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ABSTRACT

Systematic numerical simulations were carried out to investigate the effects of target film thickness and impingement angle on
the process of crown formation following the single drop impingement. A part of liquid originally included in the inner region of
crown was transported to the outer region when the liquid film was thick, while the liquid transport was negligible for
sufficiently thin films. Inhibition of liquid transport resulted in a rise of impact pressure, an increase in liquid velocity in a crown
wall, and a decrease in crown wall thickness. This suggested that the reduction of film thickness leads to an enhancement of
splashing of secondary drops since the crown wall is destabilized. It was also confirmed that the pressure rise at the bottom wall
is mitigated noticeably if the target liquid film is sufficiently thick. In the case of oblique impact, not only the normal component
but also the tangential component of impact velocity was influential in determining the impact pressure and the liquid velocity in
a liquid sheet formed during the impact process. This was considered one of the main reasons that the deposition-splashing limit
is not dominated by the normal component but the total momentum vector of impact velocity. It was also shown that the
elongation of liquid sheet is restricted in the case of very oblique impact since the liquid sheet is directed downward and hence

collides with the surface of target liquid film.

INTRODUCTION

If a single drop impacts on a plane liquid film, a crown-like
fascinating liquid structure is formed on the film surface and
then many secondary drops are splashed from the crown rim
provided the size or the velocity of primary impacting drop is
sufficient [1]. This splashing event is not only the subject of
fundamental scientific interest but of great relevance to many
technical applications. Examples include combustible fuel
injection in engines, surface cooling by liquid sprays, ink-jet
printing, atomization of dangerous liquids, dryout of liquid
film in diabatic annular two-phase flows and sound detection
in ocean under rainfall [2-5].

The condition for the splashing to take place during the
normal drop impact was hence explored experimentally by
many researchers [6-9]. From these studies, the impact
K-number is considered one of the most promising parameters
to characterize the deposition-splashing limit; here, K is
calculated from the impact Weber number We and the
Ohnesorge number Ok by K = WeOh™**. However, since the
experimental information on the total mass of secondary drops
and the effect of impingement angle was scarce, the present
author measured the total secondary-to-incident mass ratio for
both normal and oblique impacts [10, 11]. The effect of liquid
flow in the target liquid film on the outcome of collision was
also investigated [12]. It was found that the effect of the
impingement angle on the critical value of K is not significant
if the total momentum vector is used in calculating We but it is
remarkably influential in the total mass of secondary drops.

When droplets impinge on a solid surface, the local pressure
at the impact point can be considerably high. It is however
expected that the damage of solid material is mitigated if the
target surface is covered by a sufficiently thick liquid film.

This implies that the drop impact on a liquid film is also closely
associated with the erosion problem such as the soil erosion by
rainfall [13, 14] and the erosion of wall material by water drop
impingement in some energy generation systems [15].

In order to understand the mechanism of splashing and the
erosion damage induced by the drop impact, detailed
information on the local instantaneous hydraulic conditions in
liquid is indispensable. To this end, however, numerical rather
than experimental approach is considered useful since the
measurement of local instantaneous parameters within liquid is
extremely  difficult. Furthermore, with the recent
improvements of computer performance, some researchers
carried out sophisticated numerical simulations and succeeded
to reproduce the complex flow structure formed following the
drop impact [16-21].

In view of this, in the present work, systematic numerical
simulations are carried out to investigate the effects of several
important parameters on the process of single drop
impingement onto a plane liquid film. If the size or the velocity
of the primary impacting drop is sufficient, a small liquid jet is
formed at the neck region between the impacting drop and the
target liquid surface immediately after the impact and then it
develops into the liquid crown. In determining the onset of
splashing and the total mass of secondary drops, the local
pressure at the neck region and the fluid velocity in the liquid
jet are considered of importance [19]. Also, the erosion
damage induced by the drop impingement would become
significant with an increase in the pressure rise on the solid
surface. Thus, particular attention is paid to the pressure
distribution and the jet velocity in this work. The numerical
results are used to interpret the available experimental data
concerning the splashing event and to investigate the
mitigation of erosion damage by the presence of liquid film.



NUMERICAL METHOD

The initial and boundary conditions of the present numerical
simulation are shown schematically in Fig. 1. Since
time-consuming three-dimensional computation is necessary
to simulate the production process of secondary drops, it was
decided to perform two-dimensional simulations for the early
instants of impact process preceding the secondary drop
production. This simplification enabled to obtain systematic
information on the effects of several important parameters on
the process of crown formation. The oblique as well as normal
impacts were considered in this work. It should however be
noted that, since the process of oblique impact is not
axisymmetric even in the early instants, not the axisymmetric
but rectangular coordinates were used in the case of oblique
impact. This implies that the cylindrical drop impacted on the
liquid film in the simulations of oblique impact.

The same water-like liquid of constant hydraulic properties
was used for the drop and liquid film (density p was 1,000
kg/m®, viscosity  was 0.001 Pa-s and surface tension o was
0.07 N/m). The gas of constant properties was used for the
surrounding gas (density was 5 kg/m® and viscosity was 20
pPa-s). It is noted that the gas density was higher than the air
density at atmospheric pressure to avoid numerical instability
but it is still much lower than the liquid density. From the
experimental data reported in literature [6—12], the impact
K-number (K = WeOh **), the dimensionless film thickness (7
= h/d) and the impingement angle from the vertical line & were
selected as the parameters of primary importance in
determining the outcome of collision; here, We is the impact
Weber number (= pV*d/ o), Oh is the Ohnesorge (= /(dop)”?),
h is the film thickness, d is the primary drop diameter and 7 is
the impact velocity.

In the initial condition, the drop was spherical or cylindrical
and directed toward the target liquid with the uniform velocity;
d was set to 0.4 mm in all the simulations while V" and o were
varied within 2-20 m/s and 0-70°, respectively. The resulting
ranges of We and K were within 23-2,286 and 177-17,720,
respectively. Here, not the normal component of 7 but the total
momentum vector was used in calculating We since the total
momentum vector was more appropriate to characterize the
deposition-splashing limit for oblique impact in our previous
experiments [11]. The liquid film and the surrounding gas were
stationary in the initial condition and the gravitational
acceleration of 9.8 m/s* was directed toward the bottom wall.
The film thickness # was varied within 0.01-0.4 mm (7 =
0.025-1). The initial gap distance between the drop and film
was set to 0.04 mm (= 0.1d). The computational domain was 2
mm wide and 1 mm high in the rectangular coordinates but the
domain width was reduced to 1 mm in the cylindrical
coordinates considering the axial symmetry. The no-slip and
constant pressure conditions were applied to the bottom and
top boundaries, respectively; here, the pressure at the top was
set to the atmospheric pressure P,. For the side wall, the
symmetric and periodic boundary conditions were used in the
cylindrical and rectangular coordinates, respectively.

The flow field containing the phase interface was calculated
based on the VOF (volume of fluid) method using the
commercial code CFX-10.0. Two-dimensional uniform square
grids were used in the present simulation. The effect of mesh
size Ax on the numerical solution was tested in the reference
case (d=h=0.4mm, a=0° V=10m/s, We=571, K=4,430).
The calculated time-evolutions of gas-liquid interface are
depicted in Fig. 2; here, 7 denotes the time from the instant of

impact in units of d/V (r = Vi/d) and the darkness is
proportional to the liquid volume fraction in each
computational cell. As shown in Fig. 2a, if Ax is set to 8 um,
numerical diffusion is rather significant and the formation of
liquid jet is not observed in the neck region at z= 0.1. In the
numerical results for Ax =2 um (Fig. 2¢), the breakup of liquid
sheet is clearly seen at 7 = 1; however, this event is not
observed at the same time level for Ax = 4 pm (Fig. 2b). This
indicates that the present numerical method requires 2 um or
finer mesh to obtain quantitatively accurate numerical solution.
However, from the allowable computation time and the
similarity of the crown shapes depicted in Figs. 2b and c, it was
assumed that the mesh size of 4 um is sufficient to obtain fairly
good description of the drop impact process.
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Fig. 1: Schematic diagram of initial and boundary conditions.
(Axisymmetric and rectangular coordinates were used for
normal and oblique impacts, respectively. Left-half was used
only for oblique impacts.)

t=0.1 1=0.2 t=0.5

(a) Ax = 8 um

(b) Ax =4 pm

(c) Ax=2 pm

Fig. 2: Effect of mesh size on the time evolution of gas-liquid
interface; darkness is proportional to liquid volume fraction.

NUMERICAL RESULTS OF NORMAL IMPACT
Interfacial shape
In the numerical simulations of normal impact, the impact

velocity 7 and the film thickness % were changed
parametrically. The effect of 7 on the calculated interfacial



shape at 7= 1 is displayed in Fig. 3a. It can be seen that the
crown wall becomes higher and thinner as V increases from 2
to 20 m/s (K = 177-17,720). From the experimental
observations conducted by Okawa et al. [10], the lower
boundaries for the crown formation and for the production of
secondary drops are expressed by K = 700 and 2,100,
respectively. Hence, the numerical results depicted in Fig. 3a
appear consistent with the experimental results. Depicted in
Fig. 3b is the effect of film thickness. When 7 = 0.5, the
calculated interfacial shape is almost identical to that for 7 =1
shown at right in Fig. 2b. It is worth noting in these two cases
that a part of liquid originally included in the inner region of
crown is transported to the outer region. As a result, the base
region of outer wall of crown is rounded noticeably. However,
if 77 is further decreased, the liquid transport is limited due to
the reduction of the gap distance connecting the inner and outer
regions. Consequently, the crown wall becomes thinner with a
decrease in 7. In particular, one finds that the outer wall of
crown becomes almost flat when 7 is reduced to 0.05.
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Fig. 3: Calculated interfacial shapes at 7= 1.

Crown radius

The time evolution of crown radius R was measured for
several cases; here, to minimize the measurement uncertainty,
R was defined as the outer radius of crown rim as shown at
upper left in Fig. 3b. The effects of V" and % on R are displayed
in Figs. 4a and b, respectively. Josserand and Zaleski [19] and
Rieber and Frohn [18] showed numerically that the time
evolution of crown size is expressed by R/d = k7" and the
proportionality factor k is not dependent on We and Re; here,
the Reynolds number Re is defined by Re = pVd/u. In these
simulations, 77 was rather small and within 0.1-0.15. Figure 4a
indicates that V" does not influence the time evolution of R. This
is consistent with the previous numerical results. However,
though R/d is roughly proportional to 7 in the early stage as
in the case of previous simulations, the radial propagation of
crown is slightly slowed down in the later stage (7> 0.3) in the
present simulations. Figure 4b shows that this gradual decrease
in the propagation speed of crown is not observed when the
liquid film is sufficiently thin (77 = 0.05 and 0.025).
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Fig. 4: Time evolution of the outer radius of crown rim.
Maximum pressure

Time evolution of the spatial distribution of dimensionless
pressure /7 = (P—P,)/pV* calculated in the reference case is
depicted in Fig. 5. The local pressure is highest around the
impact neck in the early stage as in the numerical simulations
by Josserand and Zaleski [19]. Time evolutions of the peak
pressure in liquid /7 . and the peak pressure on the bottom
wall 74 . calculated under three analytical conditions are
shown in Figs. 6a and b, respectively. It can be seen in Fig. 6a
that /7 .y 18 proportional to 72 in the initial stage and then



drops more rapidly. This is consistent with the theory and
numerical results reported by Josserand and Zaleski [19].
Comparing the results for K = 4,430 and 17,720 reveals that the
start time of the rapid decrease of /7 1.« is not influenced by 7,
but the result for 7 = 0.05 shows that the rapid decrease
commences later when /4 is smaller. Consequently, the

difference in /7 ,,,x due to 77 is greater in the later stage (7> 0.2).

Figure 6b indicates that /7, . is almost equal to /7 ,,x in the
case of thin liquid film (7 = 0.05) since the impact neck is
formed in the close vicinity of the bottom wall. On the other
hand, in the cases of thicker films (7 = 1), [f nax 1S much
smaller than /7,y in the early stage. Though /7, .« increases
gradually, it can be confirmed that the maximum pressure
applied to the bottom wall is reduced significantly if 7 is
sufficiently large.

To show the effects of V' and % on the peak pressure
quantitatively, the peak pressures at 7= 0.2 are plotted against
K and 77 in Figs. 7a and b, respectively. It can be confirmed in
Fig. 7a that both the dimensionless peak pressures in liquid and
on the bottom wall are not dependent on K. This implies that
P-P, is fairly proportional to p/*. Figure 7b shows that /7,
decreases with an increase in 7. It is however interesting to
note that the dependence of 774, on 7 is less significant for
thin films of 7 < 0.1 and for thick films of 7> 0.5. If the liquid
originally included in the inner region of crown is transported
to the outer region, the pressure rise caused by the drop impact
is mitigated. It is hence considered that the liquid transport is
nearly negligible when 7 < 0.1 while maximized when 77> 0.5.
From this perspective, the boundary between thin and thick
films is present around 77 = 0.25. Figure 7b also indicates that
Th max 15 equal to 74 e for thin films (7 < 0.25), but the
deviation of /4 max from 77 . becomes significant with an
increase in 77 for thick films (77> 0.5).

With an increase in the film thickness, the maximum impact
pressure in liquid decreases and the difference between the
maximum pressures in liquid and on the bottom wall increases.
These are regarded as the main mechanisms of the mitigation
of the maximum impact pressure on the bottom wall when the
liquid film is thick.
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Fig. 5: Time evolution of the spatial distribution of
dimensionless pressure in units of pV”.
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Fig. 6: Time evolutions of pressure peak.
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Fig. 7: Pressure peak at 7=0.2.



Maximum jet velocity

Displayed in Fig. 8 is the temporal evolution of
dimensionless liquid velocity ¢ = V|/V calculated in the
reference case. In the early stage, the maximum velocity ¢ max
is measured within the liquid jet formed at the impact neck.
Figure 9 shows the maximum liquid velocity g .y as a function
of time. It can be seen that ¢ . decreases in proportion to '
under all the three analytical conditions. This dependence of
Gimax ON 7 agrees with the simple theory by Josserand and
Zaleski [19] in which viscous effect is neglected. It should
however be noted that, in the initial stage of 7 < 0.2, this
relation between 7and ¢ m.x cannot be confirmed in Fig. 9. This
is because the computational cells used in the present
simulations are not fine enough to resolve very small initial jet
accurately. It is also seen in Fig. 9 that ¢ max is not influenced
by V but decreases with /. The values of g ., measured at 7=
0.2 are plotted against K and 7 in Figs. 10a and b, respectively.
The dependences of ¢im.x on K and 7 are similar to those of
11 ox shown in Fig. 7; namely, gima is not influenced
significantly by K while decreases with an increase in 7. The
effect of 7 is particularly noticeable around 7= 0.25. This also

indicates that the liquid film can be regarded as a thin film if 7
is less than about 0.25 in the sense that the bottom wall affects
the crown behavior.
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Fig. 8: Time evolution of the spatial distribution of
dimensionless liquid velocity in units of V.
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Fig. 9: Time evolutions of maximum liquid velocity.
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Fig. 10: Maximum liquid velocity at 7= 0.2.
Role of liquid transport to the outer region

From the present numerical results, it is considered that the
liquid transport from the inner to outer regions of liquid crown
is the key phenomena to interpret the effect of film thickness.
Since the gap distance connecting the inner and outer regions is
larger when the liquid film is thicker, the liquid can travel more
freely between the two regions in this case. More liquid was
hence transported to the outer region and consequently the
base region of outer wall of crown was rounded noticeably as
depicted in Fig. 3b when the liquid film was thick. The gradual
decrease of the propagation speed of liquid crown shown in Fig.
4a can hence be attributed to the transported liquid since it
would act as the inertia added to the liquid crown. If the liquid
is transported to the outer region, the liquid film would act as a
buffer material against the drop impact. Therefore, the
decreases of impact pressure and jet velocity with an increase
in the film thickness that were depicted in Figs. 7b and 10b can
also be understood as a consequence of the liquid transport.

EFFECT OF IMPINGEMENT ANGLE
Interfacial shape

The effect of impingement angle « on the calculated time
evolution of the interfacial shape is depicted in Fig. 11. In these
simulations, d and 4 were set to 0.4 mm; the normal component
of initial drop velocity V; was kept at 10 m/s while the
tangential component V, (= Vytana) was changed
parametrically. Shown in Fig. 11a are the calculated results for
normal impact. It is noted that the crown size is greater in this
figure than in Fig. 2 since the cylindrical drop of larger inertia



was used. However, the crown shapes are fairly similar to
those calculated for a spherical drop. Though the two liquid
sheets are almost identical in the case of normal impact (Fig.
11a), they are significantly different in the cases of oblique
impact (Figs. 11b and c). In the latter two cases, since the
impacting drop presses the base of right side liquid sheet, the
maximum pressure is measured in this region (see Fig. 12a). In
addition, the jet velocity is higher in the right side sheet than in
the left side one as shown in Fig. 12b since the liquid originally
included in the impacting drop flows directly into the right side
liquid sheet. Comparing Figs. 11b and c indicates that the
difference between the right and left side sheets in the earlier
stage (7 < 0.2) becomes significant with an increase in a.
Another interesting observation in Fig. 11 is the effect of & on
the ejection angle of the right side liquid sheet. It can be seen at
7 = 0.2 that the angle between the liquid sheet and the
horizontal surface decreases with an increase in a. This can be
attributed to the increase of the tangential component of the
impact velocity with ¢. In particular, though the liquid sheet is
directed upward when = 0 and 30°, it is directed downward
when a = 60°. As a result, the liquid sheet is then elongated
when a = 0 and 30° but the sheet elongation is restricted when
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Fig. 11: Effect of impingement angle « on the calculated time
evolution of the interfacial shape.
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Fig. 12: Spatial distributions of pressure and liquid velocity at ¢
=0.2 when o= 30°.

a = 60° since the sheet collides with a liquid film surface.
Okawa et al. [11] reported the experimental result that the
formation of liquid sheet and the production of secondary
drops become rare events in very oblique impacts of o >
50-70°. The present numerical results indicate that the
reduction of the ejection angle of liquid sheet with an increase
in o would be a main cause of this experimental observation.

Maximum pressure and maximum jet velocity

The effects of « on the maximum values of pressure and
liquid velocity were investigated using the present numerical
results. The normal component ¥, and the total momentum
vector V were kept at 10 m/s in the first and second series of
simulations, respectively; « was changed parametrically
within 0—70° in both the series. The maximum values were
measured at 7= 0.2.

The dimensionless maximum pressures /7, ma and 77, are
defined respectively by

]7n,max :(Pmax_PO)//)Vn2 (l)
1, =P =R/ pV’ @

The dependence of /7, . on o is shown in Fig. 13a. It can be
seen that the values of /7, max (in liquid) and /7, max (00 bottom
wall) vary only slightly between the first and second series.
This confirms that pV,> or pV” is the appropriate scaling
parameter of pressure even for the oblique impacts. However,
ITy max Increases monotonously with an increase in «. This
implies that not only ¥, but also V; is influential in determining
the maximum pressure in liquid. In the simulations of oblique
impact, the maximum pressure was measured at the base of the
right side liquid sheet as depicted in Fig. 12a. One can hence
confirm that the lateral velocity component is the cause of the
rise of local pressure. The maximum dimensionless pressures
measured on the bottom wall 74, .« are also plotted in Fig. 13a.
Contrary t0 /2y max> {donmax 18 D0t influenced significantly by «
if o is smaller than 45°. This indicates that the pressure rise
induced by the tangential component is less penetrative to the
liquid film. However, /%, m.x also increases with an increase in
a when « is greater than 45°. It is hence concluded that the
effect of the tangential component is not necessarily negligible
in determining the erosion damage induced by the drop impact.
The scaling parameter of pressure rise is changed from p¥,” to
sz in Fig. 13b. It is found that /7, is fairly constant if « is
not very large (a < 45°). It is hence considered that the
maximum local pressure is dominated by V rather than V.
However, /1 ,,x decreases with an increase in a when « is
greater than 45°. This indicates that the contribution of V; to the
pressure rise becomes less significant in very oblique impact.
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The dependence of the maximum liquid velocity on « is
displayed in Figs. 14a and b. Here, the dimensionless
maximum velocities Ginmax and ¢imax are defined respectively
by

gfn,max = Vl,max /I/n (3)

=V

1,max

gfn,max / V (4)

Since the maximum liquid velocity was measured within the
right side liquid jet as depicted in Fig. 12b, the maximum liquid
velocity is identical to the maximum jet velocity. Figures 14a
and b indicate that gj, ..« increases monotonously with an
increase in @ while g m.x 1s not influenced significantly by a. It
is hence considered that liquid jet properties are primarily
determined by the total momentum vector V rather than the
normal component ¥ in the case of oblique drop impact.
Okawa et al. [11] showed experimentally that the critical value
of K at the deposition-splashing limit is expressed by the
following correlation if o < 50°:

K =WeOh™* =2,100 5)

Since not ¥, but V is used in calculating We in the above
correlation, the present conclusion is consistent with the above
experimental result.

CONCLUSIONS

Systematic two-dimensional interface tracking simulations
were carried out to elucidate the effect of several important
parameters on the process of single drop impingement onto a
plane liquid film. Main conclusions of this numerical work are
summarized as:

(1) When the target liquid film was thick, the part of liquid
originally included in the inner region of crown was
transported to the outer region. As a result, the base region
of outer wall of liquid crown was rounded noticeably. In
the case of thin liquid film, however, the liquid transport
was negligibly small since the gap distance connecting the
inner and outer regions was small. Due to the presence of
liquid transport, the following observations were made for
thick films: (a) the propagation speed of liquid crown was
gradually slowed down since the transported liquid acted
as the inertia added to the liquid crown, (b) the maximum
pressure at the impact neck and the maximum velocity
within the liquid jet decreased since the liquid film played
a role as the buffer material against the drop impact. It is
hence inferred that the production of secondary drops is
mitigated in the case of thick film since the liquid crown is
stabilized.

(2) The pressure rise on the bottom wall caused by the drop
impact became less significant with an increase in the
target liquid film thickness. The mitigation of pressure rise
was attributed to the decrease of the maximum pressure
measured at the impact neck and to the increase of the
pressure difference between the impact neck and the
bottom wall. It is expected that the erosion damage of solid
material induced by the drop impact can be significantly
mitigated if the impacted wall is covered with the liquid
film whose thickness is comparable to the drop diameter.

(3) In the case of oblique impact, the impacting drop pressed
the target liquid film laterally. Hence, the tangential as
well as the normal components of the impact velocity was



influential in determining the maximum pressure and the
jet velocity. However, when the impingement angle was
not very large, the effects of impingement angle on the
pressure at the impact neck and the jet velocity were not
significant provided that the total momentum vector of
impact velocity was selected as the scaling parameter of
velocity. This is consistent with the available experimental
observation that not the normal component but the total
momentum vector of impact velocity is roughly constant
at the deposition-splashing limit.

(4) When the impingement angle was very large, the liquid jet
directed downward and eventually collided with the
surface of target liquid film, which prevented the further
elongation of liquid jet. This is considered one of the main
reasons why the formation of liquid sheet and the
production of secondary drops become rare events when
the impingement angle is very large.

NOMENCLATURE
d primary drop diameter m
h Film thickness m
K impact K-number dimensionless
Oh Ohnesorge number dimensionless
P pressure Pa
Py reference pressure Pa
R crown radius m
14 impact velocity m/s
" liquid velocity m/s
We impact Weber number dimensionless
Greek symbols
a impingement angle degree
Ax mesh size m
n dimensionless film thickness  dimensionless
u liquid viscosity Pa-s
I7 dimensionless pressure dimensionless
D liquid density kg/m’
o surface tension N/m
T dimensionless time dimensionless
c dimensionless velocity dimensionless
Subscripts
b bottom wall
1 liquid
max maximum
n normal to film surface
t tangential to film surface
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