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The aircraft engine hot section is most vulnerable and failure prone to
environmental particle ingestion, which, particularly for helicopters, can
cause detrimental effects ranging from reduced performance to complete
engine failure. The objective of this work is to develop an analytical tool to
assess environmental particle impact on engine hot sections. The current state
of the art in experimental and analytical research on environmental particle
ingestion related to engine hot sections was reviewed, with emphasis on sand
particles. From these efforts, the available experimental data for model
calibration were identified, and an innovative particle rebound/deposition
model has been developed. A semi-empirical approach is selected to model
particles bouncing off metal surfaces, where the coefficients of restitution
measured in a temperature range of 297-1323K are used to calculate
particle bounce-back velocity components. The developed deposition
model is based on non-dimensional parameter analysis over more than
seventy experiments related to particle deposition in engine hot sections.
The metal surface temperature, one of two critical parameters in particle
deposition, is also included in the model. The model was successfully
implemented into commercial software and checked step by step. It was
calibrated by two cases: sand [Arizona road dust (ARD)] particle
impingement on a circular plate and Mt. St. Helens volcanic ash impinging
on a first-stage air-cooled nozzle guide vane (NGV). For the former case, the
calibrated model predicts fairly well the variation of particle deposition rate with
flow/particle temperature. The latter case indicates that the particle deposition
rate at engine operating conditions can be assessed by the developed model.
Due to the lack of experimental data that would permit a full calibration/
validation, for the time being the model can be only used under limited
conditions. As additional relevant experimental data appears, the model will
be continuously improved.
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1 Introduction

1.1 Significance of environmental particle
ingestion to gas turbine engine

The aircraft hot section is most vulnerable and failure prone
to environmental particle ingestion. During takeoff, wind,
engine-induced ground vortex, and thrust efflux from other
aircraft can blow sand, dust, ice, and other particles into the
engine. Helicopter engines are especially susceptible to
environmental particle ingestion during hover, takeoff, and
landing. Aircraft engines can confront particles transported by
sandstorms to several thousand feet altitude (Mann and Wares,
1994).

Volcanic ash cloud presents one of the most dangerous
environments for aircraft engines. Several incidents related to
engine operation in volcanic ash cloud environments are well
documented. Compressor blades and rotor-path erosion, particle
deposition on hot-section components, and blockage of cooling
passages are some of the phenomena observed in volcanic ash
cloud encounters (Mitchell and Gilmore, 1982; Chambers, 1985;
Smith, 1985; Dunn et al.,, 1994).

For land-based engines, experience with early coal-burning
and subsequently alternate fuel gas turbine projects produced a
great deal of information on erosion and deposition (Smith et al.,
1967; Atkin and Duke, 1971; Wenglarz and Wright, 2003).

In the 21st century, the particle ingestion into gas turbines
becomes more important because of two factors: 1) in pursuit of
higher efficiency, engine manufacturers are increasing peak
temperatures well above the softening temperature of airborne
particles and 2) air quality in parts of the Far East, Middle East,
and Africa is poor and air traffic is growing in these areas.

1.2 Challenges of the subject

The experimental measurements and numerical modeling of
particle rebound and deposition, particularly in engine hot
sections, involve complicated physical phenomena with a rich
parameter space: 1) flow dynamics and heat transfer, 2) particle
properties, and 3) metal surface properties. The harsh conditions
in engine hot sections make experimental study and model
development more difficult. All of these challenges motivate
researchers around the world to pursue suitable methods to
assess environmental particle behaviors in engine hot sections.

1.3 Objectives of this work

There are two major aspects to the damage caused by
environmental particle ingestion in turbine engines (Suman
et al, 2019). At low temperature, the particles are likely to
bounce off the metal wall and cause damage by erosion, and
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FIGURE 1

Erosion and adhesion damage, (A) severe erosion on turbine
blades (Nomoto and Tanuma, 2017) and (B) volcanic ash adhesion
on turbine vanes (Hamed et al., 2006).

at high temperature the particles become soft and can stick to an
engine component wall. Erosion is the dominant damage
mechanism in fans and compressors, and adhesion is the
primary damage mechanism taking place in engine hot
sections, as shown in Figure 1. In general, erosion damage
progresses rather slowly; while adhesion or deposition can
occur rapidly, which can cause detrimental effects ranging
from reduced performance to complete engine failure.

The objective of this work is to develop an analytical tool to
assess environmental particle impact on engine hot sections.
Sand particles, typical of environmental particles ingested by
helicopters, are used as a demonstration case. The developed
numerical tool can be easily adopted to other environmental
particles, such as volcanic ash, dust and CMAS (calcium
their
properties and chemical compositions are known.

magnesium aluminosilicate) as long as physical

In the subsequent sections, literature search results of
experimental, theoretical, and numerical studies on the
interaction of environmental particles and metal surfaces at
high-temperatures, and engine hot-section field data are
briefly described, followed by the

implementation of an innovative particle rebound/deposition

development and

model, and model calibration/validation with available

experimental data. Finally, a few highlights are provided.

2 State of the art in particle rebound/
deposition experiments and
modeling

reviewed

Hamed et al. (2006)

environmental particle erosion,

comprehensively

rebound and deposition
research in turbomachines from the late 1960’s to the early
2000’s.
analyzed more than seventy experimental datasets of coal

Suman et al. (2019) systematically reviewed and
particle, volcanic ash, and sand deposition relevant to engine
hot sections from open literature, dating back 30 years. The
current state of the art in testing and modeling of
environmental particle ingestion into gas turbine engines was
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discussed, and the difficulties and challenges of particle
deposition experiments and modeling were described.

For the particle deposition in turbines, there are two types of
mechanisms as discussed by Hamed et al. (2006): accretion on
the turbine surface due to the balance of forces acting on the
particle, and adhesion due to particles sticking to the surface. For
the first mechanism, the turbulent diffusion, Brownian diffusion,
thermophoresis in the boundary layer, efc. can cause low-speed
fine particles to stay on the turbine surface. They also pointed out
that a significant quantity of this type of deposition can occur
only after molten particles have already adhered to these surfaces.
In the present study, the second deposition mechanism, which
causes permanent damage to engine components, is primarily
considered.

It is known that environmental particles that enter engine hot
sections have four possible paths: flowing through the domain,
bouncing off the metal wall, sticking to the metal wall, or being
trapped in engine components (Jiang et al., 2018). To predict
adequately the particle behaviors inside engine hot sections, the
particle rebound and deposition phenomena have to be properly
modelled.

Particles trapped in engine components could be considered
as another type of particle deposition or the first type of
deposition mechanism. Dead-flow zones in the engine, such as
inside cooling flow passages, wiggle-strips, cooling baffles, end of
flow passage, and secondary flow passages, can trap not only fine
particles but also large particles.

2.1 Experiments and modeling of particle
rebound characteristics

The rebound characteristics of particles impinging on
metal walls play an important role in the assessment of
particle behaviors in turbine engines. Particle rebound
characteristics related to gas turbines were experimentally
investigated by many researchers with high-speed camera
and/or laser diagnostics, such as (Grant and Tabakoff,
1975; Tabakoff et al.,, 1987; Tabakoff et al., 1996). The
tested particles included coal ash, fly ash, chromite,
aluminum oxide, quartz, etc., and the target metal materials
included stainless steel 304, X-40, INCO 738, and Al 2024
(Hamed et al., 2006).

Extensive tests were conducted by Wakeman and
Tabakoff (Wakeman and Tabakoff, 1982) in the High-
Temperature Erosion Rig at the University of Cincinnati.
The impact and rebound velocities of 165 um silica particles
impinging on 2025 AL, INCO 718, and Ti 6-4 targets were
measured by a high-speed camera in a velocity range of
60-170 m/s, from 25° 90°,
temperatures from 297 K to 972 K. The major conclusions

impact angles to and
from these results were as follows: particle rebound

characteristics were generally influenced by impact angle,
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and particle rebound characteristics were not affected
significantly by target material or temperature. From these
data,
expressed as coefficient of restitution (COR) vs. impact

experimental a few semi-empirical correlations
angle were derived and were successfully applied to many
investigations related to particle ingestion for engine inlets
and compressors (Taslim and Spring 2010; Jiang et al., 2012).

Recently, the COR of ARD particles impinging on
polished SS304 coupons was reported by Reagle et al.
(2014). The experiments were carried out in the Virginia
Tech Aerothermal Rig at particle temperature/velocity pairs
of 300 K/27 m/s, 533 K/47 m/s, 866 K/77 m/s, and 1073 K/
102 m/s, with impingement angles varying from 20° to 80°".
The particle size was in a range of 20-40 um with the average
value of 29.25 um. The experimental results showed that the
total COR and normal COR were insensitive to the tested
temperature/velocity conditions; but variations were observed
for the tangential COR. With the same test facilities, similar
tests on SS304 and Hastelloy X coupons were carried out by
Delimont et al. (2015) at a velocity of 28 m/s and temperatures
of 293-1073 K, and a velocity of 70 m/s and temperatures of
1073-1323 K. It was found that COR variation for particle
temperature from 873 to 1323 K was consistent with those
from Reagle et al. (2014). These semi-empirical COR results
are valuable to study sand particle rebound characteristics at
temperatures relevant to engine hot sections.

Parallel to the semi-empirical modelling of COR, much effort
was devoted to development of physics-based numerical models
to account for particle rebound from metal walls, such as (Bons
etal,,2017; Yuand Tafti, 2019). The main goal was to encapsulate
all parameters, such as particle impact velocity, impact angle,
size, particle and metal surface temperature, surface roughness,
particle shape, material properties, efc., for rebound and/or
deposition into a single parameter - COR. When the COR >0,
the particle bounces off the wall, while a COR <0 indicates the
particle deposits on the wall.

Bons et al. (2017) developed a rebound/deposition model
including particle elastic deformation, plastic deformation,
adhesion, and shear removal, where cylindrical particles with
their flat bases colliding with the metal wall were assumed. Three
rebound and two deposition validation cases showed some
degrees of success. The major shortcoming was that the model
was achieved by tuning the particle yield stress to fit
experimental data.

This type of model was further developed by Yu and Tafti
(2019), where spherical particles were assumed. For normal
impact, four processes, the elastic, elastic—plastic, full plastic
and full plastic recovery, were included, while for the
tangential impact, an impulse-based model with both sliding
and rolling friction was considered. Similar to the above model,
the adjustments of Young’s modulus and yield stress were
required to fit the COR experimental data at temperatures
from 1000 to 1340 K.

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2022.924755

Jiang et al.

2.2 Experiments of particle deposition in
engine hot sections

As mentioned earlier, Suman et al. (2019) comprehensively
reviewed and analyzed over seventy experimental tests related to
particle deposition in gas turbine hot sections, conducted over
the last 30 years. The tests mainly involved five types of particles,
coal, bituminous coal, lignite, volcanic ash, and sand. Most of
these tests were for coal ash in 1970’s and 1980’s, while the cases
related to sand particles were few.

External deposition on film-cooled CFM56 nozzle guide
vanes was explored by Lundgreen et al. (Lundgreen et al,
2016) with ARD < 5um particles at temperatures of 1363 K,
1538 K, and 1623 K. The results indicated that the deposition was
concentrated at the stagnation line for all three inlet conditions,
and the amount of deposition on the vane pressure surface
increased with inlet temperature. Unfortunately, no
quantitative particle deposition rate or capture efficiency was
given.

Whitaker et al. (2016) investigated the effects of particle
loading, size, temperature, and the external metal temperature on
cooling flow blockage development in a vane leading edge model.
In their experiments, ARD particulates, <5pm, <10 um,
and <20 pum were chosen, and the temperature ranged from
700 to 866 K. Evaluation of the experimental data and particle
size distributions indicated that particles smaller than 3.25 pm
were primarily responsible for blockage development, and
particle loading rates had no substantial impact on flow
blockage development.

(2019) conducted <5um ARD particle

impingement tests on circular Inconel coupons. Particle

Bowen et al.

deposition rates at particle velocities of 65-125m/s and
temperatures of 644-866 K were measured. Their results
that the
monotonically and nonlinearly with temperature over the

indicated particle deposition rate increased
range of temperatures tested. In addition, the cone angle
formed by particle accumulation increased with temperature
and decreased with velocity. These experimental data can be
used to calibrate/validate a particle deposition model although
the temperatures are relatively low.

It is a challenging task to design, measure and analyze particle
deposition testing at engine hot-section representative
2016;

Boulanger et al, 2017) experimentally investigated sand

temperatures. Boulanger et al. (Boulanger et al,
particle deposits on Hastelloy-X coupons up to 1373 K using
the Virginia Tech Aerothermal Rig and microscopic image
processing programs. The tests
20-40 pm ARD particles, impact angles of 20°, 50° and 807,

and a velocity of 70 m/s. Averaged particle deposits per unit

were carried out with

area on the coupon were reported. However, as recognized by the
authors, these tests suffered from two shortcomings: 1) the
particle deposition overlap on the coupon was significant and
2) some particle deposition occurred on the long equilibration
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tube internal wall. Because of these, the actual values of particle
deposition rates could not be used in the deposition model
(the
confirmed this although the results are not presented in this

development corresponding numerical simulations
paper). These tests represent a good start to measure sand
particle deposition at high temperatures relevant to engine hot
sections.

Contrary to the fundamental experimental studies on sand
deposition, results from real engine tests with sand or volcanic
ash are scarce in the open literature. A series of experimental tests
on deposition of volcanic materials in the hot sections of two gas
turbine engines, Allison T56 and Pratt and Whitney F-100, at
high concentration levels (250 and 500 mg/m?), were performed
in later 1980’s and early 1990’s (Dunn et al., 1987; Moller and
Dunn, 1989; Kim et al,, 1991), and summarized by Kim et al.
(1993). The test rigs were built from real engine components and
were operated at the same flow function and temperature levels
as would occur in the operational engines. For the T56 engine
tests, Mt. St. Helens ash (volcanic ash) and a blend of Hollywood
sand (26%), Corona clay (26%), bentonite (6%), and Twin
Mountain black scoria (volcanic ash, 42%) were selected as
the test materials, with the average particle size from 5 to
73 pm, respectively. The turbine inlet temperature varied from
1222 to 1506 K, and the particle deposition rates were reported.
The results indicated: 1) deposition was observed in some cases
on the turbine inlet temperature probes and the nozzle guide
vanes, 2) the turbine inlet temperature and vane surface
temperature were the two dominant parameters for particle
deposits.

More recently (Elms et al., 2020), a new evaporate-rich test
dust (TD50) was developed by the University of Manchester on
behalf of an engine manufacturer, which was designed to
simulate operation in regions with evaporate-rich geology,
such as Doha or Dubai. The full engine ingestion tests were
conducted in spring 2018 using TD50. Analysis of the engine
deposits showed that mineral fractionation was present in the
cool upstream sections of the engine. In the hot sections, deposits
contained new, high temperature phases formed by reaction of
minerals in the test dust. Unfortunately, the results of the whole
engine testing are not available in the open literature.

2.3 Modeling of particle deposition in
engine hot sections

As mentioned earlier, particle deposition onto engine hot-
section surfaces is determined by many parameters. Over the
years, efforts have been devoted to model this phenomenon. The
main concepts of the two popular models, critical viscosity and
critical velocity models, together with an energy-based approach
are briefly described.

The critical viscosity model was based on the particle
viscosity variation with temperature (Walsh et al., 1990). The
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probability of particle sticking is determined by the following
expression.

Prob(Py) = ,ucr/,qu )

where ., is the particle critical viscosity at the critical or
softening temperature, and pr, represents the viscosity of the
particle at the current temperature. If the particle viscosity is
equal or smaller than the critical viscosity, the particle sticking
occurs or the sticking probability is 100%; otherwise, the sticking
probability is calculated from Eq. 1.

Many researchers have applied this model and, in some
cases, validated their results with experimental data (Barker
et al., 2013; Borello et al., 2014; Zagnoli et al., 2015). Other
contributions were made to extend the model presentations to
account for the particle energy losses during a collision,
particle kinetic energy, or metal surface temperature
(Srinivasachar et al., 1990; Sreedharan and Tafti, 2010;
Singh and Tafti, 2016; Jiang et al., 2018).

The critical velocity model, based on classical impact
dynamics and Hertzian theories, compares the particle
velocity with the local wall shear velocity. If the particle
velocity is less than the shear velocity the particle deposits
on the surface, otherwise the particle bounces back from the
surface. From the earlier work of Brach and Dunn (1992),
Soltani and Ahmadi (1994), El-Batsh and Haselbacher (2002),
Ai and Fletcher (2009) and Ai et al. (2012) gave a compact
two-process format: the sticking process, a pure mechanical
interaction in the absence of the fluid force, and the
detachment process, a fluid dynamic interaction between
the fluid and deposited particles. For the first process, a
capture or critical velocity is defined as

Ve = [2E/d]", )

where E is the Young’s modulus and d is the particle diameter.
If the particle normal impact velocity is smaller than the
capture velocity, the particle deposits, otherwise the particle
bounces back from the surface. To apply this sticking model in
their prediction, the dependency of Young’s modulus on
temperature was tuned to match the deposition rate
obtained in the experiments.

For the second process, a critical wall shear velocity is given
by the following equation

2 :CuWA Wy v
sh pd \dE.) °

3

where vy, is the shear velocity, C, stands for the Cunningham
correction factor, W, denotes the work of sticking, p is the
particle density, and E. represents the composite Young’s
modulus. The model determines that the particle will be
removed from the surface if the local wall shear velocity in
the turbulent flow is larger than the critical velocity.
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The current status of the critical velocity model could be
represented by the contributions from Bons et al. (2017) and
Yu and Tafti (2019), which are described in the previous sub-
section.

The energy-based model compares the particle kinetic
energy before impact to the energy dissipated due to its
deformation and the work done against surface tension. If
the particle remaining energy after impingement is greater
than zero the particle rebounds, otherwise it adheres to the
surface. The main parameters are the particle kinetic energy,
viscosity and surface tension, and impact angle (Ni et al., 2011;
Kleinhans et al., 2016). The remaining energy fraction is

given as
25 50 __ 3
E, = 1—7262(1 - cosa) + Ef = Bf“(l - cosa)>® — 1, (4)

where o is the impact angle and § is the particle spread factor,
which represents the particle maximum deformation. If d,,,y is
the maximum footprint diameter when the particle hits the
surface, the spread factor is defined as

€ = dmax/d, (5)

Several empirical tests of spread factor quantifications for
droplet impinging on solid surfaces were reported in the
literature (Mao et al., 1997; Ukiwe and Kwok, 2005). A
sensitivity analysis of & variation with the particle impact
angle from 0° to 90° indicated that as the particle adhesion
took place, £ > 0.4, and the value of 0.4 was suggested as the
threshold value (Suman et al., 2019).

Suman et al. (Suman et al., 2019) compared the energy-based
sticking model with the critical viscosity model using all the
deposition test data. They found that particle rebound and
deposition regions differed between the two models, and
mismatch between the actual experimental results and the
model predictions were also observed.

Mizutori et al. (2019) compared the performance of three
variants of critical velocity model Bons et al. (2017) and two
variants of critical viscosity model against two experimental
tests. The former was described previously for ARD particle
deposition on circular coupons. The latter studied coal ash
deposition near film cooling holes, and the tests were carried
out with the average particle size of 16 um, temperature of
1453 K, velocity of 180 m/s, and a blowing ratio range of
0.5-4.0. However, no quantitative deposition rate was given
for any of these five models, rather than “adhesion” or “not
adhesion”, although the deposition rates were available for
both test cases.

In summary, neither the critical viscosity/velocity nor the
energy-based methods appear mature enough to predict particle
deposition in engine hot sections, thus driving a demand for new
ideas to model environmental particle deposits in engine hot
sections.
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TABLE 1 Curve fit constants for normal COR.

10.3389/fmech.2022.924755

TABLE 2 Curve fit constants for tangential COR.

TK) e e, T K) e e,
293 2737 ~0.397 293 3.405 ~0.497
873 2.141 ~0.338 873 10.935 ~0.862
1073 5.680 ~0.669 1073 0.906 ~0.133
1173 8.070 ~0.774 1173 1.245 ~0223
1223 9.701 ~0.820 1223 0.746 ~0.082
1273 6375 ~0.723 1273 0.724 ~0.065
1323 8113 ~0.776 1323 1.168 ~0.192

3 Development of particle rebound
and deposition model

The above review of the current state of the art in

experimental and analytical research on environmental
particle impact on engine hot sections provides valuable
the of particle rebound/
deposition model. Based on these efforts, an innovative

particle rebound/deposition model is developed.

information for development

3.1 Semi-empirical particle rebound
model

As discussed before, for the physics-based rebound approach,
the particle properties have to be tuned to fit experimental data,
which will then affect particle deposition prediction. Therefore,
the medium- and high-temperature experimental results from
Delimont et al. (2015) for ARD particles impinging and bouncing
off Hastelloy X coupons are used in this paper. These
measurements cover a wide range of temperatures from
293 to 1323 K.

The
represented by the normal and tangential coefficients of
restitution (COR), defined as

particle rebound characteristics are commonly

CORN = Uz/Ul,
CORT = Vz/Vl.

(6)
™)

In Egs 6, 7, CORy and CORy are the normal and tangential
coefficients of restitution, U and V stand for the particle normal
and tangential velocities, and the subscripts 1 and 2 indicate before
and after impingement respectively. The experimental results from

Delimont et al. (2015) are expressed in a power-law form
COR = e;a® (8)

where o is the impact angle in degrees, and e; and e, are
constants which were obtained by curve fitting. Table 1 and
Table 2 list the two constants and associated temperature for
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the normal and tangential COR in the temperature range of
293-1323 K.

As stated earlier, these experimental data were obtained in a
particle impact angle range of 20°-80°. For « > 80°. CORy and
CORry values are extrapolated from the above curve fitting
equations; while for a < 20°. CORy = .95 and CORy = .9 for
T < 873K and CORy = .85 and CORy = .75 for T > 873K,
estimated based on the variation trends of COR with a of the
experimental data.

3.2 Proposed deposition model based on
non-dimensional parameter group

Based on the systematic analysis over more than seventy
particle deposition tests and the Pi Theorem (Buckingham,
1914), Suman et al. (Suman et al, 2019) mapped particle
impact behaviors or regions, with particular attention to
deposition behavior, by two non-dimensional parameters

0= T/Tsoft and K = Ekin/Ssurf (9)

In Eq. (9), T and T,z stand for the particle temperature and
softening temperature, while Ey;,, and Sy, are the particle kinetic
energy and surface energy, respectively. For the second non-
dimensional parameter in Eq. 9

Eiin = % mU? and Sy, = y 4nr? (10)
where m stands for the particle mass, U is the particle velocity, y
denotes the particle surface tension, and r is the particle radius. It
is noted that for the surface energy, the particle maximum
footprint is not used in Eq. 10. This is because for particle
sticking assessment, a constant spread factor of 0.4 can be
assumed, as stated earlier.

One major advantage of the non-dimensional parameter, ®,
in Eq. 9 is that its calculation is based on the particle temperature,
instead of the particle viscosity in Eq. 1. The particle temperature
along its trajectory in engine hot sections can be accurately

frontiersin.org
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FIGURE 2

Particle impact characteristic map with non-dimensional parameters, K = Eyjn/Esyrs and © = T/Tgon (Suman et al., 2019).

calculated in CFD simulations. However, it is not an easy task to
determine accurately the particle viscosity. The immense
variability of viscosity for a given substance obtained from
different models has been reported (Suman et al., 2019).

Figure 2 maps the characteristic regions of particle
impingement on the metal surface using the non-dimensional
parameter group, @ = T/T,q and K = Ejn/Egy,r. The symbols in
the figure represent over 70 deposition experimental tests, and
the legend of all symbols can be found in the reference (Suman
et al., 2019).

Figure 2 indicates that the deposition occurs in a range of © =
0.8-1.5, and at ©® = 1.5 the particle temperature is close to its
melting temperature. Also note that both particle rebound and
deposition coexist for all particle deposition experimental tests
shown in Figure 2. For convenience of modeling, two alternative

non-dimensional parameters, ®* and K, are introduced as:

0" = T/ Tmelt
K" = Ssurf/Ekin

1m)
(12)

In Eq. 11, the particle melting temperature, T ., instead of
softening temperature, is used. In Eq. 12 K* is the reciprocal of K.
Examining the rebound-deposition overlapped region in
Figure 2, it is understood that for the tests in the range of
e 0.8-1.0 or OF
contribute to deposition for 1.0 < K < 400 or 1/400 < K* < 1.
In this range, the larger K, the higher the particle sticking

= = 0.53-0.67, the particle motion can

probability.
In addition to the above non-dimensional parameters, the
metal surface condition should be also included in the deposition
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model, as mentioned earlier (Kim et al., 1993). To account for the
metal surface temperature effect on particle deposition, a non-
dimensional parameter, P, is defined as

Ty,

Py,
Tm, melt

(13)
where T, is the metal surface temperature and T, el Stands for
the metal melting temperature.

From Eqs 11-13, the particle deposition probability on the
metal surface can be considered to be a function of particle
temperature, particle motion and metal surface temperature,

Prob (p) = f(©", K*, P,) (14)

The three non-dimensional parameters in Eq. 14 can have
different mathematical formulations, which may depend on
deposition types, physical phenomena, material properties, etc.
That is, the particle deposition probability is calculated from the
three with
operations.

partial  probabilities adequate mathematical

Equation 14 states that if the deposition probability is equal
to 100%, the particle will stick on the metal surface. For a
probability less than 100%, some particles will bounce back
from the wall, and some will stick on the wall. In order to
implement this function, a random number is generated in the
range of 0-1 for each particle impact. If the random number is
less than the calculated sticking probability, the particle will
deposit on the wall; otherwise, the particle will bounce back
from the wall. For particles bouncing back from the wall, the

restitution coefficients in the previous sub-section are used to
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calculate the particle rebound velocity components. These
particles will be continuously tracked until they pass through
the domain, or deposit on the wall, or are trapped in the engine
components.

In short, the above particle rebound/deposition model
incorporates six independent particle variables, a) density, b)
size, c) velocity, d) temperature, e) chemical compositions, and f)
impact angle. Note that the particle impact/rebound velocity
components are determined by ¢) and f), the particle mass is
obtained from a) and b), both particle surface tension and
softening temperature ae functions of d) and e), and the
spread factor is related to a) - f). At the current time, the
effect of impact angle on deposition probability is not well
understood, and it will be further studied with available
experimental data. In this paper, the particle velocity
magnitude is simply used in Eq. 2, instead of the normal velocity.

The particle deposition rate at the metal surface is defined as

n = mcapture/missue (15)

where m,pture and Mgy are the particle mass deposited on the
target and issued from the inlet, respectively.

3.3 Implementation of particle rebound/
deposition model

A user-defined-function was developed to implement the

above particle rebound/deposition model, which was
compiled and linked to a commercial CFD solver, ANSYS
CFD Premium. The developed function was thoroughly
verified step by step, by tracking a single or a few particles
at various test conditions, and checking printed model
parameters, such as particle temperature, velocity, mass,
density, impact angle, surface tension, melting temperature,
metal surface temperature, metal melting temperature, CORy,
CORy, O, K', Pp,

deposition  probability,

model constants and coefficients,
The
verification ensured that the particle rebound/deposition

random variable, etc.

model was properly implemented.

4 Rebound/deposition model
calibration and validation

4.1 Case-1, ARD particle impingement on
Inconel circular plate

As the first test case, ARD particle impingement testing on
circular Inconel coupons from Bowen et al. (2019) is
considered. There are two reasons to choose this case: 1)
the test material is ARD which has been used by many
researchers as “standard sand” in this field (Boulanger
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et al., 2016; Lundgreen et al., 2016; Whitaker et al., 2016;
Boulanger et al., 2017; Bowen et al,, 2019); 2) the particle
deposition rates are available, as mentioned in section 2.2. The
computational domain is illustrated in Figure 3, and for clarity
only metal surface meshes are shown except for Figure 3A. In
Figure 3A, two atmospheric boundary meshes are also
displayed. The mesh consists of 776,300 cells. The y* values
are in a range of 0.1-7.5 at the pipe wall and front plate, and 4-
20 at the target plate.

The Inconel circular target plate has a diameter of 26 mm,
and the diameter of the sand injection orifice is 6.35 mm. The
target plate is located 12.5mm downstream of the injection
orifice. Note that the injection orifice is parallel to the target
plate, i.e., the particle impact angle is 90°. The diameter of the
front metal plate is 65 mm, and the equilibration pipe is 375 mm
long with an inside diameter of 26 mm. The target plate, front
metal plate and pipe wall are defined as adiabatic since they were
well insulated. The flow inlet boundary conditions are given in
Table 3.

The chemical compositions and mass fractions of ARD
particles are listed in Table 4.

The particle surface tension was calculated based on the work
from Rezaei et al. (Rezaei et al., 2002), and the temperature-
dependent surface tension of the particle can be calculated as a
linear function of its chemical compositions, i.e.,

y=2 (ym)

where y; and m; are the surface tension and mass fraction of oxide

(16)

i. The surface tension of each oxide is given in Table 5 (Hanao
et al.,, 2007; Wu et al., 2014).

Based on Table 4 and Table 5, the surface tension of ARD
particles as a function of temperature can be estimated by the
following equation in unit N/m

y = 0.3673-0.00001358 T. (17)

The particle melting temperature is one of the most important
parameters in the developed deposition model. The melting
evolution of nine volcanic ashes around the world for SiO,
content from 50.1% to 71.4% was systematically investigated by
Song et al. (2016), and four characteristic temperatures were
defined: shrinkage, deformation, hemispherical, and flow. Based
on this work and considering 72.3% of SiO, content, the ARD
melting temperature is defined as 1783 K.

The input parameters of the particle rebound/deposition
model are given in Table 6. The first seven parameters are
particle melting temperature, surface tension, density (Suman
et al, 2019), specific heat (ISO 12103-1 and 2016, 1210),
diameter, velocity magnitude and temperature (Bowen et al,
2019); while the last variable is the Inconel melting temperature
(High Temp Metals, 2015).

The traditional Eulerian-Lagrangian approach together with
the realizable k-¢ turbulence model is used to solve two-phase,
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TABLE 3 Flow inlet boundary conditions.

644-866 65-125

TABLE 4 ARD compositions and mass fractions.

Component Mass fraction (%)
Si0, 72.8
ALO; 10.8
Fe,03 53
Na,O 23
Ca0 3.8
MgO 1.3
TiO, 0.3
K,0 33

turbulent, compressible flows, and the dilute discrete Lagrangian
particle tracking method is chosen to study particle behaviours
(Stiesch, 2003). The realizable k-¢ turbulence model was selected
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FIGURE 3

TABLE 5 Surface tension of single oxide.

Component y = f(T) (mN/m)
Sio, 2432 + 031 T [K]
CaO 791—.0935 T [K]
ALO; 1024—.177 T [K]
MgO 1770—.636 T [K]
Na,0 438—.116 T [K]
Fe,05 504—.0984 T [K]

TABLE 6 Rebound/deposition model input parameters.

Tmere (k) y (N/m) p (kg/m3)  C, (J/kg-K)

3.673E-1—1.358E-5 T 2650 290

U (m/s) T (K Trn, mete (K)

644-866

for this case based on the primary author’s many year experience
(Jiang, 2020), i.e., it is better to use this model for general thermal
flow simulations.
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FIGURE 4
Flow parameters across the symmetric plane: (A) velocity
magnitude, and (B) temperature contours.

The flow-field results related to particle rebound/deposition
modeling are briefly described here, for the case T = 866 K and
U = 80 m/s. Figure 4A shows the velocity magnitude contours
around the target plate and injection orifice, downstream of the
symmetric plane. Although the nominal velocity at the sand
injection orifice is 80 m/s, the maximum velocity reaches 118 m/s
due to the flow passage sudden contraction at the injection orifice.
Approaching the target plate, the flow velocity rapidly decreases, and
a stagnation area is observed at the centre of the plate. Figure 4B
illustrates the temperature contours downstream of the symmetric
plane. The temperature in the equilibration pipe and around the
injection orifice is 866 K, and the temperature in the vicinity of the
target plate is about 20 K below 866 K due to the heat transfer
between the injection flow and cool air entrained from the
surrounding environment. Conjugate heat transfers are observed
between the pipe flow and entrained-air at the annulus plate formed
by the injection orifice and pipe end wall.

10.3389/fmech.2022.924755

For the particle deposition study, the Rosin-Rammler
distribution was assumed for the sand size <5pm, and
47,400 particle streams were issued from the injection
orifice. The trajectories of ten particles issued from the
injection orifice are displayed in Figure 5A, and five are
shown in a magnified view in Figure 5B, where the
trajectories are colored by the velocity magnitude in a
range of 0-120 m/s. As observed in Figure 5A, after leaving
the injection orifice, the particle velocity increases to about
120 m/s, remains at this value before rapidly decreasing to
zero at the target plate, then bounces off the plate and
accelerates radially. Eventually eight particles flow out the
flow domain and two stick on the plate. These observations are
consistent with the flow velocity distribution in Figure 4. For
this test case, the particle sizes are small, and therefore they
can follow the gas flow in general.

In Figure 5B, four particles fly out of the domain, while one
sticks on the plate. At the moment the deposited particle
impinges on the plate, its velocity is reduced to zero; and then
it bounces off the plate, accelerates, and eventually re-
impinges/sticks on the plate at a velocity of ~40 m/s. This
re-impingement presents the behavior of most deposited

particles in this case, where the nominal velocity
representing the test condition is significantly different
from that of the particle re-impingement. This

phenomenon generally is not observed in the case of
turbine blades, and thus this perpendicular impingement
with a large stagnation zone may represent a special type of
particle deposition.

For this medium temperature/velocity calibration/validation
case, a few formulations of particle deposition probability were
analyzed/tested, and eventually the following expression is
selected,

Prob(p) = {min(6*; 1.0)}"* x fmin(K*; 1.O)® x {min(P,,; 1.0)}°. (18)
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FIGURE 5

Particle trajectories: (A) ten particle trajectories, and (B) zoomed five trajectories.
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FIGURE 6
Model predicted sand deposition rates in comparison with
experimental data.

flow outlet
S -« NN

main flow

FIGURE 7
Computational domain and mesh: (A) flow and solid mesh,
(B) solid mesh.

InEq. 18, A=22,B=0.7 and C = 2.5. The correlation among
the three constants were estimated from a sensitivity analysis
with the testing conditions (temperatures and velocities) and
corresponding deposition rates.

The variation of deposition rates with temperature is
illustrated in Figure 6 for both model prediction and
experimental data, where a deposition rate scale of 1% is
illustrated. Considering that the experimental accuracy is
about 14% (Bowen et al., 2019), which is represented by error
bars in the figure, the predicted results are consistent with the
experimental data.
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TABLE 7 Mt. St. Helens volcanic particle compositions and weigh fractions.

Component Weight fraction (%)

Si0, 63.2
AlLO; 16.4
Fe,O; 4.05
Na,O 4.46
CaO 4.48
MgO 1.59
TiO, 0.58
K,O 1.60
P,0s 0.16
MnO 0.05

4.2 Case-2, Mt. St. Helens volcanic ash
deposition on engine NGV

The reasons for choosing this case to calibrate the
developed particle rebound/deposition model are two-fold
(Kim et al., 1993). First, the chemical compositions of Mt.
St. Helens (MSH) volcanic ash are available and comparable
with those of ARD. The mass fractions of two main chemical
species SiO,/Al, 05 are 63.2%/16.4% for MSH, and 72.8%/
10.8% for ARD. Second, more importantly, the particle
deposition rate of the first stage NGV (nozzle guide vane)
is available in the open literature.

The computational domain and mesh of the NGV are shown
in Figure 7, with a mesh size of 6.2 million cells. Both fluid and
solid meshes are illustrated in Figure 7A, and the solid mesh is
given in Figure 7B. It is a 6-degree sector in the coordinates of the
whole combustor. The computational domain begins upstream
of the flat pates of the inner and outer shrouds, and the main flow
domain is extended to half of the NGV chord length in the
downstream direction.

The boundary conditions were obtained from a combined
combustor-NGVs simulation at the engine operating conditions
as those in (Kim et al., 1993), where the compressible, two-phase,
reacting flow-field of a 60-deg sector of the combustor with ten
simplified NGV was solved (Jiang et al., 2014). The mean total
pressure and temperature obtained at the corresponding location
were used as the inlet boundary conditions of the NGV main
flow, and the cooling airflow rate was 2.3% of the total inlet air
flow. The static pressure from the combined simulation at the
NGV exit plane was used to define the domain outlet boundary,
and a slight adjustment was made to match the total flowrate
through the computational domain. For details of combined
combustor-NGVs simulation, NGV simulation, mesh topology,
size, mesh independence, the reader is referred to (Jiang et al,
2014; Jiang, 2020).
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TABLE 8 Rebound/deposition input par S.

melt (k)

y (N/m) p (kg/m3)  C, (J/kg-K)

1663 4.097E-1—3.2896E-5 T 2955 1000

U/Unorm T/Tnorm Tm melt (K)

5-35

U/U_nom
1

| 0.75
05
0.25
0

FIGURE 8
Velocity contours at: (A) the near-hub section, (B) the mid-
span section, and (C) the near-shroud section.

The chemical compositions and mass fractions of Mt. St.
Helens volcanic particles (Taylor and Lichte, 1980) are listed in
Table 7.

As for the ARD case, with Table 5 and Table 7, the surface
tension of MSH particles can be calculated by the following
equation

y = 0.4097 - 0.000032896 T (19)

Similar to the ARD case, considering 63.2% of SiO2 content
in MSH particles and the work from (Wu et al., 2014), its melting
temperature is defined as 1663 K.

Frontiers in Mechanical Engineering

12

10.3389/fmech.2022.924755

T/T_nom

™ o052

I 045

038
0.31
024

T/T_nom

M 052

I 045

0.38
0.31
024

T/T_nom

FIGURE 9
Temperature contours at: (A) the near-hub section, (B) the
NGV mid-span section, and (C) the near-shroud section.

The input parameters to model MSH particle rebound/
deposition are given in Table 8. The particle density is
obtained from Bouyahyaoui et al. (2018), the specific heat is
from Ebert et al. (Ebert et al, 2002), and the particle mean
diameter of 23 um is from Kim et al. (1993). The normalized
particle inlet velocity magnitude and temperature are from the
combined combustor-NGVs simulation, and the Hastelloy-X
melting temperature is from High Temp Metals (High Temp
Metals, 2015).

The same traditional Eulerian-Lagrangian approach as in the
ARD case was used to solve two-phase, turbulent, compressible
flows (Stiesch, 2003), together with the shear stress transfer k-w
turbulence model. The reason to use this turbulence model in this
case is because it has been widely used in turbine machinery flows
with a certain confidence (Menter, 1994). Both flow field and
solid region were solved with the pressure coupled solver of the
ANSYS CFD Premium.

The flow-field results related to particle modeling are
briefed here, and the detailed flow-field information such as
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/

FIGURE 10

distributions of velocity, Mach number, temperature, pressure,
cooling flow passage, and conjugate heat transfers between the
cooling air, NGV body and main hot flow, can be found in
(Jiang et al., 2014).

Figure 8 displays the normalized velocity magnitude
distributions across one section near the hub (or inner
shroud), mid-span section, and one near the shroud (or
outer shroud). They are typical NGV flow-fields. At all
three sections, a stagnation point is observed at the blade
tip, and the velocity gradually increases along the pressure
side. On the suction side, the velocity quickly increases after a
short distance from the leading edge, and the normalized
value is much higher than those on the pressure side,
approaching ~1.0. The internal cooling flow contours of the
near-hub section are similar to those at the near-shroud
section. The mid-span section cuts through a relatively
large solid metal zone in the downstream region, and so
there is no flow in this region. These flow features are
determined by the cooling passage configuration.

Normalized temperature contours across the same three
sections as in Figure 8 are given in Figure 9. For all three
sections, the temperature is high around the leading edge,
gradually decreases along the pressure side and rapidly
decreases along the suction side due to flow rapid
acceleration. Similar to Figure 8, the NGV internal cooling-
flow temperature contours at the near-hub section are similar
to those of the near-shroud section; while at the mid-span
section, the metal surface temperature is quite uniform,
surrounding the internal cooling air passage in the upstream.
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Trajectories of ten particles impinging on the NGV external surface: (A) an up-down view, (B) the pressure side view.
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During the particle deposition study, a Rosin-Rammler
size distribution with the minimum/maximum diameters of 5/
35um and a mean value of 23 ym was assumed. For each
particle tracking, 249,400 particle streams were issued from
the NGV inlet, and four tracking results were averaged as the
final result. Figure 10 shows ten particle trajectories, where the
trajectories are colored by the normalized particle velocity
magnitude in a range of 0-0.83, and the blade surface meshes
are in white color. Figure 10A is a top-down view, and
Figure 10B is viewed from the pressure side. All particles
leave the NGV inlet at a normalized velocity ~0.25, the five
particles passing through the gap between the blades,
gradually accelerate to ~0.75 and leave the domain. For the
five particles impinging on the blade surface, three bounce off
the surface with velocities determined by their impact angles,
impact velocities and CORs, and then gradually accelerate to
~0.25 before leaving the domain, while the remaining two
stick on the blade surface, as shown in Figure 10B. It is clear
that after impinging on the NGV surface, particles either
bounce off or stick on the NGV surface, and the so-called
re-impingement behavior in the above case is not found for
this NGV blade geometry. This was confirmed by tracking
many more particles. The anticipated reason are three fold.
First, the hot gas flows along the NGV external curvature, and
it is expected that particle trajectories are not far from the flow
path-lines although the particle inertia modifies particle
trajectories to some extent. Second, the drag force acting
on the particle can be significant in the high speed NGV
flow, which limits the particle deviation from the gas flow.
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FIGURE 11
Variation of deposition rate with particle size.

Third, in the high temperature NGV flow, the normal velocity
of particles bouncing off the NGV wall is considerably reduced
(Delimont et al., 2015).

For this real engine calibration case, the flow or particle
velocity is high and the K* value is only of the order of 10~°. That
is, the particle motion effect on deposition is minor, and the
probability of particle deposition on the metal surface is
estimated by the following expression,

Prob(p) = {min[min(©"; 1.0) + min(K*; 1.0); 1.0]}*

x {min (P,,; 1.0)}® (20)
where A = B =4.2. Since only one point measurement is available,
no sensitivity analysis is performed for the two constants. The
predicted particle deposition rate at the engine operating
conditions is 4.7% with a maximum deviation of ~.15%, while
the ground engine test result from Kim et al. (Kim et al., 1993) is
4.7%. In addition, the particle deposition rates with and without
K* term in Eq. 20 were compared, and no considerable difference
was observed. Because of lack of enough experimental data to
validate fully the rebound/deposition model, for the time being, it
could only be used as a first-order assessment for particle
deposition on engine hot sections.

The variation of particle deposition rate with particle size is
shown in Figure 11. As illustrated, the particle size in the range of
5-35 pm has limited effect on the particle deposition rate. For the
current model capabilities, the particle deposition rate
distribution over the NGV walls is not available, this function
will be available in the near future.

As pointed by Suman et al. (2019), the nature of the
environmental particles ingested into engines does not lead to
a very precise characterization, and it is difficult to establish the
limits of validity of sticking models. In this sense, the statistics
based rebound/deposition model in this paper may represent a
good start, and certainly it will be continuously validated and

improved as relevant experimental data become available.
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5 Conclusion and suggestion

To assess environmental particle impact on engine hot sections,
an innovative particle rebound/deposition model is developed. A
semi-empirical approach was chosen to model particle bounce off the
metal surface. Based on the detailed analysis over seventy experiments
related to particle deposition in gas turbine hot sections by Suman
et al. (2019), two new non-dimensional parameters are proposed,
which are used in the developed deposition model. Metal surface
temperature, one critical parameter in particle deposition, is also
included in the developed model.

The developed particle rebound/deposition model is successfully
implemented/linked into the ANSYS CFD Premium solver. It has
been calibrated by two cases: ARD particle impingement on a
circular plate and MSH volcanic ash impinging on engine first-
stage air-cooled NGVs. For the first case, the calibrated model can
fairly well predict the variation of deposition rates with particle
injection temperature. The second case shows that particle
deposition rate at the real engine operating conditions can be
reasonably predicted by the developed model.

The innovative particle rebound/deposition model is a
promising start, where a good foundation or platform is laid.
The model will be continuously validated and improved as
relevant experimental data become available.
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Glossary

A model constant

ARD Arizona road dust (referred as standard sand, ISO 12103-1,
2016)

B model constant

C model constant

CMAS calcium magnesium aluminosilicate
COR coefficient of restitution

C, particle specific heat (J/kg-K)

Cu Cunningham correction factor

d particle diameter (um)

E Young’s modulus (N/m?)

E. composite Young’s modulus (N/m?)
Eiin kinetic energy (J)

E,. remaining energy fraction

K non-dimensional parameter, Ey;,/Squ.¢
K" non-dimensional parameter, Su.¢/Exin
m mass (g) or mole fraction

M apure Captured particle mass (g)
Myye issued particle mass (g)

P probability

P,, deposition probability related to metal surface
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r radius (m)

Ssurt surface energy (J)

T flow or particle temperature (K)

T,, metal surface temperature (K)

T, mere Metal melting temperature (K)

Tmere particle melting temperature (K)

Tsofe particle softening temperature (K)

U velocity magnitude or normal velocity (m/s)
Vv, critical velocity (m/s)

V tangential velocity (m/s)

Ve critical wall shear velocity (m/s)

W, working of sticking (J/m?)

U critical viscosity (Pa-s)

Wrp Vviscosity of the particle at the current temperature (Pa-s)
a impact angle (degree and for the normal impact & = 90°)
y particle surface tension (N/m or mN/m)

n particle deposition rate

O non-dimensional parameter, T/T g

O" non-dimensional parameter, T/T

€ spread factor

p particle density (kg/m’)
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