described in the Appendix.
For these experiments, the dome face air split is 18%, which gives
local equivalence ratios of 0.55 to 1.1 in the rich-burn region for the
corresponding global equivalence ratio range of 0.1 to 0.20. The test
conditions used for this paper are selected from a full list of realis-
tic combustor operating conditions and are chosen based on facility
constraints, risk of damage to components, and optical diagnostic data
quality. A full list of target test conditions and their corresponding
measured pressures, global equivalence ratios, air inlet temperatures,
and air and fuel mass flow rates are tabulated in the Appendix.

2.2. LII diagnostic

For the LII optical diagnostics, a Spectra-Physics Quanta-Ray Pro-
250 Nd:YAG laser is used to generate a 1064 nm beam at a frequency
of 10 Hz (pulse-to-pulse energy variation <3%). The layout for the
optical elements in the diagnostic is shown in Fig. 4. Here, vertical
expansion of the beam is achieved using lenses L1 and L2 (concave and
convex cylindrical lenses with focal distances of —50 mm and 300 mm,
respectively). Afterwards, the beam is horizontally compressed using
cylindrical lenses L3 and L4 (focal distances of 250 mm and —50 mm,
respectively). The final beam dimension of 28 x 1.22 mm at a knife gate
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Fig. 4. Layout of optical setup for the LII diagnostics are illustrated. L1 - concave
cylindrical lens f = —50 mm, L2 - convex cylindrical lens f/ = 300 mm, L3 - convex
cylindrical lens f = 250 mm, L4 - concave cylindrical lens with f/ = —50 mm, F1 -
640 nm bandpass filter with 75 nm FWHM, F2 - 1064 nm notch filter with 73 nm
FWHM, F3 - neutral density filter OD 0.3.

is then relay imaged into the center of the combustor using a 500 mm
focal distance cylindrical lens positioned two focal lengths from the
centerline of the combustor. This long focal-length relay lens keeps
diffraction patterns to a minimum (ripple <1%) while keeping beam
expansion due to diffraction low (<9.6% deviation in beam FWHM
from the center to either edge of the camera field-of-view). Because the
laser sheet passes through the center of all three fuel injectors, a larger
sheet thickness is used to maximize sheet uniformity. Thus, analysis
of turbulent features is not conducted on the measured LII data. Next,
the laser intensity is measured on the far side of the combustor using
a Thorlabs S350C thermopile power meter with a 200 Hz sampling
rate and 40 mm active detector diameter. Due to the large size of the
detector, the entire beam could be successfully captured even if some
beam steering occurs. These average power measurements are later
used to calibrate volume fraction measurements.

The LII signal is imaged from above the pressure vessel using a
Shimadzu HPV-X2 high speed camera (250 x 400 pixels, 32 pm pixels,
additional dynamics can be found in [29]) with a 50 mm, /1.8 lens
(depth of field >12 mm). This results in an X and Y spatial resolution
of 0.46 mm per pixel. Due to the large spatial resolution values, spatial
averaging within each pixel that biases towards higher temperatures,
volume fractions, and decay times is expected. For this work, images
are collected at a rate of 10 MHz in the zig-zag interpolation mode
with an exposure time of 55 ns. In this mode, the camera captures a
burst of 256 images (total capture time of 25.6 ps, excess frames are not
used) during which the flow dynamics are essentially frozen. This data
takes approximately 10 s to download before the camera can capture
images again. The 10 MHz high speed burst mode capability is ideal for
capturing single-laser-pulse incandescence decay with a low repetition
rate laser, but is not ideal for studying turbulence dynamics in soot,
which can be investigated with other LII techniques [30]. To condition
the signal for this camera, a 1064 nm notch filter (73 nm full-width
at half-maximum, FWHM) is used to reduce scattering and reflections
from the laser and a 640 nm bandpass filter (75 nm FWHM) [8,31]
is used to attenuate signal from chemiluminescence and Swan band
emissions while maximizing the measured LII signal. Finally, an OD 0.3
neutral density filter is used to slightly adjust the LII signal intensity to
within the camera dynamic range.

Both the camera and laser are operated using a timing box to ensure
consistent and precise capture of the prompt LII signal (capture starting
at t = 0 ns with laser arrival and integrated for 55 ns). In this work,
the camera acquires a total of 256 back-to-back frames, capturing the
prompt LII signal, LII signal decay, and background chemiluminescence
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within in a single video. A subset of background images are averaged
and then subtracted from the prompt and decay images to isolate the
incandescence signal [26,31,32]. At each temperature and pressure
condition, at least 25 data sets are collected at 10 s intervals for a
total of 4 min. Since the global flow residence times are typically on
the order of 5 ms based on chemiluminescence videos, each shot is
uncorrelated, enabling both instantaneous and average LII data to be
analyzed.

3. Theory
3.1. Volume fraction model

The soot volume fraction inside a flame is estimated by measuring
the intensity of incandescence emitted by soot as it is quickly heated by
a high-powered laser pulse [33,34]. To estimate the volume fraction,
the laser power absorbed by soot is related to the LII signal observed
by the camera. For this, the Beer-Lambert-Bouguer law is used,

Irp —1Iro = exp <_Keva>
—_— — )

where I indicates a power measurement with only the flame present,
Iy, indicates a power measurement with only the laser present, I,
indicates a measurement with both flame and laser present, and I,
indicates a measurement taken in absence of both laser and flame.
Iro and I, are used to subtract thermal effects from the flame and
pressure vessel from power measurements I, and I;, effectively
isolating the effects of soot absorption on the incident laser power. Ke
is a dimensionless extinction coefficient (Ke = 5.01 at 1064 nm [35-
371), which is based on the soot absorption function, laser wavelength,
fuel type, and other factors [38-40]. In these equations, L is the path
length of the laser in the flame, 4 is the laser wavelength, and f, is
the line-averaged soot volume fraction. The line-integrated soot volume
fraction (approximated as f,L) can be related to the line-integrated
laser-induced incandescence signal (approximated as C.S;;; L) using,

@

Ior —1oo

fULz/fL,dl:C/SL,,dlzCSL,,L @)

where S;;; is the LII signal of each pixel, and C is the calibration
constant. Rearranging Eq. (1) yields,

— Ip; —1
foL =2 (Lo 3)
Ke Ior — Ipo
As all terms on the right hand side are known, the calibration constant
can be solved as,
foL

S SLidl
which can then be applied to calculate the average volume fraction per
pixel along each row of the image,

Cr 4)

fomCSpyy 5)

By combining data from all the rows, the soot volume fraction for an
entire image can be estimated. To reduce the dependence of incandes-
cence intensity on laser power and to enable more accurate calibration,
high laser fluences are needed to saturate the incandescence output via
soot sublimation.

3.2. Soot incandescence decay time model

Time-Resolved LII (TiRe-LII) can be used to infer information on
soot particle and agglomerate sizes based on the decay time of the
LII signal [41]. Currently, several different 2D TiRe-LII techniques
exist for capturing turbulent flames [7,42-44], but these techniques
require the use of multiple cameras. To perform 2D TiRe-LII in this
work, a planar laser sheet is passed through an area of interest and
a series of images are used to capture the prompt LII signal as well
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as the decay of the signal over several frames at 10 MHz using a
single camera and single laser shot method [8,31]. Heat transfer models
for soot agglomerates [41,45] can be used to extract information.
Accurate estimates of soot particle or agglomerate size, however, are
difficult to obtain without calibration against soot sampling data or
accurate parameter estimates (i.e. local bath gas temperature, number
of primary particles per soot aggregate). Thus, this work focuses on
estimating incandescence decay times, which can be used to infer but
not quantitatively determine particle and agglomerate sizes.

A simplified soot TiRe-LII model, however, can provide insight on
how parameters like pressure can affect soot particle size and incandes-
cence decay times. For this model, conservation of energy can be used
around the soot agglomerate,

dUI nternal
dt
where Q 4, is energy absorbed from the laser, Qp,, is heat loss due

to radiation, Q,,, is heat loss due to conduction, and Qy,, is heat loss
due to sublimation. For the Liu model [45],

= QAbsorp - QRad - QCand - QSub’ (6)

dUlnternal T 3 dT
—_— — =Zd°N st 7
dr 6 P Ty )
) 722d3 E(m)Fyq(H)N,
QAbsorp = 2 - ’ (8)
. ® 8x3c2h d3E(m)
=N da, 9
Orat = Np /0 45 explhe/kgiT) — 1 ©)

. p 8kgTs v*+1 (T
_ 2 g BisY
QCand_a”Ra7‘, my 17— 1 (FE—1>' (10)

Here, d is the soot primary particle size, N, is the number of primary
particles per soot aggregate, p, is the density of soot, c, is the specific
heat of soot, E(m) is the soot absorption function (0.3 for Jet A which
is similar to kerosene [46]), F, is the laser fluence, ¢(r) is the laser
temporal profile function (characterized with a fast photodiode), 4 is
the wavelength of the laser, and T is the temperature. The constants
h, kg, and c are the Planck constant, Boltzmann constant, and speed
of light, respectively. The values of these parameters for Jet A fuel
can be found in our prior work [31]. For short laser pulse durations
and significantly longer camera integration times, the detailed laser
temporal profile is not expected to have a measurable effect on the
incandescence decay profiles captured by the camera. Note that for
this model, it is not possible to independently estimate the d and N,
because of their close coupling. Thus, one of these two quantities must
be measured in order to calculate the other.

The Fuchs method [47-49] can be utilized to estimate conduction,
where a limiting sphere is constructed with conduction in the free-
molecular regime assumed inside the sphere, and conduction in the
continuum regime assumed outside the sphere. For the free-molecular
regime conduction term, which is closer to the particle, p, is the ambi-
ent pressure, m, is the mass of one of the surrounding gas molecules, «
is the thermal accommodation coefficient for soot, R, is an equivalent
sphere radius calculated based on the aggregate projected area, and
y* is an average specific heat ratio. The size of the limiting sphere
boundary layer thickness § and the temperature at the limiting sphere
Ts can be solved iterative with conduction that occurs outside the
limiting sphere [45].

To convert these equations to incandescence decay profiles, the tem-
perature as a function of time is first determined. Then, the temperature
profiles are converted to optical incandescence profiles by assuming
grey body emission for different wavelengths, applying Planck’s law,
and using the emissivity coefficients for soot. For lower laser fluences,
conduction mechanisms dominate over radiation mechanisms, produc-
ing an exponential decay of incandescence intensity as a function time.
Larger particles and agglomerates tend to have longer decay time
constant while smaller particles and agglomerates tend to have shorter
decay time constants.
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For the higher laser fluences used to estimate soot volume fraction,
sublimation can begin to play an important role. This can be modeled
as [41],

, AH,N, 4
= o 11
Osup W dr an
dM _ _xd’W,a,p, (R,T 172 12
di R,T w, )
1/3
d= <ﬂ> . as)
7py

Here, M is the mass lost via sublimation per soot particle in the
agglomerate, AH,, is the enthalpy of formation of sublimed carbon, W,
is the molecular weight of the sublimed carbon, «,, is the mass accom-
modation coefficient, p, is the partial pressure of sublimed carbon, R,
is the universal gas constant in effective pressure units, and R,, are the
universal gas constant in effective mass units.

Typically, sublimation occurs in the short time period during and
slightly after laser incidence. Once particles cool, conduction once
again dominates the incandescence decay times. Using the model de-
scribed above, the effect of sublimation on the time constants measured
by the camera can be assessed. Results at fluences of 0.30 J/cm?, which
is just above the sublimation threshold, show that the presence of
sublimation in the LII signal contributes to a <1.6% bias on camera
measurements of the decay time constant. Operating in the sublimation
regime also causes particles to decrease in size. However, for fluences
just above the sublimation threshold, the particle sizes do not change
significantly. TiRe-LII simulations show that sublimated particles would
shrink by <2%, which would lead to a small left-to-right asymmetry.
While sublimation can be modeled, there are still significant uncer-
tainties and validation challenges. Thus, fully understanding the effects
of sublimation is still an active area of research [41]. Overall, while
sublimation can alter particle sizes and decay time constants, larger
particles should still take longer to decay than smaller particles. Thus,
even with sublimation, this model can be used to understand how
flame parameters can be related to incandescence decay times and
can be used to infer relative soot particle sizes for a given 2D image.
Additionally, based on the model formulation and additional simula-
tions of flame conditions, comparisons across equivalence ratios at a
fixed pressure can be conducted. Multiplying the time constants by the
pressure values (see Eq. (10)) can further allow rough comparisons of
relative soot particle and agglomerate sizes across pressures.

4. Results and discussion
4.1. Calibration

Prior to performing soot volume fraction measurements, the laser
power necessary for sublimating the soot must first be determined.
For this experiment, the flame is turned off and laser power levels are
set using an attenuator (half-wave plate and polarizing beam-splitter)
to dump excess power and reach the desired laser fluence. Then, the
combustor is ignited and 15 measurements are taken at each laser
fluence level inside the turbulent Jet A flame. The signal intensity of
each image is averaged and the standard deviation is calculated. Laser
saturation curves are then captured at multiple conditions. An example
for a constant pressure of 4.1 bar absolute (60 psia) with an equivalence
ratio of 0.15 is shown in Fig. 5. For this figure, the LII signal saturation
occurs at or below a threshold of 0.24 J/cm?. Therefore, a fluence
of 0.30 J /cmz, which is above the sublimation threshold, is used for
experiments at different test conditions. Additionally, as discussed in
Section 3.2, since the relative rank of decay time constants and inferred
relative particle sizes do not change with laser fluence, this work
prioritizes measurements of the quantitative volume fraction. Thus,
higher laser fluences above the sublimation threshold are used in this
study for both types of measurements.
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Fig. 5. Average LII signal intensity at various excitation fluences is described for a
test case at 4.1 bar (60 psia) pressure and 0.15 global equivalence ratio. The signal
saturation is estimated in this experiment to occur at 0.24 J/cm®. Error bars indicate
the standard deviation of 15 measurements at each laser fluence.

After determining the saturation curves, the calibration coefficient
C for soot volume fraction estimation is found. To calculate the co-
efficient, several turbulent flame conditions are tested at different
pressures and equivalence ratios (11 different conditions, with 169
laser shots). First, I, and Iy; are measured. Then, the combustor is ig-
nited and taken to condition before I, is measured. Then, the I; data
is taken at the same time as the Shimadzu camera data. Because the
combustor width is larger than the top window, an additional LII signal
compensation factor of 20% + 3.5% is added to the calibration based on
data from experimental measurements as well as computational fluid
dynamics (CFD) simulations that span the range of conditions tested in
this work. Both these methods show little to no soot production near
the side windows due to the presence of window cooling air. In these
calibrations, uncertainties from intensity measurements are propagated
through Egs. (3) and (4). Variations in intensity measurements during
a single condition over several minutes tend to be low (1.2%), while
the variations in intensity measurements from calibration-to-calibration
and day-to-day are much higher, dominating the uncertainty. Alto-
gether, the experimental results show no correlation between the C
constant and the pressure or equivalence ratio. Additionally, the laser
wavelength, fuel type, camera settings, and other parameters do not
change between experiments. Therefore, the calibration coefficients are
calculated and averaged together, which helps increases the sample size
and reduce the standard error. The resulting calibration coefficient is
found to be C = 7.01 x 107! + 1.20 x 10~!! (standard error) parts per
arbitrary intensity unit.

4.2. Soot volume fraction

Fig. 6 shows a subset of volume fraction data collected with a
constant global equivalence ratio ¢ of 0.12. The images show pressures
of 4.1, 4.8, 5.5, 6.2, and 6.9 bar absolute (60, 70, 80, 90, and 100 psia)
with flow direction from top to bottom and laser propagation from left
to right. Measurement at 2.7 and 3.4 bar absolute (40 and 50 psia)
also contained soot, but are omitted for clarity. Here, the X coordinate
is centered on the center fuel injector and the Y coordinate is zero
at the dome face. Fig. 6a shows soot volume fraction measurements
for individual laser and camera shots at each condition, while Fig. 6b
shows average soot volume fraction from 25 data sets at each condition.
The measurement uncertainty for these experiments is 17% (standard
error), which is dominated by the uncertainty from the calibration
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f, (ppm)

Fig. 6. Volume fraction data is illustrated for an equivalence ratio of 0.12 at pressures
of 4.1, 4.8, 5.5, 6.2, and 6.9 bar absolute. The laser beam passes through the combustor
from left to right. (a) Single-shot volume fraction images and (b) average (of 25 images)
volume fraction images are shown.

constant, as discussed in Section 4.1. The instantaneous images demon-
strate clear turbulent flame features with concentrated areas of soot
appearing to vary from shot-to-shot. These hot spots, which produce
soot volume fractions that are 3 x higher than the maximum values
found in the average volume fraction data, can potentially be due
to higher local instantaneous equivalence ratios or variations in local
mixing with ambient air. The average volume fraction images, on the
other hand, are more uniform, suggesting that the hot spots in soot
production average out over time. In these images, there does not
appear to be soot in the recirculation zones between the swirl injectors.
Overall, there is significant variation in soot volume fractions from
shot-to-shot, but average soot production is typically <2 ppm.

Fig. 7 shows similar images of volume fraction measurements made
at a constant global equivalence ratio of 0.20. The images are taken at
pressures of 4.1, 4.8, 5.5, 6.2, and 6.9 bar absolute. Measurement at
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f, (ppm)

Fig. 7. Volume fraction data is illustrated for an equivalence ratio of 0.20 at pressures
of 4.1, 4.8, 5.5, 6.2, and 6.9 bar absolute. The laser beam passes through the combustor
from left to right. (a) Single-shot volume fraction images and (b) average (of 25 images)
volume fraction images are shown.

2.7 and 3.4 bar are also obtained but are omitted for clarity. Similar to
the prior dataset, Fig. 7a shows instantaneous soot concentrations with
more apparent turbulent flame features, while Fig. 7b shows average
images with more uniform distributions. In this dataset, increased
recirculation of soot appears and is especially visible at pressures
above 4.8 bar. In the higher pressure cases, identifiable columns of
soot appear around X = 40 and —40 mm between the injectors. Data
from high speed chemiluminescence videos, which are taken with
the existing Shimadzu camera setup at a lower frame rate, clearly
shows how these columns of soot move into and out of the page. For
this higher equivalence ratio, soot production is significantly higher.
However, because the fluences above the sublimation threshold are
used for this work, the effects of laser attenuation are reduced. For
most cases at lower global equivalence ratios, losses due to attenuation,
sublimation, and scattering are measured to be small. For the highest
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Fig. 8. Average volume fraction near the center injector region-of-interest (highlighted
in white in Fig. 3c) at (a) a constant global equivalence ratio and at (b) a constant
pressure are illustrated. Error bars are determined by calculating the standard error of
the mean within the region-of-interest from the average volume fraction images.

average volume fraction case in Fig. 7b at 6.9 bar and ¢ = 0.20,
a left-to-right attenuation of 10% is observed in the volume fraction
data.

Compared to the spray cones visible in the 0.12 global equivalence
ratio cases, the soot profiles for the side injectors for the 0.20 global
equivalence ratio cases appear to have a different pattern than the soot
profile from the center injector. Here, the soot volume fraction for the
center injector appears to have a small hole in the center where little to
no soot is present. Based on additional flow tests and combustor CFD
simulations, this feature is determined to be due to the geometry of
the three-injector system. Since the center injector does not interact
with the side walls and has recirculation zones on either side, the flow
structure creates a center portion that has a lower density of soot.
Overall, the center injector has the lowest contribution from side-wall
cooling effects, has the best optical access, and is most likely to match
the performance of injectors in a full annular assembly. Thus, additional
analysis is conducted using data from the area around the spray cone
of the center injector.

Fig. 8 shows the average volume fraction compiled over a series of
experiments for the spray region near the center injector, as highlighted
in Fig. 3c. Fig. 8a shows varying pressure conditions at a constant global
equivalence ratio while Fig. 8b shows varying global equivalence ratios
at different vessel pressures. In Fig. 8a, there is a clear increase in soot
production from ¢ = 0.12 to ¢ = 0.20, indicating a strong dependency
between soot production and the global equivalence ratio. Note that
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Fig. 9. Various time constant fits are shown for incandescence decays captured on
selected pixels at a condition of 2.7 bar and 0.20 global equivalence ratio. Error bars
show the standard deviation from camera noise, which comes from the background
removal and normalization process.

local equivalence ratios in the rich-burn region are significantly higher
than global values. The 0.12 equivalence ratio conditions show a small
increase in the absolute soot volume fraction with pressure, going
from 0.06 + 0.02 ppm at 2.7 bar to 0.19 + 0.05 ppm at 6.9 bar.
By comparison, the 0.20 equivalence ratio conditions show a larger
increase in the absolute volume fraction, going from 0.44 + 0.13 ppm
at 2.7 bar to 1.98 + 0.33 ppm at 6.9 bar. The proportional increase
for these two cases, however, is similar with the 0.12 case producing
a 3.2x and the 0.20 case producing a 4.5x increase in soot volume
fraction with pressure increasing from 2.7 to 6.9 bar.

Fig. 8b further illustrates trends related to global equivalence ratio
and pressure. Mean volume fraction near the center injector for the
6.9 versus the 2.7 bar conditions is 0.003 ppm higher at a global
equivalence ratio of 0.10, 0.05 ppm higher at a global equivalence ratio
of 0.15, and 1.55 ppm higher at a global equivalence ratio of 0.20.
This data indicates that the sensitivity of soot production to the global
equivalence ratio is highest for the higher pressure conditions tested in
this work, which go up to 6.9 bar.

Part of this increase in soot volume fraction near the area of interest
can likely be attributed to lack of soot in the recirculation zones at the
low pressure and low equivalence ratio conditions, as in the 2.7 bar,
0.10 and 0.12 equivalence ratio cases. At higher global equivalence ra-
tios, where soot does not completely oxidize before recirculation, vessel
pressure would have a greater influence on volume fraction in the area
of interest by driving soot back up into the rich-burn zone between the
injectors. Another major contributing factor to this effect is an increase
in the speed of the combustion reactions at higher pressures, which
would also result in higher soot concentrations [50,51].

4.3. Soot incandescence decay time distributions

In order to infer the effects of relative particle size, time constant fits
to the incandescence decay profiles must first be computed. To process
this data, background chemiluminescence from five images taken after
incandescence decay (1.6 to 2.0 ps after laser arrival) are averaged and
subtracted from the LII images. Then, the data series from a single laser
and camera shot is normalized against the prompt LII frame to speed up
the fitting procedure. Finally, exponential decay curves are fit to each
pixel in the data series to estimate decay time constants. Fig. 9 shows
the time constant fits and associated uncertainty from the background
removal and normalization process for five different pixels, each with a
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Fig. 10. (a) Time constant distributions are illustrated for 2.74, 4.80, and 6.90 bar
conditions with a global equivalence ratio of 0.20. The laser beam passes through
the combustor from left to right. Regions with no extractable time decay signal are
shown in black. (b) Probability densities of the time constants are illustrated. For these
histograms, the vertical error bars indicate the standard deviation of the number of
entries in each bin, which is estimated using Poisson statistics. The horizontal error
bars represent the standard deviation of the uncertainty due to camera noise and the
fitting processes. These are generated using Monte Carlo simulations.

different decay time. One interesting thing to note is that time constants
produced from 55 ns camera integration times with 100 ns sampling
intervals are identical to time constants calculated from continuous
measurements. Thus, time-constant data taken with the single-camera
single-laser shot technique can be readily compared with photodiode
or photomultiplier tube data.

Due to the relatively high intensity of the prompt LII signal and the
low camera noise, the time constant fits tend to be good quality, espe-
cially for time constants that are 30 ns or longer. Shorter time constants,
however, contain more uncertainty due to camera noise and the lack
of time resolution from the 10 MHz camera acquisition. To estimate
the added uncertainty from the temporal resolution, camera noise, and
the data fitting process, Monte Carlo simulations of the data are first
generated. Then, time constant fits are added and the uncertainty is
evaluated. These simulations clearly show that the uncertainties are
approximately 1 ns for longer time constants >30 ns and can be as high
as 7 ns for shorter time constants.

After time constants are fit to the experimental data, the incan-
descence decay time distributions are analyzed. Fig. 10a shows time
constant fits for 2.7, 4.8, and 6.9 bar absolute (40, 70, and 100 psia)
cases at a global equivalence ratio of 0.20, while Fig. 10b shows
probability distributions of the time constant near the center injector.
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Fig. 11. (a) Time constant distributions are illustrated for global equivalence ratios of
0.15, 0.17 and 0.20 at a constant pressure of 3.4 bar. The laser beam passes through
the combustor from left to right. Regions with no extractable time decay signal are
shown in black. (b) Probability densities of the time constants are illustrated. For these
histograms, the vertical error bars indicate the standard deviation of the number of
entries in each bin, which is estimated using Poisson statistics. The horizontal error
bars represent the standard deviation of the uncertainty due to camera noise and the
fitting processes. These are generated using Monte Carlo simulations.

For these experiments, the 2.7 bar case appears to have more pixels
with longer time constants above 60 ns than the 4.8 and 6.9 bar cases.
Otherwise, there is no clear trend in time constants as a function of
pressure. For a rough comparison, each time constant distribution can
be multiplied by the pressure value to generate a quick approximation
of relative soot particle and agglomerate sizes (see Eq. (10)). For this
approximation, results appear to indicate that the soot particle sizes
increase with pressure for the region of interest. This effect, however,
does not match data from prior work [31], where there is little to
no change in soot particle size with pressure. One of the potential
confounding factors is the contribution of other terms in the TiRe-LII
model, which may alter the overall time constant scaling. Other effects
like poor droplet breakup, lower signal intensities from lower volume
fractions, and weaker recirculation regions (as illustrated in Fig. 7)
can also contribute to the measured effect. To understand the true
contribution of pressure on particle sizes for this combustor, additional
validation via soot sampling is needed.

Fig. 11 shows similar plots for a fixed pressure of 3.4 bar (50 psia)
with varying global equivalence ratios of 0.15, 0.17, and 0.20. While
the quantity of soot near the center injector does increase with the
equivalence ratio, there is no clear trend in the probability distribution
of the incandescence time constants for this region. Thus, it appears
that more soot is being produced at higher global equivalence ratios,
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but the distribution of incandescence decay times and inferred soot
particle and agglomerate sizes does not change significantly. This obser-
vation matches data from another prior study that shows no clear trend
in decay time constant or particle size with equivalence ratio [31].
Across the pressure and equivalence ratio sweeps, the data appears to
show that the incandescence decay times do not change significantly
over the tested range of pressures and equivalence ratios. Overall,
trends relating relative soot particle and agglomerate size to pressure
require additional validation.

5. Conclusions

In this work, laser-induced incandescence techniques are used to
measure soot volume fractions and soot incandescence decay times
in the rich-burn region of a three-injector RQL combustor at various
pressures and equivalence ratios. Results show that pressure does not
appear to have significant effect on soot concentration at lower equiv-
alence ratios. As pressures increase, however, soot volume fraction
become more sensitive to changes in global equivalence ratio, produc-
ing significantly more soot at higher ¢. This effect may be attributed to
a combination of increased concentrations of soot in recirculation zones
and acceleration of combustion dynamics and soot formation processes
in the rich-burn region of the flame at higher pressures. Similar effects
have also been noted in the literature, where a power law relationship
f, = Cyp" is noted between soot volume fraction f, and ambient
pressure [50,51]. This power law relationship can potentially be tested
in this combustor in future campaigns for a larger range of pressures.

For the soot incandescence decay time distributions, different trends
are noted in the data. For the data gathered in this work, there does
not appear to be a measurable dependence of soot incandescence decay
times on the pressure or global equivalence ratio. These effects can be
compared with conclusions from other work [31], which shows a small
amount of time constant dependence on pressure in line with Eq. (10).
However, when converted to soot particle sizes using a TiRe-LII model,
results in [31] show that the soot particle sizes do not vary for tested
pressure range. Additionally, no variations in decay times or calculated
soot particle sizes are noted in that previous study as a function of
equivalence ratio.

Overall, this work is the first to demonstrate the simultaneous
use of LII for soot volume fraction measurement and TiRe-LII for
soot incandescence decay time estimates inside a practical multi-sector
RQL combustor using realistic swirl injectors and Jet A fuel. Different
pressure and equivalence ratios are tested, enabling the study of soot
production at various conditions. While several trends are measured
in this study, there are still many other parameters and conditions
that could be investigated in the future. Variations in injector designs,
locations in the flame (such as the quench region of the flame), and
fuel types (such as sustainable aviation fuels) can be examined using
this facility and suite of diagnostics. Higher pressure, temperature,
and global equivalence ratios could also be tested after implement-
ing facilities improvements. Measurements using higher rate framing
cameras and complementary diagnostics like chemiluminescence, OH
planar laser-induced fluorescence (PLIF), CH,O PLIF, fuel PLIF, par-
ticle image velocimetry, and fuel droplet characterization via phase
Doppler particle analysis or digital holography can also be applied to
better understand the soot production and oxidation dynamics in these
flames. Finally, the laser diagnostics discussed in this work can also
potentially be applied in other next-generation combustor topologies
to help understand soot production and improve system design for soot
reduction.
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Appendix. Detailed dimensions and test conditions

A detailed cross-section of the combustor is illustrated in Fig. A.1.
Here, the inner width of the combustor is 228 mm and the inner height
of the combustor is 74 mm. The rich-burn region ends at the 8.4 mm
diameter quench holes; the first row starts 64 mm downstream from
the dome face and the second staggered row is 77 mm downstream
from the dome face. The straight portion of the combustor is 84 mm
long followed by a 56 mm long tapered section to a final exit height
of 38 mm. The combustor also has two 19 mm thick windows at the
top. Each of these windows is 165 mm wide with a 9.5 mm thick bezel.
The top window closest to the dome face is 50 mm long while the top
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Table A.1
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Measured test conditions for different pressure and equivalence ratio sweeps are shown. Average deviations from the target values are <3% with the largest difference at 8%.

Error indicates the measured standard deviation of the data over the sampling period.

Vessel pressure (bar)

Global equivalence ratio

Air mass Fuel mass Air inlet

Target Measured Target Measured flow rate (kg/s) flow rate (kg/s) temperature (K)
2.73 2.77 + 0.01 0.12 0.120 + 0.003 0.487 + 0.001 0.0040 + 0.0001 575 + 4
3.42 3.41 + 0.00 0.12 0.120 + 0.001 0.595 + 0.002 0.0049 + 0.0000 502 + 4
4.12 4.35 + 0.02 0.12 0.121 + 0.001 0.808 + 0.003 0.0067 + 0.0001 617 + 1
Pressure sweep at @ = 0.12 4.80 4.83 + 0.01 0.12 0.122 + 0.002 0.900 + 0.002 0.0076 + 0.0001 613 +1
5.50 5.44 + 0.01 0.12 0.119 + 0.001 0.997 + 0.002 0.0082 + 0.0001 611 + 1
6.18 6.12 + 0.02 0.12 0.120 + 0.001 1.120 + 0.002 0.0093 + 0.0001 611 +1
6.87 6.93 + 0.07 0.12 0.125 + 0.011 1.290 + 0.012 0.0111 + 0.0009 592 + 12
2.73 2.74 + 0.02 0.20 0.198 + 0.009 0.426 + 0.001 0.0058 + 0.0003 616 + 2
3.42 3.52 + 0.01 0.20 0.200 + 0.004 0.556 + 0.004 0.0077 + 0.0001 639 + 3
4.12 4.10 + 0.02 0.20 0.199 + 0.002 0.753 + 0.005 0.0103 + 0.0001 606 + 1
Pressure sweep at @ = 0.20 4.80 4.80 + 0.01 0.20 0.201 + 0.002 0.884 + 0.002 0.0123 + 0.0001 604 + 1
5.50 5.61 + 0.19 0.20 0.201 + 0.005 1.040 + 0.033 0.0143 + 0.0003 601 + 2
6.18 6.38 + 0.03 0.20 0.201 + 0.001 1.170 + 0.002 0.0161 + 0.0001 582 + 10
6.87 6.90 + 0.12 0.20 0.210 + 0.007 1.240 + 0.020 0.0180 + 0.0006 561 + 15
2.73 2.77 + 0.01 0.10 0.098 + 0.004 0.512 + 0.002 0.0035 + 0.0001 551 + 6
2.73 2.77 + 0.01 0.12 0.120 + 0.003 0.487 + 0.001 0.0040 + 0.0001 575 + 4
@ Sweep at 2.7 bar 2.73 2.77 + 0.01 0.15 0.150 + 0.002 0.463 + 0.001 0.0048 + 0.0001 595 + 2
2.73 2.68 + 0.01 0.17 0.170 + 0.002 0.433 + 0.002 0.0051 + 0.0001 605 + 1
2.73 2.74 + 0.02 0.20 0.198 + 0.009 0.426 + 0.001 0.0058 + 0.0003 616 + 2
3.42 3.43 £ 0.01 0.10 0.097 + 0.001 0.629 + 0.003 0.0042 + 0.0000 604 + 19
3.42 3.41 + 0.00 0.12 0.120 + 0.001 0.595 + 0.002 0.0049 + 0.0000 502 + 4
@ Sweep at 3.4 bar 3.42 3.50 + 0.01 0.15 0.149 + 0.003 0.584 + 0.001 0.0060 + 0.0001 489 + 3
3.42 3.45 + 0.01 0.17 0.170 + 0.002 0.563 + 0.004 0.0066 + 0.0001 474 £ 9
3.42 3.52 + 0.01 0.20 0.200 + 0.004 0.556 + 0.004 0.0077 + 0.0001 639 + 3
6.87 6.82 + 0.15 0.10 0.092 + 0.002 1.310 + 0.010 0.0084 + 0.0002 489 + 16
@ Sweep at 6.8 bar 6.87 7.08 + 0.06 0.12 0.122 + 0.005 1.260 + 0.016 0.0106 + 0.0005 563 + 14
6.87 7.05 + 0.03 0.15 0.154 + 0.002 1.250 + 0.005 0.0132 + 0.0001 575 + 8
6.87 6.90 + 0.12 0.20 0.210 + 0.007 1.240 + 0.020 0.0180 + 0.0006 561 + 15

window further downstream is 25 mm long. Due to viewing angles,
the visible width of the combustor centerline is 176 mm from the top
windows. Finally, the combustor has two rectangular side windows that
are 6.4 mm thick with a height of 94 mm and a length of 164 mm.
These windows are slightly oversized and enable views of the rich-burn,
quick-mix, and lean-burn regions.

Effusion cooling holes (1.2 mm diameter, 3.5 mm apart with 4.6 mm
spacing in staggered rows) are 3D printed at an angle of 20° from
horizontal so that air enters the combustor from the pressure vessel to
cool the walls and prevent soot collection. Due to the location of the
windows and quench holes, some effusion cooling holes are omitted.
Each side window also has dedicated holes to provide additional cool-
ing and to prevent soot accumulation (1 mm diameter, 14 along the
side nearest the dome face, 28 along the top, 28 along the bottom).

The air splits for the combustor are 18% from the dome face, 44%
from the two rows of quench holes, 7% from effusion cooling holes in
the rich-burn region, 12% from the holes used for side window cooling,
and 19% for the effusion cooling holes in the lean-burn, taper, and
exhaust regions. The air that enters the combustor from the dome face
is used to drive combustion and control the local equivalence ratio in
the rich-burn region. The air that enters from the large quench holes
also does a good job penetrating the flow to create the lean-burn region,
as illustrated in Fig. 1. The air from effusion and window cooling holes
sticks to the walls and windows and does not penetrate the flame.

Using this combustor design, experiments varying pressure and
global equivalence ratios can be tested. A table of conditions used for
different pressure and equivalence ratio sweeps discussed in this paper
is shown in Table A.1. Here, the target and measured pressure (in bar
absolute) and global equivalence ratios are shown along with the cor-
responding air inlet temperature, air mass flow rate, and fuel mass flow
rates. Air inlet temperatures are controlled by the building heater air
supply and the vessel preheating process. Mass flow rates are controlled
using different choke plates placed at the exit of the combustor. Thus,
reaching a desired vessel pressure or global equivalence ratio required
iteratively adjusting values. Average differences between the target and

10

measured pressure and global equivalence ratio conditions are <3%
and the maximum difference between the target and measured values
is found to be 8%.
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