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Turbulent multiphase flow and deposition of
ingested sand on high-temperature turbine blades
By N. Jain†, L. Bravo‡, S. T. Bose¶, D. Kim¶,
M. Murugan‡, A. Ghoshal‡ A N D A. Flatau†
Gas-turbine-engine-powered aircraft operating in harsh environments ingest sand particles when flying through sandstorms or during near-ground operation. The resultant
particle-laden turbulent flow within the engine substantially degrades the high-temperature turbine blades through high-energy impact and deposition. A numerical study is
performed at disparate scales to model the deposition of molten sand particulate on the
turbine blade. A Lagrangian framework is utilized to perform wettability simulations at
the droplet-wall interaction scale. The framework is evaluated by simulating a waterpolymer sessile drop experiment and then utilized to predict the wettability of molten
silicate droplet on a thermal barrier coating at high temperature. A high-fidelity EulerianLagrangian solver is utilized to conduct macroscaling analysis of the flow over transonic
guide vane to identify deposition characteristics of particles. The analysis suggests that
particle size distributions and the initial trajectories of the particles are critically important in predicting final deposition pattern.

1. Motivation
Turbulent flows dispersed with suspended particles (solid, liquid, or bubble) occur in
a remarkably broad range of both engineering and basic science applications. Notable
examples include the dispersion of pollutants in the atmosphere, the production of oil
and gas, and the design of chemically powered devices. Despite the significant increase in
the body of research in multiphase flows, the understanding of the underlying physics remains incomplete and poses one of the grand challenges in fluid mechanics. This is partly
due to the lack of fully resolved measurements, at the scale of the dispersed phase, as well
as to the inherent physical complexity of the multiphase flow. Two-phase flows contain up
to billions of particles that are transported and dispersed by the carrier phase turbulent
flow field. One of the most important features is the presence of a very wide spectrum
of length scales and timescales associated with the smallest (particle) scale motions as
well as a wide range of turbulent flow structures. Depending on the governing flow parameters, such as particle-to-fluid length scale, timescale ratios, and particle Reynolds
number, emerging dynamics such as self-induced vortex shedding introduce turbulence
modulation effects that can dramatically impact the character of the flow (Balachandar
& Eaton 2010). The evolution of the dispersed flow in a confined environment will naturally lead to particulate impingement and deposition. Deposition is governed by many
physical processes, including thermophoresis, thermal diffusion, surface roughness, and
electrostatic charges, among others, all of which have been reviewed extensively in Guha
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(2008). Further, in turbomachinery flows involving highly curved complex passages, particulates may deposit by inertial impaction, resulting in blade erosion and corrosion.
Large amounts of melted deposits lead not only to structural blade damage (Ghoshal
et al. 2018; Murugan et al. 2017) but also to a degradation of the flow path and aerodynamics and to blockage of the turbine blade cooling holes (Hamed et al. 2006). As a
result, aircraft engines operating in dusty environments may be vulnerable to significant
loss of operability.
To date, the resolution of such disparate scales remains computationally intractable
and analysis must be performed using a hierarchy of multiscale simulation techniques.
The available methods either resolve the smallest particle fluid motions, such as in direct
numerical simulation (DNS), or use a macroscale approach resolving larger turbulent
flow structures, such as large eddy simulation (LES), often coupled to a mesoscopic or
sub-grid scale (SGS) model for the dispersed phase (Passalacqua et al. 2018; Fox 2012).
In Tartakovsky & Meakin (2005), a novel approach is presented for complex two-phase
flow dynamics to include droplet impact, contact line dynamics, and porous flow. The
formulation of the solver is based on the discretization of the Navier-Stokes equations
with smoothed particle hydrodynamics (SPH) method, including derived macroscopic
pairwise forces that replace the Young-Laplace interface conditions while showing good
accuracy. More recently, in Ray et al. (2017) the SPH approach is extended and coupled with a van der Waals equation of state to predict the wall collision outcomes for
droplets with W e < 104. The results demonstrate the ability of the approach to capture
droplet wetting and vapor-liquid equilibrium characteristics with high resolution as an
analog to the viscous sublayer (y + < 5). A comprehensive review of particle methods for
high-fidelity multiphase flow modeling is provided in Monaghan (2012). More recently,
and toward the unifying efforts in developing improved SGS models for affordable LES
simulations, Park et al. (2017) reported the development of a dynamic closure model for
dispersed flows. The model fidelity was demonstrated in LES of homogeneous particleladen isotropic turbulence and obtained improved predictions with respect to databases of
DNS results with fundamental particle statistics. The growth in multi-scale approaches
for multiphase flow is expected to continue to play an important role not only in the
technology maturation process but also in our understanding of basic physics.
In this paper, we begin to address which governing parameters control dispersed turbulent transport timescales and molten particle deposition by presenting a hierarchy of
simulations. The study is designed to develop the tools and investigate the wettability behavior of highly viscous particles (e.g., sand) at the micro-scale using a particle-resolved
technique, as well examine the influence of the Stokes number (to uo /lo ) on the macroscale
turbulent dispersion and deposition process. The methodology for experimental comparison is established using reference databases for wetting and deposition in a turbine
vane as described in Section 3.2. The ultimate goal of this fundamental research is to
develop technologies that can mitigate particulate deposition while contributing toward
the development of novel sand-phobic materials.

2. Research objectives
In order to predict the deformation, adhesion, and energy losses associated with particleblade interaction, a functional physics-based model is needed at the scale of the dispersed
phase. The key objective of the current work is to extend an existing fundamental particle
model toward the accurate prediction of particle-wall collision under turbine-relevant op-
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erating conditions. The Lagrangian SPH model is utilized as the baseline formulation to
study particle-wall collision by conducting sessile drop simulations. In these simulations,
the interparticle force models in the SPH framework are validated with surface tension
and contact angle predictions.
The impact of particles on the turbine blades also needs to be investigated by analyzing
the particle kinematic behavior in a high-velocity rotating fluid present in the turbine
section. The second objective of this work is to conduct macroscale simulations of the
particle-entrained flow in the turbine section to quantify its impact characteristics. This
includes identifying areas within the turbine section that are most prone to particle
deposition and the sizes of the particles that are primarily responsible for most damage.
The simulations will also enable the analysis of the temporal and inertial scales of particles
against the fluid to accurately understand how the particles will behave once the collision
has occurred. In the current work, a LES-Lagrangian framework within the CharLES
solver (Bres et al. 2018) is utilized to conduct the macroscale simulations of the flow
through a canonical turbine vane geometry.

3. Results and analysis
3.1. Droplet-wall microscale simulations
SPH is used to perform surface tension and wettability simulations for the droplet-wall
interaction. The SPH framework in the current work is developed by the U.S. Department
of Defense and its baseline formulation is based on the work by Yang et al. (2014).
The framework includes formulation to account for evaporation, velocity field averaging
(Monaghan 1992), density reinitialization, and Shepard filtering (Bonet & Lok 1999). In
the current work, an interparticle force formulation proposed by Yang & Kong (2017) is
implemented to reproduce surface tension and wetting effects. The interparticle force is
given by



(sab − s1 )2 − s2 , 0 ≤ sab < 1 + s1 /2 


σs h rab
× (sab − s1 )2 ,
(3.1)
F Iab =
1 + s1 /2 ≤ sab < 2 ,


s2 rab


0,
else

where sab = 2rab /kh, kh is 1.5 times the smoothing distance h, s2 = (2 − s1 )2 /2. The
parameter σs defines the strength of the inter-particle force. When the interaction of a
liquid droplet with solid surface surrounded by a gas medium is simulated, unrealistic
stress may exist at the triple point because of separate boundary conditions for each
phase. Therefore, obtainment of correct contact dynamics at the triple point requires a
resultant nonzero force to replicate proper slippage at the triple point. Since the effect
of gas particles at the triple point remains negligible for the current work, this force is
obtained by determining the parameter σs separately for liquid-liquid interactions and for
liquid-solid interactions. The model constants used are CST for liquid-liquid interactions
and CLS for liquid-solid interactions. The framework is evaluated by simulating the sessile
drop experiment conducted by Du et al. (2015) at room temperature. This experiment
is selected because the properties of the materials used are well understood and reliable
steady-state contact angle measurements are provided. In the experimental setup, water
droplet of volume 4 × 10−6 L (droplet diameter D = 1.97 mm) is placed on flat ultrahigh-molecular-weight polyethylene (UHMWPE) substrate and allowed to settle at 25◦ C
before measuring the contact angle. The process is repeated five times and the average
contact angle is measured to be 96.5◦ ± 2◦ . The gaseous medium is air. Figure 3 shows
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Property

Low Temperature (25◦ C)
Water UHMWPE

High Temperature (1275◦ C)
CMAS
YSZ

Density (kgm−3 )
Viscosity (Nsm−2 )
Surface tension (Nm−1 )
Specific heat (Jkg−1 K−1 )

1000
0.001
0.07
4180

2690
11
0.40
800

950
11
0.30
1800

8360
High
0.76
651

Table 1. Properties of materials used in SPH sessile drop simulations. Acronyms:
CMAS, calcium-magnesium-alumina-silicate compound; SPH, smoothed particle hydrodynamics; UHMWPE, ultra-high-molecular-weight polyethylene polymer; YSZ, yttria-stabilized zirconia ceramic coating.

Figure 1. Variation of the surface tension with the model constant CST (left) and variation of
the contact angle with the model constant CLS (right) as obtained from SPH simulations.

the steady state of the droplet observed in the experiment. The properties of water and
polymer used in the experiment are tabulated in Table 1.
3.1.1. Computation of implemented model constants
Simulations of droplet shape evolution are conducted to compute CST and obtain
the correct value of surface tension for water. In these simulations, a 2D square-shaped
droplet is allowed to evolve under zero gravity and vacuum. The square shape transforms
to a circle because of surface tension alone. At equilibrium, the surface tension γ is
calculated with the Young-Laplace equation and the pressure P inside the droplet. Five
tests are conducted with different values of CST , ranging from 0 to 100, indicating a linear
relationship between CST and γ as shown in Figure 1. The value of CST that provides the
correct surface tension for water in simulations is 15.5. A rectangular 2D domain with a
dimension of 20D × 10D is used for conducting sessile drop simulations to measure the
contact angle. Simulations are started either with the circular sessile drop touching the
polymer surface or with the semicircular drop resting on the surface. In both cases, the
droplet velocity is zero at initial time. The liquid-solid strength parameter CLS is obtained
for six different contact angles of a droplet on the polymer surface, three of which are
shown in Figure 2. During the simulations, the droplet slowly comes into contact with the
polymer surface under gravity force. After the droplet reaches equilibrium, the curvature
of the droplet near the triple point is fitted for contact angle measurement. Note that the
simulations are conducted in 2D while the experimental measurements are available for a
spherical water droplet. The main purpose of the comparison between 2D simulations and
experiment is to demonstrate that the current SPH framework with two force models can

Flow and deposition of ingested sand on high-temperature turbine blades

39

Figure 2. Steady-state solution obtained from a SPH simulation of sessile water droplet on a
polymer surface with CST = 15.5 and CLS = 6, 10, and 14 (from left to right).

Figure 3. Steady-state solution of sessile water droplet on a polymer surface obtained from an
experiment by Du et al. (2015) (left) and from a SPH simulation with CST = 15.5 and CLS =
9.3 (right).

Figure 4. Steady-state solution of a molten CMAS sessile droplet on a YSZ ceramic coating at
1275◦ C obtained from an experiment by Kang et al. (2018) (left) and from a SPH simulation
(right).

be employed to obtain physical contact dynamics at the triple point. The SPH framework
will be extended to three dimensions as part of the next phase. Figure 1 shows the plot
of the contact angle versus that for CLS , and the value of CLS that simulates the correct
contact angle for the water-polymer pair is 9.3. Figure 3 shows the SPH steady-state
solution of the water droplet on polymer surface when starting with semicircular drop
and computed values of CST and CLS .
3.1.2. High-temperature sessile drop simulations
Availability of experimental wettability measurements between molten sand and turbine surface is highly limited at operating temperatures of 1275◦C. Only recently, Kang
et al. (2018) investigated the wetting behavior of molten calcium-magnesium-aluminasilicate (CMAS) on yttria-stabilized zirconia (YSZ) ceramic coating using a sessile drop
experiment. The setup utilized argon gas for the inert gaseous medium. They observed
the time-wise evolution of a contact angle formed by a CMAS droplet on a YSZ surface.
Figure 4 shows the steady state of a molten droplet on ceramic coating with an average contact angle of 21◦ . To simulate the contact angle using the SPH framework, we
conducted a detailed survey to establish material properties at high temperature. The
properties are summarized in Table 1. Two sets of simulations are conducted to simulate
the surface tension of molten silicate by varying CST and its wettability on ceramic coating by varying CLS . Figure 4 shows the steady-state result of a successful SPH simulation
for which the contact angle prediction with a value of 59◦ is closest to the value obtained
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Figure 5. Viscosities as a function of temperature for two different silicates; symbols denote measurements from Urbain et al. (1982) and the lines denote Vogel-Fulcher-Tammann
(VFT) fits of the form log10 (µ) = A + B/T . Mixture 1 is pure silica SiO2 , while mixture 47 is
68.8/15.6/10.8/4.8 SiO2 /Al2 O3 /Na2 O/K2 O by mole fraction.

in the experiment. As part of future work, efforts will be made to improve the stability of
the SPH framework in simulating such a case and to enable more accurate determination
of the model constants.
3.2. Sand-blade macroscale scaling and analysis
3.2.1. Timescale analysis: particle resting and solidification
Consider the case of a single molten sand particle with diameter d that is incident on
a cold blade surface (in the sense that Tw < Tp ). Adjacent to the surface, the particle
transport equations for the momentum and enthalpy, respectively, prior to the particle
undergoing a liquid-to-solid phase change, assuming that there is no slip between the
molten sand particle and the surface at the contact point, can be approximated as
dmp up
∝ −µp l∗ (uw − up ),
(3.2)
dt
dmp Cp Tp
∝ −λl∗ (Tw − Tp ),
(3.3)
dt
where mp (= ρp πd3 /6) denotes the mass of the (spherical) particle, up denotes the particle
velocity, Cp is the heat capacity at constant pressure, Tp is the particle temperature, λ
is the particle thermal conductivity, Tw is the blade temperature, l∗ is a length scale
proportional to the momentum/thermal boundary layer on the particle interior, and uw
is the blade velocity (which we take as zero without loss of generality). Assuming that
l∗ ≈ c1 rp (given that the interior flow possesses a sufficiently low Reynolds number), then
Eq. (3.2) can be nondimensionalized to yield a timescale to arrest the particle momentum
τrest ∼

ρp d2
.
µp

(3.4)

Compositional variations in the molten sand can easily cause orders-of-magnitude changes
in the resting timescale through modulation of the viscosity. Figure 5 shows the viscosity
as a function of temperature for pure quartz and for a silica mixture including sodium,
aluminum, and potassium oxides. First, both silicates exhibit an exponential change in
viscosity as a function of temperature, suggesting precise characterization of the incoming particle temperature is important. That is, if the residence time in the combustion
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chamber is insufficient such that thermal equilibrium cannot be expected or the temperature distribution exiting the combustion chamber is not uniform (e.g., hot/cold streaks),
then molten sand particles may need to be tracked further upstream. Second, the viscosities between pure silica and mixture vary by several orders of magnitude, implying
that precise characterization of the sand composition is critical. Given the wide disparity
in the viscosities, an effective viscosity approach itself may lead to inaccuracies, as more
viscous components would be more likely to preferentially adhere to the blade surface.
Similarly, a timescale to approach the solidification temperature, Ts , can be estimated
by nondimensionalizing Eq. (3.3) with the initial temperature difference between the
particle and the blade surface, Tp,0 − Tw , and using a similar estimate for l∗ to yield


ρp d2 Cp Tp,0 − Ts
τsol,0 ∼
.
(3.5)
λ
Tp,0 − Tw
The timescale of solidification associated with the phase transition once the solidification temperature is reached can be related through the Stefan number (Ste), τsol,1 =
τsol,0 /Ste (Schiaffino & Sonin 1997), such that the total solidification time is estimated
by



1
ρp d2 Cp Tp,0 − Ts
.
(3.6)
1+
τsol ∼
λ
Tp,0 − Tw
Ste
Note that in the above analysis to determine Eqs. (3.4) and (3.6), we have approximated
the density, heat capacity, and thermal conductivity as constant during the initial cooling
process, which is approximately true for some silicate mixtures (Shibata et al. 2005;
Mysen & Richet 2005). Using the latent heat of pure silica to be approximately 166
MJ/kg (Richet & Bottinga 1986), a heat capacity of 1300 J/kg K, and ∆T ≈ 500 K
would yield a Stefan number of approximately 4, suggesting that the two solidification
phases to be on the same order of magnitude. Note that the timescales in Eqs. (3.4)
and (3.6) can now be compared to the flow timescales associated with either the particle
convection or the near-wall shear. The ratio of the resting time to the convective scale is
 
τrest
ρp d2 U∞
µg
Stc ,
(3.7)
=
= 18
τconv
cµp
µp
which is a function of the viscosity ratios compared to the convective Stokes number.
Even if a silicate mixture possesses a viscosity µ ∼ O(1) (Pa-s) and hot air possesses a
viscosity of 10−4 Pa-s, then a particle Stokes number greater than 102 would be required
from the timescales to compete. This suggests that in the absence of a surface slip layer
(strong assumption), the molten sand particles will likely arrest before they tumble or
migrate far downstream. If the near-wall timescale is used, however, τshear = δ/uτ ,
where δ denotes the local boundary layer thickness and uτ is the friction velocity, then
the timescale ratio becomes
 2    
τrest
d
ρp
ρp d2 uτ
ρp d2 ρg uτ δ µg
µg
.
(3.8)
=
=
=
Re
τ
2
τshear
δµp
ρ g δ µg µp
δ
ρg
µp
Ratios of the order 1 in Eq. (3.8) would indicate strong coupling with large-scale structures in the boundary layer, leading to potential concentration/dispersion of the settling
particles. The propensity for the near-wall turbulence to roughen or modulate the final
settling geometry could be estimated with a flow timescale of the order of the particle

42

Jain et al.

Figure 6. Normalized particle mass deposition rate (black to white with increasing deposition)
on the vane surface for particle Stokes numbers of approximately 0.2, 2, and 20) (from left to
right).

size, τnw = d/uτ , and the solidification timescale








1
ρ p µg
1
Tp,0 − Ts
ρp d2 Cp uτ Tp,0 − Ts
τsol
+
=d
1+
P rp 1 +
,
=
τnw
dλ
Tp,0 − Tw
Ste
ρ g µp
Ste
Tp,0 − Tw
(3.9)
where d+ = ρg uτ d/µg . Given the conditions described above, the solidification time is
likely slow compared with many of the near-wall timescales for d+ < 102 .
3.2.2. Boundary layer entrainment with respect to Stokes number
The analysis in the preceding section estimates the behavior of the sand particle once it is
adjacent to a cold surface, but does not address the initial entrainment of the sand particle
into the blade boundary layer. Classical analysis of the transport of particles by the outer
layer (inviscid flow) suggests that particles will be segregated by their convective Stokes
number (Guha 2008). Particles with small Stokes numbers will act as tracer particles and
will turn around the blade, while particles with large Stokes numbers will ballistically
impinge on the blade surface. This behavior is qualitatively verified by considering a flow
around a prototypical transonic guide vane (vane geometry from Arts & De Rouvroit
1992). The nominal flow regime corresponds to the first stator row downstream of the
combustor section (M1 ≈ 0.2, M2 ≈ 0.9, Rec,1 ≈ 3 × 105 ), where a molten sand particle
(pure quartz) is in thermal equilibrium with the combustion products at T∞ ≈ 2000 K
and a blade temperature of Twall ≈ 1300 K. Figure 6 shows the normalized mass deposition rate for three different Stokes numbers, ranging from 0.2 to 20, where all particles
are initially convected axially toward the vane. Deposition concentrations increase with
increasing Stokes number near the trailing edge of the pressure side, which happens to be
the natural impingement location based on the initial particle trajectories. This would
suggest that particle size distributions and the initial trajectories of the particles are critically important for predicting the final deposition pattern; specifically, agglomeration or
preferential concentration of particles due to large-scale coherent flow structures in the
combustor may need to be resolved or otherwise sufficiently characterized.

Flow and deposition of ingested sand on high-temperature turbine blades

43

4. Conclusions and future work
In this work, a hierarchy of simulations have been presented to investigate the fundamental properties of sand transport and wettability over turbine blades at engine-relevant
conditions. At the microscale, a canonical SPH model was developed to model interparticle forces accounting for liquid-liquid and liquid-solid interactions and used to simulate
the contact angle at the triple point. The model is validated with sessile drop experiments
at a range of conditions available in the literature. Macroscale simulations were then
performed using a LES model for molten sand turbulent transport, and the deposition
characteristics were investigated by varying the injection particle size for the flow over
a prototypical transonic guide vane. In this case, the results qualitatively show that the
deposition concentrations increase with increasing Stokes number near the trailing edge
of the blade pressure side. This suggests that particle size distributions and the initial
trajectories are critically important for deposition. Further work is under way to address
the known limitations in classical contact line models by developing new approaches
with minimal reliance a-priori experimental data. One such promising approach is the
unified slip boundary condition proposed by Thalakkottor & Mohseni (2016), which will
be useful in developing a physic-based deposition model for macroscale simulations. The
measurements by Casaday et al. (2014) will be useful for the next phase of LES particle
deposition studies of flow over a linear cascade and for model form evaluation.
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