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In plasma and high velocity oxy-fuel spraying, a certain portion of the injected powder is often not fully
molten upon impact onto a substrate. We present numerical results of the impact of a partially molten
yttria-stabilized zirconia particle, a material widely used as a thermal barrier. We consider an idealized
scenario: the axisymmetric impact of a particle with a solid core, examining only the flow of the molten
material around the core. The numerical method is based on the immersed boundary method for treating
the interaction of solids and fluid within a computational domain. We present the results of a set of
simulations, varying the particle and solid core diameters, and the impact velocity. When the core
diameter is small relative to the particle, the impact behavior is similar to the impact of a fully molten
droplet. When the core is larger, it promotes considerable splashing, which is undesirable.

Keywords properties of coatings, splats cooling, spray
depositions

1. Introduction

Thermal-sprayed coatings are widely used for diverse
applications including, for example, to protect substrates
from corrosion, wear, and high temperature; to enhance
the biocompatability of implants; and to fabricate solid
oxide fuel cells (Ref 1). In general, material in powder
form is injected into a heat source (e.g., a plasma or
combustion jet); the particles are entrained by the jet,
accelerate and melt, and upon impact onto a substrate,
spread and solidify into lamellar splats. A coating is the
agglomeration of many such splats, piled one on top of
another.

A common characteristic of thermal-sprayed coatings is
the presence of a small fraction of particles that were not
entirely molten upon impact. Figure 1 is a micrograph of a
cross section of a yttria-stabilized zirconia (YSZ) coating
produced by atmospheric plasma spraying (SG-100 torch,
Praxair). In the middle of the figure are several particles
that impacted as solid, evidenced by the fact that close
inspection reveals that the particle microstructure is
equiaxed, which is characteristic of YSZ powder, in con-
trast with the columnar microstructure visible elsewhere in
the cross section, that forms during the rapid solidification
of molten YSZ; this also suggests that the particles are not
simply fragments of a molten particle that splashed on
impact. Also, note that the particles are not spherical,

perhaps because they deformed on impact and/or because
YSZ is not a pure material.

There are several reasons why a small fraction of par-
ticles will not completely melt (Ref 2, 3): some particles
are simply too large to be completely melted during the
residence time associated with a typical trajectory through
the jet; some trajectories are far enough off the jet cen-
terline that the particles will not encounter the tempera-
tures necessary for complete melting; and in some cases
the jet itself may not be hot enough to guarantee melting
of all particles, because excessive temperature will exac-
erbate particle oxidation (of metals) and vaporization.

The presence of solid particles in a coating is usually
associated with increased porosity; presumably the solid
particle on impact protrudes from the coating surface,
disrupting the smooth spread of subsequent molten par-
ticles, and so voids form beneath and around the solid
particle. Experimental evidence of porosity in the vicinity
of solid particles has been corroborated by analytical
(Ref 4) and numerical (Ref 5) models of the impact of a
single particle; such behavior is also an assumption of
stochastic models that predict coating properties (Ref 6).

What is not clear, however, is how the molten fraction
of a partially molten particle spreads, how the solid core
affects that flow, and more generally how the impact of a
partially molten particle compares with that of a fully
molten one. Molten particle impact has been modeled for
most of 20 years, beginning with relatively simple models
of the axisymmetric impact of a particle onto a flat surface
(e.g., Ref 7); more recent models are fully 3D and account
for both flow and solidification (e.g., Ref 8), which allows
for the prediction of more complex behavior such as
splashing.

In this paper, we present results of a study of the
impact of a partially molten YSZ particle, to begin to
answer some of the aforementioned questions. We con-
sider a very idealized scenario: the axisymmetric impact
of a particle with a solid spherical core, examining only
the flow of molten material around a core that is already
at rest on the substrate, as illustrated in Fig. 2. In what
follows we present details of the numerical model, and
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then the results of a set of simulations, systematically
varying the particle and solid core diameters, and the
impact velocity.

2. Methodology

In this section, the mathematical model is presented,
followed by an overview of the immersed boundary (IB)
method for imposing the no-slip condition along the solid

core, and finally the overall solution methodology is
presented. The use of an IB method in a model of thermal
spray splat formation is uncommon. IB methods (for an
overview, see Ref. 9) provide a means of introducing
complex solid geometries into Eulerian flow calculations,
including the movement of solid material through the
flow. As applications of splat flow and phase change sim-
ulations continue to increase in complexity, IB methods
represent an attractive approach to treating solid/fluid
interactions.

2.1 Equations

The impact of a partially molten YSZ particle is ide-
alized as axisymmetric, and the fluids (both the molten
YSZ and the surrounding gas) are assumed incompress-
ible and Newtonian. The governing flow equations are
then expressions of conservation of mass (equivalent to
volume) and momentum:

r � u ¼ 0 ðEq 1Þ

@ðquÞ
@t
þr � ðqu� uÞ ¼ �rpþr � sþ qgþ FST þ FIB

ðEq 2Þ

u is the velocity vector, q is density, t is time, p is pressure,
g is the gravity vector, FST is the surface tension force, FIB

is the IB force, and s ¼ lðruþrTuÞ is the viscous stress
tensor, where l is the fluid viscosity.

A scalar field f is used to track the liquid-gas interface:
f = 1 indicates, say, the liquid, and f = 0 the gas, and this
field is advected with the flow:

@f

@t
þr � ðuf Þ ¼ 0 ðEq 3Þ

The liquid-gas surface tension force FST is evaluated as a
body force via the continuum surface force (CSF) model
of Brackbill et al. (Ref 10). The IB force FIB is a
numerical construct used to enforce the no-slip condition
at solid-fluid boundaries internal to the computational
domain (here, at the surface of the fixed solid core); FIB

is evaluated via the direct forcing model of Uhlmann
(Ref 11).

2.2 Numerical Model

Figure 2 illustrates the grid geometry. The flow code is
based on that of Lucente (Ref 12): the flow model is a
collocated finite volume scheme (velocities are calculated
at both cell centers and faces; pressure and the scalar f
are only calculated at cell centers); the liquid-gas inter-
face is tracked via a volume-of-fluid (VOF) method. The
solid core within the YSZ particle is treated as an IB via
the method of Uhlmann (Ref 11)—note that we did not
implement Uhlmann�s flow solver); this particular variant
of an IB method was chosen because Kuipers and
coworkers (Ref 13) have incorporated this method into a
VOF code not dissimilar to ours, to study fluidized beds.
The method of Uhlmann allows for solid material to
move through a flow; in the work presented here, since

Fig. 1 Micrograph of the cross section of a YSZ splat

Fig. 2 The solid core is modeled via the IB method; the liquid-
gas interface via the VOF method
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we assume the solid core to be at rest on the substrate,
we have implemented a simplified version of the
Uhlmann model.

The IB is defined by a set of massless points that need
not coincide with the gridpoints of the Eulerian fixed mesh
(the IB points are said to represent a Lagrangian mesh).
As illustrated in Fig. 3, the force points were distributed
evenly (every Dh) on the semi-circle that defines the sur-
face of the solid core. Figure 3 also illustrates that the
points are associated with their own control volumes that
should be of comparable size to the Eulerian control
volumes (Ref 11). Referring again to Fig. 3, ro and ri refer
to the outer and inner radii of the IB control volumes; we
set ro � ri � h, the Eulerian mesh spacing, and then cal-
culated Dh. (Fig. 4).

Equations 1-3 are solved repeatedly for discrete values
of u, p, and f at time increments Dt ¼ tnþ1 � tn: At each
timestep, the f field is advected first by solving Eq 3, which

yields a time n + 1 liquid-gas interface position; Eq 1 and 2
are then solved for velocities and pressure.

The scalar function f is discretized by integrating over
each control volume; the resulting volume fractions fij

reflect whether a cell is entirely filled with liquid or gas, or
contains a portion of the liquid-gas interface (0 < fij < 1;
referred to as interface cells). At each timestep, Eq 3 is
solved geometrically: the liquid-gas interface is recon-
structed (in the interface cells) as piecewise linear seg-
ments (this is commonly referred to as a PLIC method),
with normals calculated via the ELVIRA method of
Pilliod and Puckett (Ref 14). The volume fractions are
then advected via the method of Youngs (Ref 15), which
discretizes Eq 3 by operator splitting, and so advects the
volume fractions one dimension at a time, alternating the
order of advection from one timestep to the next to
minimize any directional bias. Finally, the new volume
fractions are used to calculate an updated density field:

qnþ1
ij ¼ f nþ1

ij qliq þ 1� f nþ1
ij

� �
qgas:

The momentum equation is then solved via a multistep
projection method; the following three equations when
summed are a time discretization of Eq 2:

ðqnþ1u�Þ � ðquÞn

Dt
¼ �r � ðquuÞn �rpn þr � sn þ Fn

ST

ðEq 4Þ

ðqnþ1u��Þ � ðqnþ1u�Þ
Dt

¼ rpn þ F�IB ðEq 5Þ

ðqnþ1unþ1Þ � ðqnþ1u��Þ
Dt

¼ �rpnþ1 ðEq 6Þ

where u* and u** are interim velocities calculated during
the timestep.

In step 1, Eq 4, u* is a first estimate of the velocities
at the next timestep, based on contributions from the
convective, pressure, viscous, and surface tension
terms calculated explicitly from time n values of velocity
and pressure, without regard for enforcing either the

Fig. 3 The IB force points and the associated control volumes
distributed on the Eulerian mesh

Fig. 4 Validation results: separation angle (left) and drag coefficient (right) vs. Re for axisymmetric flow past a sphere
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continuity constraint (Eq 1) or the no-slip condition at
immersed boundaries. The mass flux components of the
convective term are calculated in a manner consistent with
the volume fluxes calculated during the volume tracking
step, as per Ref 16; the convected velocities are calculated
via the method of van Leer (Ref 17) except near the
liquid-gas interface, where simple upwind values are used.
The viscous and pressure terms are discretized with stan-
dard central differences. Finally, the surface tension term
is calculated simply as FST ¼ rjrf (where r is the surface
tension coefficient and j is the interface curvature), which
is the so-called balanced-force approach recommended by
Francois et al. (Ref 18).

At this point, the Eulerian values of u* are interpolated
to each of the IB points on the Lagrangian mesh; for the
mth IB point located within the Eulerian cell (i, j):

u�m ¼
X1

k;n¼�1

u�iþk;jþndðxiþk;jþn � xmÞDViþk;jþn ðEq 7Þ

where xm is the vector to the mth IB point, the xiþk;jþn and
DViþk;jþn are position vectors to, and volumes of, the
neighboring Eulerian cell centers, and d is the kernel (or
convolution function) that defines the interpolation
weighting of velocities from the 3 9 3 stencil; we imple-
mented the discrete d of Roma et al. (Ref 19).

Values of FIB can now be calculated; these are the
forces necessary to impose the no-slip velocity at each
Lagrangian IB point:

FIB;m ¼ �
qu�m
Dt

ðEq 8Þ

Finally, these forces are transferred back onto the
Eulerian grid in a reverse of the interpolation embodied
by Eq 7:

FIBði; jÞ ¼
Xnb

m¼1

FIB;mðxmÞdðxm � xi;jÞDVm ðEq 9Þ

where nb is the number of IB points and DVm is the vol-
ume of the mth IB control volume.

Returning to Eq 4-6, the second step (Eq 5) of the
method yields the second interim velocity u**, by adding
the FIB to enforce the no-slip condition at the immersed
boundaries, but removing the time n pressure gradient
that was added in the first step.

The final step is the evaluation of unþ1. Taking the
divergence of Eq 6, and combining this with Eq 1 yields
the following Poisson equation for pnþ1 that enforces the
continuity equation:

r � rpnþ1

qnþ1
¼ �r � u

��

Dt
ðEq 10Þ

Finally, Eq 6 yields the divergence-free unþ1:

3. Results and Discussion

The flow model plus IB implementation was tested in
various ways to assess the accuracy of results. Figure 4

illustrates the results of one set of those tests, of uniform
flow past a solid sphere at different Reynolds numbers, Re.
These simulations were run on meshes of 80 9 240 cells at
low Re, and 25 9 125 cells at higher Re (when the flow
separates); results obtained on other meshes confirmed
that these results were nearly mesh independent. The left
plot compares values of the flow separation angle to the
experimental results of Taneda (Ref 20); the right plot
compares values of the drag coefficient to the correlation
of Clift and Gauvin (Ref 21). Note that at low Re the flow
does not separate, and so we present only the drag coef-
ficient. The agreement over a wide range of Re is good,
and no worse than the usual agreement between simula-
tion and experiment for these types of measurements.

Turning to the impact of a partially molten YSZ par-
ticle, we ran a set of simulations at a resolution of 50 cells
per particle diameter, on a domain of 2.0 Do 9 1.25 Do,
systematically varying the initial particle size Do, solid
core size Dc, and impact velocity V; a summary of the
simulations is presented in Table 1 (note that case 1 is of
a fully molten particle). The effect of further increases in
domain size was determined to be negligible, as the gas
phase has a very small effect on the dynamics of the
impacting particle. We also ran test simulations at higher
resolutions (cells per diameter): the macroscopic results
varied little from those presented here, although fine
scale phenomena (such as will be presented in Fig. 6)
varied somewhat at each resolution we tested. The fol-
lowing YSZ fluid properties were specified: density
q = 5560 kg/m3; dynamic viscosity l = 0.029 kg/ms; and
surface tension r = 0.43 N/m; the surrounding gas phase
was assumed inviscid with a density of 1 kg/m3. The
contact angle (at the advancing contact line) was specified
as 90�, for lack of a better value. Finally, to simplify the
simulations, both the solid core and the surrounding fluid
were initialized at positions immediately above the sub-
strate, as illustrated in the first of the snapshots presented
in both Fig. 5 and 6. The fluid was assigned the initial
impact velocity; the surrounding gas phase was assumed
initially quiescent; the position of the solid core was fixed
throughout the impact.

Figures 5 and 6 illustrate two impacts that are repre-
sentative of all the results we obtained. Figure 5 corre-
sponds to case 5 (Table 1), the 100 m/s impact of a 50 lm
particle with a 20 lm solid core; similar results were ob-
tained for cases 2, 4, and 6. The results are similar to what
one would see of the impact of a fully molten particle.
Immediately upon impact a thin axisymmetric sheet of
fluid accelerates rapidly outward (see t* � tV=Do ¼ 0:34);
as the expansion of the leading edge of the sheet slows, the
sheet becomes thicker (t* = 0.89); eventually the leading
edge of the sheet reaches some maximum diameter, and
then under the action of surface tension and the contact
angle at the leading edge, a rim of fluid forms at the
periphery and the edge of the sheet retracts (in this case)
slowly (t* = 2.56 and t* = 13.37). There are only two
noticeable differences between this and the impact of a
fully molten particle: (i) obviously the core remains at
the center of the splat, and (ii) a bump appears in the
fluid profile next to the core, visible at t* = 1.57. Figure 7

960—Volume 18(5-6) Mid-December 2009 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



illustrates fluid streamlines within this region at t* = 0.89
and 1.57, and clearly shows a recirculation region
that becomes more prominent as the fluid layer above the
region thins. Such a vortical flow is not seen in impacts of
fully molten particles, but as Fig. 5 illustrates, the recir-
culation in this case (and in cases 2, 4, and 6) dies out at

later times and does not dramatically affect the final splat
shape.

The effect of the recirculation zone is much more
dramatic in cases 3, 7, 8, and 9. Figures 6 and 8 illustrate
case 8, the 200 m/s impact of a 100 lm particle with a
50 lm solid core. In this case, the effect of the recircula-
tion zone is more dramatic, perhaps because the core is
relatively larger and/or because the velocity is higher than
for case 5 (Fig. 5). The recirculation zone at t* = 0.53
is relatively small, but by t* = 1.34, when little fluid
remains above the core, the vortex, spinning clockwise in
the figure, has generated a significant distortion of the free
surface of the liquid layer. Returning to Fig. 6, the final
three frames, beginning at t* = 2.38, illustrate that the
vortex leads to the ejection of a fluid sheet up and outward
from the core, a sheet that eventually breaks up into small
droplets.

As noted, this behavior, of a vortex entraining fluid
and then ejecting it upwards, was predicted for several

Fig. 5 Snapshots of the impact of a 50 lm particle with a 20 lm core impacting at 100 m/s

Table 1 A summary of the simulations

Overall particle
diameter, lm

Solid core
diameter, lm

Impact
velocity, m/s

1 100 0 100
2 20
3 40
4 50 10
5 20
6 30
7 100 50 100
8 200
9 250
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cases, generally those characterized by a larger core and
a higher impact velocity. The details of the ejection
behavior varied from one case to another, and we would
not suggest that these particulars, given the assumptions

behind the model, are quantitatively accurate. On the
other hand, the simulations strongly suggest that the
presence of a core can lead to flow features that have
the potential to disrupt what would otherwise be a

Fig. 6 Snapshots of the impact of a 100 lm particle with a 50 lm core impacting at 200 m/s

Fig. 7 The recirculation zone, for the impact of a 50 lm particle with a 20 lm core impacting at 100 m/s
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smooth deposition of fluid onto a substrate or onto
previously deposited splats.

Finally, Fig. 9 to 11 illustrate curves of spread factor
(defined as D/Do, where D is the instantaneous diameter
of the splat) versus nondimensional time. Figure 9 illus-
trates the spread of 100 lm particles with different sized
cores, impacting at 100 m/s, compared to the spread of a
fully molten particle. Note that the particles spread rapidly
at very similar rates early on, and by t* � 3 have reached
their maximum spread. The effect of the 20 lm core is
negligible; the 40 and 50 lm cores reduce the spread
somewhat. The primary reason for the relatively small
variations in spread is that the fluid fraction of a particle
varies as 1� ðDc=DoÞ3; which means that the 20, 40, and
50 lm cores still leave fluid fractions of 0.99, 0.94, and
0.88—in other words, these particles are mostly molten.
Figure 10 makes the same point for 50 lm particles; this
time the spread is somewhat less for the particle with the
30 lm core, which leaves a fluid fraction of 0.78. Finally,
Fig. 11 illustrates the variation of spread of a 100 lm

particle with a 50 lm core (corresponding to a fluid frac-
tion of 0.88) as a function of velocity. As would be the case
for fully molten particles, fluid spreads further at higher
velocities.

4. Conclusions

In this paper, we presented a model for the impact of
partially molten particles. The model employs the IB
method to accurately capture the interaction of the flow
with the solid core. Presently, the model does not consider
heat transfer effects and assumes such effects are negli-
gible on the flow field. This is a reasonable assumption
considering that solidification time is typically one order
of magnitude larger than the spreading time of molten
droplets impacting a surface. The model has been applied
to the impact of a YSZ particle impacting the substrate at
a normal angle. Two particles sizes (50 and 100 lm) were

Fig. 8 The recirculation zone, for the impact of a 100 lm particle with a 50 lm core impacting at 200 m/s

Fig. 9 Spread factor vs. t* for a 100 lm particle impacting at
100 m/s, as a function of solid core diameter Dc (lm)

Fig. 10 Spread factor vs. t* for a 50 lm particle impacting at
100 m/s, as a function of solid core diameter Dc (lm)
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considered. The solid core size of the particle was varied.
We demonstrated that, compared to the particle diameter,
when the solid core is small, the impact is similar to the
impact of a fully molten droplet. However, as the solid
core becomes bigger, splashing occurs. Splashing is
undesirable and should be avoided. In the future, we will
extend the model to include heat transfer and phase
change.
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