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Abstract

We have succeeded for the first time to simulate the three-dimensional breakup of thin film in coronet
formation process. Surprisingly, the wavelength of the irregularity along the rim of coronet sensitively
depends on the density of ambient gas and linearly increases with gas density although its density is
negligibly small. Therefore the Rayleigh-Taylor instability alone can not explain the phenomena ;
nevertheless the deceleration may be responsible for the breakup. The simulation suggests that the breakup
is due to competing between Kelvin-Helmholtz instability and Rayleigh-Taylor instability. The maximum
wave number is reached when the breakup driven by R-T overcomes the swelling-up of the rim owing o

K-H instability and is inversely proportional to gas density.
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Since the pioneering work by Worthington(7),
the coronet or the so-called milk-crown has been
investigated mostly by experiments that already
revealed many interesting features and physics
included(2,3). In contrast, simulation of the
coronet 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 coronet formation by
choosing a situation which can be hardly realized
by experiments. Several interface capturing
schemes have been proposed to attack this problem.
Although the present-day technigue is already
close to this goal, nobody reported the three-
dimensional coronet formation before except for a
preliminary  three-dimensional work(4), and
several two-dimensional works pioneered by
Harlow & Shannon¢5), in which instability and
therefore breakup of rim leading to the coronet
were not simulated. This is because the coronet 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 coronet where density » changes
by 1000 times. In solving pressure p, it is quite a
difficult task to gnarantee the continuity of force
( Vp)/ o across the complex interface having very
large density ratio, otherwise quite a large
accelerationt can oceur because of the change of
denominator from 1 to 0.001 g/cm’ across the
interface.

Recently we have developed a new
computational ~ algorithm  CIP(6-8)  (cubic-
interpolated propagation) which can freat the
imterface of liquid and gas with almost one grid
even in the fixed Cartesian grid system. The
VOF(@){volume of fluid) and LSF(70) (level set
function) may have a similar capability. The CIP
has further advantage that it can solve all the
phases of matter together from solid through liquid
to gas because it can ftreat very large density
change keeping the continuity of ( Vp)/ o at the
interface without any special boundary condition.
These advantages of the CIP have been
demonstrated in the simulation of the melting and
evaporation dynamics of metal irradiated by laser
light(8). This capability is essential for the
application to the instability during the dynamics
of coronet formation.

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
0.1 cm grid spacing. A thin water film of 0.4 cm
thick is placed on a solid plate and a water drop of
0.8 cm radius impacts from the top at a speed of 50
cm/sec. We solved gas as well as water and the
density ratio at the interface is almost 1000 as
already mentioned. As shown in Fig.I at t=52 and
88 ms, the irregular ring, which we call
“ornament” of the coronet, appears at first and then
laminar belt develops below the ormament later on
at 152 and 240 ms in Fig.1.
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Fig.1 : Water surface plot in the coronet formation process. 100X 100X 34 Cartesian grid is used. After

impact until /=44 ms, flat ring of thin film like a “washer” appears on the original film. At =52 and 88 ms, the
irregular ring, which we call “ornameni” of the coronet, appears at first and then laminar beit develops below
the ornament later on at 152 and 240 ms
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Fig.2 : (A) Time evolution of radial velocity,
where closed circles, open circles and triangles
show the velocity for the case of 0 pas=0.001,
0.005 and 0.01, respectively. At the time of
impact 7=32 ms, large acceleration occurs and
then deceleration follows after 44 ms until 60
ms In the latter phase, the Rayleigh-Taylor
instability can grow at the rim caused by a
snow plough and Kelvin-Helmholtz instability.
(B) Cross-sectional view of the water at 48, 52
and 60 ms from the top.

The time evolution of the radial expansion
velocity of the coronet can shed light on the
formation mechanism of these structures. In the
simulation of Fig.2 we performed two-dimensional
axisymmetric simulation to avoid the influence of
the instability on the main flow driving instability.
Upon impact of the drop onto the liquid surface,
liquid film is pushed radially outwards like a snow
plough. The radial motion is initially accelerated
by the high pressure of impact and then decelerated
as shown in Fig.2A. After impact until /=44 ms,
flat ring of thin film like a “washer” appears on the
original film as shown in Fig.1 because of raking
up by a snow plough. The outer radius of the

washer is 1.5 cm at /=44 ms and inner radius in
contact with the drop is 0.8 cm, between these radii
the washer thickness is extremely uniform. Around
=44 ms, deceleration starts and then outer leading
edge of the washer moves apart from the main ring
as shown in the density contour in Fig.2, while the
main ring gradually shrinking to the same radius
and giving rise to a large hump which grows into a
circular rim and eventuvally leads to the coronet.
This rim becomes unstable at the deceleration
phase.

If the breakup of the rim had been caused by the
effect of finite-sized rectangular grids, its effect
would have already appeared at this early
stage( i<ddms). On the contrary, the breakup
abruptly occurs just at the time when deceleration
starts and thus some instability may take place.
Furthermore, as it will be shown later, the
wavelength of the irregularity along the rim
changes depending on the density of ambient gas.
This proves that the breakup observed here is not
an artifact of finite grid size although it might have
provided seeds of the instability.

From Fig.2, we can estimate the deceleration of
the motion to be g=2.3 X 10°cni/sec” and from
typical wavelength 0.67 cm (4i=10) of the
irregularity along the rim during deceleration we
get the growth rate of » pr=(ak)"*=151 sec’ for the
R-T (Rayleigh-Taylor) instability. This growth
rate seems to be sufficient to account for the
evolution of the irregularity because of » £17=3.93
during the deceleration time A=26 ms. At r=60
ms, the deceleration is largely reduced and from
this time on, because of the lack of the instability,
laminar belt of the corenet begins to develop just
below the orament. Thus the well-known double
structure consisting of the ornament on top of the
laminar belt is formed as observed in typical
experiment of the coronet (7).

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 o . Although the denser gas
seems to be unrealistic, it may help to check the
physics in a situation which can be realized only by
computer simulation. Since the gas density is 1000
times less than water, it may not contribute to the
evolution of the coronet. Surprisingly , however, it
sensitively changes the evolution as shown in this
paper.

Figure 3 shows the density contour of water
sliced horizontally in the middle of the rim.
Interestingly, unstable wavelength becomes longer
when gas density is increased, and finally at the gas
density of 0.01 g/cm’® the mode number is reduced
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Fig.3 : Density contour of the rim for the gas density of (A and D) 0.001, (B and E)
0.005 and (C and F) 0.01 g/cm’. Left three figures (A,B,C) show the contours at 80
ms and right three figures (D,E,F) show those at 250 ms.

to 4. Figures 3A-C show the density contour at
=80ms and Figs.3D-F show that at ~=250ms. As
shown in the figure, different nature of the breakup
is already seen at this early stage of /=80ms when’
the deceleration has just stopped.

We have also displayed the time evolution of
radial velocity for these cases in Fig.2, where
closed circles, open circles and triangles show the
velocity for the case of 2., =0.001, 0.005 and
0.01, respectively. This time evolution seems to be
similar for any density of gas and the deceleration

time is slightly longer for denser gas. If this
deceleration had caused the breakup, then denser
gas and hence long deceleration time would have
made the frregularity be slightly larger. This
contradicts with the observation in Fig.3. Although
the gas density comes into the growth rate as the
Attwood number = [, - P VP o b7 it
is too small already to change the number even for
denser gas of 0.01 g/em’ compared with the water
density © e =1g/cm’.

If the mstability is caused by the K-H (Kelvin-

— 4 —



Helmholiz) instability, the growth rate (//) is
Yem =k|U|(Puprs)m AP + Ppus)? where U/ is the
relative velocity between gas and water, 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. The K-H instability drives the
swelling-up of the rim to the vertical direction
instead of breakup, while the R-T instability acts as
to breakup the thin film of the rim along the
azimuthal direction and thus caoses the
“omament”. If v >y, then the breakup
becomes slower than swelling-up and therefore the
coronet will not be formed. Thus the criterion for
the breakup should be

kp water 2, a5 a

yRT kym = (pwtzr _pga.s Ipwarcr +pga.;)SF
Q)

If this relation is comrect, the maximum wave
number is inversely proportional to gas density. In
fact, the wavelength of the omament is
approximately proportional to gas density as
shown in Fig.4, where circles and squares
represent the wavelength at 80 and 250 ms
observed in Fig3, respectively. Two same
symbols at the same density, for example two
squares at o ,,,=0.01g/cm’, mean ambiguity of the
measured wavelength. This justifies the relation
(1) because a and [/ are similar regardless of gas
density.

In the simulation, we have included the
kinematic viscosity for water and air to be 0.01 and
0.15 cm?sec, 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. Although we have not included the surface
tension here, it may not drive the instability in the
thin film of the rim but rather it will contribute to
the droplet formation after the instability fully
develops.

In summary, we have succeeded for the first
time to simulate the three-dimensional formation
process of the coronet. The wavelength of the
irregularity along the rim depends on the density of
ambient gas and linearly increases with the density.
This is due to competing between swelling-up of
the rim owing to K-H instability and breakup
owing to R-T instability. The present simulation

has added important knowledge to the coronet
formation physics by choosing the situation which
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Fig.4 Circles and squares represent the

wavelength at 80 and 250 ms observed in Fig.3,
respectively. Two same symbols at the same

density. for example two squares at 5 gag =001,

mean ambiguity of the measured wavelength.
would be hardly realized by the experiments.

This work was camried out under the

collaborating research program at the National
Institute for Fusion Science of Japan.
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