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Abstract

The breakup of viscous and viscoelastic drops in the high speed airstream behind a shock
wave in a shock tube was photographed with a rotating drum camera giving one photograph
every 5us. From these photographs we created movies of the fragmentation history of viscous
drops of widely varying viscosity, and viscoelastic drops, at very high Weber and Reynolds
numbers. Drops of the order of one millimeter are reduced to droplet clouds and possibly to vapor
in times less than 500 ps. The movies may be viewed at http://www.aem.umn.edu
Iresearch/Aerodynamic_Breakup. They reveal sequences of breakup events which were
previoudy unavailable for study. Bag and bag-and-stamen breakup can be seen at very high
Weber numbers, in the regime of breakup previously called “catastrophic.” The movies allow us
to generate precise displacement-time graphs from which accurate values of acceleration (of
orders 10to 10 times the acceleration of gravity) are computed. These large accelerations from

gas to liquid put the flattened drops at high risk to Rayleigh-Taylor instabilities. The most
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unstable Rayleigh-Taylor wave fits nearly perfectly with waves measured on enhanced images of
drops from the movies, but the effects of viscosity cannot be neglected. Other features of drop

breakup under extreme conditions, not treated here, are available on our Web site.

1. Fragmentation of Newtonian and viscoelastic drops

The problem of aerodynamic breakup of liquid drops has given rise to a large literature. Most
of the early literature focuses on drops of Newtonian liquids in subsonic air streams, and is
excdlently reviewed by Pilch & Erdman (1987), and Hsiang and Faeth (1992). Shock tube
studies of the breakup of Newtonian drops, usually water, under high subsonic and supersonic
conditions were carried out by Hanson and Domich (1956), Engel (1958), Hanson, Domich, &
Adams (1963), Ranger and Nicholls (1969), Reinecke & McKay (1969), Reinecke & Waldman
(1970, 1975), Wadman, Reinecke & Glenn (1972), Smpkins & Bales (1972), Wierzba and
Takayama (1988), Y oshida & Takayama (1990), Hirahara and Kawahashi (1992), and others. The
excdllent study of Engel (1958) showed that water drops of millimeter diameter would be reduced
to mist by the flow behind an incident shock moving at Mach numbers in the range 1.3 to 1.7.
Many of the other af orementioned studies allude to the presence of large amounts of mist. Joseph,
Huang and Candler (1996) argued that mist could arise from condensed vapor under flash
vaporization due to (1) low pressures at the leeside produced by rarefaction and drop acceleration,
(2) high tensions produced by extensional motions in the liquid stripped from the drop, (3) the
frictional heating by rapid rates of deformation, and (4) the heating of sheets and filaments torn
from the drop by hot air. Though mist and vapor formation is not the focus of this study, it is
relevant that the Rayleigh-Taylor instability pumps fingers of hot gas behind the shock into the
drop increasing both the frictional heating and the area of liquid surface exposed to hot gas.

The recent and fairly extensive literature on atomization is well represented in the papers by
Hsiang and Faeth (1992), Hwang, Liu and Rietz (1996), and Faeth (1996). These results, and
earlier drop breakup studies such as Krzeczkowski (1980), Wierzba (1990), Kitscha and
Kocamustafaogullari (1989), and Stone (1994), are redtricted to relatively low Weber and
Reynolds numbers. The highest Weber and Reynolds data for drop breakup was reported by
Hsiang and Faeth (1992) who worked under conditions for which the Weber numbers ranged
from 0.5 to 1000 with Reynolds numbers from 300-1600.

High Weber number drop breakup data were obtained by Engel (1958), Ranger and Nichols
(1969), and Reinecke and Wadman (1970) for air and water only, so viscous effects could not be
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studied. In contrast, the data presented here cover a wide range of viscosities (from 0.001 to

35 kg/m sec) and a wide range of high Weber numbers (from 11700 to 169000), Ohnesorge

numbers (from 0.002 to 82.3) and Reynolds numbers (from 40000 to 127600), based on the
freestream conditions. Another feature which distinguishes our experiments from previous onesis

that we have recorded all of the data as real time movies which may be seen under “video
animations” at our Web address. The movies capture events which were previously unknown,
such as bag breakup and bag-and-stamen breakup of high viscosity drops at very high Weber
numbers, whereas short wave Rayleigh-Taylor corrugations appear on water drops under similar
free stream conditions (see figure 19).

The thesis of this paper is that breakup at high accelerations, corresponding to high Weber
numbers, is controlled at early times by Rayleigh-Taylor instabilities. We back up this claim by
comparing theory with experiment. From the movies we get accurate displacement-time graphs,
one point ever s, from which the huge accelerations which drive Rayleigh-Taylor instabilities
can be measured. The movie frames can be processed for images of unstable waves from which
the length of the most dangerous wave can be measured and compared with theory.

Only a few studies of the breakup of viscoelastic drops have been published; Lane (1951),
Wilcox, June, Braun and Kelly (1961), Matta and Tytus (1982), and Matta, Tytus and Harris
(1983). Matta and co-workers did studies at Mach numbers near one and less. They showed that
threads and ligaments of liquid arise immediately after breakup, rather than the droplets which are
seen in Newtonian liquids. We have verified these general observations for more and different
liquids in high speed air behind shocks with Mach numbers as high as 3. These structures can be
seen in the photographs in figures 1-13 of this paper which show just a few frames from the
respective movies on our web page. For example, compare figure 1, which shows the breakup of
a water drop in our shock tube at a shock Mach number of 2, with figures 5 and 7 which show
respectively the breakup under the same conditions of a 2% aqueous solution of polyox and a
2.6% solution of polystyrene butylacrylate in tributyl phosphate. Figures 2, 6, and 8 show the
breakup of the same liquids at a shock Mach number of 3.
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2. Shock Tube

The shock tube consists of a driver section that can be varied in length between 1.829 and
4.627 m, a double-diaphragm section, a low pressure channel with a maximum length of
10.363 m, a windowed test-section approximately 0.76 m in length, and a dump tank with a
volume of approximately 1.13 cubic meters. Both the driver section and the channel are built up
from sections of extruded 6063-T6 auminum.

The complete tube (driver, diaphragm, channel, and test section) is supported by ball-bearing
carriages which ride on a precision rail. The rail in turn is mounted on a 0.152 m aluminum
I-beam which is attached through leveling screws to a set of five concrete columns. This
arrangement allows for accurate leveling of the whole tube while giving ease of movement of the
complete tube system for replacement of the diaphragms and for accommodating different lengths
of the system.

The tube has an internal cross-sectional shape consisting of flat side walls and semi-circular
upper and lower walls, while the outside of the tube has a circular cross-section 0.127 m in
diameter. This configuration was selected to keep the stresses in the walls as low as possible and
to give the greatest flow areafor the cross-section that could be extruded, while retaining flat side
walls for continuity with the windows in the test section. The distance between the flat side walls
is0.0762 m; the upper and lower walls are semi-circular arcs with diameter 0.0955 m.

The test section is built around a 0.762 meter length of the extruded aluminum tube, and is
designed to prevent any distortion under internal pressure, thus allowing 0.035 meter long glass
windows to be used. The test section incorporates flat upper and lower external surfaces, thereby
facilitating the mounting of auxiliary egquipment, such as the drop injection system.

The shock tubeis fired by means of a double diaphragm system in which the inter-diaphragm
gpace is filled with helium at a pressure approximately equal to the mean of the driver and
channdl pressures, and is evacuated through a fast-acting solenoid valve, providing a fast and
repeatable firing of the shock tube.

For the experiments described in this paper the channd pressure (air) was evacuated to
50 kPa for the Mach 3 experiments and 58 kPa for the Mach 2 experiments, and the Mach
number was fixed through the driver pressure, using nitrogen for the Mach 2 tests and helium for
the Mach 3 tests. A drop of test liquid of known volume is injected into the test section by means

of an injector device mounted on top of the test section. The injector consists of a hypodermic
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syringe connected by a flexible tube to a hypodermic tube which passes through a solenoid and
projects into the test-section from above. The syringe, flexible tube, and solenoid are enclosed
within a housing which is maintained at the channel pressure. The displacement of the syringe
plunger is controlled by a micrometer which projects through the top of the injector housing. A
drop of known volume is formed at the end of the injection tube. When the drop falls from the
tube it is detected by a photodetector which initiates the signals, with appropriate delays, to fire
the shock tube, activate the solenoid to withdraw the injector tube from the test section, and open
the camera shutter. A pressure transducer near the test section is used to detect the shock wave
and fire the flash lamp to take the pictures.

The camerais a Cordin model 377 rotating drum framing camera, operated at 200,000 frames
per second. The individual frames are scanned into a workstation and composed into a movie
sequence using standard commercial moviemaking software.

3. Experiments

The data necessary to specify our experiments are listed in table 1. The first column identifies
the 13 liquids studied; there are 8 different silicone oils with viscosities ranging from 0.1 to

10 kg/m-sec. The Ohnesorge number Oh, the Weber number We and the Reynolds number Re

2
Oh:%’ We:&’ e:@ [1]
(0sDy)* y 7
are defined in terms of the initial drop diameter D, listed in the second column, drop viscosity Mg,
surface tension y, drop density pq listed in columns 3,4, and 5 and the free stream values of the

velocity V, viscosity |, and density p.
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LIQUID PROPERTIES

FREE STREAM CONDITIONS

Liquid diam visc surf_ten dens Ohn. No vel dens pres dyn.pres temp |Weber No| Rey. No | shock M
(mm) |(kg/m.sec)] (N/m) (kg/m3) (m/s) (kg/m3) (kPa) (kPa) (K)
NEWTONIAN (10°x) | (10%x)
Water 2.6 0.001 0.07 1000 0.002 431.7 1.696 241.0 158.0 497 11.7 72.1 2.01
Water 25 0.001 0.07 1000 0.002 764.3 2.076 468.2 606.4 788 43.3 111.3 3.01
Glycerine 23 1.49 0.063 1258 35 428.1 1.591 225.0 145.8 494 10.6 59.6 2
Glycerine 2.4 1.49 0.063 1258 3.4 757.9 1.929 431.1 554.0 782 42.2 99.0 2.99
SO 100 2.6 0.1 0.021 969 0.4 435.2 1.866 266.4 176.8 499 43.8 79.7 2.02
SO 100 2.6 0.1 0.021 969 0.4 757.9 2.296 513.2 659.5 782 163.3 127.6 2.99
SO 1000 2.6 1 0.021 969 4.3 438.8 1.876 269.2 180.6 502 44.7 80.6 2.03
SO 1000 2.6 1 0.021 969 4.3 767.4 2.312 523.7 681.0 792 168.6 129.1 3.02
SO 3000 2.6 3 0.021 969 13.0 435.2 1.866 266.4 176.8 499 43.8 79.7 2.02
SO 3000 25 3 0.021 969 13.3 754.8 2.290 509.7 652.4 778 155.3 122.3 2.98
SO 3000 2.6 3 0.021 969 13.0 757.9 2.296 513.2 659.5 782 163.3 127.6 2.99
SO 4000 247 4 0.021 969 17.8 435.2 1.866 266.4 176.8 499 41.6 75.8 2.02
SO 4000 2.51 4 0.021 969 17.7 754.8 2.290 509.7 652.4 778 156.0 122.8 2.98
SO 4000 2.09 4 0.021 969 19.4 761.1 2.301 516.7 666.6 785 132.7 103.0 3
SO 5000 25 5 0.021 969 22.2 761.1 2.301 516.7 666.6 785 158.7 123.2 3
SO 6000 2.6 6 0.021 969 26.1 473.9 1.976 297.3 221.9 526 54.9 88.7 2.13
SO 6000 2.6 6 0.021 969 26.1 754.8 2.290 509.7 652.4 778 161.5 127.2 2.98
SO 6000 25 6 0.021 969 26.6 761.1 2.301 516.7 666.6 785 158.7 123.2 3
SO 10000 25 10 0.021 969 44.3 438.8 1.876 269.2 180.6 502 43.0 775 2.03
SO 10000 2.6 10 0.021 969 43.5 754.8 2.290 509.7 652.4 778 161.5 127.2 2.98
SO 10000 25 10 0.021 969 44.3 748.4 2.279 502.8 638.3 771 152.0 121.3 2.96
SO 10000 2.6 10 0.021 969 43.5 1070.3 0.655 222.0 375.0 1186 92.8 40.0 4
VISCOELASTIC
2% PO 2.9 35 0.063 990 82.3 431.7 1.776 252.3 165.5 497 15.2 84.2 2.01
2% PO 2.9 35 0.063 990 82.3 424.6 1.756 247.2 158.3 492 14.6 82.5 1.99
2% PO 2.9 35 0.063 990 82.3 754.8 2.061 458.7 587.2 778 54.1 127.6 2.98
2.6% PSBA 2.2 1.13 0.07 900 3.0 435.2 1.609 229.7 152.4 499 9.6 58.2 2.02
2.6% PSBA 2.2 1.13 0.07 900 3.0 735.7 1.896 410.8 513.0 758 32.2 88.2 2.92
2% PAA 3.2 0.96 0.045 990 25 770.6 1.947 442.9 578.1 795 82.2 134.0 3.03

Table 1. Experimental parameters
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a 1.4627E5 4.8901E5
Xo(mM) -28.5E-5 -7.91E-5
to(sec) -3.43E-5 1.21E-5
acc(m/sec?) 2.92E5 9.78E5

Figure 14. Distance traveled vs. time. X - Xo= a(t - to)2 where X, and t, are the
extrapolated starting values from the curve fitting technique. The starting values x, and
tp are uncertain within severa pixels and 5ps.
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3.1 Time-displacement graphs and accel erations

We have obtained data sets of distance traveled vs. time from many of our experiments.
The distance refers to the slowest moving drop fragment; other parts of the fragmenting drop
accelerate from rest even more rapidly. Representative graphs are exhibited in figure 14;
these graphs are nearly perfect parabolas for the first few hundred microseconds of the
motion, and the acceleration o can be obtained by curve fitting. It is noteworthy that in these
graphs the acceleration is constant, independent of time for small times, and about 10*-10°
times the acceleration of gravity depending upon the shock wave Mach number. In general
there is a moderate drop-off of acceleration with time over the course of the 400 or 500 ps it

takes to totally fragment the drop.

Liquid Viscosity Initial accel. | (10° m/sec?) Initial drop
(kg/m sec) M= 3.0 M,=20  diameter (mm)

Silicone Oil SO 100 0.1 15.8 4.0 2.6
SO 1000 1 11.12 2.92 2.6

SO 3000 3 9.98 3.08 2.6

SO 4000 4 12.06 2.02 2.5

SO 4000 4 11.08 - 2.1

SO 5000 5 8.99 - 25

SO 6000 6 9.78 - 2.6

SO 10000 10 7.73 - 2.6

2% Polyox 35 6.48 1.37 29
2% Polyacrylamide 0.96 492 - 3.2
2.6% PSBA / TBP 1.13 7.28 2.32 2.2
Glycerine 1.49 8.43 4.38 24
Water 0.001 6.47 152 25

Table2

Initial accelerations of drops specified in the data set in table 1 (see figure 14)
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Table 2 givestheinitial accelerations for the dropslisted in table 1 at shock Mach numbers of
2 and 3. The accelerations are an increasing function of the shock Mach number; the dynamic
pressure which accel erates the drop increases with the free stream velocity. There appearsto be a
tendency for the acceleration to decrease with drop size; if we write that the drag on a spherical
drop is proportiona to the drop diameter squared and the mass to the diameter cubed, then the
acceleration is proportional to D™ and decreases with increasing D. There is also a tendency for
low viscosity drops, like water, to accelerate less rapidly; this reduction is a consequence of the
transfer of momentum from the gas stream into deformation of the drop.

4. Description of stages of drop breakup

The permanent record of high speed movies of the breakup of all kinds of liquids at high
Weber numbers shares many features with the classifications of breakup at low Weber numbers
summarized in the papers of Pilch and Erdman (1987) and Hsiang and Faeth (1992). However,
other features in these classifications do not appear in our study, still other features not seen by
them are captured in our high speed movies, and features which are said to occur only at low
Weber numbers in water appear in more viscous drops a Weber numbers orders of magnitude
higher. For example, figure 11 shows an example of bag-type breakup of 60kg/msec silicone oil
at a Weber number of about 160,000 based on free-stream conditions, and figure 13 shows an
example of breakup of glycerin of a bag-and-stamen type at a Weber number of about 42,000.

Many universal structures like nose stripping producing accumulated fluid at the equator
(Saturn’s rings) and transient lenticular drops which can be seen clearly in our movies are not
mentioned by Pilch and Erdman or in other works on drop breakup known to us. The surface
corrugations seen in their cartoons Y < 350 are due to Rayleigh-Taylor instabilities which

will be discussed in section 5.

We shall now describe the sequence of stages of drop breakup at high Weber and Reynolds
numbers which can be seen in the movies on our web page
(http://www.aem.umn.edu/research/Aerodynamic_Breakup). We have documented these stages
with still photos in figures 1-13; a fuller understanding of these stages can be obtained by viewing

the movies.
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The three first stages of breakup numbered below appear to be universal in that they occur in
al breakup experiments recorded on our web page; they apply to low and high viscosity liquids
and to the viscod astic liquids of different typesthat we have studied so far.

i. Flattening due to potential flow

In the first 20-30 psec after the passage of the shock, the flow is not strongly affected by
viscosity and can be described as the high speed potential flow of a hot gas over a near
sphere of radius r; the pressure nearly recovers its stagnation value on the back side of the
sphere; the sphereis squeezed by these pressures and pulled out at the equator by high speed
flow flattening the sphere. An analysis of this flattening was given by JM. Burgersin Engel
(1958). The analysis is for incompressible flow in the drop with equal pressures ps at the
front and back of the sphere and p.<ps a the equator. The outward displacement d at the
equator of the drop and perpendicular to the air flow is found to be given for small timest by
d=2Ps” Pey2 [2]
3 pgr
where pq isthe drop density and r isitsradius. This shows a strong dependence on drop size.
Engel (1958) applied [2] to alater flattening of the drop in which viscosity is important and
found that [2] predicted the radius correctly but otherwise did not agree with experiments.
This points to the necessity of obtaining systematic results from experiments with different
size of dropsin which viscosity and surface tension are not neglected.

The flattening of the drop at early times is a universa feature apparently
independent of drop viscosity or material type at large Weber numbers. The analysis of
Rayleigh-Taylor instability of the acceleration of a gas into a liquid a a plane interface is
well-suited to aflat drop.

ii. Radially outward boundary layer flow from the nose of the drop to its equator
This was analyzed by G.I. Taylor (1949) in his celebrated Porton Down paper. The analysis
was carried out using several severe approximations and the calculations are not in good

agreement with experiments. In particular, the flow was assumed to be steady and paralel to
the drop surface; the normal component of velocity of the air was neglected and no account
was taken of the effects of pervasive corrugations of the interface which are generated by
Rayleigh-Taylor instability. Inspection of our movies should convince any doubting reader
that the kind of boundary flow studied by Taylor is definitely present in the drop dynamics
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and it isinvolved in an important redistribution of the liquid resulting in change of shape as

well asin the stripping of liquid from the drop.

iii. Accumulation of liquid at the equator

Theliquid driven from the nose of the drop by the high speed air stream accumulatesin
a thin ring at the equator, like Saturn’s rings attached to the drop by a liquid web. The effect,
which is not accounted for in the frequently-quoted Pilch & Erdman (1987) classification,
reproduced here as figure 15, is very dramatic and universal, but the size of the rings and the
time interval during which they are present depend upon the liquid and the flow (see, for
example, figures 3(b) and 4(b) for glycerin, figures 5(b) and 6(b) for 2% aqueous polyox,
figures 7(b) and 8(b) for PSBA/TBP, figure 9(b) for 2% polyacrylamide, and figure 1(b) for
water). The mechanism responsible for the transient accumulation of liquid is not
understood and might be best approached by direct numerical simulation.
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Figure 15. (Pilch & Erdman, 1987) Cartoon of breakup mechanisms. These mechanisms apply

perhaps qualitatively to the breakup of water drops. We know of no experimental evidence for

vibrational breakup. The bag and bag-and-stamen breakup can be seen at Weber numbers as large

or larger than 42000 (e.g., figure 13), “catastrophic” breakup for high viscosity drops is basically a
Rayleigh-Taylor breakup (see Section 5 and Hsiang et al. (1992)).
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The following features can be seen in some drops, and not in others:

iv. Blow-off of liquid from the rings into drops and mist

Capillary instability and generalized cavitation are possible actors in the formation of the
clouds which are formed from the rings. These features are most readily observed in low and
not in high viscosity liquids. Compare, for example, figures 1 and 2 for water and figure 10
for 1 kg/msec silicone ail with figures 3 and 4 for glycerin, figures 5 and 6 for polyox, and
figures 7 and 8 for PSBA/TBP.

v. Formation of lenticular drops

A lenticular drop has a hemispherical front and flat back (figure 16). Some transient
structure resembling a lenticular drop always occurs after blow-off.

RN

Lenticular body of same volume as drop

Figure 16. Comparison of the lenticular shape that Taylor (1949, figure 2) predicted a spherical water drop
would assume if it did not break up with the lenticular shape of an intitially spherical water drop (2.6 mm
diameter) 70 s after exposure to the flow behind a Mach 2 shock wave in our shock tube.
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The lenticular drop forms from the flow of liquid dragged around the nose and
accumulated on the equator of the drop. These lenticular drop shapes are most readily
observed in low and not in high viscosity liquids (compare figures 1 and 2 with figures 3 and
4). The lenticular gas bubble rising in aliquid was studied by R.M. Davies and G.I. Taylor
(1950). Taylor (1949) used the same idea to determine the (lenticular) shape which the drop
would assume if it did not disintegrate. The lenticular shape predicted by Taylor's analysis
does appear as a transient structure in some cases of low-speed breakup of viscoelastic
liquids (see figures 5-9), but it always disintegrates, either by flattening at the nose, or by
fingering due to Rayleigh-Taylor instability. The paper by Pilch and Erdman (1987) and
other literature known to us do not acknowledge these cases.

vi. Flattening and bursting of very viscous drops.

Very viscous Newtonian drops seem not to experience blow off and not give rise to small
droplet clouds and mist. They tend to flatten immediately after step 3, and travel long
distances before breakup; (see figures 11 and 12, and the movies of 6 kg/msec and
10 kg/msec silicone oils on our web page). On the other hand, the viscoelastic liquids with
high zero shear viscosity that we have studied break up in much shorter distances.

vii. Pancake formation and explosive breakup of drops.

The very viscous silicone oils finally form a pancake or very flat disk perpendicular to the
flow. These flat disks break up explosively, probably as a result of fingers of gas poking
through the pancake. This breakup resembles “bag breakup” in which the air “inflates” a
balloon which ultimately bursts (see figures 11 and 12 for the breakup of 6 kg/msec and
10 kg/msec silicone oils); this kind of breakup, which has been discussed, for example, by
Pilch and Erdman (1987), generally occurs at much lower Weber numbers. In fact, it takes
so long to break up a very viscous drop that the drop has already accelerated to 40% or more
of the free stream value so that the slip velocity is perhaps at a low value compatible with

bag breakup.

viii. Thickened liguids

Thickened liquids give rise to basically the same pre-breakup dynamics as Newtonian drops;

the drop flattens, fluid is driven to the equator and sheets of liquid are dragged backwards to
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form lenticular shapes. However, the breakup of liquids thickened with high molecular
weight polymers differs from the breakup of the neat non-thickened Newtonian liquid; the
neat liquid gives rise to breakup of the type already discussed but thickened liquid is
fragmented into threads which are the dominant structure seen in all photographs and in our
movies (see figures 5-9). Even threads of these liquids can be seen to maintain their integrity
in high Mach number flow; it is known that these threads do not undergo capillary
instabilities leading to small drops.

5. Stability

Rayleigh-Taylor instabilities (Taylor (1950)) aways play a role in drop breakup. Rayleigh
showed that a heavy fluid over a light fluid is unstable, as common experience dictates. He
treated the stability of heavy fluid over light fluid without viscosity, and he found that a

disturbance of the flat free surface grows exponentidly like exp (nt) where
ka(o, - p) 72
n= g2~ A i
O At O
where p, is the density of the heavy fluid, o, is the density of the light fluid, g is the acceleration

[3]

of gravity and k = 277\ is the wave number and A is the wave length. The instability described by

[3] is catastrophic since the growth rate n tends to infinity, at any fixed time, no matter how

small, as the wave length tends to zero. The solutions are unstable to short waves even at the

earliest times. Such kinds of disastrous instabilities are called “Hadamard unstable” and the initial
value problems associated with these instabilities are said to be “ill posed” (Joseph & Saut
(1990)). lll-posed problems are disasters for numerical simulations. Because such problems are
unstable to ever shorter waves, the finer the mesh, the worse the result.

Nature will not allow such a singular instability; for example, neglected effects like viscosity
and surface tension will enter the physics strongly at the shortest wave length s. These effects
have been taken into account in the study of Rayleigh-Taylor instability by Harrison (1908) and
in the celebrated treatise of Chandrasekhar (1961). Surface tension eliminates the instability of
the short waves; there is a finite wave length depending strongly on viscosity as well as surface
tension for which the growth rateis maximum. This is the wave length that should occur in a
real physical problem and would determine the wave length on the corrugated fronts of breaking
drops in a high speed air flow.
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Taylor (1950) extended Rayleigh'’s inviscid analysis to the case where a constant acceleration
of the superposed fluids other than gravity is taken into account. Assuming a constant value for
the acceleration, Taylor (1950) showed that when two superposed fluids of different densities are
accelerated in a direction perpendicular to their interface, this surface is unstable if the
acceleration is directed from the lighter to the heavier fluid. The Taylor instability depends
strongly on the value of the acceleratarfor example, ifg in [3] is replaced by = 10'g, the
growth raten is increased by a factor of 100.’§0to 10g are representative values of the
acceleration of drops in our shock tube; moreover the acceleration is nearly constant for all liquid
drops at a given shock Mach number (see table 2). A similar observation was made by Engel
(1958). Since the acceleration is perpendicular to the air-liquid interface and directed from gas to
liquid, the accelerating liquid drop is unstable and is prey to the characteristic short wave
corrugation associated with this instability.

Lewis (1950) has shown experimentally that a layer of water driven by compressed air is
unstable and that small disturbances, introduced at the air-water interface, grow so that it appears
as though fingers of air move through the water layer. Lewis (1950) finds agreement with his
experiments when the viscosity of the liquid is small. The peaks of water in his experiments are
sharp, but the match between Taylor's theory and the Lewis experiment is not perfect because the
regularizing effects of surface tension were neglected. When the finger of air reaches the opposite
surface of the water layer in the experiments, thin bubbles of liquid blow out ahead of them.
These bubbles are like the “bag breakup” shown in figure 16. The explosive breakup of pancakes
of high viscosity silicone oil at Mach 3 (figures 11 and 12) and Mach 4 (not shown; similar to
figure 12) appears to be associated with this same kind of explosive break through the penetration
of fingers of air.

The corrugations at the front of an unstable drop are driven toward the drop equator by shear
flow of gas coming from the high pressure stagnation point. This shear flow may also be subject
to an instability of the Kelvin-Helmholz type. Since the tangential velocity is zero at the
stagnation point and small near the stagnation point, the Kelvin-Helmholz instability may not
interact too strongly with the Rayleigh-Taylor instability.

Some details of the corrugations on the front of breaking drops can be predicted by
mathematical analysis of the foregoing instabilities, but the effects of viscosity and surface

tension must be taken into account.

28



BREAKUP OF A LIQUID DROP SUDDENLY EXPOSED TO A HIGH-SPEED AIRSTREAM

A thorough explanation and analysis of the Rayleigh-Taylor instability can be found in
Chapter X of the treatise by Chandrasekhar. Some effects of viscosity in special problems in
Rayleigh-Taylor instability have been considered by Plesset and Whipple (1973). In
Chandrasekhar’s analysis the two fluids are separated by an intedfdogey,t) which perturbs
the planez=0. The Navier-Stokes equations for the perturbations velagitperturbation
pressureg are solved above and below the plare0. Gravity points down against the direction
of zincreasing. It is assumed that the heavy fluid is above the light fluid, or that the light fluid is
acceleration into the heavy fluid above; (the drop is the heavy fluid and the gas flowing into and
around it is the light fluid). At the flat interfacezt 0, the linearized kinematic equation is

-2 )
where
led] = @, - a 5]

is the jump in the normakcomponent) of velocityd; is inz> 0, & in z< 0). For the viscous

case the jump in the tangential velocity is also zero

(@] = [ul =[] =0 6]

whereu is in thex direction andv in they direction. Since [6] holds for all andy for z= 0, we

Jduv|U |
+ = - =0 7
%% P %%‘H 7

The continuity of the shear stress is expressed by
%JP dw
&
A [8]
PV L 9@
0oz &

The balance of normal stress is given by

Jdw|0_ _ Ho* 9%
Up|]+2@JEH— V%*—Wz% [9]

may deduce that

0

wherey is the viscosity.
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where y is the surface tension. We may remove the hydrostatic pressure from the z equation of
motion by introducing the dynamic pressure

n=p+pgh,
hence

Jwd Lo z 0"2
[ = anlell+ Z@J “’IH Vot [10]
After introducing normal modes proportional to
f(2) ent+ikx+iky, k2 =k? +k? [11]

where f(2) is an amplitude function for 7z u, v and h which may be eliminated to find equation
(40) on page 433 of Chandrasekhar:

Rl o Al

_ K _ _2k* 0 da|O
- nz{gnp” kzy}w %Udz

- H [12]

For the present problem for which the unperturbed states above and below z=0 are uniform

du/dz=0and, using [7]
dow|U_ dw

The entire problem is resolved by

= Ae® +Be* (z2<0)

2 _ [14]
w, = Ae“+B,e % (z2>0)

where

=k®+n/v, andq, = /k* +n/v,
Vi =/ Py Vo = s/ Py [15]
provided that Chandrasekhar’s equation (113) below is satisfied

ng
- a —a,)|+———+1da.0 +a k
o @ 1) 9(01+02)ErF E( G+, ~k)

2

2

4k
- 4kalaZ + T (alvl —a,V, ){(O’qu - alqz) + k(al -a, )}
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3

4
+ 2 (av,-aw, F o -k)o, ~K)=0 16
where

a, = P ,a, = P a,+a, =1

Pt P, Pt P,

In our problem the light fluid is gas; with only avery small error we may treat thisasa

vacuum. Hence we put
pr=0a1=0, a, =1land
o - Kk aq taydp —k - g~k and [17]
(@2t — o)+ k(a1 - a3) - g —k

and, after factoring g, - kin [16] we get

K k3 4|<2 4K3
1~ =l /'12(q2 )
n o, n ,02 n?

The Rayleigh-Taylor instability may also be analyzed as a viscous potential flow (Joseph,

[18]

1994). In this approach the perturbation velocity is given by a potential
u=U¢ [19]
and the Navier-Stokes equations are reduced to an identity provided that the pressureis given by

Bernoulli's equation
o¢ _p 2
p+'OE+'0gZ__E|D(A [20]
In this linearization used to study instability the second term on the right side of [20] is put to
zero. The interface condition requires continuity of tangential velocitiean{g]7], and the
continuity of shear stress [8] cannot be enforced in viscous potential flow. The pressure in the
normal stress condition [9] is eliminated using [20]; this gives rise to

g0
&

H+ gh[[ p|] + Zﬁu de E+ y@éj 0-,2 =0 [21]

After introducing normal modes, writing [4] & = w, we get

log] + [ pllo + Zﬁu%" E—W{aﬁ 0 22)

For viscous potential flow;’g=0 everywhere and [14] holds wiBi=B,=0 and
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— ==K [23]

After writing U pﬂ] = k_12 %oz—w‘ﬁ in [22] we may verify that [12] and [22] are identical when
z

[12] isevaluated for viscous potentia flow. Further evaluation of [22] with normal modes give
rise to the dispersion relation
3 2
- +
1:52p2 Prg- : Ky 2K+ 4 [24]
o, +p - np,+p) noptp
Equation [24] may be solved for the growth rate

1

E
0
H

If the quantity under the root is negative, then the real part is negative and the interface is stable.
For instability it is sufficient that

—_ 3
\/kpz plg+k4w{2+'ul§_ ky >k2 )uz+:ul [26]
P, + P, Ho,+p.0 pto ptp

The border of instability n = 0for k = k; is given by

n:_kzl'l2+l'lli€kp2_lolg_ kgy +k4pﬂz+ﬂlé [25]

e B Rte pte 0o te

« = [\=po (27
y
independent of viscosity.
The quantity of greatest interest is the wave number k for which nislargest (dn/dk =0) and
that value of n (seefigures 17 & 18 and table 3).
Evaluation of the growth rate formula[25] for the conditions [17] close to our experiments

gives

2 3 4,2
n=-Kt ’uzi\/kg—ﬂ+k'g2 (28)
P> P P

It is of interest to compare the growth rate formula[28] for viscous potential flow with the growth
rate formula [18] for fully viscous flow. These two formulas give exactly the same growth rate

when
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> no,
-k=k 1+——4% -k O—%= 29
q2 luzkz 2,uzk [ ]

BL B 1. [30]
20,k

and

To evaluate the formulas for Rayleigh-Taylor instability for our experiments we must

replacegwith a [31]
with values of a taken from table 2. Equation [27] then implies that
.= i—” = % [32]
and waves with length
A<A. =2my/p,a [33]

are stable. Taking liberties with [33], we identify A = D where D is the diameter of drops with
acceleration a that cannot be fragmented by Rayleigh-Taylor instability. Applying this to our
experiments (tables 1 and 2) we get D between
23 and 65 microns  for Mg=3 [34]
46 and 135 microns  for Mg=2. [35]
Turning next to the computation of the length and growth rate of the most dangerous wave,
we computed n vs. k for fully viscous flow [18] and viscous potential flow [28]. The dispersion
relations for viscous potential flow, using data from tables 1 and 2, are plotted in figures 17 and
18 for shock Mach numbers of 3 and 2 respectively. The values of the wave number, wave length
and growth rate of the most dangerous wave are summarized in table 3 where we have compared
values from viscous potentia flow to fully viscous flow. The very small differences shown in this
comparison show that the essential effect of viscosity is associated with the action of the viscous
component of the normal stress; the continuity of the tangential component of the stress and
velocity can be neglected with only small errors. This kind of dynamics is associated with the
fact that vorticity boundary layers at water/air interfaces are very weak and viscous potential flow
will not work well at liquid/liquid interfaces or at fluid solid boundaries. Two other notable
successes of viscous potential flow are the rising air bubble (Levich, [1949]) and the Rayleigh-
Plesset air bubble (Plesset and Prosperetti, [1977]).
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It is apparent from table 3 that the most dangerous wave is a strong function of viscosity; the

length of thiswave increases and the growth rate decreases as the viscosity increases.
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Figure 17. n (sec™) vs. k (cm™) for viscous potential flow; shock Mach number = 3
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Figure 18. n (sec™) vs. k (cm™) for viscous potential flow; shock Mach number = 2
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Mg=3
Liquid Viscosity Fully Viscous Viscous Potential
(kg/msec) n (sec”) k(em™) A(mm) n(sec’) k(em™) A(mm)
SO 10000 100 17790 9.5 6.61 19342 9.7 6.48
SO 6000 60 24673 14.45 4.35 26827 14.7 4.27
SO 5000 50 24787 15.86 3.96 26951 16.15 3.89
SO 4000 40 32550 20.3 3.10 35312 20.7 3.04
SO 3000 30 31507 23.08 2.72 34257 235 2.67
SO 1000 10 48769 49.68 1.26 53088 50.65 1.24
SO 100 1 132198 253.2 0.25 143699 259 0.24
Glycerine 14.9 38760 41.3 152 42141 421 1.49
2% PO 350 10492 3.95 15.91 11406 3.95 15.91
2.6% PSBA 11.3 34460 378 1.66 37467 385 1.63
2% PAA 9.6 28927 39.4 1.59 31451 40.15 1.56
Water 0.01 149632 531.95 0.12 151758 540.8 0.12
Mg=2
Liquid Viscosity Fully Viscous Viscous Potential
(kg/msec) n(sec?) k(cm™) A(mm) n(sec?) k(cm™) A(mm)

SO 4000 40 9868 11.2 5.61 10729 114 551
SO 3000 30 14388 15.6 4.03 15644 15.9 3.95
SO 1000 10 20018 31.8 1.98 21765 324 194
SO 100 0.1 52726 158 0.40 57304 161.9 0.39
Glycerine 1.49 25046 332 1.89 27231 33.8 1.86
2% PO 35 3723 2.35 26.74 4048 2.4 26.18
2.6% PSBA 113 16070 25.75 2.44 17472 26.25 2.39
Water 0.001 50971 260.9 0.24 51507 264.2 0.24

Table 3. Values of the wave number, wave length , and growth rate of the most dangerous wave for the

experimental conditions givenin tables 1 and 2.
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6. Comparison of theory and experiment

We used image enhancing software to compare photos from our movies with the stability
theory presented in section 5. No special choice was made in selecting the frames for the
comparisons other than choosing ones from the early part of the motion that were well-focussed.
The wave-like structure can be identified much more easily on the computer screen than in the
images reproduced in figures 19-22. In figure 19 we have compared the predicted wave length
with waves enhanced on awater drop at M = 2 and 3 with the parameters given by tables 2 and 3.
The tick marks on the photos identify wave troughs so that the predicted distance between tick
marks is the length of an unstable wave. The same kind of comparison is given in figure 20 for
the 0.1 kg/m.sec silicone ail, in figure 21 for the kg/m.sec silicone oil and in figure 22 for
glycerine.

The agreements between theory and experiment exhibited in figures 19-22 may extend to the
higher viscosity drops in our database; the lengths of the most unstable wave for these drops are
greater than the diameter of the drop. These drop diameters are larger than the values [34] and
[35], hence shorter waves than the ones listed in table 3 are till unstable. These shorter waves
have much smaller growth rates and hence the growth of the amplitude €" of these waves is very
retarded. The retardation of the instability of unstable waves which is predicted by theory is
realized in experiments; the larger the viscosity the larger is the length of time it takes for the
drop to break. Eventually they do break and the breakup looks like a bag breakup (see figures 11
and 12).

The connection between growth rates and breakup time is examined in a different way in
table 4 and figure 23. The open symbols in that figure are experimental breakup times and the

corresponding solid symbols represent a theoretical prediction of the time fb to breakup of the
fastest growing disturbance associated with the most dangerous wave.
We may define a theoretical ‘break-up’ time as the tfmtaken for theinitial amplitude A, of an
unstable disturbance A(t) =A™ to grow to M timesitsinitial value; thus

M =A®f)/ A =e®

. [36]
and t = %In M

In table 4 and figure 23 we compare this theoretical value (for M = 10) with the time taken to
‘blow off’ the liquid accumulated at the equator of the drop. This ‘blow-off’ time is not difficult
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to identify with small error in experiments with mobile liquids; for more viscous liquids the wave
length of maximum growth islarger than the drop diameter and bag break-up with smaller growth

ratesis observed.

Predicted breakup timevs. actual breakup time (jusec)

SHOCK MACHNO =3 _| SHOCK MACHNO =2 |
Liquid Viscosity n Time for | Experimental n Time for | Experimental
A =10Ao | diam | blow-off A =10Ao | diam | blow-off
(kg/m.sec) | (l/sec) (us) (mm) | (ps) (I/sec) (us) (mm) | (us)
Water 0.001 149632 15 2.6 15 50971 45 2.5 25
SO 100 0.1 132198 17 2.6 15 52727 44 2.6 40
SO 1000 1 48769 47 2.6 40 20019 115 2.6 85
Glycerine 1.49 38760 59 2.4 45 25046 92 2.4 110
SO 3000 3 31508 73 2.6 55 14388 160 2.6 140
SO 4000 4 32550 71 25 | 65 9868 233 25 | 100?
SO 4000 4 2.1 | 45Y
Bag breakup Bag bursting Bag bursting
SO 4000 4 2.1 | 195% 25 | 580%
SO 5000 5 24788 93 2.5 265
SO 6000 6 24674 93 2.6 270 2.6 590
SO 10000 10 17790 129 2.6 370 2.5 860
Viscoelastic Start of disintegration Start of disintegration
2% PAA 0.96 61949 3.2 60
2.6% PSBA 1.13 2.2 60 2.2 100
2% PO 35 22807 2.9 60 2.9 110

Table 4. Comparison of measured breakup times (usecs) with predicted times calculated
from [36] with M = 10 and using the values of n derived for the fully viscous flow (table 3).
At aMach number of 3 a2.5mm drop of SO 4000 oil begins blow-off at t = 65 psec and
continues to break up, whereas a 2.1mm diameter drop (1) starts to exhibit blow-off at t = 45
psec for a short time and then ceases breakup until it undergoes bag breakup at t = 195 jisec.
A 2.5mm drop of the same oil (2) exhibits asimilar effect at a Mach number of 2.
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Figure 19. Rayleigh —Taylor Wavesin Water. The tick marks on the photographs
locate wave troughs.
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Figure 20. Rayleigh — Taylor Wavesin Silicone Oil (0.1 kg/msec). Thetick marks on
the photographs locate wave troughs.

Ms=2 Ms=3

= Predicted Wavel

41



BREAKUP OF A LIQUID DROP SUDDENLY EXPOSED TO A HIGH-SPEED AIRSTREAM

Figure 21. Rayleigh—Taylor wavesin silicone oil (1 kg/msec). The tick marks on the
photographs locate wave troughs.
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Figure 22. Rayleigh—Taylor wavesin glycerine. The tick marks on the photographs
locate wave troughs.
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Breakup Time (Hs) vs. Viscosity (kg/msec)
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Figure 23. Time (U sec) to blow-off of fluid accumulated at the equator vs. viscosity. The open symbols and
crosses are for observed data. The filled symbols are times fb for an unstable disturbance to grow to 10 times

itsinitial value (fb =1/nIn M, where M = 10 and n is the maximum growth rate (sec™) given in table 3.) For

viscosities i < 40 kg/msec the wave length that makes n maximum is less than the drop diameter. These values
of n cannot be achieved when > 5 kg/msec; the available growth rates are for waves shorter than the most
dangerous one. The shorter waves have much smaller growth rates; this may explain why the observed times of
breakup for 1 > 50 kg/msec are so much longer than the time to breakup of the unavailable wave of maximum
growth.
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7. Remarks about the mechanisms of drop breakup

The results described in the previous sections are for drop breakup in a high speed air stream.
The high speed air is created by a shock wave in a shock tube; the fluid dynamics of compressed,
hot gas behind the shock after it has passed over the drop is the disturbing factor responsible for
drop fragmentation. The passage of the shock over the drop has no important influence on
breakup. The Mach number of the shock is important indirectly since it determines the dynamic
and thermodynamic state of the gas next to the drop.

It is important to know that drops will not break if the dip velocity is zero. Until a drop
breaks up it will accelerate so that its velocity is eventually the same as the air around it; in this
case the forces required to break a drop will vanish.

In general, other things being equal, small drops will resist breaking, high surface tension
drops will resist breaking, and low dynamic pressure will prevent breaking. This problem was
studied by G.I. Taylor (1949) who looked at the breakup of 2-5mm drops subjected to high speed
air from a gun blast in tests at Porton Chemical Defense Experimental Establishment. Using

heuristic theoretical arguments, he found that the drops of radius D would burst whenever

oV?D
4

> ¢ (constant) = 2.7 [37]

Later research by various people on the breakup of low viscosity Newtonian liquids established
that there is a critical Weber number about 12 below which drop breakup does not occur, in
agreement with [37].

It is generally agreed that the minimum critical Weber number increases with the viscosity of
the drop; this dependence is usually expressed through the Ohnesorge number Oh = pg/(pgDy)"%
Brodkey’s (1969) correlation We = 12 (1 + 1.077*€)f0Oh < 5, We < 60) is frequently cited; a
similar correlation can be found in figure 1 of the paper by Hsiang and Faeth (1992), (Oh < 5, We
< 200). The restriction of these correlations to values of Oh < 4 is due to the fact that there are
apparently very few data on the speed of the relative velocity at final breakup and the drop size;
Hsiang & Faeth (1992) say that “...due to the problems of observing drops after secondary
breakup there is very little information available about the outcome of secondary breakup...” The
We (Oh) curve of the correlation of Brodkey rises so rapidly when Oh is near to 4 that reliable

extrapolation to higher Oh is impossible.
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Hsiang & Faeth (1992) attribute the absence of breakup at Oh > 4 to a stabilizing effect of
viscosity. The issue of stability of a drop of high viscosity may be confused with the effect of
high viscosity in delaying the time of breakup. If the delay is great, the drop will accelerate to the
stream value before it can break. If the relative (dip) velocity between a very viscous drop and
the stream around it could be fixed, we might find values, even low values, for We at breakup.

Many mechanisms of instability can lead to fragmentation of drops (see figure 15 and the
discussion in Hsiang & Faeth (1992)); however, in the present series of high Weber number
experiments the main mechanism for breakup appears to be associated with a Rayleigh-Taylor
instability driven by ultra high drop accelerations. This instability pumps fingers of hot air, heated
by the passing shock wave, into the drop. The fingers inflate the drop like a balloon and at the
same time bring hot air into contact with all interior parts of the drop. The drop can break
explosively like aballoon, as shown in figure 12 for silicone oil.

We have argued that the conditions of very high Weber number (We > 10,000) breakup ought
to be dominated by Rayleigh-Taylor instability, because the drop accelerations are so large (see
table 2). The agreements of first principle theory and our experiments are surprisingly good; we
could not point to any feature of the experiments which are in gross conflict with the theory. The

quantitative comparisons of predicted with observed wave lengths are excellent, and the use of
the growth rate n to predict an initial break-up time (blow-off) tAb =1nInM,withM =10 and n
given by [18] for mobile liquidsis aso an arguably correct semi-theoretical prediction of breakup
times for very high Weber number Rayleigh-Taylor breakup.

Finally, it is of interest to compare Rayleigh’s Weber number breakup criterion [37] with the
criterion [33] whem\ =D and

D <2my/p,a [38]
where a is the acceleration giving the drop diameter that is stable against Raleigh-Taylor
instability. This criterion leads to values [34] and [35] which are not unreasonable. The criterion
[38] can be described as a Weber number criterion based on the acceleration
4y

identical to [37] whera = VA72.7D. Obviously, the identification of drop sizes after breakup with

T

the wave lengths of unstable waves is not proven and is open to controversy.
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8. Summary

We studied breakup of drops of Newtonian and viscoelastic fluids of about one
millimeter diameter in a high speed airstream behind a shock wave in a shock tube.

Twelve fluids with viscosities ranging from 0.001 to 35 kg/msec were tested at air Weber
numbers from 11700 to 16900, Ohnesorge numbers from 0 to 82.3 and Reynolds
numbers from 40000 to 127600.

High speed movies, posted on our URL, were made with a rotating drum camera giving

one photograph every 5us.

The movies allow one to correlate breakup events with times to the event. The times
increase with viscosity.

Events of short duration which escape attention are captured in the movie. At early times,

less than 100us, there is an accumulation of fluid driven by the wind impacting on the
windward face to the equator of the drop. The accumulated fluid forms a ring, like
Saturn’s ring, connected to the drop by a web of liquid, with a lifetime less tipan 10
Bag-and-stamen in bag breakup occurs routinely at Weber numbers 8+01pin the

higher viscosity drops showing that the presently accepted classification of breakup
events, based mainly on water, does not hold generally.

The early events of breakup (< 1@, flattening, and the accumulation of fluid driven
away from the stagnation points, followed by fingering are universal and apply equally to
low and high viscosity fluids and to viscoelastic fluids.

At later times the drop fragments in viscoelastic fluid are much more stringy than in
Newtonian fluids of comparable viscosity. This confirms that the stringiness of drop
fragments persists in high speed, high Weber number flows.

The movies generate time-displacement data from which accelerations of the drop may
be computed. The accelerations aré-10° times the acceleration of gravity, putting the
drops at risk to Rayleigh-Taylor instabilities.

Rayleigh-Taylor instabilities are computed with an exact viscous theory and with a
simplified theory based on viscous potential flow. It is assumed that the most dangerous
wave is the one whose length gives the maximum growth rate. The simplified theory

gives the critical wave length and growth rate within a few percent.
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The length of the most dangerous wave increases strongly with viscosity; viscosity
should not be neglected asit isin current practice of the atomization community.

By enhancing the images of drops on photographs from our movies, we are able to
identify the wave troughs, to measure the wave on the windward face of the drop at early
times.

We compared theory with experiment using only measured data with no adjustments and
found excellent agreement for al cases in which the wave length of the most dangerous
mode is less than the drop diameter.

When the wave length is of the order of the drop diameter, bag breakup is observed. We
interpret this bag breakup to arise from a Rayleigh-Taylor instability to long waves
(longer than the drop diameter). More viscous drops, with still longer than critical wave
lengths undergo a delayed bag breakup.

When the wave that maximizes the growth rate is longer than the drop diameter, all the
unstable waves are longer than critical and the growth rates of these waves is much
smaller than critical. Hence the time to breakup increases with viscosity with very large
increases for the cases in which the critical wave is shorter than the drop diameter. This
interpretation fits the observed data.

The border of instability [27] to Rayleigh-Taylor fingers is independent of viscosity;
Ac = ZW where a is drop acceleration and vy is the surface tension. Short waves

with A < A, do not lead to fingers. For our experiment, A lies between 23 and 65 microns
for a shock Mach number of 3 and between 46 and 135 microns for a shock Mach
number of 2.

The cutoff value A, may be interpreted as a Weber number criterion based on acceleration
and A <A;~D <D, the final values of drop diameters D smaller than those which arise
from Rayleigh-Taylor breakup.

It is suggested that the conventional correlations of drop size with Ohnesorge number are
greatly influenced by the fact that the high viscosity drops do not break before they are
accelerated to nearly the free stream velocity. When the dip velocity is too small, the
drops will not break up and if the dlip velocity could be maintained these viscous drops
would be reduced to diameters smaller than those in the correlations.

The observed events at high Weber numbers seem to be consistent with every aspect of

Rayleigh-Taylor stability analysis. This suggests that the dynamics of breakup at high
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Weber numbers is controlled by the huge drop accelerations at early times when the drop

isnearly stationary.
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