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Abstract

Impact and solidification of tin droplets on a flat stainless steel plate was studied using both experiments and numerical
simulation. In the experiments, tin droplets (2.1 mm diameter) were formed and dropped onto a stainless steel surface
whose temperature was varied from 25 to 240°C. Impact of droplets was photographed, and evolution of droplet
spread diameter and liquid-solid contact angle measured from photographs. Substrate temperature variation under an
impinging droplet was measured. A complete numerical solution of the Navier—Stokes and energy equations, based on
a modified SOLA-VOF method, was used to model droplet deformation and solidification and heat transfer in the
substrate. Measured values of liquid-solid contact angle were used as a boundary condition for the numerical model.
The heat transfer coeflicient at the droplet—substrate interface was estimated by matching numerical predictions of the
variation of substrate temperature with measurements. Comparison of computer generated images of impacting droplets
with photographs showed that the numerical model correctly modelled droplet shape during impact as it simultaneously
deformed and solidified. A simple analytical model was developed to predict the maximum spread diameter of a droplet
freezing during impact. © 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature

C specific heat

d, diameter of solid layer

D splat diameter, measured at the splat—substrate inter-
face

D, diameter of spherical droplet

D,., final splat diameter

F  volume of fluid fraction

g acceleration due to gravity

h enthalpy

h. heat transfer coefficient at droplet/substrate interface
H; latent heat of fusion

k thermal conductivity

KE, initial kinetic energy

g heat flux

s thickness of solid layer

s* dimensionless thickness of solid layer (=s/D,)

SE, droplet surface energy before impact

* Corresponding author.
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SE, droplet surface energy after impact
t time

t* dimensionless time (= V,t/Dg)

t. time for droplet to reach its maximum spread diam-
eter

T, droplet melting temperature

T. substrate temperature

T,; initial substrate temperature

V  velocity

V, droplet impact velocity

W work done in deforming droplet.

Greek symbols

o thermal diffusivity

b =k/C

v surface tension

AKE kinetic energy loss due to solidification
0 liquid-solid contact angle

0, advancing contact angle

© liquid volume fraction

W viscosity

v kinematic viscosity
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¢ spread factor (=D/Dy)

Emax Mmaximum spread factor

p density

® source term in energy equation (= — Hk,)/C).

Subscripts

1 liquid

s solid

w substrate.

Dimensionless numbers

Bi Biot number (= Ah.Dy/k)

Pe  Peclet number (= VDg/a)

Pr  Prandtl number (=v,/oy)

Re Reynolds number (= V,Dy/v))

Ste Stefan number (= C(T,—T,.)/H)
We Weber number (=p,ViD,/7)

1. Imtroduction

Thermal spray coating—in which molten droplets of
the coating material are propelled at high velocity onto
the substrate—is a well established manufacturing pro-
cess [1]. More recently, new fabrication methods have
been developed that use precisely controlied deposition of
droplets to produce complex, three-dimensional objects,
employing a computer to manipulate the substrate and
spray nozzles [2-6]. Such techniques, known variously as
‘spray forming’ {2, 3], ‘microfabrication’ [4], ‘freeform
fabrication’ [5], or ‘microcasting’ [6] offer improved met-
allurgical performance and reduced manufacturing costs.
Property improvements result from rapid solidification
of droplets as they impact [7], which gives very fine micro-
structure and reduced segregation of alloy components.
Freeform fabrication also allows production of near net-
shaped components, making it materials and energy
efficient, enhancing manufacturing flexibility and reduc-
ing costs. These technologies, though promising, are still
in their infancy. Physical properties such as porosity,
microstructure, surface roughness and adhesion strength
of coatings or artifacts produced by droplet deposition
have been found to be sensitive to a large number of
process parameters (e.g., droplet size distribution,
velocity, temperature and degree of solidification ; sub-
strate material and temperature) which must be opti-
mized by trial and error [1]. Better control of the process
requires a fundamental understanding of the fluid flow
and heat transfer that occurs during the impact, spread-
ing, and solidification of molten droplets.

Several numerical models have been developed to
simulate impact and solidification of molten droplets on
a cold surface. Bennett and Poulikakos [8] and Kanget al.
[9] studied droplet deposition assuming that solidification
starts only after droplet spreading is complete, when the
splat is in the form of a disc. The validity of such an

assumption depends on the rate of solidification fol-
lowing droplet impact. Zhao et al. [10, 11] studied, using
both numerical models and experiments, heat transfer
and fluid dynamics during collision of a liquid droplet on
a substrate in the case that there is no solidification. Liu
et al. [12], Trapaga et al. [13], and Bertagnolli et al. [14]
used finite difference models to study the simultaneous
spreading and solidification of impacting droplets. They
assumed that the substrate was isothermal, and neglected
any thermal contact resistance at the liquid-solid inter-
face. The liquid—solid contact angle was assumed to be
constant in these studies, with an arbitrarily assigned
value. Pasandideh-Fard et al. [15] have shown, however,
that the value of the contact angle can significantly influ-
ence model predictions. Pasandideh-Fard and Mos-
taghimi [16] modelled droplet impact assuming heat
transfer in both the droplet and substrate to be by one-
dimensional heat conduction. They studied the effect of
varying thermal contact resistance between the droplet
and substrate, and showed that its magnitude can sig-
nificantly influence droplet spreading. Waldvogel and
Poulikakos [17] used a finite element model to simulate
spreading and solification during droplet impact. They
neglected capillary forces at the liquid—solid contact line
and assumed a value of the thermal contact resistance.

Only a few experimental studies have investigated
impact of molten droplets. Madejski [18, 19] developed
a simple model to predict the maximum splat diameter
of a droplet after impact, and compared his predictions
with the size of alumina droplets deposited on a cold
surface. Inada {20] measured the temperature variation
of a plate on which a molten lead droplet was dropped,
and noted that the droplet cooling rate was a function
of impact velocity. Watanabe et al. [21] photographed
impact of n-cetane and n-eicosane droplets on a cold
surface and concluded that in their tests droplets spread
completely before solidifying. Fukanuma and Ohmori
[22] photographed the impact of tin and zinc droplets
and also found that freezing had no influence on droplet
spread. Inada and Yang [23] used holographic inter-
ferometry to observe droplet-substrate contact during
impact of lead droplets on a quartz plate. Liu et al. [24]
measured the temperature variation on the upper surface
of an impacting metal droplet using a pyrometer, and
used these results to estimate the thermal resistance under
the drop. However, the response time of their pyrometer
(25 m s) was longer than the time taken by the droplet to
spread, so that their results are applicable to the period
after the droplet had come to rest rather than the duration
of impact itself.

None of the models of droplet impact and solidification
have been validated rigorously by comparison with
experimental results. In part this reflects the scarcity of
experimental data. However, such a comparison will
likely reveal limitations in the ability of these models
to realistically simulate droplet impact dynamics. The
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principal difficulty lies in characterizing the surface on
which the droplet lands : we have to describe how droplets
wet the surface, and accurately estimate the rate of heat
transfer from impinging droplet to the surface. These
are typically specified in numerical models by two input
parameters : the liquid—solid contact angle, and the ther-
mal contact resistance between the substrate and impact-
ing droplets. Lacking information on how to estimate
these parameters, modellers have either arbitrarily pos-
tulated their value or entirely neglected them, even
though it is known that in general such assumptions
may significantly influence simulation results [15, 16].
Obtaining such data in practical applications will always
be a challenge. It should be noted, though, that in certain
circumstances (depending on droplet size, temperature,
velocity, material, etc.) it may be valid to disregard the
effect of droplet solidification or surface wetting during
impact. Pasandideh-Fard et al. [15] showed, using a sim-
ple model of droplet spread without solidification, that
capillary effects can be neglected during droplet spread
if We > \/ﬁ. It would be useful to have a similar criteria
to determine when the effect of droplet solidification on
impact dynamics is negligible.

This study was undertaken to investigate the capa-
bilities and limitations of numerical models in simulating
droplet impact and solidification. Qur objectives were
to demonstrate that numerical models can realistically
simulate droplet impact, provided reasonable estimates
of thermal contact resistance and liquid—solid contact
angle are available, and to develop guidelines, based on
a simple analytical model of droplet impact, for when we
can neglect the effect of solidification on droplet spread.
We photographed thz impact of molten tin droplets on a
stainless steel surface and compared the images with
droplet shapes predicted by a numerical model. The sub-
strate temperature variation during impact was recorded,
and the thermal contact resistance estimated from these
results. We also measured the liquid-solid contact angle
from photographs and used these measured values as a
boundary condition in our model. Substrate temperature
was varied in our experiments from 25-240°C. Droplet
diameter (2.1 mm), temperature (~240°C), and impact
velocity (1.6 m s™') were held constant.

2. Numerical method
2.1. Fluid flow

Fluid flow in an impacting drop was modelled using a
finite difference solution of the Navier—Stokes equations
in an axisymmetric system of coordinates, assuming lami-
nar, incompressible flow. The flow Reynolds number
(assuming radial flow over a flat plate in the droplet after
impact) was estimated to be at most 10%, too small to
induce turbulence. Details of the fluid flow model have

been given earlier [15]. The surface profile of the deform-
ing droplet was defined using the ‘fractional volume of
fluid’ scheme [25]. In this method a scalar function, F, is
defined whose value is equal to the fractional volume of
the cell occupied by the fluid. F is assumed to be unity
when a cell is fully occupied by the fluid and zero for an
empty cell. Cells with values of 0 < F < 1 contain a free
surface. Normal stresses at a free surface were replaced
by an equivalent surface pressure, calculated from the
Laplace equation; tangential stresses were neglected.
Experimentally measured values of the dynamic liquid-
solid contact angle, 8, were prescribed as a boundary
condition. Liquid density, viscosity, and surface tension
were assumed constant, with values taken from the Met-
als Handbook [26].

2.2. Heat transfer

Heat transfer in the droplet was modelled by solving
the energy equation, neglecting viscous dissipation ; den-
sities of liquid and solid tin were assumed constant and
equal to each other (the values differ by less than 4%,
which would have little influence on droplet flow) :

oh 1
5 H VD= 2VGVT). (1)

Since the energy equation has two dependent variables—
temperature T and enthalpy A—we used the enthalpy
transforming model [27] to convert the energy equation
to one with only one dependent variable: the enthalpy.
The final form is [28]

oh 1 1
4 (VVAhA=-V- ~V2o 2
6t+( V) pV(ﬁVh)+pV )
where in the solid phase :
k.
h<0; ﬁ=é, =0 (3a)
at the liquid-solid interface
O<h<H;; f=0; =0 (3b)
and in the liquid phase:
k Hik,
>Hy; B=7; ®=—
h Hf ﬂ C] [ C] (3(:)

where we have introduced a new source term ®. The
energy equation now has only one dependent variable,
the enthalpy 4. The relationship between temperature
and enthalpy is given by

T=T,+ —]Ig(hﬁ-#d)) @)

where T, is the melting point of the droplet. Heat transfer
within the substrate is by conduction only. The governing
equation is:

0T,
puCo— =V (V1) &)
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The free surface of the droplet was assumed to be
adiabatic: estimates of heat loss by natural convection
from the droplet surface to the ambient air showed them
to be three orders of magnitude lower than that to the
substrate. Thermal contact resistance between the droplet
and substrate was quantified using a heat transfer
coefficient (A,) defined by :

-1
(T_ Tw)y=0

where ¢ is the heat flux between the droplet and substrate.
Values of 4, were provided as an input to the model.
Though in principle 4, could vary with time and/or pos-
ition on the interface, we used, for reasons discussed
below, a single constant value of 4. = 2x 10° Wm 2K !
in all our simulations.

he (6)

2.3. Solidification

In the presence of a solid phase, computations of the
velocity field have to account for the presence of a
moving, irregularly shaped solidification front on which
the relevant boundary conditions have to be applied. We
treat the solidified regions of the domain using a modified
version of the fixed velocity method [29]. In this
approach, a liquid volume fraction @ is defined such that
© =1 for a cell containing only liquid, ® = 0 for a cell
containing only solid, and 0 < @ < 1 for a cell containing
a portion of the solidification front. Normal and tan-
gential velocities on the faces of cells containing only
solidified material are set to zero. The solidification front
was represented using a two phase continuum model to
modify the continuity and momentum equations. The
final modified equations are [30]:

V(@V) =0 o)
ﬂ? +(OV V) = _T®VP+®VVZV+®g (8)
‘;—f +(®V-V)F = 0. ©)

The solidification front is treated as a no-slip wall on
which the zero velocities are applied. When the free sur-
face of the droplet intersects with the solidification front,
the contact angle is prescribed along the contact line, as
described before.

2.4. Numerical procedure

The modified Navier—Stokes equations were solved on
an Eulerian rectangular, staggered mesh in an axi-
symmetric coordinate system using the modified SOLA-
VOF method. The finite difference expressions for equa-
tions (7) and (8) were derived by differencing these equa-
tions in a manner similar to that used in one-phase flow

formulations. The finite difference expressions for the
one-phase flow equations are a special case of the two-
phase flow equations when ® = 1. The computational
procedure for advancing the solution through one time
step is as follows:

(1) From time level n values, the velocity and pressure
fields as well as F are calculated at time level n+1 in
accordance with the modified SOLA-VOF algorithm.

(2) Given the droplet enthalpy and substrate tem-
perature fields at time level x, equations (2) and (5)
are solved to obtain the new enthalpy field in the
droplet and the new temperature field in the sub-
strate. Temperatures in the droplet can then be
calculated from equation (4).

(3) New values of the liquid volume fraction ® are cal-
culated from the enthalpy field in the droplet by using
equation (3a—c) in conjunction with an algorithm
described by Voller and Cross [31]. In this algorithm,
while a change of phase is occurring in the sub-region
of a computational cell, the rate of change in the cell
enthalpy equals the velocity of the phase change front
across the subregion multiplied by the latent heat of
fusion.

(4) Flow and thermal boundary conditions are imposed
on the free surface, at the solidification front, and
the boundaries of the computational domain. In par-
ticular, the heat transfer coefficient at the droplet—
substrate interface is applied by using equation (6)
to calculate the heat flux from the droplet. This value
of ¢ is then used to update temperature boundary
conditions along the bottom surface of the droplet
and the upper plane of the substrate.

Repetition of these steps allowed advancing the sol-
ution through an arbitrary time interval. The droplet was
discretized using a uniform computational mesh, with a
grid spacing equal to 1/30 of the droplet radius. The
substrate mesh had the same resolution, and was
extended far enough that its boundaries could be assumed
to be at constant temperature. Numerical computations
were performed on a Sun (SPARC 10) workstation. Typi-
cal CPU times ranged from 2 to 5 h.

3. Experimental method

Figure 1 is a schematic diagram of the apparatus used
for creating in droplets and photographing their impact
on the test surface. The droplet generator consisted of a
76.2 mm diameter, 76.2 mm long stainless steel cylinder,
in which was machined a 38.1 mm diameter, 60.3 mm
deep cavity. The cylinder was heated by four 100 W
cartridge heaters inserted in it, which were regulated by
a temperature controller. A 1 mm outer diameter stainless
steel needle was fitted through a hole in the bottom of
the cavity. A pointed stainless steel rod attached to a
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Fig. 1. Schematic diagram of the experimental apparatus.

solenoid plugged the entrance to the needle. Activating
the solenoid lifted the rod, uncovering the opening to the
needle and allowing molten tin to flow through. The
solenoid lift duration could be varied from 0.1-1 s by an
electronic timing circuit.

The cavity in the droplet generator was filled with tin
pellets (purchased from Aldrich Chemical Co., 99.8%
purity). The temperature of the droplet generator was
fixed at 240°C; the melting point of tin (7)) is 232°C.
Calculations of heat loss from the droplet during its fall
showed that it would cool by approximately 6°C, so that
it remained entirely liquid at the moment of impact. The
surface tension of tin is too high for it to flow through
the needle under its own weight. The cavity was therefore
pressurized to about 10 kPa above atmospheric pressure
with argon gas from a cylinder, which was sufficient to
force molten tin through the needle. A single droplet,
2.14+0.04 mm in diameter, formed and detached from
the needle tip when the solenoid was activated. The test

surface was a 50.8 mm square by 6.35 mm thick stainless
steel plate polished with 600 grit energy cloth and metal
polish. This surface was mounted onto a copper block
heated by two cartridge heaters, whose temperature was
controlled by a second temperature controller. The test
surface was placed 135 mm below the needle tip. The
velocity of droplets impacting on the surface, measured
from photographs of droplets taken prior to impact, was
1.6040.002 m s~

Tin oxidizes readily in air when heated. The presence
of an oxide layer on the surface of droplets formed in air
was found to severely distort their shape, so that they
were not spherical after detaching from the needle tip.
To avoid contaminating the tin, the test surface on which
droplets landed was contained in an inert argon at-
mosphere. The droplet generator was mounted on top of
an acrylic dessicator (0.3 x 0.3 x 0.3 m in size), which was
first evacuated with a vacuum pump and then filled with
argon gas from a cylinder. A small flow of argon was
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maintained during the experiment to prevent air leaking
into the chamber.

A single-shot flash-photographic technique was used
to capture droplet impact. An electronic flash unit was
used to take a single 35 mm photograph of a droplet at
one instant after impact. The method has been described
in detail by Chandra and Avedisian [32]. As a droplet fell
towards the surface it interrupted the beam of a 0.5 mW
He-He laser. A photo diode detected this interruption
and signalled the time delay circuit, which first opened
the shutter of a 35 mm camera and then after a preset
delay triggered the flash unit, producing an 8 us duration
flash. Impacting droplets were photographed at different
stages of deformation by varying the time delay before
triggering the flash, and the entire impact process pieced
together from these photographs.

Measurements of droplet dimensions were made from
photographs, using the image of a 3 mm steel ball bearing
as a calibration scale. A photographic enlarger was used
to project images of droplets on a white surface, from
which measurements of droplet diameter were made with
a resolution of +0.01 mm. Contact angle measurements
were made from photographic prints by drawing a line
tangential to the liquid—air interface, and measuring the
angle between this line and the solid surface. Details of
this measurement method have been given by Pas-
andideh-Fard et al. [15]. Contact angle measurements
were repeatable within +3°.

We measured surface temperature variation during
droplet impact using a commercially available fast-
response (10 us) stainless steel sheathed chromel-alumel
thermocouple (E12-3-K, Nanmac Inc., Framingham,
MA). The thermocouple sheath was inserted vertically
through a hole in the stainless steel substrate, held rigidly
in place by a pipe fitting screwed into the heater block,
and the exposed thermocouple junction ground flush with
the surface. The temperature sensor on the surface was
located at the point of droplet impact. When a molten
tin droplet landed on the thermocouple its output was
amplified, and recorded using a data acquisition system.
Temperature measurements were estimated to be accu-
rate within +1°C.

4. Results and discussion

Figure 2 shows photographs of the impact of 2.1 mm
diameter tin droplets, with an initial temperature of
approximately 240°C and velocity of 1.6 m s ™!, impacting
on a stainless steel surface. Each column of photographs
in Fig. 2 shows successive stages of impact on surfaces at
temperatures of 25, 150 and 240°C, respectively. The time
of each image (7), measured from the instant of first
contact with the surface, is shown. The reflection of each
drop in the polished stainless steel surface can be seen in
the photographs.

Droplets falling on a surface at 25°C spread after
impact to their maximum extension at approximately
t = 3.0 m s (see Fig. 2), after which surface tension forces
prevented any further spread. The edges of the drop were
drawn back by surface tension for r > 4.5 m s, decreasing
the splat diameter. The edges of the droplet solidified by
t = 7 m s, after which the splat diameter did not change.
However, the center of the splat was still liquid, and
continued to flow until z = 20 m s. When the initial sur-
face temperature (7,,;) was raised to 150°C, the initial
stages of impact appeared qualitatively similar to that
with T,,; = 25°C (see Fig. 2). However, solidification was
slower on the hotter surface, and the droplet remained
liquid for a longer period of time, so that the maximum
splat diameter was slightly larger. Surface tension forces
caused a slight recoil of the drop off the surface (+ = 11
m s), and also smoothed out the surface. At T,,; = 240°C,
the surface was at the same temperature as the initial
droplet temperature: impact was isothermal and the
droplet remained liquid throughout impact. After a drop-
let spread on the surface to its maximum extent (1 =3
ms), surface tension and viscous forces overcame liquid
inertia, so that fluid accumulated at the leading edge of
the splat and it started pulling back, eventually rising off
the surface. It then fell back and reached its equilibrium
state, shaped like a truncated sphere, after 1 > 500 m s.

Predictions from the computer model of droplet impact
are sensitive to the values of two input parameters: the
liquid—solid contact angle (#), and the heat transfer
coefficient (4.) at the droplet-substrate interface. We esti-
mated both of these from experimental measurements.
Figure 3 shows the evolution of contact angle, measured
from photographs of impacting droplets. The advancing
contact angle, during outward spreading of the droplet
(t <4 m s), was approximately constant at 1404 10°.
The receding contact angle, during droplet recoil, was
somewhat smaller (~125°) on a surface at 240°C (see
Fig. 3). The definition of a receding contact angle was
rather ambiguous in the case of T,;,=25°C and
T, = 150°C, since the layer in contact with the hot sur-
face solidified shortly after impact and stopped moving
(see Fig. 2). However, the liquid above this solidified
layer continues to move. We therefore defined a contact
angle between a line drawn tangential to the edge of the
liquid portion and the plane of the solid substrate : these
values are shown in Fig. 3. These measurements, though
admittedly not very accurate, do confirm that the contact
angle was small (~10°) during recoil—as would be
expected for a melt wetting its own solid—and relatively
constant. In the model we used a constant value of
0=10°fort> 10ms.

The heat transfer coefficient (k) was estimated by com-
paring the measured substrate temperature variation dur-
ing droplet impact with results from the computer model,
and adjusting the thermal contact resistance value to
obtain the best agreement. The measured evolution of
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)T, =25°C b)T, =150°C o)T, =240°C

0.1ms 0.1ms 0.1 ms

0.7ms 0.7ms 0.7ms

1.0ms 1.0ms 10ms -

3.0ms 30ms 30ms

4.5ms 6.0ms 11.0ms

14.0ms 11.0ms 13.0ms

20.0ms 220ms t>500ms

1) 2mm

Fig. 2. Impact of molten tin drops on a stainless steel surface at an initial temperature of (a) 25°C, (b) 150°C, (c) 240°C.
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Fig. 3. Liquid-solid contact angle variation during the impact of
molten tin drops on a stainless-steel surface at initial temperature
Ty

surface temperature, set prior to droplet deposition at 25
and 150°C, respectively, is shown in Fig. 4(a) and (b). The
substrate temperature was measured by a thermocouple
placed at the point the drop impacted. A surface initially
at 25°C was heated to 160°C in less than 1 m s (Fig.
4(a)); its temperature remained nearly constant for the
next few milliseconds, after which it began to cool. When
the initial substrate temperature was set at 150°C the
peak temperature rose to 225°C (Fig. 4(b)). The predicted
temperature variation is shown by solid lines in Fig. 4(a)
and (b). At an initial surface temperature of 25°C sat-
isfactory agreement between the measured and predicted
values was obtained using a single, constant value of the
heat transfer coefficient, 4. = 10° W m~2 K ' for 1 < 3
m s (see Fig. 4(a)). However, at later times ( > 6 m s)
a lower value of h,=2x10° W m~? K ' gave better
predictions of substrate temperature. Liu et al. [24] have
shown that the heat transfer coefficient decreases as a
droplet solidifies, because of higher resistance to heat
transfer at a solid-solid interface than at a solid—liquid
interface. It should also be noted that our temperature
measurement was done at a single point: it is likely that
the local heat transfer coefficient varies with position
under the splat. With an initial surface temperature of
150°C the surface temperature variation was best simu-
lated using a high heat transfer coefficient, 4, = 107 W
m~2 K ™' (see Fig. 4(b)). This result was expected, since
droplet solidification would be delayed on the hotter sur-
face, reducing contact resistance.

Comparison of computed droplet shapes during
impact with photographs showed that using the range of
heat transfer coefficient values obtained from tem-
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Fig. 4. Substrate surface temperature variation during the impact
of a molten tin droplet on a stainless-steel surface initially at (a)
25°C, (b) 150°C.

perature measurements resulted in reasonably good pre-
dictions. The rate of droplet spreading was quantified by
measuring the splat diameter (D) at successive stages
during droplet deformation. Normalizing D by the initial
droplet diameter (D,) yields the so-called ‘spread factor’,
& = D(1)/D,. Measured values of ¢ during the impact of
droplets on surfaces with initial temperatures of 25 and
150°C are shown in Fig. 5(a) and (b), respectively. Using
a single value of heat transfer coefficient ., = 10° W m—2
K ' gave good predictions for & for t < 1 m s. At that
time, however, the simulated droplet solidified com-
pletely and did not spread further. Decreasing /. to
2x10° W m~2 K ' in the model reduced the droplet
solidification rate, and improved agreement between pre-
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Fig. 5. Evolution of spread factor during impact of tin droplets
on a stainless steel surface initially at (a) 25°C, (b) 150°C.

dicted and measured values of £. The same heat transfer
coefficient also gave good predictions for the spread of a
droplet on surface at 150°C (Fig. 5(b)). The range of
heat transfer coefficient obtained by these two different
methods—matching either the measured surface tem-
perature variation or the droplet spread rate with results
from the model—appears to confirm earlier observations
[24] that A, varies during impact. Better agreement
between experimental and numerical results could have
been obtained by using local heat transfer coefficients that
varied with time and position, rather than an average,
constant value. However, we did not attempt to do this
since we had no independent method of justifying any
assumed variation of h. All calculations in this paper

were performed, therefore, using a constant heat transfer
coefficient value of 2x 10° Wm 2K ~L.

Computer generated images of impacting droplets are
compared with photographs taken at the same time after
impact in Figs. 6-10. Droplets were photographed with
the camera pointing down at the surface, inclined at an
angle of approximately 30° below the horizontal. Impact
on a surface with initial temperature T, ; = 240°C is
shown in Fig. 6. In this case impact was isothermal,
and there was no solidification. Agreement between the
predicted droplet shapes and photographs was in general
good during droplet spreading (¢ < 4 ms). Waves formed
around the periphery of the drop (see 1 =9.5 ms) as a
result of the Rayleigh-Taylor instability, which occurs
when one fluid is accelerated into another of different
density. The model, which was two-dimensional and
assumed axisymmetry, was not capable of simulating this
instability : a three-dimensional model is necessary to
reproduce such a flow. It did, however, accurately predict
droplet recoil off the surface (¢ = 15 ms).

Figure 7 shows computer predictions of the shape of
droplets impacting on a surface with T,; = 25°C, in
which case the extent of solidification during impact was
significant. Calculated velocity and temperature dis-
tributions inside droplets, at the same times following
impact as those in Fig. 7, are displayed in Fig. 8. The
solidified layer (seen in yellow in Fig. 8) was thickest at
the center of the splat, which first contacted the surface,
and along its edge, which was nearest to the surrounding
cold plate. Results from the computation showed that
the heat flux from the droplet to the substrate increases
with radial distance from the center. Solidification along
the edge prevented further spread of the drop (see Fig. 8,
t = 4.5 ms). However, there remained a film of molten
tin above the solid layer, which recoiled and flowed back
towards the center of the splat. This movement can be
seen in the photographs of Fig. 7 (see ¢ = 7.5 and 12 ms).
By ¢t = 12 ms almost all the tin had frozen. Solidification
was rapid enough that the splat surface did not have
enough time to become even, but had a number of craters
left in it.

Similar photographs and computer generated images
of a droplet landing on a surface with 7,; = 150°C are
shown in Figs. 9 and 10. Growth of the frozen layer was
much slower in this case, because of the hotter substrate.
However, the periphery of the splat solidified by ¢ = 8.5
ms. Close inspection of the photographs in Fig. 9 at
t = 8.5 ms confirms that the splat edges were solid ; sur-
face tension would have been evened out the irregularities
seen around the fringes if they remained liquid. Most of
the droplet remained liquid as late as ¢ = 15 ms, leading
to a large recoil towards the center. The surface of the
splat was smooth in this case, because of the slower
solidification (see Fig. 9, 1 = 15 ms).

Droplet solidification may or may not influence its
spread, depending on a number of parameters such as
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Fig. 6. Computer generated images and photographs of the impact of tin droplets on a surface initially at 240°C.

droplet material, temperature, and velocity, or substrate
material and temperature. Droplet impact simulations
are greatly simplified if the rate of solidification is
insufficient to inhibit droplet spreading, because it is then
necessary to solve only the equations of fluid flow,
assuming that droplet freezing commences only after it
has come to rest [8, 9]. We developed a simple criterion
to determine whether droplet effects are negligible by

extending the analytical droplet impact model of Pas-
andideh-Fard et al. [15]. The model predicts that the time
taken (t.) for a liquid droplet to spread to its maximum
extent is:

_ 8Dy
T3V,
where V, is the impact velocity. Equation (10) predicts

te (10)
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Fig. 7. Computer generated images and photographs of the impact of tin droplets on a surface initially at 25°C.

t. = 3.5 ms, which is very close to the observed value (see
Fig. (5a) and (b)).

The maximum spread diameter of a droplet (D,.,,) can
be predicted by equating droplet energy before and after
impact, accounting for energy dissipated during impact.
The initial kinetic energy (KE,) and surface energy (SE,)
of a liquid droplet before impact are [15]

KE, = (L,v2)(%p: 1
1—(5!’ o)(g 0) (1D

SE, = nDj}y. 12)
After impact, when the droplet is at its maximum exten-

sion, the kinetic energy is zero and the surface energy
(SE,) is:
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SE, = % D2uy(1—cos0,) (13)
where 6, is the advancing liquid—solid contact angle. The
work done in deforming the droplet against viscosity ()

is {15]:

T, ) 1
e 3pV0D0Dmax\/ﬁ (14)
Re is the Reynolds number (Re = VyDy/v)).

The effect of droplet solidification on the maximum
spread diameter can be determined by assuming that all
the kinetic energy stored in the solidified layer is lost. If
the solid layer has average thickness s and diameter d,
when the splat is at its maximum extension, then the loss
of kinetic energy (AKE) is approximated by :

T 2 1 2
AKE = (st s) (5 pV0> (15)

d, varies from 0 to D,,,: a reasonable estimate of its
average valueis d, ~ D, /2. Substituting equations (11)-
(15) in the energy balance KE,+SE, = SE,+ W+ AKE
yields

w

—

| We+12

(16)

Emax =
\/éWes*+3(1 —cos0,)+4 We
8 \/};

We is the Weber number (We = p,D,V3/y) and s5* is
the dimensionless solid layer thickness (s* = s/D,). If we
make the simplifying assumptions that: heat transfer is
by one-dimensional heat conduction ; the substrate is iso-
thermal ; thermal contact resistance is negligible; and
the Stefan number (Ste = C\(T,,— T, ;)/H;) is small; s*
increases with dimensionless time (¢* = V/D,) as [33]:

Ste
Pe (17)

where Pe is the Peclet number (Pe = V Dy/a;). Com-
bining equations (16) and (17) and setting * = 2.67
[from equation (10), the time at which a droplet has
deformed to its greatest extent] gives an estimate of the
maximum spread factor for a droplet that is solidifying
during impact :

émax -

st = [2r*

We+12
. (18)
\/3(1 —cos0)+4(We/./ Re)+ We. /(3Ste)/(4Pe)
The magnitude of the term We,/(3Ste)/(4Pe) in equa-

tion (18) determines whether solidification influences
droplet spread. Comparison with the other two terms in
the denominator shows that the kinetic energy loss due
to solidification will be too small to affect the extent of
droplet deformation if ,/Ste/Pr << 1 (where the Prandtl
number Pr = Pe/Re = v /o). For a tin droplet impacting
on a surface at 25°C, Ste = 0.774, Pr = 7.3x 1073 and

/Ste/Pr = 10.3: clearly solidification may influence
droplet spread. However, substituting our experimental
values of We = 71, Re = 1.2 x 10* and 0, = 140° in equa-
tion (18) gives &= 2.5, much smaller than the
measured value of 2.9. The discrepancy arises because
the assumptions made in deriving equation (17), that
thermal contact resistance at the interface is negligible,
and that the substrate is isothermal, are not valid in our
experiments. The Biot number (Bi = h.Dy/k;) is relatively
small (approximately 6.8 for A, =2x10° W m—2 K™,
showing that the thermal contact resistance is significant.
Analysis of splat cooling [34] has shown that the effects of
thermal contact resistance are negligible only if Bi > 30.
Equation (17) therefore only gives an upper bound on
the thickness of the solidified layer ; the actual magnitude
may be significantly lower.

A more realistic value of s* can be calculated using an
analytical model developed by Garcia et al. [35] that
predicts the rate of solidification of molten metal in con-
tact with a cold surface. The model assumes : heat transfer
in the droplet is by one-dimensional heat conduction ; the
droplet and substrate are semi-infinite bodies suddenly
brought into contact; and thermal contact resistance at
the droplet—substrate interface is constant. The cal-
culated variation of s* using a constant value of
he=2x10°Wm2 K", is shown in Fig. 11. The thick-
ness of the solid layer predicted by the numerical model
(see Fig. 8), averaged over the splat diameter, is also
shown. Results from the analytical model, which now
includes the influence of thermal contact resistance and
substrate heating, agree well with predictions from the
numerical calculation. Values of s* calculated from equa-
tion (17), where these effects are neglected, are seen to be
much larger.

We calculated ¢,,, from equation (16) for droplets
impacting on substrates at several different temperatures.
Values of s* for T,,; = 25°C were obtained from Fig. 11
at ¥ = 2.67, which gives an estimate of the thickness of
the solid layer formed in the time the droplet takes to
reach its maximum spread. Similar computations were
done for other substrate temperatures. Predicted values
of ¢,... agreed closely with those measured. We cal-
culated: &... = 3.24 (compared to the measured value
of & = 3.3) for T,,; = 240°C (for which there was no
solidification and s*=0); ¢&.,.=3.17 (measured
Emax = 3.1) for T,,; = 150°C; and &, = 3.02 (measured
Emax = 2.9) for T,,; = 25°C.

5. Conclusions

We studied the impact and solidification of tin droplets
on a flat stainless steel substrate using both experiments
and numerical modeling. Comparison of computer gen-
erated images of deforming droplets with photographs
showed that the model correctly modelled droplet shape
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Fig. 8. Calculated velocity and temperature distributions inside a tin droplet impacting a surface initially at 25°C.
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Fig. 10. Calculated velocity and temperature distributions inside a tin droplet impacting a surface initially at 150°C
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Fig. 9. Computer generated images and photographs of the impact of tin droplets on a surface initially at 150°C.

during impact. The value of contact resistance between
the tin droplet and stainless steel substrate was estimated
by matching numerical predictions of substrate tem-
perature with experirnental measurements. Reasonably
accurate simulations of droplet impact dynamics could
be done using a constant value of contact resistance.
However, predictions of the maximum splat diameter

were sensitive to the value assumed. Therefore, accurate
information regarding thermal contact resistance during
the early stages of droplet impact is required to model
droplet impact and solidification. An analytical model
was developed to predict the maximum spread factor,
based on equating droplet energy before and after impact,
accounting for energy losses because of viscous dis-
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Fig. 11. Growth of the dimensionless solid layer thickness inside
a tin droplet impacting a surface initially at 25°C. Predictions
from the numerical model (with the thickness averaged over the
droplet diameter), the analytical model of ref. {35], and from
equation (17) (which neglects thermal contact resistance and
assumes the surface to be isothermal) are shown.

sipation and solidification. The effect of solidification on
droplet impact dynamics was found to be negligible if
/Ste/Pr « 1.
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