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Parameters controlling solidification of molten

wax droplets falling on a solid surface
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An experimental study was done to identify parameters that determine the shape of splats
formed by droplets of paraffin wax impacting and freezing on a polished aluminum surface.
Impact velocity was varied from 0.5 to 2.7 m/s and surface temperature from 23 to 73 ◦C.
Droplet impact was photographed, and the splat diameter and liquid-solid contact angle
measured from photographs. A simple energy conservation model was used to predict the
maximum extent of droplet spread and the rate of droplet solidification. The extent of
droplet solidification was found to be too small to affect droplet impact dynamics.
Photographs showed liquid recoiling in the droplet center following impact on a cold
surface (23 ◦C); the height of recoil diminished if either substrate temperature or impact
velocity was increased. Droplet recoil was attributed to surface tension pulling back the
periphery of the splat. Reducing the surface temperature increased surface tension,
promoting recoil. At sufficiently large impact velocities droplets fragmented. A model
based on the Rayleigh-Taylor instability was used to predict the number of satellite droplets
that broke loose after impact. C© 1999 Kluwer Academic Publishers

Nomenclature
a acceleration of tip of splat
Cd specific heat of drop
Cs specific heat of substrate
ds diameter of solidified layer
D splat diameter, measured at the splat-substrate

interface
D0 diameter of spherical droplet
Dmax final splat diameter
h heat transfer coefficient
H parameter defined in Equation 10
kd thermal conductivity of drop
ks thermal conductivity of substrate
K splash parameter (=We0.5 Re0.25)
KE1 initial kinetic energy
1KE kinetic energy loss due to solidification
L latent heat of fusion
N number of satellite droplets formed during

droplet break up
s thickness of solid layer
s∗ dimensionless thickness of solid layer(=s/D0)
SE1 droplet surface energy before impact
SE2 droplet surface energy after impact
t time
t∗ dimensionless time (=V0t/D0)
tc droplet deformation time
Tm droplet melting temperature
Ts surface temperature

∗ Author to whom all correspondence should be addressed.

Ts,i initial surface temperature
V0 droplet impact velocity

Greek Symbols
αd thermal diffusivity of drop
αs thermal diffusivity of substrate
βd (=√kdρdCd)
βs (=√ksρsCs)
γ surface tension
λ wavelength of interfacial waves around the

periphery of the droplet
µ viscosity of drop
ρd density of drop
ρs density of substrate
θ liquid-solid contact angle
ξ spread factor (= D/D0)
ξeq equilibrium spread factor
ξmax maximum spread factor
9 normalized residual surface energy

(=SE2/(KE1+ SE1))

Dimensionless numbers
Bi Biot number (= hD0/kd)
Pe Peclet Number (=V0D0/αd)
Pr Prandtl Number (=Pe/Re)
Re Reynolds Number (= ρdV0D0/µ)
Ste Stefan Number (=Cd(Tm− Ts)/L)
We Weber Number (= ρdV2

0 D0/γ )
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1. Introduction
An understanding of the physics controlling impact,
spread and solidification of molten droplets on a solid
substrate is important in the development of a number
of industrial applications. These include spray forming
[1], thermal spray coating [2], rapid solidification pro-
cessing [3], soldering [4] and microfabrication [5, 6].
Control of these processes involves a very large number
of parameters (e.g., droplet size, velocity, temperature
and degree of solidification; substrate material and tem-
perature) which determine the shape and microstructure
of components produced. To date, these variables have
been optimized largely on the basis of trial and error
from which empirical relationships have been derived.
Recent research efforts have been directed at develop-
ing computer models capable of predicting the effect
of varying process variables on the metallurgical prop-
erties of the final product [3, 7]. These models require
information on the shapes of individual splats formed
by impact and solidification of molten droplets.

Madejski [8] studied the deposition of alumina dro-
plets on a solid surface, and developed a simple an-
alytical model to predict the diameter of a solidified
splat. More detailed descriptions of droplet impact dy-
namics are available from numerical models based on
a solution of the Navier-Stokes equations [4, 9–12]. A
few experimental studies have been done to directly
observe droplet impact and solidification. Inada [13]
measured surface temperature variation under a molten
lead droplet falling on a cold plate, and determined that
the droplet cooling rate was a function of impact veloc-
ity. Watanabeet al. [14] observed the impact ofn-cetane
andn-eicosane (hydrocarbons with melting points of 17
and 36◦C respectively) on a cold surface and concluded
that solidification had little influence on droplet defor-
mation in their experiments. Inada and Yang [15] used
holographic interferometry to observe droplet-substrate
contact during impact of lead droplets on a quartz plate.
Fukanuma and Ohmori [16] photographed the impact
of 2–4 mm diameter tin and zinc droplets on a stain-
less steel surface, and also found that droplet spreading
preceded freezing. Kanget al. [17] studied, using both
experiments and numerical models, the solidification of
two molten lead droplets impacting sequentially one on
top of the other. They demonstrated that thermal contact
resistance at the splat-substrate interface, and between
the two splats, influences droplet cooling rate and grain
structure. Theoretical and experimental studies done
by Bennett and Poulikakos [18] on the impact and so-
lidification of liquid metal droplets on a cold surface
showed that the thermal conductivity of the substrate
significantly affect the cooling of the splat.

Most laboratory studies of droplet impact have been
done using metal or hydrocarbon droplets 2–4 mm in
diameter, impacting at velocities of 1–3 m/s, which are
easy to generate and observe. However practical appli-

TABLE I Properties of paraffin wax

Tm (◦C) γ (N/m) ρ (kg/m3) L (J/kg) C (J/kg K) α (m2/s) µ (Ns/m2)

70 22.4× 10−3 771 226× 103 2.56× 103 1.2× 10−7 5.4× 10−3

cations encompass a very large range of droplet sizes
( from ∼10 µm to ∼1 mm), materials (waxes, poly-
mers, metals, ceramics), and impact velocities (∼1–
1000 m/s). We therefore need to be able to scale in-
formation obtained from controlled laboratory investi-
gations; this may be done if experimental results are
expressed in terms of dimensionless parameters that
control droplet impact and solidification. We undertook
this study to investigate the relative importance of the
many different parameters that may be relevant.

Experiments were done using paraffin wax droplets
dropped onto an aluminum surface. Paraffin wax was
selected for two reasons. Firstly, solidification of wax
droplets is of practical interest; inkjet printers modified
to generate wax droplets have been used for fabrication
of small structures [5]. Secondly, wax proved to be an
ideal subject for laboratory experiments; it is easy to
melt and form into uniform sized droplets, yet has a
high enough melting point (∼70◦C), that freezing is
rapid during impact on a surface at room temperature.
Paraffin wax is opaque when solid but becomes a trans-
parent liquid on melting, allowing solidification to be
observed directly. It has a low thermal conductivity so
that—as will be demonstrated—the effect of thermal
contact resistance between the drop and the substrate is
negligible, greatly simplifying the analysis of droplet
solidification. An aluminum surface was used since it
has high thermal conductivity, and may be reasonably
assumed isothermal during droplet impact. We varied
droplet impact velocity (0.5–2.7 m/s) and surface tem-
perature (23–73◦C). Initial droplet diameter (3.0 mm),
droplet temperature (73◦C), and ambient air temper-
ature (∼23◦C) were held constant. We photographed
impacting droplets, and measured droplet spread di-
ameters and liquid-solid contact angle from these pho-
tographs. We also measured surface temperature varia-
tion under an impacting drop, and estimated the thermal
contact resistance from these measurements. Our objec-
tive was to develop simple models to predict the extent
of droplet spread, the effect of substrate temperature
on droplet impact dynamics, and conditions leading to
droplet break up.

2. Experimental apparatus
Experiments were done using droplets of paraffin
wax (product code 1260, IGI International Waxes
Ltd.). Temperature measurements during phase change
showed a melting point of 70±1 ◦C. We formed
droplets of molten wax by letting them detach from
the tip of a stainless steel needle. The surface tension
of wax at room temperature (approximately 23◦C) was
measured by equating the measured weight of droplets
to the force attaching them to the needle tip, whose di-
ameter was known; the calculated value of surface ten-
sion is listed in Table I. Other properties were obtained
from the manufacturer and are also listed in Table I.
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Figure 1 Schematic diagram of the experimental apparatus.

Physical properties were assumed constant and the tab-
ulated values used in all subsequent calculations.

Fig. 1 shows the apparatus used to form wax droplets
and photograph their impact on a solid surface. Paraffin
wax was melted in a 50.8 mm diameter and 38.1 mm
deep cavity machined in an aluminum block, in which
were inserted two 60 W cartridge heaters regulated by
an electronic temperature controller. The temperature
of the block was held at 73◦C (2◦ above the maximum
melting point of the wax). We estimated, based on heat
transfer calculations, that the droplet would cool by ap-
proximately 1◦C during its flight; it was therefore still
liquid, at its melting point, prior to impact. A 1.6 mm
outside diameter stainless steel needle was press fitted
into a hole drilled in the bottom of the cavity, through
which molten wax was forced by gravity. The flow rate
was regulated by a valve mounted on a micrometer
stage, that partially blocked the entrance to the nee-
dle. Liquid accumulated at the tip of the needle until its
weight exceeded the surface tension force supporting it,
at which time it detached and fell onto the test surface.
The needle was shielded from the surrounding colder
air to prevent cooling of the droplet before detaching.
Wax droplets 3.0± 0.01 mm in diameter formed and
detached at a rate of approximately one per minute.

The aluminum block was mounted on a frame so that
it could be raised to a height of up to 360 mm above
the test surface, corresponding to a droplet impact ve-
locity of 2.7 m/s. The test surface used was a 50.8 mm
square by 6.35 thick aluminum plate polished with 600
grit emery cloth and metal polish. This surface was
mounted on a copper block heated by two cartridge
heaters, whose temperature was controlled by a second
temperature controller. Surface temperature was mea-
sured by a chromel-alumel thermocouple inserted in a
hole in the test surface.

Wax droplets falling on a clean aluminum surface
froze and adhered to the surface, and could be removed
only by being scraped off, which damaged the surface.
We prevented adhesion by wiping the surface prior to
depositing a drop with a cotton cloth that had been
lightly dampened with a trace of SAE 20 lubricating
oil. The oil layer left behind on the surface was so thin
as not to be visible, and did not alter the thermal prop-
erties of the test surface. Measurements of the surface
temperature variation under an impacting drop showed
no change when the oil was applied.

Photographs of droplet impact were taken using a
single shot flash photographic method, in which an
electronic flash unit was used to take a single 35 mm
photograph of a droplet at one instant after impact. By
advancing the time at which the drop was photographed
in small increments (0.1 ms), the entire impact process
could be recreated from images of droplets at different
stages of impact. Droplets falling towards the surface
passed through the beam of a 0.5 MW He-Ne laser
placed above the test surface. Interruption of the laser
beam was detected by a photo diode, sending a sig-
nal to the time delay circuit. This circuit opened the
shutter of a Nikon F-3 camera, and after a preset time
delay triggered a flash unit which provided diffused
backlighting to photograph the droplet. The flash had a
maximum duration of 8µs, short enough to effectively
freeze droplet motion at any stage of impact. A detailed
description of the photographic method has been given
by Chandra and Avedisian [19].

Measurements of droplet dimensions were made
from photographs, using a photograph of a 6.35 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 di-
ameter were made with a resolution of±0.01 mm.
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To confirm that the thermal contact resistance be-
tween wax droplets and the substrate was negligible, we
measured surface temperature variation during droplet
impact using a commercially available chromel-alumel
thermocouple (E-12-3-K, Nanmac Inc., Framingham,
MA) placed at the point of impact. The response time
of the thermocouple, specified by the manufacturer,
was 10µs. The thermocouple was inserted vertically
through the test surface and the junction ground flush
with the surface. The thermocouple output was ampli-
fied and recorded during droplet impact using a data
acquisition system.

3. Results and discussion
Fig. 2 shows photographs of successive stages of im-
pact of wax droplets with an initial velocity of 1 m/s
and temperature of 73◦C, on an aluminum surface at
23◦C. The time of each photograph, measured from the
instant of impact (t =0) is indicated. The upper half of
the droplets appears darker than the lower half because
the test surface was reflected in the droplet. A small
satellite drop can also be seen in some frames, which
formed during droplet detachment from the needle tip.
Immediately after the droplet touched the surface liq-
uid jetted away from the point of impact. The droplet
spread on the surface, reaching its maximum exten-
sion at t ≈3.0 ms. Surface tension forces pulled the
liquid back, reducing the splat diameter. The wax was
transparent when liquid, and turned opaque as it so-
lidified; solidified portions of droplets therefore appear
darker in the photographs. There is evidence of droplet
solidification as early ast =7.5 ms. The periphery of
the droplet appear to have frozen byt =9.5 ms, as in-
dicated by its irregular shape; surface tension forces
would have smoothed out the irregularities if the edge
was still fluid. However, surface tension continued to
act on the center portion of the droplet which was still
liquid, pulling it back so that it eventually recoiled off
the surface (t =14.5 ms). The droplet then subsided un-
der its own weight, eventually reaching its equilibrium
shape by approximatelyt =20 ms.

The effect of changing substrate temperature on
droplet impact dynamics is illustrated in Fig. 3, which
shows droplets impacting with a velocity of 0.8 m/s on
surfaces maintained at three different temperatures (Ts):
23, 40 and 73◦C. Each column of photographs shows
successive stages of droplet deformation on a surface
at a given temperature. Measurements of the evolution
of splat diameter (D), made from these photographs,
are shown in Fig. 4. ForTs = 73◦C the droplet and
surface were at the same temperature, and there was no
solidification; impact was isothermal and the droplet
remained liquid during the entire spreading process.
Photographs of impact at lower surface temperatures
(see Fig. 3,Ts = 40 and 23◦C) show the effect that
cooling the liquid had on droplet spreading. Lowering
surface temperatures can be seen to reduce the rate of
splat spreading (see Fig. 3,t = 1.5 ms). The diameter of
a drop impacting on a surface at 23◦C reached a maxi-
mum (Dmax) at t = 5.7 ms, after which surface tension
forces drew the edges back in, making the drop recoil
(t = 18.2 ms). The height of droplet recoil was larger
in these photographs than in Fig. 2, where the impact

velocity was greater (1 m/s); the recoil diminished as
surface temperature was increased. The recoil of the
droplet produced oscillations in the measured value of
D, visible in Fig. 4. On a surface at 23◦C the equilib-
rium splat diameter (Deq, measured att > 100 ms) was
significantly smaller thanDmax. At higher surface tem-
peratures, when droplet recoil was restricted, the dif-
ference betweenDmax andDeq decreased; only a very
small recoil can be detected forTs = 73◦C (see Fig. 4).

The final splat shape was characterized by mea-
suring the equilibrium splat diameter (Deq) and non-
dimensionalizing it by the initial droplet diameter
(D0) to obtain the “equilibrium spread factor” (ξeq =
Deq/D0). Fig. 5 shows the variation ofξeq with im-
pact velocity (V0), for impact on both a cold surface
(Ts = 23◦C) and a hot surface (Ts = 73◦C). The effect
of surface temperature on equilibrium splat shape was
evident forV0 < 1.8 m/s; at higher velocitiesξeq was
independent ofTs. Data forξeq show increased scatter
asV0 became larger, because splat edges began to frag-
ment, making repeatable measurements more difficult.

We can predict the equilibrium splat diameter (Deq)
for the case of isothermal droplet impact using a simple
energy conservation model developed by Pasandideh-
Fardet al. [20]. The model predictsDmax rather than
Deq for a liquid droplet impacting on a solid substrate.
However, forTs = 73◦C we observed thatDmax≈ Deq
(see Fig. 4) so that the analysis is valid for estimating
Deq. D, normalized byDmax, varied with dimensionless
time (t∗ = tV0/D0) as:

D

Dmax
=
√

3

8
t∗ (1)

From Equation 1, the dimensionless time required for
the droplet to reach its maximum spread (D= Dmax)
is t∗ =8/3, and is independent of impact velocity.
Fig. 6 shows the measured variation ofD/Dmax during
spreading of droplets with three different impact veloc-
ities on a surface at 73◦C (so that impact was isother-
mal). Our observations confirmed that in the range of
velocities used in our experiments the time for a liq-
uid drop to reach equilibrium was reasonably predicted
by t∗ =8/3. Droplet recoil was negligible; therefore,
irrespective of impact velocity,ξeq≈ ξmax.

The maximum spread diameter of a droplet was pre-
dicted by Pasandideh-Fardet al.[20] by calculating the
droplet energy before and after impact. The initial ki-
netic energy (KE1) and surface energy (SE1) of a liquid
droplet before impact are:

KE1 =
(

1

2
ρV2

0

)(
π

6
D3

0

)
(2)

SE1 = πD2
0γ (3)

After impact, when the droplet is at its maximum exten-
sion, the kinetic energy is zero and the surface energy
is:

SE2 = π

4
D2

maxγ (1− cosθ ) (4)

The work done in deforming the droplet against viscos-
ity is [20]:

W = π

3
ρV2

0 D0D2
max

1√
Re

(5)
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Figure 2 Impact of a molten wax droplet with velocity 1.0 m/s on an aluminum surface at 23◦C.
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Figure 3 Impact of a molten wax droplet with velocity 0.8 m/s on an aluminum surface at temperatureTs.

Substituting Equations 2–5 in the energy balance equa-
tion KE1+SE1 = SE2+W yields an explicit expression
for the maximum spread factor [20]:

ξmax= Dmax

D
=
√

We + 12

3(1− cosθ )+ 4(We/
√

Re)
(6)

For the case thatWe À √Re, and alsoWe À 12,
Equation 6 can be further simplified to:

ξmax= 0.5Re0.25 (7)

For the range of impact velocities in our experi-
ments (0.5 m/s< V0 < 2.7 m/s), we calculated that
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Figure 4 Splat diameter evolution for wax droplets impacting with a
velocity of 0.8 m/s on an aluminum surface at temperatureTs.

Figure 5 Variation of equilibrium spread factor with impact velocity,
for impact of wax droplets on an aluminum surface at temperatureTs.

26< We < 698 and 214< Re < 1114. We found
predictions from Equations 6 and 7 to be always very
close to each other irrespective of the value ofθ . There-
fore, only Equation 7 was used to calculate values of
ξmax that are plotted in Fig. 5. For droplets impacting
on a surface at 73◦C, there was no recoil of the splat
(see Fig. 6), andξeq ≈ ξmax; reasonable agreement is
seen between Equation 7 and measurements ofξeq for
Ts = 73◦C. Predictions were less accurate at low ve-
locities where the assumption of boundary layer flow
made in deriving Equation 5 was not satisfied; reasons
for the error have been discussed by Pasandideh-Fard
et al. [20]. Calculations ofξmax from the expression
proposed by Madejski [8] gave values approximately
twice those obtained from Equation 7.

At low impact velocities (V0 < 1.8 m/s), cooling the
substrate to 23◦C reduced the value ofξeq, making it
less than it was for a droplet impacting on a surface at

Figure 6 Normalized splat diameter evolution for wax droplets impact-
ing on a hot aluminum surface (Ts = 73◦C) with velocityV0.

73◦C (see Fig. 5). Lowering substrate temperature can
influence droplet impact dynamics through two mech-
anisms: firstly, solidification of the liquid adjacent to
the substrate can restrict spreading; secondly, even if
the liquid does not completely solidify, cooling it to
near the freezing temperature can greatly increase its
surface tension and viscosity. We will use simple mod-
els of droplet impact and solidification to compare the
relative importance of these two effects.

The effect of droplet solidification on the maximum
spread diameter can be determined by modifying the
energy balance model discussed above, assuming that
all the kinetic energy stored in the solidified layer is
lost. If the solidified layer has thicknesss and diameter
ds when the splat is at its maximum extension, then the
loss of kinetic energy is approximated by:

1KE =
(
π

4
d2

s s

)(
1

2
ρV2

0

)
(8)

ds varies between 0 andDmax; a reasonable estimate is
ds ∼ Dmax/2. We can estimate the thickness of the so-
lidified layer (s) by making the following assumptions:
the droplet is at its melting point (Tm); heat transfer
to the droplet is by one-dimensional heat conduction
into a semi-infinite body; the test surface is isothermal;
and that the thermal resistance at the splat-substrate
interface is negligible. The first three assumptions are
manifestly plausible. Droplets were maintained at their
melting point in our experiments. The thermal penetra-
tion depth during droplet impact equals, to within an
order of magnitude,

√
αdt ; for t = 10 ms, this equals

35µm, which is much less than the droplet diameter.
The droplet can therefore be assumed to be semi-infinite
in extent, and heat transfer to be one-dimensional. Fi-
nally the aluminum test surface can be assumed to be
isothermal becauseTs was estimated to change only by
about 1◦C during droplet impact, assuming the drop
and surface to be semi-infinite bodies suddenly brought
in contact [21].
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The fourth assumption, that contact resistance at
the interface is negligible, is valid if the Biot number
(Bi = hD0/kd) is large. We estimated the magnitude
of the heat transfer coefficient (h) at the liquid-solid in-
terface by measuring substrate temperature fluctuation
during droplet impact. Since the temperature change of
an aluminum surface was too small (<1 ◦C) to measure
accurately, we used a stainless steel surface, identical in
size and surface finish to the aluminum surface, to con-
duct our temperature measurements. We assumed that
the thermal contact resistance between the two surfaces
and impacting wax droplets would of the same order of
magnitude. Fig. 7 shows the surface temperature varia-
tion during the impact of a droplet on a surface initially
at 24◦C; the temperature increased by approximately
6 ◦C in the 0.25 ms following impact. To calculate the
coefficient of heat transfer between the droplet and sub-
strate, we used an analytical model of heat transfer be-
tween two semi-infinite bodies brought instantaneously
in contact, with a thermal resistance at the interface. If
heat transfer is by one-dimensional heat conduction,
the surface temperature variation is given by [22]:

Ts = Ts,i + βd

βd+ βs
(Tm− Ts,i )

× {1− exp
(
H2αst

)
erfc(H

√
αst)

}
(9)

where

βd =
√

kdρdCd, βs =
√

ksρsCs

and

H = βd+ βs

ksβd
h (10)

The curve represented by Equation 9 was fitted to our
experimental data, using a least squares fit, to deter-
mine the value ofh that gave the best match. Fig. 7
shows the closest fit, obtained using a value ofh=6×
104 W/m2 K. The corresponding value ofBi = 760,
which is much greater than unity. It is therefore reason-
able to assume perfect contact at the droplet-substrate
interface.

If heat transfer is by one-dimensional heat conduc-
tion, the solid layer thickness (s) increases with time as
[21]:

s=
√

2αdtSte (11)

where the Stefan number (Ste) is defined asSte=
Cd(Tm−Ts)/L. Substitutingt = (8/3)(D0/V0) in Equa-
tion 11 gives an estimate of the thickness of the solid
layer formed in the time the droplet takes to reach its
maximum spread:

s

D0
=
√

16

3

Ste
Pe

(12)

where Pe is the Peclet number (Pe = V0D0/αd).
The energy balance equation, modified to account
for the loss of kinetic energy due to solidification,

Figure 7 Surface temperature variation during the impact of a wax
droplet with a velocity of 1 m/s on a stainless steel surface.

is: KE1+ SE1= SE2+W+1KE. Substituting in this
Equations 2–5, 8, and 12, and assumingds ∼ Dmax/2,
gives an expression for the maximum spread factor for
a droplet that is solidifying during impact:

ξmax=√
We + 12

3(1− cosθ )+ 4(We/
√

Re)+We
√

(3Ste)/(4Pe)

(13)

ForWe À √Re andWe À 12, which was the case
in our experiments, we may simplify this equation to
give:

ξmax=
√√√√ √

Re
4+√(3Ste)/(4Pr )

(14)

in which the Prandtl number,Pr=Pe/Re. If Ste/Pr ¿
1, values ofξmax predicted by Equation 14 approach
those obtained from Equation 7, i.e., the extent of so-
lidification is too small to have a significant effect on
droplet spread. This was indeed found to be the case in
our experiments, whereSte =0.6,Pr=58, andSte/Pr
= 0.01. Therefore, in the time taken for the droplet
to spread, the thickness of the solidified layer was not
sufficient to significantly impede motion of the liquid.
Inspection of Fig. 2 confirms that there was no solidifi-
cation in the time that the droplet was spreading (t <3
ms). The first evidence of solidification is visible in a
later frame, whent ≈7.5 ms. Note that Equation 11
neglects any effects of undercooling and thermal con-
tact resistance; it therefore gives an upper bound to the
thickness of the solidified layer. In reality undercool-
ing of the molten liquid below its freezing point may
further reduce the value ofs.

Since solidification was insufficient to restrict droplet
spreading, changes in physical properties appear to
be the main reason that substrate temperature affects
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equilibrium splat diameter: in particular, viscosity and
surface tension increase when the liquid temperature is
lowered [23]. Greater liquid viscosity would increase
the energy dissipated during droplet deformation and
recoil, and we would therefore expect the height of re-
coil to be less on a cold surface than on a hot surface.
We observed the reverse effect in our experiments (see
Fig. 3), leading us to conclude that an increase in surface
tension was the main result of cooling the droplet. We
had no method of directly measuring surface tension,
which could vary both with time and location in the
droplet. However, we could estimate the residual sur-
face energy (SE2) after the droplet has finished spread-
ing using Equation 4 and experimental measurements
of the liquid-solid contact angle (θ ). Close inspection
of the photographs in Fig. 3 shows thatθ increases as
surface temperature is reduced (e.g., see Fig. 3,t =
5.7 ms).SE2 was therefore greater on a cold surface,
increasing the height of recoil as surface tension forces
pulled back the drop. Experiments on impact of water
droplets on a solid surface [20] have shown that reduc-
ing the contact angle by addition of a surfactant to water
can reduce droplet recoil after impact.

The variation in liquid-solid contact angle was mea-
sured from enlargements of the photographs in Fig. 3;
results are shown in Fig. 8. At the instant of contact
θ ≈130◦, irrespective of surface temperature. However,
on a surface withTs = 23◦C θ progressively increased
as the liquid cooled. Eventually the periphery froze
and the contact angle remained fixed at approximately
155◦C. Conversely, on a surface withTs = 73◦C, θ
decreased as the droplet spread, eventually reaching
its equilibrium value of 25◦. At the moment of maxi-
mum droplet spread (t ≈ 6 ms) there was a large differ-
ence in contact angle at the three surface temperatures
(θ = 155◦ for Ts = 23◦C; θ = 90◦ for Ts = 40◦C;
θ = 80◦ for Ts = 73◦C). Measured contact angles
did not vary significantly with impact velocity over the
range of our measurements.

Figure 8 Contact angle variation during spreading of wax droplets im-
pacting with a velocity of 0.8 m/s on an aluminum surface at temperature
Ts.

Figure 9 Normalized residual surface energy variation with impact ve-
locity for droplet impact on a surface at temperatureTs.

Dividing the surface energy at the end of im-
pact (SE2) by the total initial energy of the droplet
(KE1+ SE1), we can define the normalized residual
surface energy:

9 = SE2

KE1+ SE1
=
(

1+ 4

3

We
(1− cosθ )

√
Re

)−1

(15)

Values of9 calculated from Equation 15 are shown in
Fig. 9 as a function of impact velocity for three different
values ofθ (155◦,90◦ and 80◦), corresponding to the
three surface temperatures at which contact angle mea-
surements were made (Ts = 23,40 and 73◦C). Impact
velocity was found to reduce the equilibrium spread
factor of droplets impacting on a surface at 23◦C
for V0 > 1.8 m/s (see Fig. 5). This velocity corresponds

Figure 10 Normalized splat diameter evolution for wax droplets impact-
ing on a cold aluminum surface (Ts = 23◦C) with velocityV0.
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Figure 11 Breakup of a molten wax droplet following impact with a velocity of 2.2 m/s on an aluminum surface at 23◦C.
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to 9 = 0.1 for Ts = 23◦C (see Fig. 9): i.e., retaining
10% of the initial energy is sufficient to cause a droplet
to recoil after impact. Measurements of splat diameter
evolution for droplets landing on a surface at 23◦C
show a large recoil atV0 = 0.8 m/s (Fig. 10) so that
the equilibrium spread factorξeq < ξmax. However, as
impact velocity increased most of the initial energy of
the droplet was dissipated by viscous forces, leaving
less stored as surface energy: no recoil can be seen for
V0 = 2.6 m/s in Fig. 10 so thatξeq≈ ξmax.9 decreased
as surface temperature was raised and the contact angle
θ became smaller. AtTs = 73◦C, the condition9 <

0.1 corresponds toV0 > 1.1 m/s. We would therefore
expect to see no recoil at higher impact velocities. Fig. 6
confirms that very little recoil was seen for droplets
impacting on a surface at 73◦C, even at very low impact
velocities.

Increasing impact velocity eventually caused the
droplet to fragment. Fig. 11 shows photographs of a
droplet impacting with a velocity of 2.2 m/s on a sur-
face at 23◦C. An instability can be seen developing
around the periphery of the drop soon after impact (see
t = 0.6 ms) in the form of small waves. These waves
grew larger, with their tips eventually detaching in the
form of small droplets. The number of droplets varied
from 18–22, spaced evenly around the perimeter of the
drop.

Mundoet al. [24] and Stow and Hadfield [25] stud-
ied the splashing of liquid drops. They both observed
that splashing occurred when the splash parameter
K =

√
We
√

Re exceeded a critical limit, whose value
depended on the solid surface roughness. For water and
ethanol drops impacting on a smooth surface they found
experimentally [24] thatK = 57.7. In our experiments
we found that the impact velocity required to produce
splashing was higher on a hot surface than on a cold
surface: forTs = 23◦C, K = 102 and forTs = 73◦C,
K =137. Savic and Boult [26] had previously observed
in their experiments on the impact of wax droplets on
a cold surface that raising the droplet temperature de-
layed the onset of droplet break up. They concluded that
solidification of the splat assists droplet disintegration.
Solidification of the splat near its center, which contacts
the substrate first, retards its spread and makes it easier
for the droplets to break free from the periphery.

Allen [27] suggested that droplet splashing is an
example of Rayleigh-Taylor instability, caused by a
denser fluid being accelerated into a lighter one. If the
magnitude of acceleration isa, the wavelength of the
interfacial waves is [27]:

λ = 2π

√
3γ

aρ
(16)

The number of waves (N) around the perimeter of the
drop then equals:

N = πDmax

λ
= Dmax

√
aρ

12γ
(17)

A simple estimate of the acceleration of the tip of
the spreading liquid jet isa∼V2

0 /D0. Substituting in

Equation 17, and using Equation 7 to calculateDmax
gives:

N =
√

We
√

Re
48

= K

4
√

3
(18)

For the conditions of Fig. 11 (We = 500,Re = 942)
Equation 18 predictsN =18, which agrees closely with
the 19 droplets observed breaking loose from the splat
when it was at its maximum extension (see Fig. 11,t =
3.2 and 3.4 ms).

4. Conclusions
The impact and solidification of molten wax droplets
on an aluminum surface was studied experimentally.
We photographed impacting droplets, and measured
splat diameters and liquid-solid contact angles during
spreading. The principal parameters varied were impact
velocity (0.5–2.7 m/s) and surface temperature (23–
73◦C).

Measurements of surface temperature variation un-
der an impacting drop showed that the thermal con-
tact resistance was negligible. A simple model based
on energy conservation was used to predict the maxi-
mum extent of liquid droplet spread. Predictions from
the model were found to agree well with experimental
measurements of droplet impact on a surface at 73◦C,
for which impact was isothermal. On a surface at 23◦C,
the equilibrium splat diameter was smaller than it was
on a hot surface. The extent of droplet solidification
was found to be too small to affect droplet impact dy-
namics. However it was shown that if more that 10%
of the initial droplet energy remained as surface energy
after impact, the droplet recoiled and the equilibrium
splat diameter was reduced. Increasing impact velocity
led to droplet break up; reducing substrate tempera-
ture was found to promote break up. A model based
on the Rayleigh-Taylor instability was used to predict
the number of satellite droplets that broke loose after
impact.
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