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The analysis presented in Part | of this study on the binary collision of equal molten calcium-magnesium-
alumino-silicate (CMAS) droplets is extended to investigate the flow and interfacial dynamics of unequal CMAS
droplet collision. Numerical investigations of head-on, off-center, and grazing collisions of two CMAS droplets of
size 1 and 2 mm are conducted at pressure and temperature of 20 atm and 1548 K, respectively, that are
representative of a gas-turbine combustor. At these conditions, the physical properties of CMAS are density,
Pcmas = 2690 kg/m?>, surface tension between CMAS/air, Gcyas = 0.40 N/m, and viscosity, pcwas = 11.0 N-s/m?. The
primary difference between the CMAS and a fictitious fluid with viscosity 1/10 of CMAS was higher deformation
for the lower viscosity case, leading to stretching and subsequent breakup of the liquid structure. These
mechanisms are supported by the time evolution of surface, kinetic, and viscous dissipation energies.

The present work extends the analysis presented in Part I of
this study [1], hereafter referred to as Part I, and investigates
the interfacial and flow dynamics of binary droplet collision
of unequal molten sand particles. Sand and dust particles are
routinely ingested in rotorcraft gas-turbine engines, especially
during take-off and landing when operating in desert environ-
ments. While provisions such as particle separators are
installed at the inlets, small particles (< 50 um) are often
entrained and reach the combustor. Due to the high operating
temperature in the combustion chamber, these particles, in the
form of calcium-magnesium-alumino-silicate (CMAS), melt
[2, 3, 4]. The undesired entrainment and melting of CMAS
particulates is detrimental to the entire engine starting from
the compressor to the turbine and causes the loss of efficiency
and surge margin in the compressor, clogging of the fuel spray
nozzles in the combustor, and clogging of the nozzle vanes and
cooling channels in the turbine hot section [3, 5, 6]. The next-
generation hot-section material technology based on silicon
carbide (SiC) fiber-reinforced SiC/SiC ceramic matrix compos-
ites (CMCs), while thermally superior to nickel-based superal-
loys [7], is susceptible to corrosion from combustion gases and
impact from molten CMAS particles, is often coated with envi-
ronmental [8, 9] and thermal barrier coatings (E/TBC) [3, 10].

© Materials Research Society 2020

Current coatings are effective to 2400 F; however, as combustor
temperatures increase to improve efficiencies, next-generation
E/TBCs need to be developed that are effective at 3000 F and
higher temperatures. Specifically, it is critical to understand
the size distribution of CMAS particles leaving the combustion
chamber and impacting the hot-section material components
to design the coating materials. Molten CMAS droplets in
the combustion chamber can undergo stretching, breakup, coa-
lescence, and agglomeration, and these dynamic behaviors
determine the shape and size distribution of particles that
impact the downstream components in the flow path.
Therefore, a detailed understanding of these behaviors and
the resulting distributions is imperative, as we develop coatings
for future rotorcraft engines.

Much progress has been made on understanding the deposi-
tion characteristics and particle trajectories in gas-turbine hot
sections [5, 11, 12, 13, 14, 15]; however, limited literature is avail-
able for the phenomenon of droplet-droplet interactions of
CMAS, while they are still in the combustor. Knowledge of drop-
let interaction and phenomenon is necessary for developing
models for deposition and accretion on surfaces along the hot
gas path. In Part I, we discussed the details of the binary collision
of equal-sized CMAS droplets. In this manuscript, we investigate
CMAS droplet dynamics when two unequal droplets interact.
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Most of the previous research efforts on the binary collision
of unequal-sized droplets used water and hydrocarbon-based
liquid fuels to investigate these phenomena [16, 17, 18, 19,
20]. Tang et al. [18] conducted experiments on unequal tetra-
decane droplets and showed that for most cases, the smaller
droplet gets absorbed into the larger one with interesting flow
patterns post-collision. The study also reported that droplet
separation occurs when the Weber number is high, and under
certain conditions, the smaller droplet exhibits behaved like a
jet after being absorbed by the larger droplet. These results are
supported by the numerical simulations of Liu et al. [16],
Nikolopoulos and Bergeles [21], and Yoshino et al. [22]. As spec-
ified in the previous study, the viscosity and surface tension of
CMAS are at least two orders of magnitude higher than that of
the liquids investigated in the literature; their dynamic behaviors
are expected to be significantly different as compared with low
viscosity fluids. This hypothesis is based on our previous experi-
ence on the dynamics and atomization physics of highly viscous
and non-Newtonain fluids [23, 24, 25, 26]. Furthermore, to the
best of our knowledge, there are no studies detailing the mecha-
nistic behaviors of off-center and grazing type collisions for
unequal droplets, which alongside head-on collisions are equally
possible in the hot gas path of a gas-turbine engine.

Therefore, in the current work, we present our investigation
on unequal-sized collisions of CMAS droplets. We also com-
pare the effect of viscosity on collisions by conducting numer-
ical computations on a fluid with the same physical properties
as CMAS except for viscosity, which is reduced by one-tenth.
This is the first study of this kind, the outcomes of which elu-
cidate the collision physics of highly dense and viscous CMAS
droplets, and provides estimates for the size and shape distribu-
tions of droplets that will interact with turbomachinery blades
downstream of the combustor.

The manuscript is organized into 3 sections, namely results
and discussions, methodology and conclusions. In the results
section, physics associated with the collision of unequal sized
CMAS droplets collision in head-on, off-center, and grazing
configurations is discussed. The quantitative analysis is based
on the temporal evolution of surface, kinetic, and dissipation
energies. This is followed by the summary and conclusions
drawn from the research effort. In the Methodology section,
the governing equations and the computational approach are
described in brief; the reader is referred to Part I of this study
on equal droplets for a detailed treatment [1]. Model validation
and grid sensitivity analyses are detailed in Appendix A.

The results are organized into two subsections. First, we will
briefly describe relevant non-dimensional numbers and the for-

mulation of various energies that will be used in our analysis.

© Materials Research Society 2020

This will be followed by a discussion of CMAS collision physics
both qualitatively using time evolution of the liquid volume frac-
tion defined by ¢ = 0.5, and quantitatively using the energy budget
and the evolution of kinetic, surface, and viscous dissipation ener-
gies. We will also compare and contrast collision behaviors with a
fictitious liquid with the same physical properties as CMAS
except for the viscosity, which is defined as one-tenth of CMAS.

Relevant nomenclature, non-dimensional
numbers, and energies

The phenomenon of droplet collisions is described using
Laplace number (La), droplet size ratio (A), and an impact
parameter (B). The Laplace number estimates the ratio of vis-

cous forces to surface tension forces as follows:

La— (%) (1)

where We and Re are the Weber and Reynolds numbers,
respectively. The droplet size ratio is defined as follows:

dsmall)
A= . 2
(dlarge @

Figure 1 shows the geometric parameters relevant to binary

droplet collision. The impact parameter B varies between 0 and
1, where 0 corresponds to head-on and 1 to grazing collision. B
can be defined droplets with different diameters D; and D,,
approaching each other with velocity U, and a projected sepa-
ration , given by:

X
B=|—"—), R R
<R1+Rz)(l¢ 2)

B= (%) (R, = Ry).

3

The results will be analyzed using the energy budget that
consists of kinetic (KE), surface (SE), and dissipation (DE) ener-
gies, similar to the analysis conducted by other researchers in
the past [1, 19, 27]. KE of the system is calculated using a
volume-weighted sum of the liquid phase kinetic energy, while
SE is calculated as the product of the surface tension and inter-
facial area. DE is defined as the time integral of the volume-

weighted sum of the viscous dissipation rate (VDR) given by:
VDR. ®— ul 2 ou 2+2 v 2+2 ow 2+ 8v+8u ?
TR ox ay 0z ox  dy
+ 8w+8v 2+ 8u+8w 2 A 8u+8v+8w ?
dy oz 9z ox ox dy dz)°

4

Here, p is the viscosity of the liquid phase and A, based on
Stokes” hypothesis, is —2/3u. For very high Laplace numbers,
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Figure 1: (a) Schematic of the computational setup and (b) relevant geometrical parameters governing droplet collision physics.

such as the current study, VDR is expected to be significantly
high [20] which implies that reflexive or stretching separations
that are responsible for the breakup of the liquid droplets after
coalescence, will be restricted. It should be noted that since the
energy equation is not explicitly solved in the current simula-
tions, the sum of KE, SE, and DE will be defined as the total
energy, TE. Later in the Results section, the discussion will
be based on KE, SE, and DE normalized by the maximum
TE during the process.

Physical properties of CMAS and computational
setup

The computational domain consists of a 20D x 10D x 10D box,
where D is the diameter of the smaller droplet. All the numer-
ical calculations are conducted at a pressure of 20 atm and a
temperature of 1548 K, conditions representative of a gas-
turbine combustor. At these conditions, the viscosity and den-
sity of air are 5.165 x 10~* N-s/m” and 4.56 kg/m’, respectively,
and the physical properties of CMAS are [6] density, pcvas =

2690 kg/m3, surface tension between CMAS/air, Gcpas =

© Materials Research Society 2020

0.40 N/m, and viscosity, pucymas=11.0 N-s/m’. Two droplets
with diameters of 1 and 2 mm are given a velocity of 50 m/s
each in the opposite direction for all cases investigated in this
paper. To elucidate the effect of viscosity, droplet collision of
a fictitious fluid with the same properties as CMAS except
for viscosity that is lowered by a factor of 10 is also studied.
The Laplace numbers corresponding to CMAS and the ficti-
tious fluid droplet collision are 112.45 and 1.12, respectively.

Physics of binary droplet collision of unequal
droplets

In the next three subsections, we will discuss the dynamics of
binary unequal droplet collision for CMAS and the fluid that
has a viscosity one-tenth that of CMAS in head-on, off-center,

and grazing configurations.

Head-on collision (B =0.00)

Figure 1 shows the schematic of the computational setup.
CMAS droplets of diameters 1 and 2 mm separated by a dis-

tance of 5mm are given equal and opposite velocities of
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Figure 2: Time evolution of liquid interface when two CMAS droplets collide at an impact factor, B=0. (a) Front view and (b) side view. Non-dimensional time

T=t/(D/U).

50 m/s. The corresponding La number is 112.45. Figures 2(a)
and 2(b) show, respectively, the front and side views of the
time evolution of the liquid interfaces. Initially, during the
approach, no apparent deformation is observed because of
CMAS’s high surface tension and viscosity. This is confirmed
quantitatively by the surface energy evolution shown in Fig. 4
(a) that remains horizontal until the droplets come in contact
with each other at a non-dimensional time, T=0.3. As the
droplets come closer, a gas film is developed between them;
however, since the relative velocity is quite high (100 m/s) of
this highly dense liquid, the inertial forces overcome this air
cushion, expelling it tangentially before the droplets interact.
This is followed by deformation and the development of a con-
tact plane. The smaller droplet forms an extrusion disc expand-
ing radially outward from the center while trying to penetrate
the larger droplet. The larger droplet deforms into a hemi-
spherical shape. In the final form, the merger of these two
droplets looks like a mushroom, with the smaller drop acting
like the stock and the larger one as the cap. This mushroom-
shaped structure still has significant momentum along the orig-
inal direction of the larger droplet, and only a part of it is con-
verted to surface and dissipation energies during the collision.
This is reflected in the KE plot in Fig. 4(a) that shows a very
small drop in the KE after the collision. It has to be noted
that even though the droplets merge, the smaller and larger

© Materials Research Society 2020

droplets can still be identified, that is, the larger droplet does
not consume the smaller droplet completely. The shape of
the combined droplets does not change after the collision, indi-
cating that the droplets have stabilized due to damping from
high viscosity and surface tension of CMAS. The overall out-
come is partial coalescence along a tangential plane of contact
with translation along the original direction of the larger
droplet.

In contrast, entirely different sets of events take place when
the droplets with one-tenth of the viscosity of CMAS (referred
to as UCMAS/10) interact, as shown in Fig. 3. As the droplets
approach each other, the smaller droplet due to its higher inter-
nal pressure penetrates the larger droplet and forms a horizon-
tal bell-shaped structure—the smaller droplet is completely
consumed by the larger one. However, due to the extremely
high surface tension force, this bell-shaped deformation is
retracted and the momentum is transferred in the radial direc-
tion that leads to the reduction in the bell protrusion and even-
tually the formation of a thin circular liquid sheet. This sheet
which still has translation motion in the original direction of
the larger droplet, radially expands, further reducing the bell
size and starts to break up due to capillary effects as ligaments
with satellite droplets arranged in concentric circles. This shed-
ding progressively reduces the core and continuously produces

ligaments of smaller sizes.
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Figure 3: Time evolution of liquid interface when two picmas/10 droplets collide at an impact factor, B= 0. (a) Front view and (b) side view. Non-dimensional time

T=t/(D/U).
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Figure 4: Time evolution of kinetic, surface, dissipation, and viscous dissipation rate for droplet collision at B=0.0 for (a) CMAS droplets and (b) droplets with

one-tenth the viscosity of CMAS. Non-dimensional time T=t/(D/U).

In general, as the droplets move and collide, energy trans-
forms between the kinetic, surface, and dissipation. Figure 4(a)
shows the energy budget for CMAS droplet collision described
in the previous section. As CMAS droplets move toward each
other, because of the high surface tension, there is little to no

deformation, reflected by no change in surface energy till

© Materials Research Society 2020

T'=0.3. During this time, because of the high viscosity, the vis-
cous dissipation rate (VDR) is constant, calculated using Eq.
(4); however, DE (time integral of viscous dissipation energy
[VDE]) increases steadily. As these viscous droplets come in
contact with each other, only a slight decrease in KE is

observed. However, DE increases at a much higher rate due
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Figure 5: Time evolution of liquid interface when two CMAS droplets collide off-center at an impact factor, B=0.5. Non-dimensional time T=t/(D/U).

to the higher VDR of the droplets. In contrast, for the fictitious
liquid (WLCMAS/10), after the droplets collide, significant defor-
mation takes place because of the lower viscosity, as observed
by the evolution of SE in Fig. 4(b). VDR peaks at the time of
impact, followed by a rapid decrease. SE increases significantly
and supports the deformation and the formation and breakup

of multiple circular ligaments.

Off-center collision (B=0.50)

Figure 5 shows the time evolution of the liquid interface for the
off-center collision of CMAS droplets corresponding to B =0.5.
The operating conditions, including the droplet velocities, are
identical to the head-on collision case. The CMAS droplets
make tangential contact which is stretched along the lower
half of the larger droplet. The contact area increases as the
smaller droplet stretch along the surface of the larger droplet.
Due to the high surface tension and viscosity of the droplets,
they coalesce at the point of contact; however, because of the
high inertia, both the droplets still move at their peripheries.
As a result, the partially coalesced droplets start to rotate
along an axis through the contact point and parallel to the con-
tact plane. Stretching separation is not observed for this config-
uration owing to high viscosity and surface tension, which also
prevents any further breakup of either the larger or smaller

droplet. These trends are also observed in the energy budget

© Materials Research Society 2020

shown in Fig. 7(a), which in general is similar to that of the
head-on collision, except that the SE, in this case, increases
by a tiny bit after the point of contact because of stretching.
It should be noted that the energies are normalized, so all
the energy budget plots show the relative importance of each
of the components. The VDR increasing monotonically,
which supports our previously stated conjecture that viscous
forces dissipate the impact of the collision significantly to
avoid breakup of the droplets.

As shown in Fig. 6, the initial events as droplets of the fic-
titious liquid (Lcamas/i0) approach each other at B =0.5 are sim-
ilar to that of CMAS in that neither droplet deforms before the
collision. As the droplets start to interact, a collision plane is
formed which is tangential to the initial contact point.
Deformation of the smaller droplet leads to the formation of
an extrusion disc that expands and stretches along the contact
plane and away from the fluid bulk of the larger droplet. Due to
the lower viscosity of the fictitious fluid, an elongated rim with
a thinning lamellar disc is formed. As the larger droplet contin-
ues to move further away due to inertia, it expands both the rim
and the lamella. This leads to the rupture of the lamella fol-
lowed by relaxation of the disc toward the larger droplet due
to surface tension and breaks up into smaller droplets. The
side view, shown in Fig. 6(b), resembles the beads-on-a-string
phenomena. As this ensemble stretches further, there is a con-

tinuous production of droplets in the contact plane increasing
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Figure 6: (a) Time evolution of liquid interface when two uCMAS/10 droplets collide off-center at an impact factor, B = 0.5; (b) zoomed side view of liquid interface
at T= 1.6 showing beads-on-a-string type structures. Non-dimensional time T=t/(D/U).
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the total surface area, and hence the surface energy. As shown in
Fig. 7, the VDR peaks at the point of impact, and the DE
becomes constant after T'=1. This indicates that viscous dissipa-
tion is unable to damp the inertial forces sufficiently leading to

break up, which results in a large increase in SE after the collision.

Grazing collision (B=0.80)

Figure 8 shows the temporal evolution of the liquid interface
when two unequal CMAS droplets undergo a grazing collision,
corresponding to B =0.8. Similar to the off-center collision at

B=0.5, the droplets approach each other and while sliding

© Materials Research Society 2020

along the tangential contact surface. This creates a tear-drop
shape for both the droplets, and they adhere to each other cre-
ating a central ligament connecting them. This central ligament
starts to stretch, as the high inertia of both droplets is not suf-
ficiently damped during the collision. In addition, similar to
the off-center case, a rotational motion is imparted to the com-
bined structure. This ligament keeps on stretching, as the drop-
lets move away. As the ligament thins, pinch-off eventually
leads to the formation of multiple satellite droplets. While
the large droplet somewhat maintains its spherical shape, at
least at the top, the smaller droplet flattens to form a disk.
The energy budget for this case, as shown in Fig. 10(a),
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Figure 9: (a) Time evolution of liquid interface when two uCMAS/10 droplets collide off-center at an impact factor, B = 0.8; (b) zoomed side view of liquid interface
at T= 1.6 showing beads-on-a-string type structures. Non-dimensional time T=t/(D/U).

supports these observations. A gradual increase in SE is
observed with no significant change in KE. A peak in VDR
is observed, which then becomes steady after the collision.
This indicates that the viscous forces are unable to damp the
inertial forces and breakup occurs as the droplets stretch
away from each other.

Figure 9 shows the time evolution of the fictitious liquid
(Mcmasiio) for B=0.8. Compared with CMAS under the
same conditions, contact is established earlier during the colli-
sion. However, the time evolutions of the rest of the interfacial
features are qualitatively similar to that of CMAS droplet colli-

sion at B = 0.8, except that the central ligament is much thinner

© Materials Research Society 2020

and the subsequent droplets that are formed after the pinch-off
are smaller. Both these differences are because of the lower vis-
cosity of the fictitious fluid. This is supported by the VDR peak
followed by a rapid fall which indicates that viscous forces are
unable to damp the inertial forces significantly to prevent break
up (which was the case for CMAS at B =0.8). These trends are
shown in Fig. 10b.

Binary collisions of unequal-sized CMAS droplets (A =0.5) for
three different impact parameters (B=0.0, 0.5, 0.8) were
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Figure 10: Time evolution of kinetic, surface, dissipation, and viscous dissipation rate for droplet collision at B=0.8 for (a) CMAS droplets and (b) droplets with

one-tenth the viscosity of CMAS. Non-dimensional time T=t/(D/U).

numerically simulated at conditions representative of a gas-
turbine combustor to elucidate the fundamental processes
and mechanisms that dictate their interactions. CMAS is in lig-
uid form at these conditions and, therefore, was modeled as a
liquid with appropriate density, viscosity, and surface tension—
these physical properties have been previously reported in the
literature. To identify the effect of the high viscosity of
CMAS (it should be noted that the surface tension and viscos-
ity of CMAS are at least two orders of magnitude higher than
most hydrocarbons), a fictitious fluid with all properties iden-
tical to CMAS except viscosity, which was reduced by a tenth,
was also studied. The droplets are given with an initial velocity
of 50 m/s, as they approach each other either head-on or oft-
center. A summary of the three configurations investigated in
this manuscript is below:

(i) B=0: CMAS droplets result in partial coalescence, while
binary collision of the fictitious liquid (with 1/10th the viscos-
ity) results in the formation of a think liquid sheet that sheds
ligaments and droplets in concentric circles around a core.

(ii) B=0.5: Both CMAS and the fictitious fluid result in the
formation of an unsymmetrical dumbbell shape. While for
CMAS droplets, this shape remains intact, for the other fluid,
due to its lower viscosity, the dumbbell stretches and breaks
up forming ligaments and satellite droplets.

(iii) B = 0.8: Similar to B = 0.5, in this case too, both CMAS
and the fictitious fluid behavior are qualitatively the same. The
differences are in terms of the central ligament thickness and
the size of droplets produced after pinch-off, which are larger
in the case of CMAS binary collision.

In a subsequent paper, we will present the droplet size and
shape statistics produced after the collision of both equal- and

unequal-sized droplets. Further, a general model will be

© Materials Research Society 2020

developed that can be incorporated in large scale simulations
that include hundreds of thousands of droplets.

Current research poses two stringent challenges that need to be
addressed to quantitatively identify the underlying physical
processes present when two CMAS droplets interact. The chal-
lenges are (i) the presence of multiple phases and frequent
interfacial topology changes and (ii) the existence of widely dis-
parate length and time scales that need to be resolved in an
accurate and computationally efficient manner. To accurately
address the first issue, the most appropriate approach to inves-
tigate the flow physics of interest with high-fidelity is based on
the Eulerian-Eulerian framework, that is, all relevant phases
(liquid and gaseous) being treated as continuous, and the inter-
face between them is captured. This approach is also called the
one-fluid approach in the literature [28]. To appropriately
resolve the wide range of spatial and temporal scales, an adaptive
mesh refinement methodology is adopted such that high resolu-
tion is achieved in reasonable turnaround time. Based on this
rationale, the next subsection details the theoretical framework

and numerical methods that are used in this research effort.

Governing equations

The formulation is based on the three-dimensional, incom-
pressible, variable-density form of the Navier-Stokes equations
with surface tension. The mass conservation equation is given
by:

dp

—
= -Vp =0, 5
8t+u p )
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which, considering incompressibility, becomes

—

V-u=0. (©)
Conservation of momentum is given as follows:

Bp_u)

o 4V (pUUA)=—Vp+V-7+Fy, %)

where Fy, is the surface tension force per unit volume and 7t is

the shear stress tensor:
F = w(Vii + (Vi)"). ®)

A state-of-the-art, high-resolution, volume-of-fluid (VOF)
interface capturing method is adopted for large-scale interfacial
evolution. Surface tension is accommodated as a Dirac distribu-
tion function on the interface. Governing equations are written
in an Eulerian reference frame to capture the gas-liquid inter-
face. A VOF scalar variable c to trace the multi-fluid interface is

given as follows:

_ {0 fluid 1 ©

T ] 1 fluid 2

Density and viscosity for each computational cell are

defined as linear functions of ¢ as follows:

c)=cp; +(1—c
pc)=cpy +(1=c)p, (10)
(o) = cpy + (1 — O,
The advection equation for density can then be written as

an equivalent equation for the volume fraction:

3er(_u>.vC)=o. (11)
ot
The conservation equations are written for the different
phases without using the jump condition at the interface,
which translates to singularities in the governing equations. It
can be shown that this formulation is equivalent to that written
for each phase separately with the pressure jump condition at
the interface. As pointed out by Tryggvason et al. [28], the one-
fluid approach can be interpreted in two ways, in a weak sense,
in which the governing equations are satisfied only in the inte-
gral form, or by admitting solutions using step and delta func-
tions. In this study, we use the latter approach by modeling the
surface tension effects using the continuum surface force model
developed by Brackbill et al. [29],

Fo(%) = (rj k() 71(52)8(xX1 — X3)dS. (12)
N

where o is the surface tension force, x is the local curvature,
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and & is the Dirac delta function. x is evaluated as follows:

1 1

- 13
““rRtr (13)

where R;, R, are principal radii of curvature. Surface tension

force for each cell at the interface is approximated by:

1351 ~ oKO. (14)
The reader is referred to the first part of this study for a
detailed treatment of governing equations, numerical methods,

and mesh adaptation.
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Irrespective of the numerical method, the challenges accompanying the
numerical simulation of incompressible two-phase systems increase
dramatically, as the density ratio increases [1, 2]. The time integration
scheme used in the current approach involves a classical time-splitting
projection method, which requires the solution of the Poisson equation
to obtain the pressure field:

At
Vo|l—Vp 1| =V-u,. (A1)
pn+% B

Equation (A1) is solved using a standard multigrid V-cycle meth-
odology, and for large density and viscosity ratios, its solution suffers
from slow convergence rates. One of the ways to overcome this issue
is by using high grid resolution to resolve the steep density and viscos-
ity gradients at the interface to ensure consistency in the momentum
equation. Another method of speeding up the convergence rate is to
spatially filter the interface during reconstruction. Even though the cur-
rent methodology performs very well for the current configuration of
droplet interaction at high viscosity and density ratios, the convergence
can seriously degrade, depending on the problem and interface topol-
ogy [3], in comparison with other methods [4]. Therefore, for all the

cases conducted as a part of this research effort, including the valida-
tion study described in the next section, we have used both the afore-
mentioned strategies to ensure accuracy: high grid resolution and
spatially filtering (at least once) to ensure numerical accuracy and ade-
quate resolution of the gas-liquid interface.

As a first step, grid-sensitivity analysis which is conducted to
ensure appropriate grid resolution is used to resolve the physics
under consideration. The canonical configuration of equal CMAS
droplets colliding head-on (B=0.0) is selected for the grid-sensitivity
study. Figure Al shows a comparison of the liquid morphology for
four different refinement levels described below:

(i) level 6 at liquid/gas interface, level 5 for the droplet interior, and
level 3 for the rest of the domain—L6

(i) level 7 at liquid/gas interface, level 6 for the droplet interior,
and level 3 for the rest of the domain—L7

(iii) level 8 at liquid/gas interface, level 7 for the droplet interior,
and level 4 for the rest of the domain—L38

(iv) level 9 at liquid/gas interface, level 8 for the droplet interior,
and level 5 for the rest of the domain—L9

As seen clearly, L6 is unable to refine the interface sufficiently.
While L7 resolves the interface better, to ensure that the gas film
when the droplets come closer to each other is resolved, L8 and L9
were investigated, which show almost identical results for interface
deformation and evolution as well as the gas film. Therefore, for this
study, L8 was selected as the grid resolution. While for high Weber
number droplet collision, such as the current study, bouncing is not

L6 L7

L8 L9

—L6 —L7 —L8 —L9

Figure A1: Grid-sensitivity study based on levels 6, 7, 8, and 9. The figure on the right shows an overlay of the liquid interface for these levels.
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Figure A2: Time evolution of liquid interface when two tetradecane droplets collide at an impact factor, B=0.06. (a) Experimental images of Qian and Law [5]

shown on the left and (b) results from current simulations.
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expected to be an outcome, in addition to gradient and value-based
refinements, distance-based refinement is employed to ensure that
the gas film is resolved accurately.

Next, model validation is conducted by simulating the experi-
ments conducted by Qian and Law [5]. It should be noted that
since no study in the past has investigated CMAS droplet collision,
we have to resort to using data on tetradecane droplet collision for
validation purposes. We chose a case that incorporates merging,
retracting, and formation of satellite droplets to ensure that our frame-
work can accurately model different aspects of the droplet collision
phenomena. In this experiment, conducted at a pressure of 1atm
and 300 K, two droplets of diameter 336 um with 2.48 m/s collide.
The density and viscosity of air at these conditions are 1.18 kg/m’
and 1.79x 107* N-s/m’, respectively. The density, viscosity, and
surface tension of tetradecane are 785.88 kg/m?, 2.21x 10> N-s/m?,
and 0.02656 N/m. Figure A2 shows the time evolution of events
that take place, as these droplets collide. The left side shows the exper-
imental measurements and the right side shows results from the cur-
rent simulation, showing excellent comparison. All flow features,
including droplet coalescence, ligament formation and elongation,
subsequent separation by pinching, and satellite droplet formation,
are accurately captured.

Details of grid-sensitivity and experimental validation can be
found in the previous article for Binary Collision of CMAS Droplet -
Part I: Equal Sized Droplets [6].
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