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Gas turbine engines for fixed-wing or rotary-wing aircraft are operated in a variety of harsh weather environments
ranging from arctic, volcanic zones, to desert conditions. Operation under these degraded conditions leads to the
undesired entrainment of complex particulates resulting in drastic performance losses. Hence, there is a critical
need to understand the governing mechanisms to inform the development of durable thermal and environmental
barrier coatings. The objective of the current work is to present a novel multiscale physics-based approach to
study two-phase flows that take into account the underpinning particle transport and deposition dynamics.
Sessile droplet models are presented and used to compute the contact angle at high temperatures and compared
with experiments. The study also investigates the sensitivity of deposition patterns to the Stokes number and the
results identify local vulnerability regions. The analysis suggests that particle size distributions and the initial
trajectories of the particles are critically important in predicting the final deposition pattern.

Turboshaft engines operating under environmentally degraded
conditions (e.g., sand storms, soot clouds, etc.) experience
severe performance losses and critical loss of operability due
to the ingestion of foreign particulates into the propulsion sys-
tem. The most common types of ingested particulates are vol-
canic ash, desert sand, dust, and salt, in the form of calcia-
magnesia—alumino-silicates (CMAS) that often vary in compo-
sition depending on the geographical location. Although
engine particle separator systems offer a potential solution to
limit the amount of ingested contaminants, smaller particles
(<80 um) evade removal and are entrained onto the turbine
stage. Extensive use of particle separation systems negatively
impacts the overall system performance due to a reported
high loss of inlet pressure and inlet mass flow, thus limiting
their usage to aircraft regimes where the risk of contaminant
ingestion is high [1]. To date, contaminated environments
remain a persistent challenge for the aviation community,
not only in desert regions, but also to enable safer flights in
complex megacities and urban canyon environments across

the world (see Fig. 1 showing high-intensity regions of
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particulate matter less than 2.5 um in diameter (PM, s) extend-
ing across North Africa, South West Asia, and South East Asia
[2]). Thus, the development of advanced thermal protection
systems (TPS) and durable materials able to withstand all-
weather environments remains a critical area of research for
military and civilian aerospace sectors.

Due to the urgent need for higher power and efficiency,
new technologies will continue to push the operating limits
to higher temperatures to reap the benefits from Brayton
cycle thermodynamics. Operating at such conditions intro-
duces various thermophysical and thermochemical challenges
that significantly affect the character of the CMAS particle-
laden flow and its interaction with engineered protective mate-
rials such as thermal and environmental barrier coatings (T/
EBCs). Once ingested, the particulates exposed to the harsh
combusting environment undergo phase transformation to
melt, with the possibility of CMAS depositing and reacting
with the coatings on the combustor liner, turbine shroud,
blades, and nozzle guide vanes [3,4]. The ingested particulates
also get into the bleed air intake from the compressor and settle

mostly as unreacted but sintered sand in the cooling channels
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Figure 1: Global satellite-derived PM, 5

averaged over 2001-2006 showing local
intensity of particulate matter less than
2.5 pum. White space indicates water or
locations containing <50 measurements

[2].

in the turbine vanes and blades. This leads to cooling channels
blockage in the hot section, thereby reducing bleed air mass
flow while further increasing bulk material temperatures [5].
Thermal protection strategies used in today’s turboshaft
engines use T/EBCs along with bleed air film cooling of
super alloy or ceramic matrix composite (CMC) components
to protect the coatings from undergoing degradation [5,6].
Without protective T/EBC coatings, the moisture in the com-
busting atmosphere will rapidly degrade the underlying SiC-
SiC CMC substrate material due to oxidation [7]. Although
T/EBCs are effective at its current capability of 2400 °F, these
strategies do not yet provide a robust solution to protect against
increased CMAS attack at future engine hot section compo-
nents exposed to 3000 °F (or higher temperatures) air flow,
and as a result still undergo severe degradation.

To develop superior T/EBC systems that are resistant to
CMAS attack at higher temperatures (>3000 °F), an integrated
computational and experimental approach is essential to pro-
vide validated models and insights into the interaction physics.
CMAS transport in turboshaft engines involve nonlinear phys-
ical and chemical processes that can be categorized into a
sequence of interrelated physical stages comprising of (i) envi-
ronmental entrainment and transport of inertial particles in
turbulent flow regimes, followed by strongly coupled processes,
including (ii) phase change, adherence to the surface and sub-
sequent CMAS buildup, chemistry and phase evolutions at the
surface contact, (iii) migration and infiltration into TBC porous
structures, chemistry and phase change inside the T/EBC mul-
tilayers, and (iv) stress buildup and fracture mechanics of T/
EBC spallation and hot tribocorrosion. These multi-physics
processes occur over a wide range of spatio-temporal scales,
thus requiring a well-defined canonical approach to provide
the basis for understanding in more practical problems. From
this description, and taking a modeling standpoint, it is evident
that the turbulent transport of particulates sets the initial con-

ditions for all subsequent stages and physical processes. Thus,
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the accurate modeling of hot particle transport and its deposi-
tion is critical for the overall modeling sequence of CMAS
interactions with engineered materials. This work highlights
recent progress with the current state-of-the-art computational
approaches specifically for inertial particle transport in turbu-
lent flows, deposition, and wettability using continuum
mechanics. Although the complete spectrum of physical stages
is inherently important, it is currently outside the scope of this
paper and will be included in future reviews.

Annular multiphase flows, such as in turbine disks, can
contain up to billions of particles that are transported and dis-
persed within the carrier phase of a turbulent flow field. One of
the most important features of such flow is the presence of a
wide spectrum of length scales and timescales associated with
the smallest (particle) scale motions as well as a wide range
of anisotropic turbulent flow structures. Depending on the gov-
erning flow parameters, such as particle-to-fluid length scales
(Io/ho), timescale ratios (,/t), and particle Reynolds number
(Rep), turbulence modulation effects become important due
to various induced mechanisms, such as (a) enhanced dissipa-
tion due to the presence of particles, (b) the transfer of kinetic
energy to the fluid from the particle, and (c) self-induced vor-
tex shedding behind the particles, that can dramatically impact
the dynamics [8,9]. The level of interaction between the phases
is typically determined by the fractional volume occupied by
the dispersed phase (¢,), as ¢, increases the level of interaction
between particles tend to become stronger [10]. The dispersion
of particles and their evolution in unconfined homogeneous
turbulent flows with one-way coupling are reasonably under-
stood. On the other hand, flows in two-way and four-way cou-
pling regimes still present a formidable challenge [8-11], thus
requiring detailed experimentation and numerical studies to
improve their understanding. State-of-the-art methods are
based either on resolving the smallest particle fluid motions,
such as in direct numerical simulation (DNS), or using a mac-

roscale approach which resolves larger turbulent flow
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structures, such as large-eddy simulation (LES), often coupled
to a mesoscopic or subgrid scale (SGS) model for the dispersed
phase [12,13]. The ultimate option is to perform a fully
resolved DNS, in which all scales of turbulence, and flow scales
introduced by particles, are completely resolved. Although such
simulations have been performed [14], they are severely limited
to a collection of up to ~10> particles. In Eulerian-Eulerian
approaches, a two-fluid (TF) method is used to treat the carrier
and dispersed phases as interpenetrating fluid media and the
particle phase properties are given a field representation. The
formulation requires additional momentum and energy equa-
tions for the particle phase, with momentum and energy
exchange between the phases taken into account as source or
sink terms [15]. The Eulerian-Lagrangian (EL) approach is
one of the most popular methods used for modeling turbulent
dispersed flow computations [16]. In this approach, the motion
of the particles in fluids is based on Newton’s equations for
tracking along a trajectory with relevant forces acting on the
particles. The main advantage of this approach is that there
are no inherent limitations on particle size or distributions
(e.g., mono or polydisperse mixtures) due to the direct treat-
ment of particle motion, as demonstrated in Ref. [17]. Purely
Lagrangian methods such as Smooth Particle Hydrodynamics
(SPH) are formulated based on interparticle forcing and have
been recently reported to capture two-phase flow dynamics
with sufficient accuracy [18,19]. Both Eulerian and
Lagrangian approaches are often formulated under point parti-
cle approximation assumptions and are, therefore, to particles
of a size smaller than the Kolmogorov scale in DNS, or the
smallest resolved eddy in LES.

The evolution of the dispersed flow in a confined environ-
ment, such as those found in gas turbine engines, will naturally
lead to particulate wall impingement and deposition.
Deposition is governed by many physical processes, including
thermophoresis, thermal diffusion, surface roughness, and elec-
trostatic charges. These processes have been extensively
reviewed in Ref. [9]. An understanding of particle deposition
behavior in materials is vital to identifying vulnerable regions
where infiltration and thermal stress are likely to occur.
Another important factor is material wettability, often charac-
terized by its contact angle (hydrophobic or hydrophilic) or
moving contact line (MCL) behavior at the triple coexistence
point. The challenge in modeling MCL arises from the
so-called Huh-Scriven paradox which predicts a logarithmic
singularity for the energy dissipation rate at the triple contact
point. Multiple theories have been proposed to overcome this
limitation by introducing boundary slip models, thin precursor
films [20]. Recent deposition studies using LES models have
been developed based on the collision Weber number criteria
for rebound or deposition [21]. These studies have shown the

effects of particle size and Weber number on the deposition
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characteristics when considering a stator-rotor configuration
at high temperatures. Other family of deposition models
include stochastic eddy interaction models [22] and Markov
chain-type turbulent random walk models [23], in which the
particle’s trajectory is modeled as a succession of stochastic
interactions with the turbulent eddies. The use of these models,
however, has been limited to ensemble-averaged flows in dis-
persed solid particles with small fractional volumes largely
due to the lack of physical model closures needed for strongly
coupled flow. Recently, Bons et al. [24] developed a “bounce
stick” model. This formulation is based upon elasto-plastic
deformation including the effects of adhesion and shear
removal along with impact. The model is highly dependent
on key material properties, such as particle yield stress oy, com-
posite Young’s modulus E,, surface free energy v, and impulse
ratio Wimp, which remain difficult to measure experimentally
(little data is available in the literature). In Ref. [25], Singh
et al. presented a novel deposition model that computes stick-
ing probability based on both the particle local impact velocity
and temperature. The model is implemented into an LES
framework and the sticking efficiencies successfully demon-
strated at temperatures as high as 1050 °C (1922 °F). Models
capturing the sensitivity to physical and chemical composition
properties (e.g., sand, dust, and ash) in complex turbulent
transport still remain scarce. Simplified algebraic models
implementing physio-chemical properties have been proposed
[26] based on the concept of thermal Stokes number to exam-
ine the relationship between time to equilibrate, residence time,
and particulate size. This model has been used with some suc-
cess to estimate deposition on practical nozzle vane engine
components.

The objective of the present study is to investigate key phys-
ical aspects of CMAS particle transport and deposition at a
hierarchy of scales by presenting novel physics-based models
of wettability and deposition dynamics. Once demonstrated,
the wettability models will inform the material design process
to identify a TBC with sandphobic properties to be vetted at
sand-laden gas turbine engine operating conditions. The
work presented in this manuscript is the first step toward
this goal. This manuscript is organized as follows: Section
“Introduction” (current section) presents the motivation and
a literature review on the physical processes and state-of-the-art
models while highlighting its relevance to turboshaft rotorcraft
engines; Section “Results and discussion” presents the technical
results of material wettability (at the droplet scale) and deposi-
tion physics using LES models; Section “Conclusions and
future work” summarizes key findings from our results and
provides perspectives on future work; and Section
“Computational methods” presents a detailed summary of
the physics-based models and mathematical methods used in
the study.
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To identify the local material vulnerability regions and degra-
dation mechanisms due to CMAS attack, a physics-based
model is needed that considers the phenomena at multiple
scales. In this work, we have identified two important configu-
rations that address this need by conducting studies of material
wettability and turbulent multiphase deposition. In material
wettability, a Lagrangian particle model is significantly modi-
fied to accommodate fluid-solid interparticle energy exchange
terms required to model the behavior at the triple coexistence
line. The configuration is a sessile droplet that is often used
to study the material contact angle with ample experimental
data available for comparison. In these simulations, the inter-
particle force models in the Lagrangian framework are vali-
dated with the droplet evolution properties (such as surface
tension and contact angle). In deposition modeling, an LES
approach is adopted to model the CMAS transport in turbulent
flow environment and kinematic impact on turbine blades. It
enables a systematic study of the impact of particle size, char-
acterized by the Stokes number, on the deposition behavior.
This includes identifying areas within the turbine section that
are susceptible to particle deposition and the particle sizes
that are primarily responsible for most of the damage. A dem-
onstrated modeling capability is an important step toward the

development of novel sandphobic coatings.

Material wettability analysis

This section presents numerical results obtained from a
recently developed physics-based model for molten particle
deposition to predict the behavior associated with contact
angle dynamics. Contact angle is an important parameter to
determine the wettability of material-fluid pairs. The SPH
method is applied to conduct wettability analysis considering
fluid-solid energy exchange mechanisms. Although other inter-
face tracking models are available for two-phase flows, SPH
provides various modeling advantages as described in the sec-
tion “Computational methods”. This paper introduces inter-
particle force formulations to model the droplet evolution
properties such as surface tension and wetting at the triple
coexistence point. The computational method is presented in
the section “Computational methods”.

The interaction of liquids over solid surfaces introduces an
unphysical stress when using continuum hydrodynamic mod-
els at the triple point. This phenomenon is referred to as the
Huh-Scriven paradox [27]. Therefore, accurate contact dynam-
ics requires a resultant nonzero force to model proper boun-
dary slip at the triple point. Since the effect of gas particles at
the triple point remains negligible for the present work, this

force is obtained by determining the parameter o, separately

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press.

TABLE 1: Properties of materials used in SPH sessile drop simulations.

Low temperature (25 ° High temperature

Q (1275 °C)

Physical property Water UHMWPE CMAS YSZ
Density (kg/m?) 1000 950 2690 8360
Viscosity (N s/m?) 0.001 1 1 High
Surface tension (N/m') 0.07 0.30 0.40 0.76
Specific heat (J/kg K) 4180 1800 800 651

CMAS, calcia-magnesia—alumina-silicate compound; SPH, smoothed
particle hydrodynamics; UHMWPE, ultra-high-molecular-weight poly-
ethylene polymer; YSZ, yttria-stabilized zirconia ceramic coating.

(see Section “Computational methods” for definition) for lig-
uid-liquid interactions and for liquid-solid interactions. The
model constants used are Cgr for liquid-liquid interactions
and Cis for liquid-solid interactions (see Section
“Computational methods” for definition). The framework is
evaluated by comparison with the sessile drop experiment con-
ducted [28] at ambient conditions. These experiments were
selected because the properties of the materials used are well-
understood and reliable steady-state contact angle measure-
ments are provided. In the experimental setup, water droplet
of volume 4 x 10™° L (droplet diameter D = 1.97 mm) is placed
on a flat ultra-high-molecular-weight  polyethylene
(UHMWPE) substrate and allowed to settle at 25 °C before cal-
culating the contact angle. The process is repeated five times
and the average contact angle is measured to be 96.5 + 2°.
The surrounding medium is air at room temperature. The
physical properties for water and polymer at room temperature
are provided in Table 1.

A series of droplet evolution studies are conducted to deter-
mine the interparticle physical forcing terms. These simula-
tions require initialization of the droplet to an arbitrary
shape and monitoring the shape evolution subject to various
degrees of forcing to calculate the surface tension. To minimize
energy, the initial droplet shape evolves to a spherical geometry
at steady state due to the effects of surface tension. At equilib-
rium, the surface tension y is calculated with the Young-
Laplace equation and the pressure P inside the droplet. In
this study, five tests are conducted using the forcing parameter
values Csr, ranging from 0 to 100, indicating a linear relation-
ship between Csr and y as shown in Fig. 2(a). The value of Csr
=15.5 captures the correct surface tension behavior and evolu-
tion of the water droplet in these studies shown in the normal-
ized pressure contours (Fig. 2(b)).

A domain comprising of dimensions 20D x 10D is selected
for the wettability analysis. The simulations are initiated either
with a circular or semi-circular sessile drop resting on the poly-
mer surface. In both cases, the droplet is initialized with zero
impact velocity corresponding to the experiment. A sweep of

the liquid-solid strength parameter Cis is conducted to
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Figure 2: (a) Variation of the calculated surface tension with the model cons-
tant Csr and (b) visual representation of the shape evolution of liquid starting
from arbitrary shape.

determine the effect on the droplet wettability properties.
During the simulations, the droplet interface interacts with
the polymer surface under gravity forces. Once the droplet
reaches equilibrium, the curvature of the droplet near the triple
coexistence point is extracted to determine the contact angle.
Figure 3 shows the model wettability behavior determined as
the contact angle subject to Cyg forcing parameter variations.
Note the behavior of the forcing term with contact angle is
nonlinear in this case due to the interaction with the material
properties. Such studies determine the forcing value of Cig=
9.3 to captures the correct wetting behavior with an accuracy
of 2%. Figure 3 also shows the good agreement with experiment
for the water—polymer pair.

Furthermore, the wettability response and droplet shape at
equilibrium are shown in Fig. 4 for select forcing terms. This
shows a visual representation of each of the contact angles
obtained through the parametric sweep. The results [23,24]
show that the model is able to qualitatively capture the droplet
hydrophobic to hydrophilic behavior over the reference mate-
rial surface at ambient conditions.

High-temperature sessile drop simulations are conducted
to obtain model constants for the CMAS-T/EBC coating pair
at 1200 °C. The experimental data available in the literature
is very limited. Only recently [29] researchers have investigated
the wetting behavior of CMAS over Yttria-stabilized zirconia
(YSZ) ceramic coatings through a sessile drop experiment.

The study was conducted using argon gas as the inert medium

Contact Angle (degree)
=)
o

501
6 8 10 12 ' S
(a) Cis (b) X (mm)
Figure 3: (a) Sweep of the steady-state solution of sessile water droplet on a
polymer surface modeled and compared with experiment by Du et al. [28]
(square) and (b) SPH steady simulation and comparison with experiment
with Gsr=15.5 and Cs=9.3.

and reported the temporal evolution of contact angle for the
CMAS-YSZ. Figure 5 shows the physical sequence of selected
images showing the wettability behavior in this study. The
physical properties used of the CMAS-YSZ pair used in the
current simulation was obtained from a literature survey and
presented in Table 1. The modeled sessile drop is presented
at steady state when the force equilibrium between particles
is reached and the droplet no longer spreads. The most suitable
comparison between simulated data and experimental data
should be done at 4000 s (contact angle 60°) since the experi-
mental droplet also reaches steady state at this time. Figure 5
illustrates the steady-state result of successful SPH simulation
at high temperature for which the surface tension value and
the contact angle predictions are the closest to the experiment.
Further work is underway to determine the correct value of the

CMAS surrogate mixture surface tension at high temperatures.

Turbulent multiphase deposition analysis with
varying Stokes number

The analysis in this section considers the behavior of a dis-
persed cloud of CMAS particulates in a confined turbulent car-
rier fluid as well as during the initial entrainment into the
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 [9]. The

4 4 4

3r 3r 3r
o ok
1k

0 0---=“ ----- --

393 2 -

1 2

1 2 3 2 3

Figure 4: Steady-state solution obtained from an SPH simulation of sessile water droplet on a polymer surface with Cst=15.5 and C;s =6, 10, and 14 (from left to

right).
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Figure 5: Steady-state solution of molten CMAS sessile droplet over YSZ coating at 1275 °C obtained from the experiment by Kang et al. [29] (a) and from SPH

simulation (b).

Stokes number is defined as the ratio of characteristic time of
particle to the characteristic time of the flow, St=(t,u,)/l,
where f, is the relaxation time of the particle, u, is the free-
stream velocity, and ], is the characteristic length scale.
Particles with small Stokes numbers (St =0.2) will behave as
tracer particles and will turn around the blade, while particles
with large Stokes numbers (St = 20) will ballistically impinge on
the blade surface.

This behavior is verified by considering particle-laden flow
around a reference prototypical transonic guide vane described
in Ref. [30]. The study is conducted by considering a von
Karman Institute (VKI) turbine geometry with periodic boun-
dary conditions to simulate a linear cascade array. Turbulence
is modeled using the LES approach with coupled Lagrangian
particle tracking solver and feedback accounting for drag and
heat transfer. The inflow conditions are simulated using a
cylindrical array to trip the flow state to turbulent transition.
The nominal flow regime represents the first stator row down-
stream of the combustor section (Mach Number; ~ 0.2, Mach
Number, % 0.9, and Re,, ~ 3 x 105), where a molten sand par-
ticle in thermal equilibrium with combustion products at
Too ~ 2000 K and a blade temperature of Tw ~ 1300 K is spec-
ified. Figure 6 shows the normalized mass deposition rate for
three different Stokes numbers, ranging from 0.2 to 20,
where the injected particles are convected axially toward the
vane.

Deposition concentrations increase with increasing Stokes
number and peak deposition occurs near the trailing edge of
the pressure side, which is the natural impingement location
based on the initial particle trajectories. This suggests that ini-
tial particle size distributions and trajectories play an impor-
tant role in predicting the final deposition pattern. This has
important implications in predicting related effects, specifi-
cally agglomeration or preferential concentration of particles
due to large-scale anisotropic flow structures in the
combustor.

Furthermore, the quantity of mass deposited across the
blade vane surface is reported via the particle count per unit
area along the blade vane surface (Fig. 7). Following the exper-
imental convention, the particle count is reported in terms of
suction side (0-86 mm) and pressure side (85-155 mm)
along the blade surface. It is evident that the peak deposition

occurs in the pressure side of the blade and that it decreases

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press.

with Stokes number. At St=20, peak deposition count at
order of magnitude 10° is observed at 100 mm, St = 2 peak dep-
osition decreases by an order of magnitude to 10° and shifts
further upstream to 90 mm. At St =0.2, the particles no longer
affect have enough inertia to cross streamlines and entrain into
the boundary layer region; hence, the particulate count is lim-
ited at 10°. The results identify the vulnerable localized regions
on the blade as the leading and trailing edge of the vane
surface. These local deposit regions have also been observed
in engine-scale experiments. Ballistic entrainment of the partic-
ulates in these regions is driven by the fluid sensitivity to
the Stokes number and the combined effect of stagnation
flow at the leading edge along with pressure effects from
adjacent blades in the linear cascade. This analysis does not
consider the effect of surface roughness and porosity of the
T/EBC layer.

Figure 6: Normalized particle mass deposition rate on the vane surface. The
gray scale here indicates surface particle count upon impact (black: 0 counts;
white: 200 particle counts per unit surface area).
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Figure 7: Particle count per unit area along the blade vane surface for Stokes
number 0.2, 2, and 20. Convention specifies 0-86 mm as the suction side and
86-155 mm as the pressure side.

In this research work, we have conducted multiscale simula-
tions of two important configurations useful for T/EBC coating
technology development in gas-turbine engines. The configura-
tions included (i) a sessile droplet to study material wettability
phenomena at relevant conditions, followed by a study of (ii)
multiphase turbulent flow and deposition on a turbine blade
cascade. The wettability models presented provide the ground-
work to determine the sandphobicity of candidate TBCs
informing future material design. Gas turbine engines equipped
with sandphobic TBCs will provide more protection against
sand induced damage when operating in austere environmental
conditions.

In material wettability, a Lagrangian SPH particle model
was significantly extended to handle fluid-solid interparticle
energy exchange terms to model the behavior at the triple coex-
istence line. This behavior was studied with a sessile droplet
configuration and its results successfully compared with exper-
iments. The study showed that determination of forcing con-
stants are a critical step through fundamental studies of
droplet shape evolution. The results agreed well with experi-
ments and were able to capture a range of hydrophobic and
hydrophilic behaviors by physically varying the intermolecular
forcing terms. Turbulent flow particle deposition studies con-
ducted using LES focused on VKI turbine array cascade. This
studied the behavior of particle entrainment into the boundary
layer. The results showed a high degree of sensitivity to the
deposition characteristics with variation in particle Stokes
number. Surface particle count results across the blade demon-
strated that Stokes St = 20 particles lead to the highest deposits,
as well as identified peak deposited regions in the leading and
trailing edge regions.

In summary, much of the previous research has focused on

predictions of multiphase flows of ideal Newtonian fluids and

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press.

efficient algorithms are available for one- and two-way coupled
unconfined flows. However, multiphase flows exhibiting
non-Kolmogorov turbulence behavior in confined environ-
ments present many interesting challenges for computations
due to their inherent multiscale, nonequilibrium, and nonlocal
nature. These challenges are associated with describing the
behavior and evolution of the droplet transport across multiple
regimes, phase interface from the molecular scale (e.g., at the
contact line), to the transport of a heterophase dispersed
phase, to the description of larger anisotropic flow structures,
and their mutual interactions. The development of a computa-
tional framework must be augmented concurrently with
physio-chemical property uncertainty quantification which
strongly impacts the adhesion and deposition characteristics
[4]. Direct simulations across the full spectrum of spatio-
temporal scales, and encompassing all of the physics, in a uni-
fied framework is not affordable now and will remain inacces-
sible in the foreseeable future. Hence, the solution to describe
such complex nonlinear systems is to utilize separate computa-
tional approaches where the essential information is exchanged
to ultimately provide predictive insights toward the develop-

ment of novel material systems.

Smooth particle hydrodynamics

SPH is a mesh-free Lagrangian approach in which any field
variable (scalar or vector) is represented by a set of discrete par-
ticles and evaluated by a finite kernel approximation to the
smoothing function over neighboring particles. The advantages
of using SPH over contemporary approaches (e.g., Volume of
Fluids or Level Set methods) are in its ability to handle large
free surface and deforming boundaries without mesh depen-
dencies. This is important for wettability since it will capture
the evolution of the triple-phase contact line based purely on
particle force equilibrium without requiring any additional
treatments to account for density difference between the
phases. Since the domain does not require specific connectivity,
SPH can easily simulate large deformation and track the phys-
ical evolution of a deformed drop and secondary behaviors
upon any interactions [18]. The schematic of the finite kernel
and smoothing function radius for SPH is shown in Fig. 8.
The continuum field property A(r,) of a particle a at posi-
tion r, is obtained by performing convolution integral with a
smoothing function W(r, — r, h) also known as the kernel,

N
Ard) = Y A W(ra — ron h) 2, (1)
b—1 Py

where the summation is performed over N particles surround-

ing the particle i. my, rp, and p;, are the mass, position, and
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Figure 8: Schematic view of an SPH kernel and smoothing function radius [31].

density of the neighboring particle b, respectively, and & is the
smoothing function. Therefore, the gradient approximation of
function A(r,) can be computed from Eq. (1) to obtain the gov-
erning equations in Lagrangian form.

The continuity equation and momentum governing equa-

tions are given by

d
=Y (g — ) - VoW, @
b

where p is the density, u is the velocity field, and

Wap = W(r, — 1p, h) is the smoothing function.

dua Pa Pb
= S5 T2 Va W as 3
dt Zmb(szrpi) LS @

b a

where P is the pressure and g, is the body force acting on the
particle of interest. A complete description of the SPH frame-
work is given in Refs. [31,32]. In the present work, an interpar-
ticle forcing term formulation is introduced to model the
droplet evolution properties such as surface tension and wet-
ting at the triple coexistence point. The interparticle force

introduced is given by

I ashry
Fab = s o
2 Tab
(sab— 51> =2, 0 <smp<1+5/2
X (Sab - 51)2) 1+ 51/2 s < 2 ¢, (4)
0, else

where s, = 2r,,/kh, kh is 1.5 times the smoothing distance A, s,
= (2 — 51)*/2. The parameter o, here defines the strength of the
interparticle force and is determined independently for the lig-
uid-liquid interactions Csrand for the liquid-solid interactions
Cis [19]. Verification of the forcing parameters are presented in

detail in the "Results" section.

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press.

LES methods

The multiphase turbulent flow simulations were conducted
using the compressible, unstructured-mesh LES solver
CharLES developed by Cascade Technologies Inc. CharLES is
a fully explicit solver, using a third-order Runge-Kutta formu-
lation in time and a low-dissipative finite-volume scheme in
space [33-36]. A blending method that combines nondissipa-
tive central flux with a dissipative upwind flux is used, provid-
ing computational stability in coarse grain regions. The
numerical dissipation due to the use of the upwind scheme is
minimized since the upwind flux is applied only in limited
regions, depending on the local quality of the mesh. The solver
is second-order accurate in space. The Vreman SGS model [37]
is used to represent SGS structures. For the multiphase partic-
ulate modeling, a hybrid EL approach is used with a two-way
coupling that accounts for drag forces and heat transfer
exchange as follows. The Lagrangian liquid particle motion is
simulated using Basset-Boussinesq-Oseen (BBO) equations
[38]. It is assumed that the density of the particle is much
larger than that of the gaseous fluid (O[1000]), that the particle
size is small compared with the turbulence integral length scale,
and that the effect of shear on the particle motion is negligible.
The large density ratio means that the Basset force and the
added mass term are small and, therefore, are neglected.
Under these assumptions, the particle motion is governed by
the Lagrangian equations below:

dx

d—;’ = u,, (5)
du
d—;’ = Dp(u — uy), (6)

where u, and u are the droplet velocities and gas phase veloc-
ities at the droplet location. The drag force on the particle is
modeled by a drag coefficient C; [23] for a spherical particle as

Dy=3Ci Z—f% , )
where d, is the particle diameter. Deposition modeling is
achieved using a simple stick model that is based on the particle
impact speed and the local Weber number. Further details of
the Lagrangian particle tracking methodology in Ref. [39].

A Voronoi approach is used to generate the mesh topology.
This methodology generates a unique grid by taking the geom-
etry surface description and a set of seed points as input. For
the given geometry, the surface topology was generated first fol-
lowed by seeding of specified points into the computational
domain. The Voronoi concept was then employed to generate
the complete grid by creating polygons in a manner that

each polygon comprises exactly one seed and every point in
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Figure 9: Mesh smoothing using Lloyd iterations where seed points (red) move toward cell centroids (black +) with each iteration and the Voronoi diagram is

recomputed [36].

that polygon is closer to its seed that any other seeds. The grid
was then smoothed using Lloyd iterations [36,40] leading to
anisotropic nearly hexagonal body-fitted meshes. During the
smoothing operation, the generating points were moved to
the centroids of their Voronoi cells, and the Voronoi mesh
was recomputed (see Fig. 9).

An important benefit of including Lloyd iterations is that
this smoothing step can be used to produce boundary align-
ment of the generating points near surfaces. It can also be
restricted to a subset of the point cloud so that it does not dis-
turb pre-existing point spacing.

The Voronoi-based grid generation technique is readily
employed to generate mesh for complex geometries by specify-
ing only a set of seed points. The refinement of the mesh in the
desired region is also easily achievable by changing the location
of seed points. The resulting mesh always maintains the
orthogonality of face normal and cell displacement vectors,
thus enabling high computational efficiencies for a dynamic
mesh generator and a fluid solver. Coupled with a proper
flux discretization method, Voronoi mesh points can be
moved at arbitrary speeds independent of the fluid velocity.
As such, one can have a boundary-fitted mesh component
for the complex geometrical surface that interacts dynamically
with the mesh component in the region of the moving fluid.
The connectivity between the two components can be quickly
reconstructed at each time step removing relatively slow heuris-

tics/interpolations normally associated with unstructured grids.
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