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Abstract

We photographed impact of molten zinc and tin droplets on a flat steel surface from which the tip of a small pin was projecting.
The height of the pin and its distance from the droplet center was varied. A three-dimensional model of droplet impact and solid-
ification was used to predict splat shapes formed by droplets after they had spread and frozen. The model calculated velocity and
pressure distributions in droplets and the growth of solid layers. When the offset distance of the pin was less than the droplet radius
liquid flowed over the pin so that it had relatively little impact on the final splat shape. At larger offset distances a liquid sheet jetted
from under the droplet after impact and impinged on the vertical surface of the pin. If the pin height was sufficiently large, approx-
imately the same as the final splat thickness, it obstructed flow of liquid so that the solidified splat had a V-shaped notch in it. If pin
height was made less than the average splat thickness liquid flowed over it and the final splat was circular, but the pin reduced flow
velocity and suppressed growth of fingers along the edges of the splat that passed over the pin. Reduced velocities also resulted in

faster growth of the solidified layer around the pin.
© 2004 Elsevier Inc. All rights reserved.

1. Introduction

The final shape assumed by a molten metal droplet
after landing and freezing on a solid surface is of interest
in many industrial applications such as spray coating,
spray forming and solder jetting on circuit boards. Sev-
eral numerical models have been developed to simulate
fluid flow and heat transfer during droplet impact. Ear-
lier models were two dimensional, making the assump-
tion that droplets are symmetric about their vertical
axis, which restricted their use to simulating normal im-
pact on a flat surface (Trapaga and Szekely, 1991; Liu
et al., 1993; Zhao et al., 1996; Waldvogel and Poulikakos,
1997; Attinger et al., 2000; Haferi and Poulikakos, 2002;
Bertagnolli et al., 1997; Pasandideh-Fard et al., 1998).
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More recent three-dimensional codes have been used
to model more complex flows such as impact on inclined
surfaces (Bussmann et al., 1999; Pasandideh-Fard et al.,
2002a), droplet break-up and splashing (Bussmann
et al., 2000; Zheng and Zhang, 2000) and drop interac-
tions (Ghafouri-Azar et al., 2003b).

Simulations have yielded considerable insight into the
effect of fluid properties such as viscosity and surface
tension on droplet deformation. The next major chal-
lenge in accurately modeling droplet impact lies in accu-
rately characterizing surface properties. Most current
models assume that droplets land on a perfectly flat,
smooth substrate. Yet no real surface meets this defini-
tion and experiments have shown that even small irreg-
ularities in the surface, just a fraction of a micron in
magnitude, may significantly affect impact dynamics
(Shakeri and Chandra, 2002).

Protrusions on a surface can affect the motion of an
impacting droplet in two different ways, depending on
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Nomenclature

C specific heat

k thermal conductivity

D droplet diameter

Dax  maximum splat diameter

volume of fluid fraction

body force

enthalpy

latent heat of fusion

offset distance

number of fingers around splat
pressure

heat flux

thermal contact resistance
temperature

time

velocity component in x-direction

= ’111\
=

zwﬂ?»a*u 2[\_;

T melting temperature

Tw substrate temperature

v velocity vector

w velocity component in z-direction

Greeks

v kinematic viscosity

0 density

¢ energy equation source term

A liquid-solid volume fraction

p energy equation enthalpy coefficient
0 splat thickness

Non-dimensional parameters
Re Reynolds number
We Weber number

their size. If a droplet encounters a significant sized
obstruction on a surface as it spreads liquid flow may
be diverted, altering the splat shape. Fig. 1 shows exam-
ples of splats collected after plasma spraying nickel
droplets (50-90um in diameter) at high velocity
(~100m/s) onto smooth stainless steel (Fig. 1a) or glass
(Fig. 1b) plates. In both cases it is clear that that the
drops encountered obstacles on the surface that diverted
their outwards flow so that the splats are not circular,
but have notches in them. Irregularities in the splat
periphery have important practical consequences since
they create voids in a coating, reducing its adhesion

(a)

strength and structural integrity. Obstacles to flow are
often created by debris from previously deposited drops.
But even when a molten droplet lands on a perfectly
clean surface its edges begin to freeze immediately after
impact. If solidification is sufficiently rapid frozen por-
tions of the rim become large enough to impede flow
(Pasandideh-Fard et al., 2002b).

Small asperities, usually classified as surface rough-
ness, are too small to present a barrier to flow, but pro-
duce random perturbations in flow velocity. Instabilities
generated around the rim of a spreading by velocity fluc-
tuations are amplified as the droplet spreads, leading to

100 um

(b)

Fig. 1. Splats collected after plasma spraying nickel droplets (50-90 um in diameter) at high velocity (~100m/s) onto (a) a stainless steel surface

(viewed from above) and (b) a glass surface (viewed from below).
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the growth of fingers around its edge (Bussmann et al.,
2000; Kim et al., 2000).

How large does an obstruction have to be for it to ob-
struct flow? The answer is not obvious. Experiments
with molten metal droplets landing on grit blasted sur-
faces showed that small variations in roughness pro-
duced large changes in impact dynamics (Shakeri and
Chandra, 2002). But interpretation of those results is
complicated by the fact that greater surface roughness
also enhances thermal contact resistance between the
droplet and substrate, reducing heat transfer. It is diffi-
cult to isolate the effects of surface roughness on fluid
flow when dealing with molten metal drops.

Surface features are typically several orders of magni-
tude smaller than droplets, making it prohibitively time
consuming to generate a computational mesh fine en-
ough to accurately describe a real surface. Simulations
of droplet impact on rough surfaces have attempted to
model surface irregularities as a series of concentric,
evenly spaced ridges with sinusoidal profiles (Liu
et al., 1995). It is not clear, though, how realistic such
a representation is.

Our efforts to model droplet impact are part of a pro-
gram to simulate formation of coatings (Ghafouri-Azar
et al., 2003a) by a spray of molten droplets hitting a sur-
face. We have used a three-dimensional code to simulate
droplet deformation and solidification (Pasandideh-
Fard et al., 2002a), and to study interactions between
droplets landing on a surface (Ghafouri-Azar et al.,
2003b). We intend, next, to incorporate more realistic
droplets—surface interactions. Before doing that we need
a better understanding of how small obstacles on a sur-
face affect droplet impact, and to confirm that we can
accurately simulate interactions between an impacting
drop and surface features.

The objective of the present study were to (a) photo-
graph impact of molten zinc and tin droplets on a stain-
less steel plate which had the tip of a small pin projecting
above it; (b) observe the effect of varying both the height
of the pin and the distance between the droplet and pin
centers on droplet impact dynamics and determine con-
ditions under which the pin would obstruct flow; and (c)
validate use of a numerical model in simulating interac-
tions between impinging molten metal drops and the pin
projecting out of the substrate.

2. Experimental method

The method of generating molten metal droplets and
photographing their impact has been described in detail
earlier (Ghafouri-Azar et al., 2003b; Shakeri and Chan-
dra, 2002; Aziz and Chandra, 2000). Droplets of molten
zinc and tin were produced and released in free fall onto
a stainless steel plate that had the tip of a pin projecting
above it. A pneumatic droplet generator (Shakeri and

Chandra, 2002; Cheng and Chandra, 2003) was used
to force molten metal droplets out of a nozzle by apply-
ing pulses of nitrogen. A synthetic sapphire nozzle with
a 0.46 mm diameter orifice was used to produce 2.7 mm
zinc droplets and 2.5mm tin droplets. A droplet genera-
tor made of stainless steel was used to produce tin drop-
lets (99.8% pure Aldrich Chemical Co., Milwaukee,
WIL.). To contain molten zinc (99.9% pure, TeckCom-
inco Inc., Mississauga, Ontario), which is highly reac-
tive, the droplet generator body was machined from
graphite. The temperature of the droplet generator was
held at 450°C when working with zinc (melting point
420°C) and at 250°C when working with tin (melting
point 232°C).

Droplets fell through a heated 25.4mm diameter
aluminum tube onto the test surface. To prevent oxida-
tion of droplets nitrogen was continuously blown
through two holes in the tube wall near the nozzle.
The distance between the nozzle and the test surface
was 0.511m, giving an impact velocity of 3.18 m/s. Cal-
culations of heat loss during the fall of droplet (Yang,
2002) showed that its temperature of zinc drops was
438°C just before impact and that of tin drops was
240°C.

The test chamber housing the stainless steel substrate
was made of aluminum with a plastic window in front to
allow viewing. The test surface on which droplets im-
pinged was a 50.8 mm square by 6.35 thick stainless steel
plate polished with 1500 grit emery cloth to an average
roughness of 0.07. A 0.6mm diameter stainless steel
pin was inserted vertically through a hole drilled in the
plate, its height above the surface adjusted with a feeler
gauge (to either 0.25mm, 0.35mm, or 0.5mm) and then
locked in place by tightening a bolt inserted into the side
of the plate. The test plate was mounted on a translation
stage and moved horizontally to vary the distance be-
tween the centers of the pin and droplet. The plate
was kept at room temperature (=25 °C) prior to depos-
iting a droplet on it.

Droplet impact was photographed using a single shot
flash photographic method (Ghafouri-Azar et al.,
2003b; Shakeri and Chandra, 2002; Aziz and Chandra,
2000). A Nikon E3 digital camera was used to take a sin-
gle 8 us flash photograph of an impacting drop. An en-
tire impact sequence was obtained by photographing
different droplets at different stages of impact.

3. Numerical method

The numerical code used to model the spreading and
solidification of droplets was the same described earlier
by Pasandideh-Fard et al. (2002a) and Ghafouri-Azar
et al. (2003b). The code simultaneously solves equations
of mass and momentum and energy discretized using a
finite volume technique on a 3-D Eulerian structured
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grid. The volume-of-fluid (VOF) algorithm is used for
tracking the free surface of the droplet and the solid
layer in it. The volume-of-fluid (f), is defined as the frac-
tion of a cell volume occupied by fluid and equals one
for a cell full of fluid, zero for an empty cell, and a frac-
tion between zero and one for a free surface cell. Advec-
tion of the volume-of-fluid is governed by the equation

=4+ (V-V)f =0, (1)

where ¥ represents the velocity vector and ¢ the time. To
identify and track the solid phase a second liquid vol-
ume fraction (1) is defined as a parameter whose value
is equal to one in the liquid and zero in the solid and
a fraction in cells at the liquid-solid interface. In loca-
tions where both liquid and solid phases exist, the liquid
phase has volume fraction A, and the solid phase (1 — 1),
in which the liquid portion (4) is free to flow while the
remaining portion (1 — 1) is frozen. To account for
solidification the advection equation is modified to
% + (AV-V)f =0. (2)
The method of solving conservation equations in cells
with both liquid and solid is the same as those used
for cells with no solid, except that solidified region are
treated as a liquid with zero velocity.

Having defined the new volume fraction for solid
cells, the conservation equations of mass and momen-
tum are written as

V.(V)=0, (3)
oAV Lol LA
(Gt )—&—(JVV-V)VZTAVp—i-iquV—i-;Fb, (4)

where v is the kinematic viscosity, is the density p is the
pressure, and Fy, is any body forces that act on the fluid.
Surface tension was considered to be a component of the
body force acting on the fluid free surface. Fluid flow
was assumed to be Newtonian, laminar and incompress-
ible. Any effect of the ambient air on the droplet evolu-
tion was neglected. Only normal stresses were assumed
to act on the free surface. Laplace’s equation was used
to determine the pressure at the free surface.

The conservation of energy equation combined with
the enthalpy-transforming model (Cao et al., 1989)
was used to model heat transfer. Assuming that the
phase change occurs at a single temperature, the temper-
ature (7) is related to enthalpy (%) by

where Ty, is the melting point and k is the thermal con-
ductivity. Depending on the state of fluid, the coeffi-
cients f and ¢ can be defined as

B= % and ¢=0 A <0 (solid phase),

f=0 and ¢$=0 0 < h < H; (liquidsolid interface),

ﬁ:% and ¢ :%:‘"1 h > H; (liquid phase),

(6)
where C represents the specific heat, / the enthalpy and
H; the heat of fusion. The energy equation becomes:

Dt oV T = V(B) + V. 7)

No-slip and no-penetration boundary condition were
applied at solid surfaces. Liquid-solid contact angles
were prescribed (Bussmann et al., 1999) with advancing
and receding contact angles for tin on stainless steel set
at 140° and 40°, respectively (based on measurements by
Aziz and Chandra, 2000). The dynamic contact angle
between liquid tin and solid tin was assumed to be 90°.

Free surfaces of droplets and exposed portions of the
substrate were assumed adiabatic. Heat flux (¢) at the
droplet-substrate interface was calculated using

_T—TW7 (8)

q= R

where R. is the thermal contact resistance and 7, the
substrate temperature. A value of R.=4x 10 m?K/
W was used at all interfaces in the model. Properties
of molten droplets (Incropera and DeWitt, 1990; Boyer
and Gall, 1995) were assumed to be constant, but sub-
strate thermal properties were allowed to vary with
temperature.

The procedure for solving the governing equations
has been described by Ghafouri-Azar et al. (2003b).
Simulations were carried out on a Linux 2.4.16-cluster-
996 machine using a mesh that had uniform grid spacing
in the x-, y- and z-directions, equal to 22 cells per radius
of the impacting droplets. Mesh refinement studies
(Bussmann et al., 1999) have shown that at this resolu-
tion predicted droplet shapes and the evolution of splat
diameter are independent of grid size. Symmetry about
the plane passing through the droplet and pin centers al-
lowed us to confine our calculation domain to half of the
droplet. Typical CPU times for simulating droplet im-
pact were about 34 days. The maximum Courant num-
ber used in the simulations was 0.65.

4. Results

Fig. 2 shows 2.7mm diameter zinc droplets that
landed with a velocity of 3.18m/s on a 0.6 mm diameter
stainless steel pin (height # = 0.35mm) with different off-
set distances (L =5.7mm, 0.65mm, 1.25mm and
2.50mm) between droplet and pin centers. Droplet tem-
perature just before impact was 438°C. Photographs
were taken of splats formed by droplets after they had
spread and solidified. With L =5.7mm (see Fig. 2a)
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(a) offset = 5.70 mm

(b) offset = 0.65 mm

(e) offset = 1.25 mm

(d) offset = 2.50 mm

0 3 mm

Lo |

Fig. 2. Splats formed by impact and solidification of zinc droplets
(diameter 2.7mm, velocity 3.18 m/s) on a stainless steel surface at 25°C
with a 0.35mm high, 0.6mm diameter pin protruding at a distance of
(a) 5.70mm, (b) 0.65mm, (c)1.25mm and (d) 2.50mm from the droplet
center.

the droplet did not touch the pin at all. The final splat
was circular with fingers spaced evenly around its edge.
Mehdizadeh (2003) proposed a simple relation to predict
the number of fingers () that develop around a liquid
drop at its maximum extension, based on a Rayleigh—
Taylor instability analysis (Kim et al., 2000):

N = 1.14We°>. 9)

For the impact conditions of Fig. 2 We =230 and
Re=1.6x10% giving N=17. A count of the number
of fingers around the splat in Fig. 2a yields N = 18.

When the offset distance was reduced to 0.65mm
(Fig. 2b) the center of the pin was approximately half
a radius away from the droplet center and the droplet
covered it almost immediately after impact. In this case
the edge of the splat was again circular, but there were
no fingers on the side of the splat that first encountered
the pin. The pin appeared to inhibit growth of fingers as
it slowed down the liquid flowing over it.

With the pin placed at an offset distance equal to the
droplet radius (Fig. 2c, L = 1.25mm) the edge of the
splat became straight. There were no fingers along
the straight segment, while the two fingers at either
end of it were longer than the others. Finally, with L =
2.5mm the pin was positioned far enough from the
droplet center that liquid did not reach it until fairly late
during droplet spread. Flow was diverted to either side
of the pin so that the splat had a V-shaped gap in it with
long fingers on either side. The final splat (Fig. 2d)
resembles those seen in Fig. 1.

Information about the dynamics of droplet impact on
the tip of the pin can be obtained from photographs
showing different stages of droplet deformation. Fig. 3
shows the impact of 2.5mm tin droplets landing with a
velocity of 3.18m/s beside a stainless steel pin. Each
frame shows successive stages of droplet impact and
the time from the instant of impact is indicated. The off-
set distance (L) between pin and droplet centers was so
large that the droplet did not touch the pin while spread-
ing. The droplet landed on the stainless steel substrate,
spread to its maximum extent and completely solidified.
Twenty-four evenly distributed fingers were formed
around the periphery of the splat. For the impact condi-
tions We =325 and Re =2.9x10% Eq. 9 predicts 21
fingers.

In the photographs shown in Fig. 4 the pin was
moved closer to the droplet center. Two impact se-
quences are shown, for offset distances of (a)
L = 1.4mm, which was just slightly larger than the drop-
let radius and (b) L =2.0mm. The pin height (%) was
kept at 0.25mm. Experiments showed that a pin with
height less than this had almost no discernible effect
on splats. The average thickness (J) of a splat, assuming
that it is a cylinder with diameter D,,,,, can be calcu-
lated by equating its volume to that of the spherical
droplet, giving

2D
3P

max

(10)

From Eq. (10), the splats in Figs. 3 and 4 have a
thickness of approximately 0.2mm; the pin height has
to be of the same order of magnitude for it to affect
flow.

At the lower offset distance (see Fig. 4a, L = 1.4mm)
the liquid touched the pin by the first frame
(t =0.2ms), flowed over it so that the pin was com-



R.G. Azar et al. | Int. J. Heat and Fluid Flow 26 (2005) 334-347 339

Fig. 3. Impact of a 2.5mm diameter molten tin droplet with velocity 318 m/s on a stainless steel surface at 25°C.

pletely covered (z=0.4ms), and continued to spread
out. After the droplet had flattened out the tip of the
pin could be seen protruding through the splat
(t = 2.5ms). When the offset distance was increased to
L =2.0mm (Fig. 4b) the droplet edge first contacted
the pin at ¢ = 0.4ms. The pin appeared to promote fin-
ger formation; two long fingers formed on either side of
the pin (¢ = 0.6ms). The final splat (¢ = 2.5ms) had no
finger in the radial direction from its center along which
the pin lay.

Doubling the height of the pin produced much great-
er effects on the splat shape. Fig. 5 shows two sequences

of photographs of tin droplets landing on a 0.5mm high
pin. With 1.4mm offset (Fig. 5a) the side of the droplet
touched the pin almost immediately after impact so that
liquid jetted over the top of pin (¢ = 0.2-0.4ms). The
final splat (¢ = 4.5ms) had an almost straight edge where
it hit the pin, with a single short finger in the center pro-
duced by the liquid passing over the pin and two large
fingers on either end. Perturbation of the flow by the
pin also appeared to increase the size of fingers (com-
pare with Figs. 3 and 4). When the offset was increased
to 2.0mm (Fig. 5b) liquid did not touch the pin until
after = 0.4ms. First contact with the pin was made
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(a) offset 1.4 mm

(b) offset 2.0 mm

Fig. 4. Impact of tin droplets (diameter 2.5mm, velocity 3.18m/s) on a stainless steel surface at 25°C with a 0.25mm high pin protruding at a

distance of (a) 1.4mm and (b) 2.0mm from the droplet center.

by the thin sheet of liquid jetting out from under the
drop rather than the side of the drop. The advancing lig-
uid sheet could not surmount the pin, but was instead
diverted around the pin forming a V- shaped gap with
long fingers on either side. The final splat shapes
(t = 4.5ms) resemble the nickel and zinc splats seen in
Figs. 1 and 2.

Photographs alone do not give details of velocity dis-
tributions in droplets or the location of the solidification
front. We therefore used a three-dimensional numerical
model to simulate droplet impact. Fig. 6 shows a com-
parison between photographs and computer generated

images of droplets landing on a surface with a projecting
pin. Photographs are shown in the left column and cor-
responding predicted droplet shapes, at the same time
after impact, on the right. Pin height was kept at
0.35mm, approximately midway between those in Figs.
4 and 5, and offset distance L = 1.4mm. The liquid col-
lided with the pin by 0.2ms and was diverted on either
side of it, while a finger of liquid passed over the top
of the pin (r = 0.4ms). Liquid passing on either side of
the pin completely surrounded it (# = 1.2ms). The pin
reduced the velocity of liquid passing over it so that
the final splat was asymmetrical, flattened on the side
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(a) offset 1.4 mm

0.2 ms

0.4 ms

0.6 ms &

1.4 ms

(b) offset 2.0 mm

Fig. 5. Impact of tin droplets (diameter 2.5mm, velocity 3.18m/s) on a stainless steel surface at 25°C with a 0.50mm high pin protruding at a

distance of (a) 1.4mm and (b) 2.0mm from the droplet center.

towards the pin (r = 2.4ms). A single finger produced by
the liquid jetting over the pin is visible in both photo-
graphs and simulations.

Small fingers are visible around splat edges in both
photographs and simulations, produced by instabilities
due to small velocity fluctuations at the leading edge
of the fluid (Kim et al., 2000). In experiments these are
caused by variations in surface properties and increase
in magnitude with surface roughness. They can be
reproduced in simulations by artificially perturbing the
liquid velocity after impact (Bussmann et al., 2000);

small variations in initial velocity result in growth of fin-
gers as the droplet spreads. When the droplet simultane-
ously freezes as it spreads, solidification itself produces
localized variations in the velocity field and triggers for-
mation of fingers. These are clearly visible in Fig. 6,
where fingers are prominent on the side of the splat
opposite to the pin. The pin reduced the velocity of lig-
uid flowing over it and suppressed growth of fingers, ex-
cept for the single finger in line with it (see ¢ = 2.4 ms).

Fig. 7 shows photographs and simulations under the
same conditions as Fig. 6, except that the offset distance
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(a) Experiment

0.0 ms

0.2 ms

0.4 ms

0.6 ms

1.2 ms

24 ms

4.4 ms

(b) Simulation

Fig. 6. Comparison of photographs and computer generated images of a 2.5mm diameter tin droplet landing with a velocity of 3.18m/s at a point

1.4mm from the center of a 0.6 mm diameter pin with 0.35mm height.

was increased to L =2.0mm. In this case the liquid did
not surmount the pin. Instead the liquid flow parted to
form two long strands that did not rejoin downstream
but continued to flow away from each other in direc-
tions tangential to the pin. The resulting splat had the
distinctive V-shaped gap seen in Fig. 1. There were small

fingers around the splat edge on the side away from the
pin.

Why does a small change in offset distance affects
splat shape so much? To understand this it helps to look
at the growth of the solid layer in the splat. Fig. 8 shows
the evolution of splat shape from simulations, with the
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(a) Experiment (b) Simulation

0.0 ms

0.2 ms

0.4 ms

0.6 ms

0.8 ms

2.6 ms

4.0 ms

Fig. 7. Comparison of photographs and computer generated images of a 2.5mm diameter tin droplet landing with a velocity of 3.18m/s at a point
2.0mm from the center of a 0.6mm diameter pin with 0.35mm height.

liquid rendered transparent and solid portions shown as substrate. By £ = 0.6ms the drop with L = 2.0mm had a
a dark grey. Impact on pins at both offset distances, 1.4 solid ridge around the entire splat periphery, whereas
and 2.0mm, are shown. Solidification started around with L =1.4mm solidification was not complete and

the edges of splats where liquid first contacted the colder the liquid completely engulfed the pin. Solidification
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(a) L=1.4 mm

0.6 ms

0.8 ms

1.4 ms

1.8 ms

4.0 ms

(b) L=2.0 mm

Fig. 8. Growth of solid layer in 2.5mm diameter tin droplets landing with a velocity of 3.18 m/s on a stainless steel surface at a point (a) 1.4mm and

(b) 2.0mm from the center of a 0.35mm high pin.

progressed faster in the region around the pin, especially
in its wake, since liquid velocities were lower there and
the supply of hot liquid flowing out of the bulk of the
droplet was reduced. The liquid had lower momentum
after it bypassed the pin at L = 2.0mm and did not sur-
mount the frozen rim but was diverted by it, creating
two long fingers. The solid layer grew towards the
center of the splat which was completely frozen by
t =4.0ms.

Fig. 9 shows cross-sections through impacting drop-
lets, in a plane passing through the centers of both pin
and droplet. Arrows indicate velocity vectors and lines
constant pressure contours. At three representative
points in each frame values are given of u and w,
the velocity components in the x- and z-directions,
and liquid pressure p. The left column shows succes-
sive stages of impact on a pin with height 0.35mm
with its center offset by L = 1.4mm from the droplet

center. The droplet radius was 1.25ms, so that it over-
lapped the edge of the pin at impact. At 1= 0.1ms lig-
uid in the interior of the drop was still moving at near
initial droplet velocity, and had already partially cov-
ered the pin. High pressures (p >22kPa at ¢ =0.1ms,
increasing to more than 42kPa by ¢=0.3ms) were
produced where liquid collided directly with the verti-
cal surface of the pin. This high-pressure region drove
liquid horizontally over the top of the pin with enough
velocity (#>2m/s at ¢=0.4ms) for it to continue
jetting outwards and form the single finger seen in
Fig. 6.

When offset distance was increased to L = 2.0mm the
droplet did not cover the pin during impact (see Fig. 9b
at t=0.1ms). A thin sheet of liquid, smaller than the
height of the pin, jetted out from under the droplet
after impact. When this liquid collided with the pin large
stagnation pressures were generated (p > 86kPa at ¢ =
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Fig. 9. Velocity and pressure distributions within 2.5mm molten tin droplets impacting on a 0.35mm high pin at an offset distance of (a) L = 1.4mm
and (b) L = 2.0mm. Arrows indicate velocity vectors and lines pressure contours. # and w are velocity components in the x- and z-direction with units

of metre per second and p is pressure in Pascal.

0.3ms). This pressure forced liquid to rise up along the
vertical face of the pin. By the time this liquid fell back
onto the top of the pin pressure in the droplet had dis-
sipated (see ¢ = 0.6ms) and liquid flowing over the pin
traveled only a short distance producing the V-shaped
gap seen in the splat in Fig. 7.

5. Summary and conclusions

Impact of molten zinc and tin droplets on a surface
with the tip of a small pin projecting from it was photo-
graphed. A three-dimensional model of droplet impact
and solidification was able to predict splat shapes, and
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Fig. 9 (continued)

their variation with distance between droplet and pin
centers, quite accurately. The model was used to calcu-
late velocity and pressure distributions in droplets and
the location of the solid layer.

When the offset distance of the pin was less than the
droplet radius liquid covered the pin immediately after
impact and flowed over it so that the obstruction had rel-
atively little impact on the final splat shape. At larger off-

set distances a liquid sheet jetting from under the droplet
impinged on the pin after impact. If the pin height was
sufficiently large, approximately the same as the final
splat thickness, it obstructed flow of liquid so that the
solidified splat had a V-shaped notch in it. If pin height
was decreased liquid flowed over it and the final splat
was circular, but the pin reduced flow velocity and sup-
pressed growth of fingers along the edges of the splat that
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passed over the pin. Reduced velocities also resulted in
faster growth of the solidified layer around the pin.
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