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Splashing is a phenomenon often observed during liquid droplet impact onto a solid surface. The threshold of splashing
is known to be related to droplet size, impact velocity, and physical properties of the liquid, but the mechanisms that
initiate splashing are not understood completely. In accordance with the Kelvin-Helmholtz (K-H) instability analysis,
recent studies have shown that ambient gas density has a significant effect on the threshold and trajectory of splashing.
In this study, the effects of droplet velocity, impact angle, and ambient gas pressure (or density) on the threshold of
splashing and the motion of the ambient gas surrounding the droplet were examined. Experimental observations of
splashing were carried out with a droplet of 1.7 mm in diameter, while varying droplet velocity, impact angle, and
ambient pressure. An empirical correlation was derived using our and other published data to determine the threshold
of splashing based on the aforementioned parameters. Also, a numerical simulation using the volume of fluid method
was carried out to calculate the gas velocities surrounding the droplet during impact. The results of this model gave
supportive evidence that K-H instability is a suitable instability theory that helps explain the splash phenomenon with
consideration of the gas motion surrounding the droplet.
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1. INTRODUCTION
The splashing phenomenon that occurs after a liquid
droplet impacts onto a solid or liquid surface was first
studied by Worthington (1876). Although the physical
mechanisms of splashing are still not completely understood, droplet impact against solid and liquid surfaces
has been widely used for materials processing, ink printing, spray cooling, and irrigation. Engel (1955) showed
that the pressure variation inside the droplet during im-
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pact was the key factor that caused splashing. Studies
of droplet impacts at velocities over 100 m/s against a
rigid surface showed that splashing may be attributed to
a pressure-related shockwave, which is initiated due to
the compression of the front part of the droplet at the beginning stage of contact against the rigid solid surface
(Bowden and Field, 1964; Hobbs and Kezweeny, 1967;
Hobbs and Osheroff, 1967; Levin and Hobbs, 1970, 1971;
Lesser, 1981; Lesser and Field, 1983; Field et al., 1985).
Then, when the momentum of the liquid droplet cannot
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NOMENCLATURE
Ca
Cg
Cl

capillary number (V µ/σ)
sound speed in ambient gas, m/s
sound speed in liquid, m/s

tc
T
Tsat

characteristic spreading time, s
temperature, ◦ C
saturation temperature of droplet at 1 atm, ◦ C

force, N

V

droplet velocity, m/s

*

F

*

h
k
m
Mm
n
p
P0
P
r
Rm
Re
Ru
t

thickness of flattened droplet at
maximum spread diameter, m
wave number
mass, kg
molecular weight of the gas, g/mol
adiabatic gas constant
ambient gas pressure, Pa
atmospheric pressure, 101000 Pa
pressure inside droplet, Pa
radius of droplet spread, m
maximum spread radius, m
Reynolds number (ρ/µ)
universal gas constant [8314 N m/kg mol K]
time from droplet impact, s

convert into the flow momentum along the impact surface during the impact process, splashing occurs at the
location where the surface energy is the least (Harlow
and Shannon, 1967; Stow and Hadfield, 1981). This assumption has been supported by experimental measurements, which were taken when surface roughness was
increased (Range and Feuillebois, 1998a,b; Field, 1999)
and when a vertical obstacle was added on the solid surface (Josserand et al., 2005). Both the surface roughness
and vertical obstacles reduce the momentum of flow along
the impact surface. As a result, the pressure at the front
edge of the flow along the impact surface increases to facilitate splashing.
Additionally, Allen (1975, 1988) applied the RayleighTaylor (R-T) instability theory to demonstrate that splashing was one of the products of instability formation. Recent research, however, has shown that Kelvin-Helmholtz
(K-H) instability, which is caused by the shear stress between two fluids moving in parallel at a relative velocity,
provides a better explanation of splashing than R-T instability theory because it considers the exchange of momentum between the gas underneath and the droplet as the latter is about to impact the solid surface (Kim et al., 2000;
Yoon and DesJardin, 2006; Yoon et al., 2007). In this context, Xu (2007) discovered that as the ambient pressure

Vn

impact velocity in normal direction to
the impact surface, m/s
Vrel relative velocity, m/s
Vs
spreading velocity, m/s
We
Weber number (DρV 2 /σ)
Greek Symbols
µ
dynamic viscosity, kg/s m
ν
kinematic viscosity, m2 /s
ω
interface growth rate, m/s2
θ
static wetting angle, deg
ρ
liquid density, kg/m3
ρg
ambient gas density, kg/m3
σ
surface tension, N/m
τST shear stress caused by surface tension, N/m2

drops to 0.17 atm, splashing could not be observed. A
more detailed description of the interaction between a water droplet and ambient gas during impact was presented
by Jepsen et al. (2006), who used the Schlieren photography method to observe the gas movement, which varied
with the ambient pressure during a water slug impact onto
a solid surface. Additionally, Yoon et al. (2009) presented
further evidence for K-H instability through imaging of
finger formation in droplets impacting into liquid pools
where fluid density differences did not exist.
Experimental methods have been applied to find the
quantitative threshold of splashing during droplet impact
based on the Weber number (We) and the Reynolds number (Re). These studies have related the threshold of
splashing to liquid properties, such as the surface tension
and viscosity, and also to the impact surface characteristics (Mundo et al., 1995; Rein, 1996; Prunet-Foch et al.,
1998; Kang and Lee, 2000; Rioboo et al., 2001, 2003).
Kelvin-Helmholtz instability, however, has generally not
been considered in splashing threshold correlations, nor
has the effect of ambient pressure and impact angle been
studied together systematically.
In this study, we observe and record the dynamics of
droplets of various fluid properties as they impact against
a rigid solid dry surface at different inclination angles,
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at pressures ranging from 0.2 to 6 atm. Although they
are known to influence impact dynamics, the influence of
surface wettability and temperature on splashing threshold was assumed to be small relative to other factors (Li
et al., 2009). On the basis of the experimental results, we
develop an empirical expression to predict the threshold
of splashing that uses the balance between the droplet internal pressure and the droplet surface tension while considering K-H instability and gas pressure. To further validate the applicability of the K-H instability on splashing,
a numerical simulation based on a volume of fluid (VOF)
algorithm was also performed.
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high-speed video camera (Vision Research, Inc, Wayne,
New Jersey) at a rate of 4800–17,021 frames per second.
Quantitative results for each condition were determined
by averaging four test runs.
2.2 Numerical Simulation

To study how the ambient gas pressure affects splashing
during impact, computational fluid dynamics (CFD) software, Fluent 6.3 (Fluent Inc., Lebanon, New Hampshire)
was used to simulate the droplet impact, based on an implicit VOF scheme. This scheme simulates multiphase
flows by assigning a volume fraction of each phase within
each cell. If αq is the volume fraction of the qth fluid, then
2. METHODS
values of αq = 0 and αq = 1 represent cells empty and full
of the qth fluid, respectively. Values of αq between 0 and
2.1 Experimental Approach
1 represent interfaces between phases. The interface is
The liquid used in this study was FC-72 or perfluorohex- tracked using continuity,
ane (C6 F14 ), whose properties are shown in Table 1 along
∂αq
∂αq
+ ui
=0
with two other commonly used liquids, water and ethanol,
∂t
∂xi
for comparison. FC-72 is normally used as an electronic
cooling fluid and its selection for the current study pro- The momentum equation is used to solve a single velocity
vided a wide range of values for We. A diagram of the field representing all phases,
experimental setup is provided in Fig. 1. A precision


∂
∂
∂P
∂
∂ui
∂uj
microliter valve (Model 740V-SS, EFD Inc., East Proviρuj +
ρui uj = −
+
µ
+
∂xi
∂xj
∂xi
∂xj
∂xi
dence, Rhode Island) with stainless steel tips of various ∂t
outer diameters was used to generate droplets of 1.7 mm
+ ρgj + Fj
diameter. The distance from the nozzle tip to the impact
surface was varied from 0.06 to 1.32 m to produce impact with fluid properties determined by using volume fraction
velocities from 1 to 5 m/s. A smooth Plexiglas surface averages, e.g., for µ,
with less than 0.8 µm in roughness was mounted on a
X
rotary stage (Model B5990TS, Velmex Inc., Bloomfield,
µ=
αq µq
New York) at various impact angles ranging from 0 to 45
deg relative to the horizontal plane.
FC-72 droplets of 1.7 mm diameter were generated
To help quantify the significance of K-H instability, and allowed to impact at velocities of either 2 or 5 m/s.
ambient gas pressure was varied from 1 to 6 atm by per- The droplets impacted onto a horizontal or 45 deg informing experiments in an aluminum pressure chamber. clined surface at surrounding ambient pressures of 1 or
Dry air was used to vary ambient pressure. All experi- 4 atm. Although the droplet was spherical, a 2D simments were performed isothermally at 298 K to maintain ulation, instead of a full 3D simulation, was performed
constant fluid properties and eliminate heat transfer ef- (Jepsen et al., 2006) to increase the calculation efficiency.
fects. Two clear polycarbonate windows facilitated video It can be reasonably assumed that the impact phenomimaging of the impact phenomena using a Phantom V7 ena are axially symmetric. Therefore, a 2D simulation
TABLE 1: Properties of FC-72 in Comparison to Water and Ethanol
FC-72
H2 O
CH3 OH
Density ρ (kg/m3 )
1680
1000
791
Surface tension σ (mN/m)/T
12.0
73
26
Viscosity µ (Pa s)
0.00064
0.000978
0.00058
Boiling point (◦ C)
56
100
65
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Figure 1. A schematic diagram of the experimental set up.

FIG. 1: A schematic diagram of the experimental setup.
through the center of the droplet should adequately resolve the flow phenomena. A rectangular calculation domain of 4 mm in width and 3 mm in height was used, and
the initial position of the droplet was set at the center of
the calculation domain. Larger domains were tested, but
this had no impact on the results during the time period
of interest. The boundary condition at the impact surface
was a solid wall (Jepsen et al., 2006) and the other three
boundary conditions were also set to a solid wall (Fujimoto et al., 2007). For all simulations, the initial velocity
of the air was set to 0.
A dynamic mesh was used, with finer element spacing
near the impact surface. The governing equations were
solved using a fully implicit scheme with a strict converl,m+1
gence criterion, εl,m
− Unl,m )/Unl,m < 10−6 ,
n = (Un
where n is the element, l is the time step, and m is iteration. The simulation showed good convergence with an
error decreasing to 10−9 as l increased for each element.
A time step of < 10−5 s was used in the final simulation.

sheet spreads along the flat surface with no splash. For
We = 1870 (right side), however, the edge of the liquid
is ejected at a certain angle from the horizontal plane at
t = 0.11 ms. At t = 0.32 ms, a crown-shaped splash is
clearly observed. At t = 0.85 ms, tiny water droplets are
separated from the main crown structure of the liquid.
3.2 Effect of Ambient Pressure

Figure 3 shows a sequence of an FC-72 droplet impact
against a flat surface for We = 970 at different values of
ambient pressure ranging from 1 to 6 atm. At 1 atm,
the FC-72 liquid spreads along the flat surface and no
splashing occurs. As the pressure increases to 2 atm, mild
splashing is observed at the advancing edge of the spread.
The splash droplets also travel a longer distance than the
leading edge of the spread on the flat surface. By further
increasing the pressure to 4 atm, splashing is observed
earlier than that at 2 atm. Splashing is also stronger, and
the height of the splashed droplets is larger, but spreading
still occurs along the impact surface. At 6 atm, splash3. EXPERIMENTAL RESULTS
ing is again more pronounced and develops into a crown
shape, which is different from the shape of the splashing
3.1 Effect of the Weber Number
at 2 and 4 atm. The bottom of the splash is detached from
Figure 2 shows the effect of We on the impact dynam- the flat surface at a large angle. The height of the splashed
ics. For We = 695 (left side), it is observed that the water droplets at 6 atm is also higher than that at 4 atm.
Atomization and Sprays

Begell House Digital Library, http://dl.begellhouse.com Downloaded 2010-6-5 from IP 163.152.55.115 by Korea University

Splashing Phenomena During Liquid Droplet Impact

301

t=0.50ms
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2. ofEffect
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splashing.
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Water
droplet
FIG.
2: Effect
We on splashing.
water droplet
with We = 695;
and right
column,with
ethanol droplet with
We = 1870 (Yoon and DesJardin, 2006).
To provide some quantitative description of the splashing phenomenon, the angle between the splashing projectile and the horizontal level was obtained, as shown in
Fig. 4a, from a series of high-speed images. Figure 4b
shows how the splashing angle increases with increasing
ambient pressure for an FC-72 droplet. Splashing angles
of 10, 30, 45, and 60 deg correspond to ambient pressures
of 1, 2, 4, and 6 atm, respectively. From the weak splashing at 2 atm to the strong crown splashing at 6 atm, it is
clear that the ambient pressure has a significant effect on
the splashing behavior.
3.3 Effect of Impact Angle
In addition to the ambient pressure, the impact angle is
another important parameter affecting the splashing. Figure 5 shows the impact of an FC-72 droplet onto an inclined Plexiglas surface at angles of 15, 30, and 45 deg
for We = 970 and air pressure of 3 atm. The arrows show
the inclined and normal directions of the impact plate, re-

spectively, and the cross indicates the initial point of contact. At 15 deg, the splash occurs clearly on both sides of
the droplet. However, unbalanced splashing is observed
with spreading distance, and splash height in the downhill direction is larger than that in the uphill direction.
As the inclination angle increases to 30 deg, the magnitude of splashing is much weaker and only occurs in the
downhill direction. Again, the displacement of the FC-72
layer is much larger in the downhill direction. At 45 deg,
the splashing is nearly eliminated, but with significantly
higher overall spreading displacement downhill.
The velocities in the downhill and uphill directions
were measured by using image measurement software as
shown in Fig. 6. The downhill velocity is larger than
the uphill velocity for all the inclined surfaces. At t =
70 µs, the dimensionless velocities (Vs /V , where Vs is
the spreading velocity of the liquid sheet and V is the impact velocity) in the downhill and uphill directions are
3.65 and 3.17 for 15 deg, 3.99 and 2.83 for 30 deg,
and 4.54 and 2.81 for 45 deg. Thus, the differences of
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t=0 s

t = 60 s

t = 120 s

t = 180 s

t = 240 s

1 atm
2 atm
4 atm
6 atm
FIG. 3: Effect of ambient air pressure on splashing with FC-72 droplet with We = 970 and Re = 8700 with pressure
at 1, 2, 4, and 6 atm for frames at each row.

(a)

(b)

FIG. 4: (a) A depiction of the method of splash angle measurement. (b) Splash angle increases as the ambient pressure
increases with FC-72 droplet with We = 970 and Re = 9620.
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0.15 ms

0.23 ms

0.31 m s

FIG. 5: Effect of angle of impact surface. Top, inclined angle 15 deg; middle, inclined angle 30 deg; and bottom,
inclined angle 45 deg with FC-72 droplet with We = 970 and Re = 8700 at 3 atm. The marked cross is an impact point.
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FIG. 6: Spreading velocity of downhill and uphill with FC-72 droplet with We = 970 and Re = 8700 impact onto (a)
flat surface, (b) 15 deg, (c) 30 deg, and (d) 45 deg angle Plexiglas.
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the dimensionless velocity between the downhill and uphill directions are 0.48, 1.16, and 1.78, respectively. At
1.2 ms after impact, the dimensionless velocities uphill
are about 0 for all three cases of inclined surfaces, but
the dimensionless downhill velocities are 0.6, 1.1, and
1.4 for inclination angles of 15, 30, and 45 deg, respectively.
4. NUMERICAL RESULTS
Figures 7a and 7b show the simulation of air movement
near the droplet of D = 1.7 mm just in contact with the
substrate at ambient pressures of 1 and 4 atm, respectively. The impact velocity V is 2 m/s for We = 970
and Re = 8700. The solid curve shows the contour of the
droplet as it establishes contact with the surface. At this
stage, the spreading or splashing has not yet occurred, and
the front edge of the droplet flattens at the contact area.
The air between the droplet and the impact surface moves
outward quickly near the contact area.
The effect of the ambient pressure on the magnitude
and angle of the air velocity vectors is also shown. In-

creasing the value of the ambient pressure reduces the
maximum air velocity from 30.4 m/s at 1 atm to 26.4 m/s
at 4 atm, but the air velocity angle increases with pressure. Figure 7c shows that the air velocity near the contact
area of the droplet moving at V = 5 m/s and 1 atm is much
greater than that of the droplet moving at V = 2 m/s. As V
increases from 2 to 5 m/s, the movement of the air near the
contact point increases dramatically; the maximum velocity of the air is about 30 m/s for the droplet impacting at
V = 2 m/s, and it reaches a value over 80 m/s when the
droplet impacts at V = 5 m/s.
Figure 8 shows that at the impact angle of 45 deg for
V = 2 m/s, the maximum air velocity in the downhill direction is only 22 m/s, while it is less than 10 m/s in the
uphill direction; both being lower than the corresponding air velocity seen for impacts on a horizontal surface
(∼30 m/s), as seen in Fig. 7.
Figure 9 shows the simulated pressure profile inside
the droplet. Some aberrations in the droplet boundary can
be seen, and these occurred due to the change in mesh
spacing, but this is far from the area of interest and did
not affect the results. Figure 9a shows the case of a droplet
a

(a)

(b)

b

c
(c)

FIG. 7: Velocity profiles of the air as the FC-72 droplets with 1.7 mm diameter initiate contact with flat surface: (a)
V = 2 m/s at 1 atm pressure; (b) V = 2 m/s at 4 atm pressure; and (c) V = 5 m/s at 1 atm pressure.
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(b) b

(a)

FIG. 8: Velocity profile of FC-72 droplet with D = 1.7 mm and V = 2 m/s impact onto inclined surface with angle
45 deg: (a) downhill direction; (b) uphill direction.
with D = 1.7 mm impacting at V = 2 m/s on a horizontal
surface. The maximum internal pressure at the moment
of impact is 19 kPa. For V = 5 m/s, the maximum pressure increases to 160 kPa, as seen in Figure 9b. Note also
that as the same droplet of D = 1.7 mm and V = 2 m/s impacts onto a 45 deg inclined surface, the maximum pressure reaches only 8.5 kPa, as seen in Fig. 9c.

a

5. ANALYSIS
5.1 Splashing Threshold
According to previous research, the pressure inside the
droplet is generated during the process of impact or during the conversion of the momentum of the impacting

(a)

(b)

(c)
FIG. 9: Pressure profile of droplet with 1.7 mm diameter initiating contact with impact surface: (a) V = 2 m/s at 1
atm; (b) V = 5 m/s at 1 atm; and (c) V = 2 m/s at 1 atm, 45 deg inclined surface.
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droplet into the momentum of flow along the impact sur- where σ is the surface tension, h is the thickness of the
face (Harlow and Shannon, 1967). Once the inside pres- liquid layer, and ν is the kinematic viscosity of the liquid.
sure exceeds the surface tension, splashing occurs. The Thus, the splash occurs when the ratio of
r
most recognized theory that explains how pressure is gen√
p
DV
ν
erated in the droplet during droplet impact is the “water
> Scritical
(8)
P/τST ∼ nMm p ·
4R
T
σ
u
hammer” effect (Engel, 1955),
P = ρV Cl

(1)

where ρ is the liquid density, V is the droplet impact velocity, and Cl is the speed of sound in the liquid. In the
water hammer theory, the liquid on the contact area is
compressed and pressure is generated as the shock wave
propagates in the liquid with the speed of sound. Once
the front of the shock wave reaches the free surface of the
liquid droplet, spreading or splashing is initiated. Therefore, the pressure due to the impact initiates splashing.
However, this analysis only considered the cases in which
the droplet impact velocity was over 100 m/s. Xu et al.
(2005) modified Eq. (1), and the pressure due to the water hammer effect for low-impact velocity was expressed
as
P ∼ ρg VS Cg
(2)
Where ρg is the gas density, Vs is the spreading velocity after droplet impact on a solid surface, and Cg is the
speed of sound in the gas. Considering the ideal gas formulation, ρg can be written as
ρg =

pMm
Ru T

(3)

From experimental results, Scritical was found to be
0.45 (Xu et al., 2005). Interestingly, Eqs. (5) and (6)
show that P should increase proportionally with Vs , and
the empirical correlation expressed by Eq. (8) shows
that, provided the P /τST ratio exceeds Scritical, splashing should occur. That is, Eq. (8) can predict the splashing threshold of droplets impacting against flat horizontal surfaces for any given ambient pressure p and impact velocity V . However, this prediction is in contradiction with our experimental results on inclined surfaces
(Fig. 6), which show that as Vs increases with steeper angles, splashing is reduced.
Until now, the most accepted explanation has been that
splashing occurs once the momentum of the droplet cannot be converted into the momentum of flow along the
surface (Levin and Hobbs, 1970). Although the droplet
impact is a dynamic and transient process, we simplified
the impact analysis by assuming that the droplet impact
was a pseudo–steady state process, as shown in Fig. 10,
to illustrate the effects of droplet velocity and impact angle on the pressure variation inside the droplet. During
this pseudo–steady state impact process, the momentum
variation of the droplet at contact with the impact surface
can be expressed as

where p is the ambient gas pressure, Mm is the molecular weight of the gas, Ru is the universal gas constant
*

*
dmV n
(8314 N m/kg mol K), and T is the gas temperature. The
= F = P πr2
(9)
dt
speed of sound in the gas is expressed as
r
*
nRu T
where V n and P are the velocity and pressure of the
Cg =
(4)
droplet normal to the impact surface, respectively, and r
Mm
where n is the adiabatic constant for a compressible gas.
The velocity of the spreading edge is
r
DV
VS =
(5)
4t
Thus, the pressure caused by the shock wave can be expressed as
r
r
pMm
nRu T
DV
P ∼ ρg Cg VS =
·
·
(6)
Ru T
Mm
4t

The stress caused by the surface tension can be expressed
as
Figure 10. Sketch of the spreading after droplet impact onto rigid flat surface.
σ
σ
FIG. 10: Sketch of the spreading after droplet impact
τST = = √
(7)
onto rigid flat surface.
h
νt
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is the radius of the spreading layer defined as (Vander Wal exponent equal to 0.5. Using this value for c2 and applying the experimental results, we obtain
et al., 2006)


 0.42
p
0.5
r (t) = Rm 1 − e−t/tc
(10)
2.84 (Can )
>1
(16)
Po
In Eq. (10), Rm is the maximum spreading radius, which
Figure 11 shows the comparison of experimencan be expressed as (Pasandideh-Fard et al., 2002)
tal results with the model predictions at atmov
spheric pressure. Because the threshold of splashing
We + 12
Du
u
2.84(Can )0.5 (p/Po )0.42 equals 1, the splashing and no

(11)
Rm = t
2 3 [1 − cos (θ)] + 4 We/√Re
splashing zones are clearly divided. Vander Wal et al.
(2006) varied the droplet diameter and fluid properties to
where tc is the characteristic spreading time, which is determine the splashing threshold. As shown in Fig. 11,
given as the time from initial droplet contact to maxi- Vander Wal’s experimental data distribute evenly around
mum spreading. The value can be defined as 8D/3V the threshold of 1.
Figure 12 shows the comparison between model sim(Pasandideh-Fard et al., 1998). The mass of the spreading
ulations
and our experimental results of the splashing
can be expressed as
threshold as a function of normalized pressure. It shows
2
π [r (t)] h (t) ρ
(12) that for subatmospheric pressures, Ca for the splashing
threshold drops dramatically, but it decreases gradually
Inserting Eqs. (10)–(12) into the left-hand side of Eq. (9) as the pressure increases above atmospheric. For subatmospheric pressures, Xu’s experimental data (2007) also
and simplifying,
show strong agreement with the correlation proposed by
!
√
−t/t
Eq. (16).
c
*
√
2e
t
1
+ √
P = V n ρµ
(13)
−t/t
c
tc 1 − e
2 t
5.2 Kelvin-Helmholtz Instability
The numerical simulation shown in Fig. 9 demonstrates The mechanism of the splashing phenomenon is exthat the pressure inside the droplet increases with increas- plained by K-H instability theory, which occurs when
*

ing V n . The ratio of the pressure caused by a sudden shear stress is present within a continuous fluid or when
change of momentum to the shear stress caused by the there is sufficient velocity difference across the interface
surface tension shown in Eq. (7) can be expressed as

≈ 2.5

Wen
= 2.5Can
Ren

(14)

Figure 3 shows that the ambient pressure also affects
the threshold of the splashing. Therefore, to predict the
threshold of splashing (Scritical), we propose the following power law correlation, which must yield a value larger
than 0.45 according to previous studies (Xu et al., 2005):
c2

Scritical ∼ c1 (Can )



p
Po

c3

> 0.45

(15)

where p is the environmental gas pressure and Po is the
atmospheric pressure. Vander Wal et al. (2006) found a
similar splashing threshold dependence on Can , with its

2.0

2.84*(We/Re)0.5

*
"
#
Vn µ
1
P
2e−t/tc t
P
+
√ =
=
τST
σ
2
tc 1 − e−t/tc
σ/ νt

1.5
Splash

1.0
No Splash

0.5

Splash (Vander Wal et al., 2007)
Non-splash (Vander Wal et al., 2007)
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FIG. 11: Model-predicted splashing limit versus experimental results.
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FIG. 12: Model-predicted splashing limit versus experimental results.
between two fluids (Jepsen et al., 2006; Yoon and DesJardin, 2006). The dispersion relationship of K-H instability can be expressed as
ω2 =

ρg 2 2 σ 3
V k − k
ρ rel
ρ

(17)

where ω is the interface growth rate, k is the wave number, σ is the surface tension of the liquid; ρ and ρg represent the densities of the liquid and gas, respectively, and
Vrel is the relative velocity between the spreading droplet
and surrounding gas. The k corresponding to the maximum growth rate ωmax can be obtained when the derivative of k on the right-hand side of Eq. (17) is set to zero,
and expressed as
kmax =

2
2Vrel
ρg
3σ

(18)

Equations (17) and (18) show that as Vrel increases,
both kmax and ωmax increase (Jepsen et al., 2006). An
analogous increase results as the ambient gas density ρg
increases. Considering the ambient air as an ideal gas, the
relationship between the gas pressure and density can be
expressed as
p = ρg Ru T
(19)

determined by the molecular force between the two fluids moving at a relative velocity. Macroscopically, this
molecular force is expressed as the shear stress. As the
density of the air increases, the number of air molecules
in the surrounding volume increases. Inevitably, the stress
increases as well. As a result, the splashing or instability
increases with the increase of the ambient gas pressure, as
observed in our experiments.
An apparent paradox appears in Figs. 5 and 6, which
show that as the inclined angle increases, the splashing
weakens, although the spreading velocities Vs increase in
the downhill direction. According to Eq. (18), instabilities or splashing at 45 deg should be stronger than that at
15 deg under the assumption that the velocity of the ambient gas during droplet impact is 0 and Vrel is equal to Vs
(Sikalo et al., 2005; Rioboo et al., 2006).
This apparent paradox may be reconciled by examining Figs. 7 and 8. Clearly, the velocity of the ambient
air near the droplet impact area is much greater than the
spreading velocity. Also, the ambient air moves at a certain angle with respect to the impact surface and thus can
have velocity normal to the impact surface. Furthermore,
for the same impact velocity, the angle of the ambient
air velocity vector increases as the ambient pressure increases (Figs. 7a and 7b). Therefore, with the understanding of ambient air movement, Vrel not only provides a reasonable solution to the above paradox, but it also explains
why the splashing droplets move at an inclined angle relative to the impact surface, which varies with ambient pressure (Fig. 4).
The K-H instability analysis [Eq. (18)] not only provides a better explanation of the mechanism of splashing, but it also shows good agreement with the splashing
threshold correlation analysis shown by Eq. (16). First,
both analyses show that as the surface tension decreases,
the possibility of splashing increases. Namely, with decreasing σ, kmax increases [see Eq. (18)] as well as the
value of 2.84(Can )0.5 (p/Po )0.42 . Conversely, with increasing ρg , kmax increases [see Eq. (18)] and so does
the value of 2.84(Can )0.5 (p/Po )0.42 . Finally, although
*

the quantitative relationship between Vrel and V n cannot
be directly determined from Eqs. (16) and (18), the results of our numerical simulations (Figs. 7 and 8) show
*

that as V n increases, Vrel increases as well.

Thus, Eq. (18) also illustrates that as the ambient pressure
increases, the strength of the instabilities increase as well. 6. CONCLUSIONS
This is congruent with experimental evidence, shown in
Figs. 3 and 4, that the splashing angle increases with the
1. The threshold of splashing on a smooth, flat surface
has been examined under a wide We range under
increase of the ambient pressure. The K-H instability is
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varying air pressures and oblique impact angles. In- Fujimoto, H., Shiotani, Y., Tong, A. Y., Hama, T., and
Takuda, H., Three-dimensional numerical analysis of the decreasing We increases the magnitude of splashing,
formation behavior of droplets impinging onto a solid subconfirming the results of previous studies. The efstrate, Int. J. Multiphase Flow, vol. 33, no. 3, pp. 317–332,
fect of air pressure on splashing, first studied by Xu
2007.
et al. (2005) and Xu (2007), has been verified to extend into superatmospheric conditions. Increasingly Harlow, F. H. and Shannon, J. P., Splash of a liquid drop, J. Appl.
Phys., vol. 38, no. 10, pp. 3855–3866, 1967.
oblique impact angles appeared to reduce splashing.
Hobbs, P. V. and Kezweeny, A. J., Splashing of a water drop,

2. A new semiempirical splash threshold correlation
Science, vol. 155, no. 3766, pp. 1112–1114, 1967.
was derived, considering the internal pressure gen- Hobbs, P. V. and Osheroff, T., Splashing of drops on shallow
eration during droplet impact and the opposing, reliquids, Science, vol. 158, no. 3805, pp. 1184–1186, 1967.
tentive surface tension. The correlation is similar in
Jepsen, R. A., Yoon, S. S., and Demosthenous, B., Effects of
form to Vander Wal’s (2006), but extends the range
air on splashing during a large droplet impact: experimental
of applicability to nonatmospheric air pressures. The
and numerical investigations, Atomization and Sprays, vol.
decrease in splashing observed in oblique impacts is
16,
no. 8, pp. 981–996, 2006.
*
accounted for by using V n .
Josserand, C., Lemoyne, L., Troeger, R., and Zaleski, S.,
Droplet impact on a dry surface: Triggering the splash with a

3. According to Xu’s results, splashing should increase
small obstacle, J. Fluid Mech., vol. 524, pp. 47–56, 2005.
with increasing spreading velocity Vs . However, our
experimental evidence demonstrated that with in- Kang, B. S. and Lee, D. H., On the dynamic behavior of a liquid droplet impacting upon an inclined heated surface, Exp.
creasingly oblique impact angles, spreading velocity
Fluids, vol. 29, no. 4, pp. 380–387, 2000.
increases, but splashing reduces. This apparent paradox is resolved by our re-examination of K-H insta- Kim, H. Y., Feng, Z. C., and Chun, J. H., Instability of a liquid jet emerging from a droplet upon collision with a solid
bility theory and numerical analyses, which shows
surface, Phys. Fluids, vol. 12, no. 3, pp. 531–541, 2000.
that the occurrence of splashing is more attributable
to Vrel , the relative velocity between the spreading Lesser, M. B., Analytic solutions of liquid-drop impact problems, Proc. R. S. London A, vol. 377, no. 1770, pp. 289–308,
droplet and the surrounding gas. Thus, the air mo1981.
tion initiated by the impacting droplet cannot be ne*

Lesser, M. B. and Field, J. E., The impact of compressible liq-

glected. Vrel appears to scale well with V n used in
uids, Annu. Rev. Fluid Mech., vol. 15, pp. 97–122, 1983.
our correlation, although a direct quantitative rela- Levin, Z. and Hobbs, P. V., Charge separation due to splashing
tion was not obtained.
of water drops, B. Am. Meteorol. Soc., vol. 51, no. 6, pp. 577–
586, 1970.
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