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Analysis on Breakup in Coronet
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The coronet or the so-called milk-crown has been investigated mostly by experiments that already revealed many
interesting features and physics. We have performed three-dimensional simulations on breakup of thin film leading to
coronet in order to examine its mechanism in situations. Surprisingly, the wavelength of the breakup sensitively
depends on the density of ambient gas and increases with density although the density has been believed to be too
small to affect the dynamics. The simulation suggests that the breakup is due to competing between the breakup
driven by Rayleigh-Taylor and stabilization effect owing to ambient gas flow. And we have also performed

experiment of coronet..

1. INTRODUCTION

The milk-crown of the coronet is one of the most fascinating
phenomena ever since the pioneering work by Worthington and is
always keeping attention of people over a hundreds years.
Therefore it is natural that it has been investigated by quite a lot of
experiments that already revealed many interesting features and
physics. The splashing of drops on liquid layers has a wide variety
of applications. Engineering applications of drop impact are spray
cooling, ink-jet printing, and GDI (Gasoline Direct-Injection)
engine. Thin coatings can be obtained on surfaces by spray
coating and spray painting. Levin and Hobbs applied their results
to thunderstorm electrification and to the buildup of space charge
during rainfall. In agriculture the prevention of soil erosion due to
rain plays an important role. Brodie has demonstrated that the
importance of the splashing of the raindrops in soil erosion and the
dispersal of seeds and microorganisms. A knowledge of the
spreading behavior of pesticides of foliage enables a reduction of
the quantity of pesticides applied per unit area. Further, splashed
pesticide droplets can be blown away by wind and pollute
neighboring places. Splashing raindrops provide mechanisms for
the dispersal of fungus spores. Atmospheric and oceanographic
sciences investigate phenomena connected with rain formation
and the interaction of rain with the surface of the ocean. High
pressure occurring during meteor impacts can cause a fluidization
of the rocky material. The resulting flows may lead to the
formation of central peaks in craters that can be found on the
moon. And, in criminalistics the study of the characteristics of
stain patterns of impacted blood drops can be of significance in
reconstructing crimes.

In contrast, simulation of the milkcrown has long been a dream
in the field of computational physics because it can not only
demonstrate the power of the scheme but also can investigate the
physics of the milkcrown formation by choosing a situation which
is hard to realize experimentally. Several interface capturing
schemes have been proposed to attack this problem. Although
the present-day technique is already close to this goal, nobody
reported the three-dimensional milkcrown formation before except
for a preliminary three-dimensional work, and several two
dimensional works pioneered by Harlow and Shannon, in which
instability and therefore breakup of rim leading to the milkcrown
were not simulated. This is because the milkcrown is not merely a
consequence of a free surface problem but we must treat ambient
gas as well.  This requires a special treatment at the complex

boundary of the milkcrown where densityp changes by 1000
times. In solving pressure p, it is quite a difficult task to guarantee
the continuity of force ( p)/p across the complex interface
having very large density ratio, otherwise quite a large
acceleration can occur because of the change of denominator from
1 to 0.001 g/cm?® across the interface.

Recently we simulated formation process of milkcrown by CIP
method which can treat very large density change keeping the
continuity of ( p)/p at the interface without any special
boundary condition. This capability is essential for the application
to the instability during the dynamics of milkcrown formation.

And we are preparing the experiments on milk-crown to verify
our simulation results.

2 SIMULATION OF MILKCROWN

Figure 1 shows an iso-surface contour of density in which 100
x 100(horizontal)x 34(vertical) fixed, equally spaced Cartesian
grids are used with D/16 grid spacing. A thin liquid film of D/4
thick is placed on a solid plate and a liquid drop of diameter D
impacts from the top at a speed of U and Re = UD /v = 8400.
We solved gas as well as liquid and the density ratio at the
interface is almost 1000 as already mentioned. As shown in Fig.1
at =4.92 and 8.2D/U, the irregular ring, which we call "finger" of
the milkcrown, appears at first and then laminar belt develops
below the finger later on.

We can estimate the deceleration of the motion to be a = 2.5U%/
D and from typical wavelength 0.42D (kD = 15) of the irregularity
along the rim during deceleration we get the growth rate of y
ri=(ak)'? =6.12U/D for the R-T (Rayleigh-Taylor) instability.
This growth rate seems to be sufficient to account for the
evolution of the irregularity because of y A ¢ = 3.67 during the
deceleration time A t=0.6D/U. Att=1.80D /U ,the deceleration
is largely reduced and from this time on, because of the lack of the
instability, laminar belt of the milkcrown begins to develop just
below the finger. Thus the well-known double structure
consisting of the finger on top of the laminar belt is formed as
observed in typical experiment of the milkcrown.

The above observation looks reasonable. Since the computer
capability is limited, we can not check the validity of the theory by
largely changing the parameters.  The easiest and most
interesting way to alter the situation is to change the gas density
P s Although the denser gas seems to be unrealistic, it may help

Copyright © 2000 by JSCFD



t=4.92 D/U

t=8.2 VU

FIG. 1 Water surface plot in the milkcrown formation process.
p gas/p 1ig=0.002(top) and 0.02(middle)0.03 (bottom).

to check the physics in a situation which can be realized only by
computer simulation. Since the gas density is 1000 times less than
liquid, it does not seem to contribute to the evolution of the
milkcrown. Surprisingly, however, it sensitively changes the
evolution as shown in this paper.

Figure 1 also includes the iso-surface contour of the
calculations with various density of ambient gas. Interestingly,
unstable wavelength becomes longer when gas density is
increased. Furthermore, at p 4 = 0.03p ;, the rim inclined
inwardly ,which shows the apparent effect of ambient gas.

Even if this difference is taken into consideration, the effect of
ambient gas can not be resolved because the gas density comes
into the R-T growth rate as the Attwood number =(p ;P s)/(P
lig TP gas) but it is too small already to change the number even for
denser gas ofp gas/p ;4 =0.03.

If the instability is caused by the K-H (Kelvin-Helmholtz)
instability, the growth rate[13] isy = HVI(P 4 P ga\5)”2 (s
P ), Where V' is the relative velocity between gas and liquid,
and can be affected by the ambient gas density by a factor of 3 for
10 times difference of density. However, the growth rate is
larger for denser gas and contradicts with the simulation result.

Here we propose one possible explanation to this result. At
first, let us derive the R-T growth approximately. Equation of
motion in the x-direction (which corresponds to the radial
direction) is written asp ;, fu/ ¢ -Ip/qx. If the perturba-
tion is in the y-direction (which corresponds to the azimuthal
direction along the rim) and its wavenumber is k, the pressure
perturbation 6 p/ x -kd p -p 4, ak& , since
divergence-free motion gives the mode of exp(-kx)exp(iky) and
perturbed gravitational potential changes the pressure as
dp -pigak . Thus

1°x
Lig V =T, akX (1)

is derived with the help of & /7 =u.
From this equation we get the growth of the R-T instability to be
& expl(ak)’r].

Nextly, we include the effect of ram pressure. Since the wind
of ambient gas blows towards the rim radially in the moving frame
of the rim, it can act to stabilize the R-T instability like a wall. If

this wind velocity is U, then the effect of the ram pressure should
be added to Eq.(1) in the perturbed form of QO g Uy 9 x
which is roughly p o Up T (&€ /A1) Yx P ousUbk€ Y rrA ¢
being 1/yY gr,. Thus Eq.(1) is modified to be

X _

2
U Lig T =0 Qe X - T gasUOngRT (2)
Therefore the criteria for the growth of perturbations will be
r
2as
Orr > ——kU, 3)
r Lig

In the simulation, we have included the kinematic viscosity for
water and air to be UDA = 8400 and 560 , respectively.
Since the viscosity effect appears in a form of kinematic viscosity
in the R-T and K-H instability, the effect of the ambient density
will not explicitly appear in the result.

We have tested the effect of surface tension as shown in Fig.2
for We = p U*D/o =w , 1216, 608. Actually, the break up of the
rim tends to be reduced for larger surface tension although some
implication of the droplet formation is seen at the top of the rim
for We =1216. The impact Reynolds numbers in these cases are
448 and 377, and correspond to those that generate 20-30 fingers
as seen from the experimental results. We compared our
simulation results with experimental results in Fig.3

FIG. 2. Effect of surface tension.
We = p U’D/G =0 (top), 1216(middle), 608(bottom)
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FIG. 3. Comparison with experimental results
Color Marks are simulation results while white-black marks are
experimental results.

3. EXPERIMENT OF MILKCROWN

Experimental set up is shown in Fig.4. We initially set higher
pressure in the injector which is used to drive a droplet. The
open-close valve between injector and cylinder is electromagneti-
cally controlled.

In Order to get a clear form of milk-crown, we chose a thin film
of milk to which a droplet of milk will collide. Milk of 3 cm® is
put into a culture dish (Shale). If we estimate the thickness of milk
by tile surface area of shale, it gives 0.409 mm thick film. This
estimation has some error owing to meniscus of circumference
and therefore the absolute value of thickness is not accurate. We
have repeated the experiments by 5 times for each condition and
found that the phenomena are reproducible. Therefore, we
conclude that tile thickness of milk is well controlled by this
procedure. The droplet size and injection speed were measured by
high-speed video camera (FASTCAMI1) with the speed of the
2250 frames per sec and are estimated to be 2.74 mm in diameter
and 1.97 m/sec. We have used 3.7 fat milk.

Figure5 shows milk-crown photographs taken by the high-speed
video camera.

Figure 6 shows sequential photographs of experimental results.

FIG.4 Experimental setup

FIG.5 Experimental results under the gas pressure of 10°Pa
taken by Yabe Lab. in 2000 (top), and taken by Edgerton &
Killian (MIT) with milk in 1987 (bottom)
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FIG. 6 Sequential photographs of experimental results

4_ CONCLUSIONS

In summary, we have succeeded to simulate the three
dimensional formation process of the milkcrown. The wavelength
of the irregularity or finger along the rim depends on the density
of ambient gas and increases with the density. This is due to
competing between breakup owing to R-T instability and
stabilization effect owing to ambient gas flow. Since the
wavelength of the fingers along the rim strongly depends on the
density of ambient gas, the finger formation observed here is not
an artifact of finite grid size although it might have provided seeds
of the instability. The present simulation has added important
knowledge to the milkcrown formation physics by choosing the
situation that would be hard to realize experimentally.

We are planning milkcrown experiment in high-pressure
atmosphere to examine the result given by the authors[5].
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