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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 pact was the key factor that caused splashing. Studies
of droplet impacts at velocities over 100 m/s against a
The splashing phenomenon that occurs after a liquidid surface showed that splashing may be attributed to
droplet impacts onto a solid or liquid surface was first pressure-related shockwave, which is initiated due to
studied by Worthington (1876). Although the physicahe compression of the front part of the droplet at the be-
mechanisms of splashing are still not completely undginning stage of contact against the rigid solid surface
stood, droplet impact against solid and liquid surfacé8owden and Field, 1964; Hobbs and Kezweeny, 1967;
has been widely used for materials processing, ink priktebbs and Osheroff, 1967; Levin and Hobbs, 1970, 1971,
ing, spray cooling, and irrigation. Engel (1955) showddesser, 1981; Lesser and Field, 1983; Field et al., 1985).
that the pressure variation inside the droplet during ifihen, when the momentum of the liquid droplet cannot
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NOMENCLATURE
Ca capillary numberi(u/o) te characteristic spreading time, s
C,  sound speed in ambient gas, m/s T temperaturel,C
C sound speed in liquid, m/s T.at Saturation temperature of droplet at 1 ati@,
F force, N Vv droplet velocity, m/s
h thickness of flattened droplet at V.  impact velocity in normal direction to
maximum spread diameter, m the impact surface, m/s
k wave number Vel relative velocity, m/s
m mass, kg Vs spreading velocity, m/s
M,, molecular weight of the gas, g/mol We  Weber numhepy?/o)
n adiabatic gas constant Greek Symbols
D ambient gas pressure, Pa i dynamic viscosity, kg/s m
Py atmospheric pressure, 101000 Pa v kinematic viscosity, /s
P pressure inside droplet, Pa w interface growth rate, mis
r radius of droplet spread, m 0 static wetting angle, deg
R,, maximum spread radius, m p liquid density, kg/m
Re Reynolds numbep( ) Py ambient gas density, kgfm
R, universal gas constant [8314 N m/kg mol K]o surface tension, N/m
t time from droplet impact, s TgT Shear stress caused by surface tension2N/m

convert into the flow momentum along the impact sudrops to 0.17 atm, splashing could not be observed. A
face during the impact process, splashing occurs at there detailed description of the interaction between a wa-
location where the surface energy is the least (Harlder droplet and ambient gas during impact was presented
and Shannon, 1967; Stow and Hadfield, 1981). This d Jepsen et al. (2006), who used the Schlieren photog-
sumption has been supported by experimental measuegphy method to observe the gas movement, which varied
ments, which were taken when surface roughness weth the ambient pressure during a water slug impact onto
increased (Range and Feuillebois, 1998a,b; Field, 199%olid surface. Additionally, Yoon et al. (2009) presented
and when a vertical obstacle was added on the solid surther evidence for K-H instability through imaging of
face (Josserand et al., 2005). Both the surface roughrf@sger formation in droplets impacting into liquid pools
and vertical obstacles reduce the momentum of flow alowpere fluid density differences did not exist.
the impact surface. As a result, the pressure at the frontExperimental methods have been applied to find the
edge of the flow along the impact surface increases to arantitative threshold of splashing during droplet impact
cilitate splashing. based on the Weber number (We) and the Reynolds num-
Additionally, Allen (1975, 1988) applied the Rayleighber (Re). These studies have related the threshold of
Taylor (R-T) instability theory to demonstrate that splasplashing to liquid properties, such as the surface tension
ing was one of the products of instability formation. Reand viscosity, and also to the impact surface characteris-
cent research, however, has shown that Kelvin-Helmhdiies (Mundo et al., 1995; Rein, 1996; Prunet-Foch et al.,
(K-H) instability, which is caused by the shear stress b&998; Kang and Lee, 2000; Rioboo et al., 2001, 2003).
tween two fluids moving in parallel at a relative velocitykelvin-Helmholtz instability, however, has generally not
provides a better explanation of splashing than R-T insteen considered in splashing threshold correlations, nor
bility theory because it considers the exchange of momédas the effect of ambient pressure and impact angle been
tum between the gas underneath and the droplet as thedtitdied together systematically.
ter is about to impact the solid surface (Kim et al., 2000; In this study, we observe and record the dynamics of
Yoon and DesJardin, 2006; Yoon et al., 2007). In this codroplets of various fluid properties as they impact against
text, Xu (2007) discovered that as the ambient pressareigid solid dry surface at different inclination angles,
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at pressures ranging from 0.2 to 6 atm. Although théygh-speed video camera (Vision Research, Inc, Wayne,
are known to influence impact dynamics, the influence New Jersey) at a rate of 4800-17,021 frames per second.
surface wettability and temperature on splashing thregpuantitative results for each condition were determined
old was assumed to be small relative to other factors (hy averaging four test runs.

et al., 2009). On the basis of the experimental results, we

develop an empirical expression to predict the thresheld Numerical Simulation

of splashing that uses the balance between the droplet in-

ternal pressure and the droplet surface tension while cd@-study how the ambient gas pressure affects splashing
sidering K-H instability and gas pressure. To further valuring impact, computational fluid dynamics (CFD) soft-
date the applicability of the K-H instability on splashingyvare, Fluent 6.3 (Fluent Inc., Lebanon, New Hampshire)

a numerical simulation based on a volume of fluid (VORyas used to simulate the droplet impact, based on an im-
algorithm was also performed. plicit VOF scheme. This scheme simulates multiphase

flows by assigning a volume fraction of each phase within
each cell. Ifx, is the volume fraction of theth fluid, then

2. METHODS values ofx, = 0 ande, = 1 represent cells empty and full

of thegth fluid, respectively. Values at, between 0 and

1 represent interfaces between phases. The interface is

The liquid used in this study was FC-72 or perfluorohe¥acked using continuity,
ane (GF14), whose properties are shown in Table 1 along
with two other commonly used liquids, water and ethanol, — tu i 0

for comparison. FC-72 is normally used as an electronic

cooling fluid and its selection for the current study proFhe momentum equation is used to solve a single velocity
vided a wide range of values for We. A diagram of thigeld representing all phases,

experimental setup is provided in Fig. 1. A precision

microliter valve (Model 740V-SS, EFD Inc., East Provi-9 _ - n 9 s = 98 n 9 (Ou;  Ouy
dence, Rhode Island) with stainless steel tips of variougt" 7 ' dz; 7 Ox; oz, ox;  Ox;
outer diameters was used to generate droplets of 1.7 mm +pg; +
diameter. The distance from the nozzle tip to the impact '
surface was varied from 0.06 to 1.32 m to produce impagith fluid properties determined by using volume fraction
velocities from 1 to 5 m/s. A smooth Plexiglas surfacgverages, e.g., far,

with less than 0.8um in roughness was mounted on a

2.1 Experimental Approach

rotary stage (Model BS990TS, Velmex Inc., Bloomfield, o= Z Kgllg
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 instabilityand allowed to impact at velocities of either 2 or 5 m/s.
ambient gas pressure was varied from 1 to 6 atm by p&he droplets impacted onto a horizontal or 45 deg in-
forming experiments in an aluminum pressure chambelined surface at surrounding ambient pressures of 1 or
Dry air was used to vary ambient pressure. All exped-atm. Although the droplet was spherical, a 2D sim-
ments were performed isothermally at 298 K to maintaination, instead of a full 3D simulation, was performed
constant fluid properties and eliminate heat transfer ¢depsen et al., 2006) to increase the calculation efficiency
fects. Two clear polycarbonate windows facilitated viddo can be reasonably assumed that the impact phenom-
imaging of the impact phenomena using a Phantom ¥#a are axially symmetric. Therefore, a 2D simulation

TABLE 1: Properties of FC-72 in Comparison to Water and Ethanol

FC-72 H-,O CH30H
Densityp (kg/m?) 1680 1000 791
Surface tensio (MN/m)/T 12.0 73 26
Viscosity 1 (Pa s) 0.00064 0.000978 0.00058
Boiling point (°C) 56 100 65
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FIG. 1: A schematic diagram of the experimental setup.

through the center of the droplet should adequately sheet spreads along the flat surface with no splash. For
solve the flow phenomena. A rectangular calculation dé/e = 1870 (right side), however, the edge of the liquid
main of 4 mm in width and 3 mm in height was used, ansd ejected at a certain angle from the horizontal plane at
the initial position of the droplet was set at the center o6f= 0.11 ms. Att = 0.32 ms, a crown-shaped splash is
the calculation domain. Larger domains were tested, lmlearly observed. At = 0.85 ms, tiny water droplets are
this had no impact on the results during the time periegparated from the main crown structure of the liquid.

of interest. The boundary condition at the impact surface

was a solid wall (Jepsen et al., 2006) and the other thre
boundary conditions were also set to a solid wall (Fuﬁ”—'

moto et al., 2007). For all simulations, the initial vekycit,:igure 3 shows a sequence of an FC-72 droplet impact
of the air was set to 0. against a flat surface for We = 970 at different values of
A dynamic mesh was used, with finer element spacigghbient pressure ranging from 1 to 6 atm. At 1 atm,

near the impact surface. The governing equations we@ FC-72 liquid spreads along the flat surface and no
solved using a fully implicit scheme with a strict conversp|ashing occurs. As the pressure increases to 2 atm, mild
gence criteriong};™ = (U™t — U,™)/UL™ < 107%,  gplashing is observed at the advancing edge of the spread.
wheren is the element] is the time step, anth is iter- The splash droplets also travel a longer distance than the
ation. The simulation showed good convergence with ffxding edge of the spread on the flat surface. By further
error decreasing to 1—@ as! increased for each elementincreasing the pressure to 4 atm' Sp|ashing is observed
A time step of< 10~° s was used in the final simulation 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, splash-
ing is again more pronounced and develops into a crown
3.1 Effect of the Weber Number shape, which is different from the shape of the splashing

at 2 and 4 atm. The bottom of the splash is detached from
Figure 2 shows the effect of We on the impact dynarthe flat surface at a large angle. The height of the splashed
ics. For We = 695 (left side), it is observed that the watdroplets at 6 atm is also higher than that at 4 atm.

S Effect of Ambient Pressure

3. EXPERIMENTAL RESULTS
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t=0.50ms t=0.11ms

t=1.11ms t=0.32ms
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FIG. 2: Effect of We on splashing. Left column, water droplet with ¥695; and right column, ethanol droplet with
We = 1870 (Yoon and DesJardin, 2006).

To provide some quantitative description of the splasspectively, and the cross indicates the initial point of-con
ing phenomenon, the angle between the splashing project. At 15 deg, the splash occurs clearly on both sides of
tile and the horizontal level was obtained, as shown fine droplet. However, unbalanced splashing is observed
Fig. 4a, from a series of high-speed images. Figure dfith spreading distance, and splash height in the down-
shows how the splashing angle increases with increashily) direction is larger than that in the uphill direction.
ambient pressure for an FC-72 droplet. Splashing anghesthe inclination angle increases to 30 deg, the magni-
of 10, 30, 45, and 60 deg correspond to ambient pressurae of splashing is much weaker and only occurs in the
of 1, 2, 4, and 6 atm, respectively. From the weak splagtewnhill direction. Again, the displacement of the FC-72
ing at 2 atm to the strong crown splashing at 6 atm, itligyer is much larger in the downhill direction. At 45 deg,
clear that the ambient pressure has a significant effecttba splashing is nearly eliminated, but with significantly
the splashing behavior. higher overall spreading displacement downbhill.

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
In addition to the ambient pressure, the impact angletige uphill velocity for all the inclined surfaces. At=
another important parameter affecting the splashing. Fith ps, the dimensionless velocitie¥(V, whereV; is
ure 5 shows the impact of an FC-72 droplet onto an ithe spreading velocity of the liquid sheet ards the im-
clined Plexiglas surface at angles of 15, 30, and 45 deact velocity) in the downhill and uphill directions are
for We = 970 and air pressure of 3 atm. The arrows sh@65 and 3.17 for 15 deg, 3.99 and 2.83 for 30 deg,
the inclined and normal directions of the impact plate, rand 4.54 and 2.81 for 45 deg. Thus, the differences of

3.3 Effect of Impact Angle
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FIG. 3: Effect of ambient air pressure on splashing with FC-72 dsbpith We = 970 and Re = 8700 with pressure
at1, 2, 4, and 6 atm for frames at each row.
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FIG. 4: (a) A depiction of the method of splash angle measuremengglash angle increases as the ambient pressure
increases with FC-72 droplet with We = 970 and Re = 9620.
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0 ms 0.08 ms 0.15 ms 0.23 ms 03lms

74 d

FIG. 5: Effect of angle of impact surface. Top, inclined angle 15;dwagldle, inclined angle 30 deg; and bottom,
inclined angle 45 deg with FC-72 droplet with We = 970 and R&6Bat 3 atm. The marked cross is an impact point.
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FIG. 6: Spreading velocity of downhill and uphill with FC-72 dropleith We = 970 and Re = 8700 impact onto (a)
flat surface, (b) 15 deg, (c) 30 deg, and (d) 45 deg angle Réxig
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the dimensionless velocity between the downhill and upreasing the value of the ambient pressure reduces the
hill directions are 0.48, 1.16, and 1.78, respectively. Ataximum air velocity from 30.4 m/s at 1 atm to 26.4 m/s
1.2 ms after impact, the dimensionless velocities uplait 4 atm, but the air velocity angle increases with pres-
are about 0 for all three cases of inclined surfaces, lsutre. Figure 7¢ shows that the air velocity near the contact
the dimensionless downhill velocities are 0.6, 1.1, armdea of the droplet moving &= 5 m/s and 1 atm is much
1.4 for inclination angles of 15, 30, and 45 deg, respegreater than that of the droplet movingat 2 m/s. AsV
tively. increases from 2 to 5 m/s, the movement of the air near the
contact point increases dramatically; the maximum veloc-
ity of the air is about 30 m/s for the droplet impacting at
V' =2 mls, and it reaches a value over 80 m/s when the

Figures 7a and 7b show the simulation of air movemeffoPIetimpacts at” = 5 m/s.
near the droplet oD = 1.7 mm just in contact with the ~ Figure 8 shows that at the impact angle of 45 deg for
substrate at ambient pressures of 1 and 4 atm, resgéc= 2 m/s, the maximum air velocity in the downhill di-
tively. The impact velocityV is 2 m/s for We = 970 rection is only 22 m/s, while it is less than 10 m/s in the
and Re = 8700. The solid curve shows the contour of tHghill direction; both being lower than the correspond-
droplet as it establishes contact with the surface. At thitg air velocity seen for impacts on a horizontal surface
stage, the spreading or splashing has not yet occurred, @rd0 m/s), as seen in Fig. 7.
the front edge of the droplet flattens at the contact area.Figure 9 shows the simulated pressure profile inside
The air between the droplet and the impact surface movies droplet. Some aberrations in the droplet boundary can
outward quickly near the contact area. be seen, and these occurred due to the change in mesh
The effect of the ambient pressure on the magnitugigacing, but this is far from the area of interest and did
and angle of the air velocity vectors is also shown. Imot affectthe results. Figure 9a shows the case of a droplet

4. NUMERICAL RESULTS
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FIG. 7: Velocity profiles of the air as the FC-72 droplets with 1.7 miandeter initiate contact with flat surface: (a)
V =2 m/s at 1 atm pressure; (B)= 2 m/s at 4 atm pressure; and {€)= 5 m/s at 1 atm pressure.
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(b)
FIG. 8: Velocity profile of FC-72 droplet withD = 1.7 mm and/ = 2 m/s impact onto inclined surface with angle
45 deg: (a) downhill direction; (b) uphill direction.

with D = 1.7 mm impacting at¥ = 2 m/s on a horizontal 5. ANALYSIS

surface. The maximum internal pressure at the moment

of impact is 19 kPa. FoV = 5 m/s, the maximum pres-5.1 Splashing Threshold

sure increases to 160 kPa, as seen in Figure 9b. Note also

that as the same droplet 6f= 1.7 mmand/ =2 m/sim- According to previous research, the pressure inside the
pacts onto a 45 deg inclined surface, the maximum preseplet is generated during the process of impact or dur-
sure reaches only 8.5 kPa, as seen in Fig. 9c. ing the conversion of the momentum of the impacting

[ L e

LTS o= ST S
o | | 0T N
T T o
e o T o
e o o

(b)
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FIG. 9: Pressure profile of droplet with 1.7 mm diameter initiatimptact with impact surface: (& =2 m/sat 1
atm; (b)V =5 m/s at 1 atm; and (&) = 2 m/s at 1 atm, 45 deg inclined surface.
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droplet into the momentum of flow along the impact suwhereo is the surface tensior, is the thickness of the
face (Harlow and Shannon, 1967). Once the inside préquid layer, andv is the kinematic viscosity of the liquid.
sure exceeds the surface tension, splashing occurs. Thas, the splash occurs when the ratio of

most recognized theory that explains how pressure is gen-

erated in the droplet during droplet impact is the “water P/t ~ \/nMop - DV ﬂ > Soieal (8)
hammer” effect (Engel, 1955), 4R, T o

P=oV(, (1) From experimental resultsﬁ‘cri?ical was found to be
0.45 (Xu et al., 2005). Interestingly, Egs. (5) and (6)
wherep is the liquid density}” is the droplet impact ve- show thatP should increase proportionally wifi,, and
locity, andC; is the speed of sound in the liquid. In thehe empirical correlation expressed by Eq. (8) shows
water hammer theory, the liquid on the contact areatiat, provided theP/tsy ratio exceedsSqitical, Splash-
compressed and pressure is generated as the shock Wgyehould occur. That is, Eq. (8) can predict the splash-
propagates in the liquid with the speed of sound. Onggy threshold of droplets impacting against flat horizon-
the front of the shock wave reaches the free surface of the surfaces for any given ambient pressprand im-
liquid droplet, spreading or splashing is initiated. Thergact velocityl’. However, this prediction is in contra-
fore, the pressure due to the impact initiates splashigiction with our experimental results on inclined surfaces
However, this analysis only considered the cases in whigtg. 6), which show that aE, increases with steeper an-
the droplet impact velocity was over 100 m/s. Xu et ajles, splashing is reduced.
(2005) modified Eq. (1), and the pressure due to the wa-Until now, the most accepted explanation has been that
ter hammer effect for low-impact velocity was expresseglashing occurs once the momentum of the droplet can-
as not be converted into the momentum of flow along the
P~ p,VsCy (2) surface (Levin and Hobbs, 1970). Although the droplet

Wherep, is the gas densityy, is the spreading veloc-impact is a dynamic and transient process, we simplified
ity after droplet impact on a solid surface, afig is the the impact analysis by assuming that the droplet impact

speed of sound in the gas. Considering the ideal gas #¥as a pseudo-steady state process, as shown in Fig. 10,
mulation,p, can be written as to illustrate the effects of droplet velocity and impact an-

gle on the pressure variation inside the droplet. During
g = pM, 3) this pseudo—steady state impact process, the momentum
R.,T variation of the droplet at contact with the impact surface
wherep is the ambient gas pressurd,,, is the molec- can be expressed as
ular weight of the gasR,, is the universal gas constant

(8314 N m/kg mol K), and" is the gas temperature. The dmVy, _F—p (m°2) (9)
speed of sound in the gas is expressed as dt
oo nR,T @) where X7n and P are the velocity and pressure of the
g M,, droplet normal to the impact surface, respectively, and
wheren is the adiabatic constant for a compressible gas.
The velocity of the spreading edge is D

DV
Vs =4/ T 5) "4

Thus, the pressure caused by the shock wave can be ex-

pressed as
pM,, [nR,T [DV -~ J
P~ pyCyVs = == - f o © - ! h(t)
R,T N M, At ———] 1
The stress caused by the surface tension can be expressed d(t)
as _o_ o 7 FIG. 10: Sketch of the spreading after droplet impact
R N T onto rigid flat surface.
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is the radius of the spreading layer defined as (Vander Véaponent equal to 0.5. Using this value fgrand apply-

et al., 2006)
r(t) = R, (1 - e*t/tc) (10)

In Eq. (10),R,, is the maximum spreading radius, which
can be expressed as (Pasandideh-Fard et al., 2002)

spheric pressure.
R _ D We + 12

243 [1—cos(0)] +4 (We/\/%)

ing the experimental results, we obtain

. 0.42
2.84 (Ca,)"? (ﬂ) >1

- (16)

Figure 11 shows the comparison of experimen-
tal results with the model

predictions at atmo-

Because the threshold of splashing

(11) 2.84(Ca,)’?(p/P,)*** equals 1, the splashing and no-
splashing zones are clearly divided. Vander Wal et al.
(2006) varied the droplet diameter and fluid properties to

wheret. is the characteristic spreading time, which idetermine the splashing threshold. As shown in Fig. 11,

given as the time from initial droplet contact to maxi

mum spreading. The value can be defined a3y the threshold of 1.

Vander Wal's experimental data distribute evenly around

(Pasandideh-Fard et al., 1998). The mass of the spreadin§igure 12 shows the comparison between model sim-

can be expressed as

ulations and our experimental results of the splashing

threshold as a function of normalized pressure. It shows

el (O] b (1) p (12)

that for subatmospheric pressures, Ca for the splashing

threshold drops dramatically, but it decreases gradually
Inserting Egs. (10)—(12) into the left-hand side of Eq. (@ the pressure increases above atmospheric. For subat-

and simplifying,

mospheric pressures, Xu's experimental data (2007) also

show strong agreement with the correlation proposed by

2e~t/te\/} 1 Eq. (16).

P = ’Vn \/W(W‘Fm) (13)

5.2 Kelvin-Helmholtz Instability

The numerical simulation shown in Fig. 9 demonstrat§$,e mechanism of the splashing phenomenon is ex-
that the pressure inside the dropletincreases with inerégsined by K-H instability theory, which occurs when
ing V,,. The ratio of the pressure caused by a suddsiear stress is present within a continuous fluid or when
change of momentum to the shear stress caused byttwre is sufficient velocity difference across the integfac

surface tension shown in Eq. (7) can be expressed as

~ 2.0
PP ’Vn M 2ete -
st (o/vvE) o |t (1—et/te) 2 =
&
We, S 1.5
~ 25— =2.5C 14 o g
Re. a, (14 = ] P
% DVD . o9 g Splash
Figure 3 shows that the ambient pressure also affect$ 1.04------ g i SO YN
the threshold of the splashing. Therefore, to predict the - .
threshold of splashingS..tica1), We propose the follow- 1 e No Splash
ing power law correlation, which must yield a value larger 5 | we Splash (Vander Wal et al. 2007)
. . . . = ] r .
than 0.45 according to previous studies (Xu et al., 2005): e Nzn_sp,ash (Vander Wal et al., 2007)
A Exprimental splashing limit
c P 3 v Splash limit (Rioboo et al., 2006)
Seritical ~ €1 (Can) 2 F > 0.45 (15) 0.0 . : :
° 0 500 1000 1500 2000
We

wherep is the environmental gas pressure dngdis the

atmospheric pressure. Vander Wal et al. (2006) foundrbG. 11: Model-predicted splashing limit versus experi-

similar splashing threshold dependence on ,Gaith its mental results.
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0.8 determined by the molecular force between the two flu-
Eqn. 16 ids moving at a relative velocity. Macroscopically, this
& Experimental splash limit molecular force is expressed as the shear stress. As the
0.6 ©  Splash limit (Xu et al., 2005) density of the air increases, the number of air molecules

in the surrounding volume increases. Inevitably, the stres
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 velociligsncrease in
the downhill direction. According to Eq. (18), instabili-
ties or splashing at 45 deg should be stronger than that at
15 deg under the assumption that the velocity of the am-
bient gas during dropletimpact is 0 abg, is equal toV;
(Sikalo et al., 2005; Rioboo et al., 2006).

FIG. 12: Model-predicted splashing limit versus experi- This apparent paradox may be reconciled by examin-
mental results. ing Figs. 7 and 8. Clearly, the velocity of the ambient
air near the droplet impact area is much greater than the

between two fluids (Jepsen et al., 2006: Yoon and D?sg_readmg velocity. Also, the ambient air moves at a cer-

Jardin, 2006). The dispersion relationship of K-H inst??m angle W'th respect to th_e impact surface and thus can
- ave velocity normal to the impact surface. Furthermore,
bility can be expressed as

for the same impact velocity, the angle of the ambient
air velocity vector increases as the ambient pressure in-
creases (Figs. 7a and 7b). Therefore, with the understand-
ing of ambient air movement;.; not only provides a rea-
wherew is the interface growth raté, is the wave num- sonable solution to the above paradox, but it also explains
ber, o is the surface tension of the liquig;andp, repre- why the splashing droplets move at an inclined angle rela-
sent the densities of the liquid and gas, respectively, afiy@ to the impact surface, which varies with ambient pres-
Vzel is the relative velocity between the spreading droplefire (Fig. 4).

and surrounding gas. Thecorresponding to the maxi-  The K-H instability analysis [Eq. (18)] not only pro-
mum growth ratev.,.x can be obtained when the derivayides a better explanation of the mechanism of splash-
tive of & on the right-hand side of Eq. (17) is set to zergng, but it also shows good agreement with the splashing

We/Re

w?="Poy2 2 %3 (17)
p p

re

and expressed as threshold correlation analysis shown by Eq. (16). First,
9 both analyses show that as the surface tension decreases,

Emax = 2Vie1Py (18) the possibility of splashing increases. Namely, with de-

30 creasingo, knax iNncreases [see Eq. (18)] as well as the

Equations (17) and (18) show that &g, increases, value of2.84(Ca,)"*(p/P,)"**.  Conversely, with in-
both kmax aNd Woax increase (Jepsen et al., 2006). ARF€aSINGPy, kmax increases [see Eq. (18)] and so does
; - +the value 0f2.84(Ca,)%?(p/P,)*2. Finally, although
analogous increase results as the ambient gas dem,sn)trh o -
increases. Considering the ambient air as an ideal gas ttieequantitative relationship betwe&h, andV,, cannot
relationship between the gas pressure and density cambedlirectly determined from Egs. (16) and (18), the re-
expressed as sults of our numerical simulations (Figs. 7 and 8) show

p=pgR,T (19) thatasV/,, increasesV,., increases as well.
Thus, Eq. (18) also illustrates that as the ambient pressure
increases, the strength of the instabilities increase 4SWg coNCLUSIONS
This is congruent with experimental evidence, shown in

Figs. 3 and 4, that the splashing angle increases with thé. The threshold of splashing on a smooth, flat surface
increase of the ambient pressure. The K-H instability is has been examined under a wide We range under
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varying air pressures and oblique impact angles. IRgjimoto, H., Shiotani, Y., Tong, A. Y., Hama, T., and
creasing We increases the magnitude of splashingTakuda, H., Three-dimensional numerical analysis of the de
confirming the results of previous studies. The ef- formation behavior of droplets impinging onto a solid sub-
fect of air pressure on splashing, first studied by Xu Strate,Int. J. Multiphase Flow, vol. 33, no. 3, pp. 317-332,
et al. (2005) and Xu (2007), has been verified to ex-2007.
tend into superatmospheric conditions. Increasingdtiarlow, F. H. and Shannon, J. P., Splash of a liquid ddofppl.
oblique impact angles appeared to reduce splashingPhys., vol. 38, no. 10, pp. 3855-3866, 1967.

Hobbs, P. V. and Kezweeny, A. J., Splashing of a water drop,

2. A new semiempirical splash threshold correlation scjence, vol. 155, no. 3766, pp. 1112-1114, 1967.

was derived, considering the internal pressure gq—'ﬂébbs, P. V. and Osheroff, T., Splashing of drops on shallow

eration during droplet impact and the opposing, re- i igs, science, vol. 158, no. 3805, pp. 1184-1186, 1967.

tentive surface tension. The correlation is similar in R A Y s s 4D h B.. Effects of
form to Vander Wal's (2006), but extends the ranglgpgen, - A YOON, S. 5., and Lemos _enou§, -+ ETECIS 0
air on splashing during a large droplet impact: experimenta

of applicability to nonatmospheric air pressures. The and numerical investigationgtomization and Sprays, vo.
decrease in splashing observed in oblique impacts is g o g pp. 981996, 2006.

accounted for by using’,. 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 increaseg . obstacle]. Fluid Mech., vol. 524, pp. 47-56, 2005.

with increasing spreading velocity;,. However, our s and on the d i behavior of a
experimental evidence demonstrated that with iffand, B. S. and Lee, D. H., On the dynamic behavior of a lig-
uid droplet impacting upon an inclined heated surfde.

creasingly oblique impact angles, spreading velocity Fluids, vol. 29, no. 4, pp. 380-387, 2000.

increases, but splashing reduces. This apparent para-

dox is resolved by our re-examination of K-H instac™ H- Y- Feng, Z. C., and Chun, J. H., Instability of a lig-
uid jet emerging from a droplet upon collision with a solid

bility theory and numerical a_nalyses, whlch.shows surfacePhys, Fluids, vol. 12, no. 3, pp. 531-541, 2000.
that the occurrence of splashing is more attributable i , o ]
sser, M. B., Analytic solutions of liquid-drop impact pro

0 Viey, the relative velocity between the spreading’, " b 5"\ (hion A vol. 377, no. 1770, pp. 289-308,
droplet and the surrounding gas. Thus, the air mo-; 451

tion initiated by the impacting droplet cannot be ne- , , o
Lesser, M. B. and Field, J. E., The impact of compressible liq

glected. Vi1 appears to scale well with,, used in jjgs Annu. Rev. Fluid Mech., vol. 15, pp. 97122, 1983.

our Correlatlorila, glthSUQh a direct quantitative reI%evin, Z. and Hobbs, P. V., Charge separation due to splgshin
tion was not obtained. of water dropsB. Am. Meteorol. Soc., vol. 51, no. 6, pp. 577—

586, 1970.
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