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A laser imaging technique for
measuring particle distribution at
a gas turbine engine inlet

Kristopher T. Olshefski, Gwibo Byun*, John Gillespie,
K. Todd Lowe and Wing F. Ng

Advanced Propulsion and Power Laboratory, Virginia Tech, Blacksburg, VA, United States

The present study demonstrates the novel application of a method for assessing
particle spatial distribution at the inlet of a gas turbine engine that is undergoing
solid particulate ingestion. Termed the Particle Visualization by Illuminated
Scattering (ParVIS) technique, this method requires a laser sheet, camera, and
in-situ particle feed rate reference measurement to provide imaging-based
measurements of integrated particle mass flow and concentration distribution
across the illuminated engine inlet plane. This is accomplished by incorporating
an in-situ calibration constant that takes into account both the particle mass flow
rate and the integrated pixel intensity across the captured region, which exhibits a
proportional relationship. For these tests, a Rolls-Royce M250 turboshaft engine
was operated at a ground idle condition (air intake mass flow of 0.744 kg/s), and
crushed quartz sand was delivered at a maximum average rate of approximately
1.5 g/min. The results show accurate estimations of the injected particle mass
flow, with an average root-mean-square error of 0.06 g/min, or 6%, compared to
the monitored mass flow value obtained using a precision scale.

KEYWORDS

laser-imaging, particle distribution, gas turbine engine particle ingestion, local particle
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1 Introduction

Solid particulate ingestion is an inevitability for aircraft operating in hazardous
environments. The presence of these particles may be due to atmospheric dust, volcanic
ash, or sand when operating in arid zones. Because particle ingestion has been linked to
premature engine wear, this phenomenon is of particular interest to researchers and
manufacturers alike. This occurrence has historically had a significant impact on equipment
and logistics and, in extreme cases, resulted in loss of life. In December 1989, a KLM Dutch
Airlines 747-400 operating near Anchorage, AK, unintentionally flew through the ash cloud
of a recent volcanic eruption of Mt. Redoubt, which sent ash more than 30,000 feet into the
atmosphere (Neal et al., 1997). The aircraft was equipped with four General Electric CF6-
80C2 engines and experienced a four-engine flame-out, which caused the flight crew to
make an emergency landing (Daw, 1992). All four engines from the aircraft were replaced,
costing the airline over 80 million dollars in replacements and repairs (Miller, 1996). During
the Operation Iraqi Freedom period, the United States Army experienced a reduced
availability of its CH-47 helicopters due to 75%-95% premature engine failures, which
were directly linked to sand ingestion (Brun et al., 2012). In 2010, following the eruption of
the Eyjafjallajokull volcano, the subsequent ash cloud led to the total closure of European
airspace. This resulted in the cancellation of thousands of flights and an estimated economic
impact of nearly $2 billion (Chen and Zhao, 2015). In 2015, an MV-22 Osprey crashed
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during a training exercise in Hawaii, claiming the lives of two US
Marines and injuring twenty other personnel (Whittle, 2015). The
cause of the fatal crash was attributed to dust ingestion, resulting in
an engine failure.

A substantial effort has been made to understand the effects of
particle ingestion on aircraft engines (Olshefski et al., 2022; Potter
and Tatam, 1997; Litchford et al., 1998; Dunn, 2012; Tabakoff,
1987; Warwick, 2015; Bird and Grabe, 1991). Much of this work
has focused on the impact of particle deposition on turbine
and the
characteristics resulting from particle interactions (Kim et al.,
1993; Hamed et al, 2006). Early work by Tabakoff and
collaborators investigated the effects of particle impacts on

sections, blockages of cooling vanes, erosion

turbomachinery materials, considering variations in particle
velocity (Grant and Tabakoff, 1975; Tabakoff and Hamed, 1977;
Tabakoff and Vittal, 1983; Tabakoff, 1984; Tabakoff, 1992;
Tabakoff and Shanov, 1995; Tabakoff, 1999), particle impact
angle (Grant and Tabakoff, 1975; Tabakoff and Vittal, 1983),
and particle mass (Tabakoff and Vittal, 1983; Tabakoff, 1999).
Dunn, Baron, and Miatech conducted early on-engine tests to
determine the performance degradation rate of gas turbine engines
when operating in particle-laden environments (Dunn et al,
1996). Here, they concluded that engine deterioration is a
function of particle concentration as well as other parameters.
Additionally, they found that the damage to these engines is
proportional to exposure time. Efforts by Clarkson have focused
on developing an aggregate model for predicting operational safety
limits based on exposure levels and duration. Here, the authors
summarize several previous studies into a single chart that
illustrates operating regions which may cause various levels of
engine damage severity (Clarkson et al., 2016).

Despite these efforts, a deeper understanding of particle flow
paths as they traverse an engine and a more accurate depiction of
behavior at the
Papadopoulos et al. conducted preliminary-level demonstrations

particle inlet plane remain necessary.
of an in-situ particle detector that identifies plasma interaction and
dissociation with particles to determine particle size and relative
concentration (Papadopoulos et al,, 2018). Moon et al. have
developed a scattering extinction-based technique that utilizes a
machine-learning library to assess particle size, shape, and
concentration at the gas turbine inlet (Moon et al., 2021; Moon
2022). Others have
instrumentation that is

information about atmospheric aerosols

et al, sought to develop airborne

capable of providing particle
and ice crystals
(Baumgardner et al., 2001; Steiner et al., 2005; Froyd et al,
2019; McMurry, 2000). Baumgardner et al. developed an
onboard instrument that combines five separate probes into one
to assess atmospheric particle concentration and liquid water
content (Baumgardner et al., 2001). Typically, these instruments
sample particles in the sub-to-single-micron range and are point
measurements instead of providing particle distribution over an
area. Additionally, each of these methods is limited by its
complexity and does not yield a comprehensive description of
the inlet particle distribution.

A significant effort has been made to capture particle
characteristics using scattering-based planar imaging techniques,
particularly in the field of liquid sprays (Sankar et al., 1999; Kulkarni
et al, 2019; Hanson, 1988). The Structured Laser Illumination
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Planar Imaging (SLIPI) technique is an optical imaging
method primarily used to visualize a liquid spray and has
evolved into a primary characterization method in the field of
atomization and spray (Berrocal et al., 2008; Kristensson et al,,
2008; Kristensson and Kristensson, 2017). Gaigalas, Wang, and
Choquette utilized a commercial spectrometer and an integrating
sphere to determine the scattering and absorption cross-sections
of microspheres suspended in water (Gaigalas et al., 2013). The
authors were able to fit the data using the Lorenz-Mie scattering
cross-section and a correction factor to determine the relative
reduction in scattering cross-section due to absorption. Evanoff
and Chumanov demonstrated that a method, referred to as
standard
concentration of silver nanoparticles suspended in water,
regardless of size or shape (Evanoff and Chumanov, 2004).

subtraction, is suitable for determining the

Lastly, Yu et al. developed a dust concentration measurement
method based on laser scattering and demonstrated that the mass
concentration has a linear relationship with the intensity of
scattered light (Yu et al,, 2017).

Providing a means for determining particle ingestion
quantities and particle distribution at the gas turbine inlet can
be particularly valuable to both researchers and engine
manufacturers. To this end, we present an application of a
that is
development and has been tested at the inlet of a Rolls-Royce

novel particle visualization technique under
M250-C20B engine at the Virginia Tech Particle Ingestion Engine
Test Stand to provide users with a comprehensive description of
the inlet particle distribution, particle mass flow, and particle
number density estimates at ground idle conditions. The key is an
in-situ calibration constant that takes into account both the
particle mass flow rate and the integrated pixel intensity across
which

relationship. This method requires only a laser sheet to cover

the captured region, exhibits a  proportional
the region of interest, a camera, and an in-situ particle feed rate
reference measurement. The minimal footprint of the technique,
along with the relatively precise estimation of parameters of
interest, makes ParVIS an attractive measurement tool when
more sophisticated techniques are not feasible or necessary.
The work presented herein is organized as follows: Section 2
provides an overview of model theory and the limitations of the
method. Section 3 provides details of the experiment conducted.
Section 4 assesses model uncertainty. Section 5 discusses
experimental results and provides a discussion of the findings.
Finally, Section 6 provides conclusions that may be drawn from

the previously discussed results.

2 Particle visualization by illuminated
article scattering o
ParVIS) — instrument principles

Execution of the technique begins by first projecting a laser
sheet into an area of interest. Next, an imaging camera is
positioned such that the viewing plane is parallel to the laser
sheet. As particles are seeded into the flow, which is normal to the
viewing plane, images are captured continuously and saved for
analysis. Post-processing of the captured images provides
quantities of interest.
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2.1 Model theory

Central to this technique is the establishment of a correlation
between the pixel intensity in an image provided by the imaging
system and the scattered light resulting from the presence of
particles within the laser sheet. Generally, the number of
scattered photons per unit time for a pixel of an image may be
written as

N, A dy
= hcsI”anQd.Q (1)

where A is the laser light wavelength, h is Planck’s constant, c is the
speed of light, € is the efficiency of the detection system, I, is the
incident intensity, n represents the total number of particles present,
and the integral of the differential scattering cross-section over the
light collection solid angle Q) accounts for the scattering probability
in different directions (Sorensen, 2022). Integrating this quantity
over the image area provides the total number of scattered photons
in an image, N p- Equation 1 illustrates that the count of detected
photons over a specific time frame fundamentally depends on the
density of particles. Notably, all elements in Equation 1 other than »n
are expressible as constant values reliant on the experimental setup,
scattering cross-section, and refraction index. Calibration through
measurement is necessary for these parameters, we establish that the
count in a given pixel per unit time, S;; is estimated as

Si;=N, -QE-AD )

where QE is the quantum efficiency and AD is the gain sensor
conversion of the imaging device, respectively (Butron, 2020).
Integrating this expression over the entire field of view directly
converts the total number of scattered photons in an image to the
pixel count used to estimate particle mass flow. This methodology
hinges on establishing a correlation between the aggregate of
scattered photons in an image and the overall mass loading
present. The particle mass flow rate is quantified as

y VP,
M=

n (3)

Here, V, represents the average singular particle volume, p, is
the particle material density, and » particles enter the engine over
time At. By comparing Equations 1, 3, a clear relationship emerges.
In Equation 1, n represents the total count of particles contributing
to the scattering within the measurement volume and time duration.
Similarly, in the particle mass flow equation, n refers to the total
number of particles involved in the flow. This comparison reveals a
direct link between the total count of scattered photons and the rate
of particle mass flow. Both concepts relate to the total number of
particles within a specified volume or time frame of measurement.

It is pertinent to emphasize that for relevant particulates, such as
the test dust in this investigation, the size and shape of
particles—and consequently, their scattering cross-section—are
notably diverse within the mixture. The methodology discussed
in Section 3.3, which involves constructing each data series from a
composite image, enables the authors to consider the substantial
variability in individual particles. Despite the significant diversity at
the level of individual particles, the collective average obtained from
analysing a large number of images is expected to offer a dependable
representation of the particle mass flow.
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2.2 Establishing a calibration constant

With the previous establishment of a link between observed
pixel intensity and particle-scattered light, images can be
processed to estimate particle mass flow, as well as local
concentration and total count, throughout the captured
This is
constant, C, using the independently measured total particle

domain. achieved by establishing a calibration
mass flow as the standard for one data series and determining
the integral pixel intensity in the domain for that data. As detailed
in Section 3.3, this procedure requires the averaging of data
collected from a sufficiently large sample of images to mitigate
the impact of particle size and shape variability. For these studies,
the calibration constant is calculated using 240 images captured
over 1 minute. The known quantity (total particle mass flow) was
calculated as the change in mass of a sand feeding system over the
data collection period for one data series, using a high-precision
scale. Further details of this system are provided in Section 3.2.2.
Equations 1-3 establish a direct correlation between captured
pixel intensity and mass loading as:

m,J _ S!,j
M, [S,dA

(4)

Here, r;; denotes the particle mass flux through a pixel, M »
represents the total mass flow through the region for the data series,
J‘S,-,jdA is the integral of pixel intensity over the computational
domain, and 7, j denote the pixel indices. The total mass flow rate is
calculated as

M, = Jm,-,jdA 5)

over the region of interest. The calibration constant is then
calculated as

M
=Tt (©)
[8:;dA
so that the per-pixel particle mass flux is determined as
;= CS;; 7)

For all additional collected data, the calibration constant is used
to determine quantities of interest. For this study, a 1-min period
was chosen to represent a data series. It is noted that the calibration
constant changes with particle types, including particle size, shape,
distribution, and composition. Therefore, the calibration needs to be
repeated for different particle types. It also needs to be repeated for
various environmental conditions, which cause changes in the
scattering angle and background. During a sand loading
campaign, several data series are collected. The particle mass flow
value calculated for a sand loading campaign, M 18 estimated as the
average mass flow over the included data series.

2.3 Particle concentration

In calculating particle mass concentration, we assume a constant
bulk flow velocity consistent with the inlet mass flow condition. The
particle volume fraction @ is defined as

frontiersin.org
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o=_2 (8)

where Vo and V4 are the volume of particles and gas in the region,
respectively (Varaksin, 2007). It follows then that particle
concentration (op,kg/m3) is found as

o, =Dp » 9)

where p, is the material density of the particle. Upon substituting
Equation 8 into Equation 9, the resulting expression is

\4

oy = V—Ppp (10)
9

This relation can equivalently be expressed using volumetric
flow rates as
v

. 11
v, Py (11)

Up:

Subsequently, leveraging the definition of particle mass flow rate
from Equation 3 leads to an expression that characterizes the average
particle concentration within a given data series as

(12)

Here, V, represents the volumetric flow rate of air passing
through the engine inlet. Notably, the estimated mass flow rate, M P
and the integrated intensity values from above, I S jdA, presume the
comprehensive capture of all particles within the images. The
transition from Equations 3-12 is based on several logical steps:

a. The relationship between pixel intensity and factors such as
particle size and optical setup, as described in Equations 1, 2, is
intricate and nonlinear. Attempting to predict pixel intensity
from sand properties directly is likely impractical due to the
complexity of various unknown factors.

b. However, it’s reasonable to assume that many of these factors
remain relatively consistent across experiments. Factors such
as laser wavelength, detection system efficiency, measurement
volume, solid angle, and scattering cross-section are expected
to remain stable if the experimental setup remains unchanged,
regardless of the sand size distribution.

c. Given this assumption, doubling the number of particles
should result in a proportional increase in both pixel
intensity (S;;)and sand mass, assuming the sand size
distribution and density remain constant. Empirical
evidence supports this assumption until multiple scattering
is negligible.

d. Furthermore, it’s assumed that these factors remain consistent
not only across experiments but also across different areas of
the image. This assumption allows for the estimation of sand
distribution based on pixel intensity. However, verifying this
aspect of the measurement is challenging without independent
assessments of sand distribution throughout the duct with
additional measurement techniques.

e. By clearly outlining these assumptions and the derivation
process, the present work elucidates the constraints on the
experimental setup. For instance, maintaining a significant
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FIGURE 1
Particle size distributions of C-Spec test dusts (Powder
Technology Inc, 2021).

distance between the camera and the imaging plane ensures
that the entire measurement volume maintains a similar angle
to the camera, reducing the impact of spatial position on pixel
intensity within the duct.

This progression from Equations 3—-12 provides a foundation for
understanding the relationship between pixel intensity and particle
mass flux in the experimental setup. This methodology has been
validated by performing a separate rig test using an independent
optical particle sensor (OPS) (Rentsch, 2024). Their local
concentration measurements, obtained from both ParVIS and
OPS, resulted in good agreement.

It is worthwhile to note that the linear dependence of pixel
intensity on particle mass flow is the primary limitation of the
present method. Once the concentration becomes high enough that
multiple scattering is no longer negligible, this linear relation is no
longer valid. Therefore, the present method is limited to the optical
density, 7 < 0.1, where it is generally accepted that single scattering is
dominant (Flesia and Schewndimann, 1993), unless any mitigation
schemes for multiple scattering are applied. The maximum
concentration to meet this condition can be estimated for the
current test configuration and particle type by using the scattered
photon’s mean free path and path length toward a detector, which is
approximately 20 g/m?>. Since the mean free path is proportional
inversely to the particle’s extinction cross-section and number
density (the number of particles per unit air volume), it changes
with particle type and size. For example, the limited concentration
for AFRLO3 drops to 1.3 g/m?® with the same configuration. The
concentration is defined as particle mass per unit air volume, so a
smaller-sized particle has a higher number density than a larger-
sized particle at the same concentration, provided their densities
are similar.

2.4 Method considerations
For each sand-loading campaign, both sand-free images and

images including sand are captured. All images are captured as 16-
bit, monochromatic, grayscale images. It is determined that the
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FIGURE 2
Particle images before engine ingestions of C-Spec test dust
(Vlach et al., 2023).

scattering angle varies by +2° over the field of view. As discussed in
Section 2.2, an initial known quantity of particle mass flow is
to calibrate the data processing scheme. It is
recommended that this process be conducted any time a change

required

is made to the testing configuration. Alteration of light source power,
test material, or camera position may impact the total pixel intensity
in the domain. In turn, variation of any one of these parameters will
affect the calculated calibration constant value.

For these tests, the particles tested have a highly nonuniform
shape and size distribution as presented in Figures 1,2. Geometric
optics, which uses a spheroid to represent non-spherical
polydisperse particles, is sufficient for capturing the scattering
intensity when the particle size is much larger than the
wavelength, as is the case for the current study (Macke et al,
1995). Using this approximation, the variation of pixel intensity
with scattering angle is considered for a range of particle sizes and
shapes. Within the relevant field of view (88° < 6 < 92°), it is evident
that scattering intensity may vary with particle aspect ratio.
Consideration for these effects is discussed further in Section 5.2.

Consideration is given to the efficacy of the presented method
under a range of relevant flow scenarios. While the present
investigation considers particle number densities, which are
moderately sparse, there is no evidence to suggest that a
theoretical ~minimum or maximum  effective particle
concentration exists for the data processing technique. Instead,
care needs to be taken to ensure that adequate image-capturing
capabilities are in place for the flow of interest. A high particle
concentration corresponding to a “brown-out” condition, for
example, may require decreased laser power and/or decreased
exposure time to capture images on a time-dependent basis
adequately. In the extreme case where the laser sheet is unable to
fully penetrate the domain on a time-dependent basis, measurement
uncertainty may reach excessive levels, and the method would, in
fact, be ineffective. Engineering judgment should be used to evaluate
the effectiveness of hardware configurations. Furthermore, for cases
where particle number densities reach excessively high levels, it may
be appropriate to mitigate multiple light scattering effects by data
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post-processing using methods such as the previously described
SLIPI technique. Lastly, care should be taken to ensure individual
image pixels are not saturated, particularly for the calibration case.
Saturation makes the actual value of the pixel intensity indiscernible.
This will result in an inaccurate calibration constant estimate and an
overestimation of total particle mass flow.

3 Validation experiment
3.1 Test particles

The material of interest for these tests is MIL E-5007C,
commonly known as C-Spec, a commercially available mixture of
crushed quartz. This material is known for having a wide
distribution of particle sizes, which is representative of dusts
encountered by operational aircraft. Particle sizes of C-Spec
range from roughly 50 ~ 1300 um. The manufacturer’s particle
size distribution specifies that only 3% of particles are smaller than
75 um, while 50% of particles exceed 200 um in size based on mass.
These measurements were validated using Microtrac Dynamic
Image Analysis (DIA) particle analyzer (Microtrac Camsizer X2,
2022). Furthermore, the material encompasses a variety of particle
shapes. The C-Spec composition exhibits a range of aspect ratios
(AR) from approximately 1.0-4.25 (Vlach et al,, 2023). Given the
predominantly quartz nature of the mixture, a particle density of
2,650 kg/m’ is assumed.

3.2 Test facilities

All tests discussed herein have been conducted at the Virginia
Tech Particle Ingestion Engine Stand using a Rolls-Royce model
M250-C20B engine operating at ground idle conditions. This
condition corresponds to an engine mass flow rate of 0.744 kg/s
and a bulk flow velocity of 64 m/s as measured by the test cell data
acquisition system. The sand is introduced into the inlet flow under
two conditions: a full-loading and a half-loading. The full-loading
condition results in a particle concentration of 45 mg/m?, and the
half-loading condition produces a particle concentration of 22.5 mg/
m®. These values are chosen based on evidence provided by
Clarkson, which suggests that exposure at these levels may result
in significant engine deterioration and erosive damage (Clarkson
etal., 2016). Four tests are conducted, two at each loading condition,
at 5-min intervals of sand exposure. A table of the testing conditions
is presented in Table 1.

3.2.1 Engine test stand

Researchers at Virginia Tech are interested in conducting on-
engine sand exposure tests to gain a deeper understanding of how
ingestion events contribute to engine performance deterioration.
Consequently, the Virginia Tech Particle Ingestion Engine Test
Stand has been established as pictured in Figure 3. Also pictured
are auxiliary systems, such as the water brake dynamometer for
power absorption, the engine oil system for adequate lubrication,
and the instrumentation and data acquisition enclosures. These
enclosures contain temperature and pressure monitoring equipment
as well as engine control hardware. This facility is a fully functioning
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TABLE 1 Engine test conditions given the engine throttle condition, engine air mass flow rate (mp50), the run number, the duration of the run, the calibrated
particle mass concentration (s,,), and the condition being tested.

Engine condition Mmzso (kg/s)

Duration (min)

dp (Mmg/m>) Test condition

Ground Idle 0.74 1 5:00 0 Camera Calibration
5:00 45 Sand Loading - High
2 5:00 0 Camera Calibration
5:10 225 Sand Loading - Low
3 5:00 0 Camera Calibration
4:20 45 Sand Loading - High
4 5:00 0 Camera Calibration
4:20 225 Sand Loading - Low

FIGURE 3
Virginia Tech Particle Ingestion Engine Test Stand with a Rolls-
Royce M250-C20 engine installed.

engine test facility located at the Advanced Propulsion and Power
Laboratory (APPL) at Virginia Tech. The facility is currently
configured for a Rolls-Royce model M250-C20B turboshaft
engine, which produces approximately 450 horsepower when
operating at full capacity. The facility also includes an adjacent
user control room, which provides noise insulation as well as
protection for personnel in case of emergency, an engine stand,
auxiliary oil, and fuel systems, an extensive suite of data acquisition
and instrumentation for remote engine control and performance
evaluation, and a water brake dynamometer system for power
absorption. The facility is capable of continuous engine operation
at a ground idle setting and up to 1 hour at full power for the model
M250-C20B.

3.2.2 Particle seeding

Particle seeding is achieved using an AccuRate particle feeder to
provide a constant flow of C-Spec particles into the engine inlet. The
feeder sits atop an Adam Equipment LTB 6002e scale, and the
weight of the particle feeder is continuously monitored throughout
testing. This allows for a precise measurement of total sand mass
flow during each run. The feeder and scale are securely mounted to a
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platform above the engine inlet flow barrel. The particle feeder
features a hopper filled with the sand sample and a rotating helix that
transports the sand to an exit nozzle. Depending on the setting, the
feeder is capable of providing sand at a feed rate from 0.2 g/min up to
2 g/min. From the exit nozzle, sand is routed into the tubing and
through an Exair Line Vac pneumatic particle conveyor. This
particle conveyor works by.
a. Facility compressed air is directed into an annular
plenum chamber.
b. The flow is directed through nozzles into the throat of
the conveyor.
. The resulting jet creates a low-pressure region near the
conveyor intake.
. The vacuum draws particles through the conveyor and into the

delivery nozzle.

The Line Vac creates a vacuum of —29.9 kPa with a supply
pressure of 552 kPa. Previous investigations determined that this
pressure was adequate to supply particles to the engine inlet without
backflow. Particles enter the inlet flow through a delivery nozzle
positioned at the centerline. The particle feeder, conveyor, and
delivery nozzle are all used in conjunction to supply a consistent
particle-laden flow to the engine inlet.

3.3 Measurement apparatus and procedure

A diagram of the experimental setup is shown in Figure 4. A
Coherent Genesis CW laser with up to 1W output at 514.5 nm
wavelength was directed to a Thorlabs Scanning Galvanometer
Mirror, which induces a laser sheet at an assigned scanning
frequency. The laser sheet is then truncated to a 2.54 cm strip by
passing through an optical window affixed to the inlet test section.
The laser sheet is projected orthogonally to the direction of flow,
from the 12 o’clock position to the six o’clock position. A FLIR
Blackfly S BFS-U3-31S4 camera fitted with an Edmund Optics
35 mm lens and 514.5 nm bandpass filter continuously captures
images at an exposure time of 0.25 s. This camera is positioned
152.4 cm (60 in.) directly upstream of the laser sheet at an angle of 2°
relative to the laser plane, as shown in Figure 4. This slight angle
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facilitates an unobstructed view of the inlet centerline, the primary
region of interest, as shown in Figure 5. Here, a particle sampling
probe used for a parallel study is positioned such that the probe
opening is concentric with the cylindrical test section. We can see
that the center, the region of primary interest, is clearly seen. A series
of clean background images is then taken during engine operation
before sand exposure. Once sand delivery begins, images are taken
continuously until loading stops.

A background image is constructed from the mean values of a
series of 240 continuous sand-free images. This composite image is
then used for background subtraction. Individual sand loading
images are background-subtracted to expose only sand particles
passing through the laser sheet. An auto-thresholding scheme using
Otsu’s method is then applied to each background-subtracted image
to ensure complete isolation of sand particles (Otsu, 1979). The
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background-subtracted images are combined to create a single
composite image that represents 1 minute of sand-loading
imagery. For the experiments conducted, a series of 240 sand-
loading images makes up one composite image (1 minute’s worth
of data). The resulting composite image constitutes a single data
series. Multiple data series images are collected for a single sand-
loading campaign. Four exposure campaigns were conducted during
the experiment analyzed; two at the full loading condition (45 mg/
m?) and two at the half loading condition (22.5 mg/m?).

The engine inlet features a bellmouth with a flow conditioner
comprising a honeycomb (3.2 mm cell, 610 mm x 610 mm, 25.4 mm
thick aluminum) and two screens (0.8 mm and 0.5 mm opening
sizes) on the front for flow straightening. The mass flow rate of air
has been calibrated by measuring the velocity profiles across the exit
of the bellmouth and the static pressures on the bellmouth. There are
temperature and pressure sensors inside the flow conditioner to
measure the air density. The inlet diameter is approximately
120 mm, so the laser sheet covers about 27% of the cross-
sectional area. For this study, the sand is ingested along the
centerline using a single nozzle. Previous investigations have
determined that a 2.54 cm-wide laser sheet, centered on the inlet
centerline, is sufficient to capture greater than 95% of particles under
similar flow conditions with this sand delivery nozzle configuration.
Therefore, the authors assume that any particles not captured by
imaging constitute a statistically insignificant portion of the overall
mass flow, and the reported values of the technique are
comprehensive. For all results discussed, images are captured
using the one-inch-wide laser strip described above and depicted
in Figure 5. However, the full utility of the ParVIS technique can be
realized by imaging a total cross-section of the inlet plane. Further
discussion on this will be presented in Section 6 below.

4 Measurement uncertainty

An uncertainty analysis was performed to determine the
precision of reported results. Overall uncertainty was calculated
using a root-sum-square of individual uncertainty contributions as
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where R is the absolute uncertainty and 2% §x; are the individual
contributions (Moffat, 1982). Applying Equations 6-13, the overall
uncertainty of the calibration constant, C, is found to be
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where M, is the mass flow rate of sand from the sand delivery

12
(14)

system, S is the total intensity in the image, and A is the area of a
pixel. For all data, engineering judgment was used to determine the
primary sources of uncertainty. A calibration study was conducted
to determine the variation in the feed rate of sand exiting the sand
delivery system. This investigation determined that the uncertainty
associated with the sand delivery was +0.10 g/min. The uncertainty
of the calculated intensity was assumed to be a function of the noise
specification of the camera used. Using the camera specifications
provided by the manufacturer, the uncertainty of the measured
intensity is estimated to +2% at the full capacity of photons (EMVA,
2025). Although a calibration plate was used to assess pixel size, it
was assumed that a user may misjudge this value by as much
as +2 pixels. With these considerations, a total uncertainty
estimate of the calibration constant was found to be 6C = +6%
primarily attributed to the systematic uncertainty linked to the sand
delivery system in Equation 14. In contrast, the random uncertainty
is deemed insignificant owing to the extensive sample size
(240 images) utilized in creating each composite image. This
value represents the 95% confidence interval.

5 Results and discussion

As previously stated, four exposure campaigns were conducted
during the experiment analyzed: two at the full loading condition
(45 mg/m?) and two at the half loading condition (22.5 mg/m?). The
results of these experimental runs are presented below. We discuss
both qualitative and quantitative findings. From these results, an
extensive understanding of inlet particle distribution can be
established. As mentioned in Section 3, the full utility of this
technique is realized by imaging a comprehensive cross-section
of the inlet. We intend to employ a broader approach in
subsequent investigations, cross-sectional

enabling complete

measurements of the inlet region.

5.1 Qualitative observation

Examining the composite grayscale image in Figure 6, we can
gain a broad perspective on particle behavior over 1 minute for both
the high sand loading case (Figure 6A) and the low particle loading
case (Figure 6B). First, it is clear that the spatial distribution of
particles is non-uniform and is primarily clustered about the
centerline region for both cases. As expected, there is also a
higher density of particles present in the high-loading case.
Lastly, there is a higher presence of particles in the bottom half
of the domain than in the top half. This trend was also observed in all
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other data series. We confirm this observation by examining how the
mean grayscale intensity values vary along the vertical direction, as
shown in Figure 7. As depicted in Figure 5, a segment of the captured
area was obstructed by the sand delivery nozzle located in the upper
left portion of the image. Consequently, Figure 7 was generated
using data from the right half of the domain exclusively. Here, we
consistently observe spikes in intensity throughout the lower half of
the region. Conservatively assuming particles exit the sand delivery
nozzle at 10 m/s, a particle will traverse the length of the test section
from the nozzle exit to the laser sheet, a distance of approximately
0.6 m, in approximately 0.06 s. Using this time (t) as a constraint, a
kinematic analysis can estimate the maximum vertical drop of a
given particle (dy) as
1
dy =—gt (15)
2
where g is the gravitational constant. Equation 15 provides that
particles should fall no more than 1.8 cm along the traversed length.
Therefore, the presence of particles seen in the lowest regions of
Figure 7 cannot be due to the influence of gravity alone. Instead,
these are likely large C-Spec particles that, when exiting the sand
delivery nozzle, have dropped to the bottom of the test section rather
than being carried by the bulk flow. They are then likely drawn to the
inlet by the bulk flow and bounce along the bottom of the test section
before reaching the laser sheet, where they are imaged. While not a
significant portion of the overall mass ingested by the engine, this
finding is important and interesting, as it may provide critical
information about particle flow paths to researchers.

5.2 Mass flow estimation

Using the data gathered for each of the data series, an average
mass flow estimate is calculated for each experimental loading
campaign. The accuracy of the ParVIS technique is evaluated by
comparing the mass flow value predicted by the model with the
known value obtained from the scale measurement, as well as the
value measured by the Virginia Tech scattering-extinction particle
sensor (Moon et al,, 2022), as shown in Figure 8. Data is reported
with error bars representing a root-mean-square deviation (RMSD)
of the calculated mass flow rate. We observed that all three values are
in good agreement, with a mean RMSD of 0.06 g/min or 6% (with a
maximum of 8%) of the monitored value using the precision scale.
The higher deviation is observed in the later run cases, which could
be caused by a variation in the feed rate of the feeder from the
beginning, as well as background changes due to dust deposits inside
the test section. Also, not all particles may be captured by the laser
sheet. Having the ability to accurately estimate the total number of
particles passing through the inlet plane is a highly desirable
capability for both researchers and manufacturers who are
invested in reducing engine damage resulting from
particulate ingestion.

As previously mentioned in Section 2.4, the variability in
scattering angle resulting from the particle aspect ratio
distribution of C-Spec might contribute to the uncertainty
denoted as C.
Additionally, the non-homogeneity of the test particles could also

add to this uncertainty. Recent work by Vlach et al. has shown that

associated with the calibration constant,
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Local concentration from 1-min composite images.

the representative range of C-Spec particle aspect ratio varies from
1.0 < AR < 4.25 [47]. The influence of this increased uncertainty is
evident in the error shown in Figure 8, where it is noticeable that the
error exceeds the 6% uncertainty estimate from the previous
analysis. This suggests that the error may be reduced by studying
test dust with a narrower size and shape distribution. Strategies for
mitigating this error will be the focus of future investigations.

5.3 Particle concentration

Although total mass ingested by the engine is useful for
understanding life wear trends, it is typical to gauge damage trends
in terms of ingested particle concentration as seen in Clarkson (2017).
Using engine volumetric flow parameters, a local particle
concentration map can be formed, as seen in Figure 9. Here, a
pixel-binning scheme is applied to the data from Figure 6, and
pixel count values are spatially averaged over the region. The width
selected for this technique ensures that the region of averaging is larger
than the maximum particle size being investigated. This filter enables a
more straightforward interpretation of the data, allowing users to
quickly identify areas of most significant particle aggregation. Figure 9
again highlights the non-uniform particle distribution within the
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domain, allowing us to see the local zones of greatest particle
density more clearly. Figure 9A is taken from a single data series
from Run 1, a run with high sand loading, and Figure 9B is compiled
from a single data series from Run 2, a run with low sand loading.
While the regions of greatest concentration are similar for both data
sets, the concentration magnitude of the data set with the highest sand
loading (Figure 9A) is more than twice that of Figure 9B, as expected.
Coupling system knowledge with observations from the local particle
density map presented in Figure 9, researchers can draw powerful
conclusions about particle paths and particle-hardware interactions.
For example, knowing the majority of particles ingested are
concentrated approximately at the centerline, we can expect
significant particle interaction with the inlet guide vane hub of the
M250. Consequently, this will result in high rates of erosion on the hub
and will also cause particles to bounce radially outward after colliding
with the structure. Had this experiment been conducted using a
turbofan engine instead, researchers might then conclude that the
bulk of particles entered the core flow region, rather than the bypass
region. This can then inform researchers about areas of greatest
interest for implementing or developing wear-resistant strategies.
Having a more complete depiction of the distribution of particles
entering an engine is the first step to understanding how to mitigate
against wear due to solid particulate ingestion.
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5.4 Time-dependent data

While increasing the understanding of broad particle flow
behavior is the primary goal of the ParVIS technique, there are
also practical reasons for observing the data on a time-dependent
basis. In Figure 10, the previously determined calibration constant is
used to calculate the mass flow rate for each frame in a loading
campaign for two different loading levels. These data series comprise
a 5-min snapshot of the particles ingested during testing, consisting
of 1,200 subsequent images taken at a 0.25-s interval. As expected,
the overall magnitude of mass flow is greater for the high particle
loading case. The most notable discovery, however, is that the sand
delivery is not steady. Instead, we see that the loading is cyclic. This
unsteadiness is due to the design of the delivery system used for this
test. As discussed in Section 3.2.2, the sand delivery system used for
these tests employs a rotating helix to convey sand from the hopper
unit to the bulk flow. The helix rotates at a predetermined rate,
which varies according to user input based on the desired test
condition. Therefore, the cyclic delivery of sand particles in the
frames is directly proportional to the frequency with which the helix
rotates. Additionally, the magnitude of the delivery is highly
variable, with large portions of the overall mass flow occurring in
short bursts. These spikes in mass flow may come from an
abnormally high percentage of large particles in the flow due to a
heterogeneous distribution of particles within the hopper. It was
confirmed that, while the peak values shown in Figure 10 are roughly
two orders of magnitude higher than the reported mean mass flow
values, the overall mean remains representative of the reported
value. In future tests, the ability to directly interpret time-dependent
data may enable shorter testing durations and lead to an extension of
test engine life.

6 Conclusion

This work presents a framework for characterizing the particle
distribution at the inlet of a gas turbine engine under conditions of
particle ingestion. The method’s ability to accurately estimate the
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mass flow and number density of particles ingested is demonstrated
on a test engine inlet at two different mass loading conditions. A
known quantity of particle mass flow is supplied as an input to the
method for an initial testing configuration. This known quantity is
then used to calculate a calibration constant for subsequent data sets
where the total mass flow rate of particulates is varied. The estimated
amounts match the expected values within a reasonable uncertainty
over a range of operating conditions.

The authors anticipate that the instrument’s deployment can be
extended across various platforms owing to its minimal hardware
requirements. This versatility allows for application across diverse
engine inlet geometries and mitigates potential measurement errors
resulting from engine vibrations and challenging operating
conditions, instruments.
Furthermore, the method is not confined solely to inlet sections

distinguishing it from comparable

but can be deployed in any engine region accessible through
advanced fiber-optic techniques. The authors anticipate that this
versatility will be of significant interest to both researchers and
The these
investigations are as follows.

engine manufacturers. primary findings from

. The developed technique has demonstrated effective particle
mass flow and number density estimates at a range of mass
loading conditions: 22.5 mg/m® and 45 mg/m?®.

. Qualitative analysis concluded that a small percentage of
particles tend to bounce along the bottom of the test
section. This may provide researchers with more accurate
initial conditions for simulations and offer critical insights
into particle flow paths.

c¢. Time-dependent data may inform particle flow unsteadiness.

d. Time-averaged data provides a broad perspective of particle

distribution over the entire region of interest.

e. The minimal footprint of the technique, along with the

relatively precise estimation of parameters of interest, makes

ParVIS

sophisticated methods are not feasible or necessary.

an attractive measurement tool when more

As outlined earlier in Section 3.3, the full applicability of this
approach hinges on its deployment across the complete cross-
section. A scanning mirror and other optics can generate a wider
laser sheet at the optical test section, or laser sheet-generating fibers
can be installed at the front of the inlet to cover the full annulus. The
experiment we present faced challenges, and it is anticipated that
these challenges will intensify when attempting to deploy the
technique for capturing the entire cross-section. Key difficulties
involve effectively mitigating glare and combating pixel saturation
resulting from particle reflection. For engine speeds higher than
ground idle, two inlet conditions affect this sensor: air velocity and
vibration. Increased air velocity can increase the particle velocity
passing through the laser sheet, which reduces the scattered
intensity. However, it can be mitigated by increasing laser power
and camera exposure time. There are many anti-vibration fasteners
and optics available for the presented technique. Even for field
applications, it can be further developed by utilizing fiber optics and
image bundles to generate a laser sheet and capture the images at the
location of interest. Future research endeavors will focus on
addressing these challenges and showcasing the capability in a
practical, real-world context, especially within an operational
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engine environment. Additionally, as mentioned in Section 5.2,
future work will focus on characterizing and mitigating scattering
intensity errors related to particle size and aspect ratio distributions.
Lastly, the presented data were gathered at the inlet of a gas turbine
engine using coarse test dust, MIL E-5007C (C-Spec). Future
investigations will validate the methodology using additional
materials of interest, including ISO Arizona Road Dust and
AFRL test dust.
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