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Abstract On the basis of empirical data, power-law
boundary relations are formulated to delineate the
splash and non-splash regions on dry surfaces or thin
films under isothermal conditions, using the Ohnesorge
and Reynolds numbers. Approximation of the relations
permits cancellation of fundamental fluid physical con-
stants to give simplified formulas which provide insight
into the governing parameters describing splashing and
non-splashing behaviors. Thus, for a droplet impinging
upon a dry solid surface, the splash/non-splash border is
well described by �Ca = 0.35. For a drop impinging
upon a thin fluid film, the analytical simplification yields
a boundary described by �We = 20. For both expres-
sions, values greater than the numerical value result in
splashing.

1 Introduction

It is essential to understand the underlying mechanisms
governing the impact and spread of liquid droplets upon
a solid surface in many processes such as ink-jet print-
ing, painting, pesticide spraying and spray cooling. Each
application will benefit from a specific result. The situ-
ation is further complicated because many modes of
splashing can occur, ranging from splash on impact to
prompt splash upon spreading, delayed splash or crown
breakup, partial rebound and jetting. Across this range
of splashing behaviors, the success of each of these
applications will depend on controlling splashing
behavior. Given the exceeding complexity of an impact

event, simple interpretations for the droplet–surface
interaction based on fluid parameters are sought.

While the dependence upon the fluid parameters can
provide insights into the splashing mechanism, a pre-
dictive correlation, even if empirically based, would be
useful for gauging splash probabilities and designing
systems or tailoring conditions so as to achieve vigorous
splashing or avoiding splashing altogether.

Towards this goal, various investigators have sought
to delineate the boundary between splashing and non-
splashing regions based on various relationships be-
tween non-dimensional parameters.

For example, Stow and Hadfield (1981) found a
correlation for the splashing/deposition limit, which is
expressed as, Re0.31 We0.69 = n—where Re is the
Reynolds number, We is the Weber number and n is
the splash deposition value. Notably, it is dependent
upon the surface roughness. Wu (1992) later simplified
the Stow and Hadfield formula for small values of
Ohnesorge (Oh) number, where the influence of vis-
cosity was minimal. Mundo et al. (1995) investigated
the splashing/deposition limit using a combination of
Oh and Re numbers. Their correlation is expressed as
Oh Re1.25 = 57.7. They also included relations for the
splashed droplet mean size and deposited mass frac-
tion. A distinct correlation between the Re and Oh
number was found only if the normal velocity com-
ponent of the impinging droplets was used in their
calculation. Though Mundo et al. (1995) found no
difference for two values of surface roughness, Cossali
et al. (1997) later pointed out that Mundo et al.’s
(1995) values of surface roughness were in an asymp-
totic regime where the n parameter of Stow and Had-
field achieved a nearly constant value. Consequently,
although there appears to be some consistency, the
formulas presented above are largely unverified as Stow
and Hadfield used only water while Mundo et al.
(1995) investigated a range of fluid properties using a
rotating surface, which imparts a translational vector
to the drop impingement dynamics.
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The situation is further complicated by different
kinds of splashes ranging from prompt, crown break-
up, receding breakup and partial rebounds, all of which
have been observed to depend upon other variables.
Therein, an alternative approach has been identified to
develop empirical correlations in which the range of
outcomes is mapped against the test conditions.
Thereby, specific impact outcomes or impact regime
‘‘maps’’ have been developed as a function of droplet
velocity, surface temperature, impact angle, surface
curvature and roughness (Wachters and Westerling
1966; Stow and Hadfield 1981; Ko and Chung 1996;
Mundo et al. 1995; Bernadin et al. 1997; Cossali et al.
1997; Range and Feuillebois 1998; Hardalupas et al.
1999; Crooks and Boger 2000; Kang and Lee 2000;
Karl et al., 2000; Lavergne and Platet 2000; Wu 2003).
Yet other works have characterized droplet rebound,
partial and intact, as a function of fluid properties,
surface wettability and impact energy (Hobbs and
Kezweeny 1966; Akao et al. 1980; Shi and Chen 1983;
Chandra and Avedesian 1991; Fukai et al. 1995; Hatta
et al. 1995; Scheller and Bousfield 1995; Pasandideh-
Fard et al. 1996; Zhao et al. 1996; Mao et al. 1997;
Mourougou-Candoni et al. 1997; Zhang and Basaran
1997; Prunet-Foch et al. 1998; Thoroddsen and
Sakakibara 1998; Mourougou-Candoni et al. 1999;
Roisman et al. 1999; Rioboo et al. 2001; Rioboo et al.
2002; Rozhkov et al. 2002; Yang and Leong 2002; Kim
et al. 2003). Notably, neither the power-law relations
nor the empirical correlations provide an explanation
for the splashing mechanism. This is not particularly
surprising given the variety of splashing modes that can
occur, depending upon fluid physical properties and
impact conditions (Rein 1996; Rioboo et al. 2001;
Rioboo et al. 2002).

Although several studies have been performed on
drops impacting upon deep pools (Engel 1967; Levin
and Hobbs 1971; Cai 1989; Oguz and Prosperetti 1989;
Pumphrey and Elmore 1990; Shin and McMahon 1990;
Peck and Sigurdson 1994; Cresswell and Morton 1995;
Thoroddsen and Takehara 2000; Kersten et al. 2003),
fewer have used thin fluid films (Yarin and Weiss 1995;
Cossali et al. 1997; Coghe et al. 1999; Wang and Chen
2000; Sivakumar and Tropea 2002; Rioboo et al. 2003).
Some of these latter studies have provided detailed
characterization of the secondary droplets number, size
and velocity for some selected fluids (Hobbs and
Osheroff 1967; Stow and Stainer 1977; Mundo et al.
1995; Cossali et al. 1997; Cossali et al. 1999). Among
these studies, only four appear to have investigated a
splash threshold as has been done for impact upon dry
solid surfaces (Yarin and Weiss 1995; Cossali et al. 1997;
Wang and Chen 2000; Rioboo et al. 2003). This is par-
ticularly surprising as many applications will quickly
transform into one where subsequent drops impact upon
a liquid film formed by previous drops. Moreover, these
numerical relations or empirical graphical boundaries do
not provide insight into the mechanism(s) or fluid
parameters governing splashing.

Given an incomplete understanding of drop splash-
ing, in this article we investigate the splash/non-splash
boundary for drops impacting upon a dry surface and
one wetted by a thin film, for isothermal systems. In
spray or paint applications, a thin film represents the
first transition from a dry surface towards thicker fluid
layers. Moreover, thin films present the largest contrast
with a dry surface and initiate splashing before inter-
mediate or thick fluid films. Here, the usage of a mir-
rored surface permitted focus upon the fluid properties,
while effects of surface roughness are addressed in a
companion paper. To encompass a broad range of fluid
properties, the splashing onsets of 12 fluids with
20.1 < r < 72.8 and 0.409 < l < 3.34, where r
and l are respectively the surface tension and viscosity,
were found. Within this range of impact conditions and
fluid properties, empirical relations delineating the
boundary between splash and non-splash regions of
behavior were determined using the Oh and Re num-
bers. To lend insight into the physical parameters
governing the onset of splashing, algebraic simplifica-
tion of the power-law relations was performed to shed
light on the underlying splashing mechanism and to
illuminate the competing effects of viscosity and surface
tension upon impact outcome. For practical reasons,
all splash modes occurring in close proximity to impact
are included here, which excludes all rebound-based
jetting.

2 Experimental

The setup includes an impact platform that holds a dry
diamond-lathed aluminum disk, with mean surface
roughness less than 10 nm, or a thin pool of approxi-
mately 0.02 cm of a desired fluid over a similar alumi-
num disk. The film thickness was measured using an
indenter, a needle mounted on a vertical micro-transla-
tion stage to measure the distance from the top of the
liquid layer to the submerged metal insert, aided by the
free-running camera system.

The inertial-based release mechanism includes inter-
changeable needles to hold different volumes of a wide
variety of liquids with many different physical proper-
ties. Droplets were measured with a microsyringe and
manually placed on the needle. A droplet of 0.20 cm
diameter (4.0 lL) was chosen because the liquid main-
tained a spherical shape throughout the free fall,
negating concerns of an uneven impact. The liquid was
deployed by way of a manual trigger that released a
stretched rubber band at the top of the mechanism. The
relaxing rubber band then pulled the needle quickly
upward, moving it out of the liquid droplet and allowing
the droplet to fall onto the film below.

A Kodak EktaPro HG 2000 high-speed camera was
then manually triggered and it recorded the droplet
impact at 2,000 frames/s for half of the imaging field.
The exposure time was set at 28 ls while using a 105-mm
Nikkor lens set at an aperture of 32 to minimize motion
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blurring and to provide a large depth of field. A halogen
lamp illuminated the impact site through a single sheet
of Roscoe 111 diffusion film to provide uniform high-
intensity back lighting.

Droplet velocities were increased or decreased by
translating the release mechanism vertically and taking
advantage of gravitational acceleration. All velocities
were measured using XCAP 2.0, an image acquisition
and analysis program from EPIX. Measured velocities
have an error of ± 0.15 m/s based on the pixel size and
0.5 ms image spacing.

The fluids used include alkanes and alcohols, whose
properties were gathered experimentally or through the
CRC Handbook of Chemistry and Physics (Weast 1973).
Water and the 30 wt% glycerol–water solution were also
used. Deionized water was obtained from a Millipore
AFS filtration system. The properties of the glycerol
solution were measured using a Cannon-Fenske
(Reverse Flow) viscometer and Cahn tensiometer. As a
consequence of the native oxide layer that formed upon
the surface, hydrocarbon fluids fully wetted the surface
while water, water–glycerol and alcohols had a contact
angle near 30�. Table 1 contains the relevant properties
of the fluids used in this study.

To verify the results for any given set of impact
conditions, generally three separate tests were con-
ducted. The record of outcomes was binary in nature;
either splashing or no splashing was observed. Detailed
pictures defining splashing behavior more broadly may
be found in a companion paper.

For reference, the Weber number is given by

We ¼ qv2d
r

ð1Þ

while the Reynolds number is given by

Re ¼ qvd
l

ð2Þ

with the Ohnesorge number expressed as

Oh ¼
ffiffiffiffiffiffiffi

We
p

Re
ð3Þ

Finally, the Capillary number (Ca) is

Ca ¼ lv
r

ð4Þ

where q is the fluid density, d is the droplet diameter, v
the droplet impact velocity, r the fluid surface tension
and l is the fluid viscosity.

3 Results

To illustrate the range of non-dimensional parameters
and their dependence upon fluid physical parameters,
the data summarized in Tables 2, 3, 4 are organized in
columns by increasing velocity at which the droplet
approaches the surface. Correspondingly, the Re, We
and Ca numbers will increase with the velocity and fluid
order.

The shaded cells illustrate the values for the partic-
ular fluid that splash upon a dry surface. As Tables 2
and 3 illustrate, the boundary for splashing is not
uniformly monotonic with either Re or We number;
discontinuities are evident. Considered individually,
neither scaled kinetic energy, as expressed by the We
number, nor scaled momentum, as represented by the
Re number, consistently defines a clear boundary be-
tween splashing and non-splashing. Therein, it is not
surprising that the correlations developed to date are
based on both We and Re numbers to encompass more
degrees of freedom by including both fluid viscosity
and surface tension.

This lack of simple correlative data using individual
non-dimensional parameters serves as a motivation for
the development of an algebraic relation based on
combinations of these parameters to describe the
splashing/non-splashing boundary. The data for the
splashing and non-splashing impact conditions upon a
dry, solid surface are plotted in Fig. 1. Each symbol
shape corresponds to a particular fluid, as indicated in
the legend. The red data points correspond to splashing
drops while the blue points correspond to impacting

Table 1 Key physical properties of the fluids used

Fluid Viscosity
(centipoise)

Surface
tension
(dynes/cm)

Density
(g/cm3)

Heptane 0.409 20.1 0.684
Nonane 0.711 22.9 0.722
Decane 0.925 24.0 0.730
Dodecane 1.35 25.4 0.750
Tetradecane 2.04 26.7 0.763
Hexadecane 3.34 27.1 0.773
DI water 0.978 72.8 1.00
30% glycerol/water 2.64 71.7 1.08
Methanol 0.597 22.6 0.792
Ethanol 1.20 23.1 0.789
N-propanol 2.26 23.8 0.804
Butanol 2.95 20.1 0.810

Table 2 Reynolds numbers achieved at a range of impact velocities

Reynolds Impact velocity on a dry surface

Fluid 2.17 m/s 3.15 m/s 3.80 m/s 4.22 m/s
Hexadecane 988 1,440 1,730 1,930
Butanol 1,170 1,710 2,060 2,290
N-propanol 1,520 2,210 2,670 2,960
Tetradecane 1,600 2,320 2,800 3,110
30% glycerol/water 1,740 2,530 3,060 3,400
Dodecane 2,370 3,450 4,160 4,620
Ethanol 2,810 4,080 4,920 5,470
Decane 3,370 4,900 5,910 6,570
Nonane 4,330 6,300 7,600 8,450
DI water 4,370 6,350 7,650 8,510
Methanol 5,660 8,230 9,930 11,000
Heptane 7,140 10,400 12,500 13,900

Splashing events on a dry surface are italicized
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drops for which no splash occurred. Several combina-
tions of Oh, Re, We and Froude numbers were tested to
summarize the splash/non-splash data for droplets
impacting upon the dry surface and the thin film. Only
the power-law correlation based on the Oh and Re
numbers proved fruitful in defining a clear boundary
between these behavior regimes. The dashed curved line

represents an empirical splashing boundary for the fluids
studied here and is described by the relation

Oh�Re0:609 ¼ 0:85
ð5Þ

Values greater than the numerical value result in
splashing. The occurrence of splashing was observed as a

Table 4 Capillary numbers achieved at a range of impact velocities

Capillary Impact velocity on a dry surface

Fluid 2.17 m/s 3.15 m/s 3.80 m/s 4.22 m/s
DI water 2.91 4.23 5.10 5.67
Heptane 4.41 6.41 7.73 8.60
Methanol 5.72 8.32 10.0 11.2
Nonane 6.73 9.78 11.8 13.1
30% glycerol/water 7.98 11.6 14.0 15.6
Decane 8.36 12.2 14.7 16.3
Ethanol 11.3 16.4 19.8 22.0
Dodecane 11.5 16.8 20.2 22.5
Tetradecane 16.6 24.1 29.0 32.3
N-propanol 20.6 29.9 36.1 40.1
Hexadecane 26.8 38.9 46.9 52.2
Butanol 31.8 46.2 55.7 62.0

Splashing events on a dry surface are italicized

Table 3 Weber numbers achieved at a range of impact velocities

Weber Impact velocity on a dry surface

Fluid 2.17 m/s 3.15 m/s 3.80 m/s 4.22 m/s
DI water 127 269 391 483
30% glycerol/water 139 294 427 528
Tetradecane 264 559 813 1,000
Hexadecane 265 559 813 1,000
Dodecane 273 578 840 1,040
Decane 282 595 865 1,070
Nonane 292 616 896 1,110
N-Propanol 313 661 961 1,190
Heptane 315 665 967 1,200
Ethanol 317 670 974 1,200
Methanol 324 685 996 1,231
Butanol 373 788 1,150 1,420

Splashing events on a dry surface are italicized

Fig. 1 Splash behavior on a dry surface plotted with respect to Ohnesorge and Reynolds number values. Red plot marks correspond to
splashing behavior and blue to non-splash. The equation for the boundary fit line is included on the graph, in addition to using the
simplified form
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radial jetting of fluid during droplet spreading. The
range of surface tensions and viscosities represented by
this map generates a wide predictive capability. The
particular appeal of using the Oh number is that it
contains a dependence upon both surface tension and
viscosity. Recognition of the definitions of Oh and Re in
terms of fundamental fluid physical parameters and
making the approximation that Re0.609 = Re0.5 permit
algebraic simplification. Thus equation 5 may be
rewritten as

Oh
ffiffiffiffiffiffi

Re
p

¼ l
ffiffiffiffiffiffiffiffi

qrd
p �

ffiffiffiffiffiffiffiffi

qvd
p

l
¼

ffiffiffiffiffiffi

lv
p
ffiffiffi

r
p ¼

ffiffiffiffiffiffi

Ca
p

ð6Þ

This relation is also plotted in Fig. 1 as the solid curve.
The numerical value of the constant, as may be found in
Fig. 1, was readjusted as necessary to produce the best
delineation between the splash and non-splashing
events. As expected, both viscosity and surface tension
are involved. Notably, the splash/non-splash boundary
has an opposite dependence upon each parameter. High
surface tension acts to restrict splashing as fluid exten-
sion increases surface area and hence energy. Con-
versely, high viscosity acts to promote splashing. This is

consistent with the origin of splashing being a kinematic
discontinuity and ensuing instability phenomena within
the outward directed fluid (Allen 1975; Yarin and Weiss
1995; Rieber and Frohn 1999; Bussman et al. 2000; Kim
et al. 2000; Trujillo and Lee 2001; Roisman and Tropea,
2002; Josserand and Zaleski 2003). High viscosity acts to
retard the initial edge of the outward flowing fluid more
than latter portions, thereby creating a velocity discon-
tinuity that results in splashing. This relationship is
further supported by the splash/non-splash occurrence
at a range of Ca numbers recorded in Table 4.

The presence of a thin film causes a dramatic shift in
the splashing threshold for all of the fluids studied here.
Significantly, differences between the thresholds for the
fluids largely disappear. Figure 2 shows a plot summa-
rizing the splash and non-splash data for drops
impacting upon a thin fluid film covering a dry solid
surface. The splash/non-splash symbolism is the same as
before. Significantly, the boundary delineating the
splash and non-splash regions also follows a power-law
relation in terms of Oh and Re as given by,

Oh�Re1:17 ¼ 63 ð7Þ

Fig. 2 Splash behavior on a thin film plotted with respect to Ohnesorge and Reynolds number values. Red plot marks correspond to
splashing behavior and blue to non-splash. The equation for the boundary fit line is included on the graph, in addition to using the
simplified form

57



Values greater than the numerical value result in
splashing. Upon the thin film, splashing was manifested
as droplets breaking off of the developing crown and of
the receding crown. Using the definitions of the non-
dimensional parameters in terms of the fundamental
fluid physical properties as before and approximating
Re1.17 = Re permit algebraic cancellation of like terms
to yield,

OhRe ¼ l
ffiffiffiffiffiffiffiffi

qrd
p � qrd

l
¼ v

ffiffiffiffiffiffi

qd
p
ffiffiffi

r
p ¼

ffiffiffiffiffiffiffi

We
p

ð8Þ

This relation is also plotted in Fig. 2 as the solid
curve. The numerical value of the constant, as may be
found in Fig. 2, was readjusted as necessary to produce
the best delineation between the splash and non-
splashing events. For a drop impacting upon a thin fluid
film, splashing was observed to occur at far lower We
numbers than for a dry surface. In light of the kinematic
discontinuity model, this is to be expected. The fluid
within the thin film is initially stationary; hence, there
exists a very large velocity discontinuity between the
outwardly directed droplet fluid and the initially sta-
tionary fluid of the thin film. This is undoubtedly larger
than velocity differences within the droplet fluid that
arise during different stages of the drop impact and
deformation. Hence, the presence of the static fluid of
the film governs the splashing threshold while the fluid
viscosity is relegated to a secondary role in the splash
dynamics. This is reflected by the absence of fluid vis-
cosity in Eq. 8 and is consistent with past observations
and numerical calculations (Vander Wal et al. 2005).

It should be noted that expressions 6 and 8 are only
approximations; in particular, the thin film expression
misses a few splashing instances. However, the approx-
imations allow simple physical insights to be gained.
Strictly speaking, as seen from Eq. 5 and 6 prior to
simplification, the boundary for splashing upon a dry
surface will have a weak dependence upon the initial
drop diameter. Correspondingly, the splash/non-splash
boundary for a drop impacting upon a thin film will
have a weak dependence upon the droplet fluid viscosity.
As both expressions involve the creation of a kinematic
discontinuity within the expanding fluid film, it is not
surprising that each simplified expression depends upon
the drop velocity. For impact upon the film, the
dependence upon velocity is stronger, mirroring the
observation that splashing occurs at much lower We
number values than for impact upon a dry surface for
any given fluid.

4 Conclusions

Determining the splash/non-splash boundary is impor-
tant for many practical applications. Painting, coating
and cooling processes would each benefit from near-
term empirical relations and subsequent models. Such

demarcations can guide theoretical development by
providing definitive testing of its predictive capabilities.
Thus, empirical relations describing the boundary be-
tween splash and non-splash were given for drops
impinging upon a dry solid surface and upon a thin fluid
film covering a similar surface. Analytical simplification
of the power laws describing the boundary between the
splash and non-splash regions yields insight into the
fundamental physical properties governing the splash
and non-splash outcomes of the fluid droplets. Therein,
splashing upon a dry surface is reasonably described by
�Ca > 0.35, reflecting the competing roles of surface
tension and viscosity. Splashing upon a thin fluid film, as
described by �We > 20, is governed by fluid density
and surface tension, but is rather independent of vis-
cosity. Finally, the data presented here suggests that a
more direct dependence upon the surface tension and
viscosity, given a better understanding of their interplay,
would allow parallel relations to be developed for
droplet-surface impacts of more complicated situations
involving non-Newtonian fluids, specifically those
exhibiting viscoelastic behavior.

5 Disclaimer

Trade names or manufacturers’ names are used for
identification only. This usage does not constitute an
official endorsement, either expressed or implied by
either the National Aeronautics and Space Adminis-
tration or The National Center for Microgravity Re-
search.
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