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SUMMARY

This repxrt describes an experimental investigaticn into the
matter of evaluating sprays. Two particular aspects of tle problem
have been studied: 1) impact break-up of drops when the spray is
sampled by means of coated slides, and 2) drop break-up associated
with shock waves,

The first phase of the work made use of glass slides coated with
highly viscous asilicaone oils to sample individual drops. An empirical
equation has been established which specifies critical impact velocities
for water drops whose diameters iie in the range 350-2270 microns,
Fxtrapolation to smaller drops gives plausible values of critical
velocities.

The second aspect of the problem was studied in a shock tube. New
results have been obtained with water and methyl alcohol in the 100-700
micran range of drop diameters. JApparatus has been developed which is
believed capable of studying siock break-up of considerably smaller drops;
perhaps down to 25 microns in diamster.
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NOTATION

4 Velecity of sound in region 4

a Racius of aphere

c Constant in Rupe's equatiocn

b Drag coefficient

Cp Specific r:at at constant pressure
Cv Specific heat at constant volume
d Drop diameter

dc Critical drop diameter

E Energy density of sound field

s Yodulus or eiasticity

e Eccentricity

{c T)
Elh- v "1
::v :b
: Freaquency of sound
fo Fundamental frequency of circular disc

fl First harmonic frequency of circular disc
G Curvature function

g Acceleration of gravity

h Thicknecs of disc

n Mass of drop

B Time~average force on a sphere
1 Fressure ratio across diaphragm, ph/pl

P,, Presswe ratio across shock wave, p2/p1

R Radjus of sphere
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Rc Radins of sphere whose volume equals that of an oblate spheroid

R]‘,Rz Radil of curvature of drop surface in 2 principal planes
r Radius of disc
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u Air velocivy

u Critical air velocity
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We Weber nusber

1 Shock wave speed
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(:) Yo IMPACT BREAK.UP = A COLLECTION PROBLEM

1. Background and Statement of Problen

a. QOeneral, In the field of ligquid spray analysis one of the
most impcrtant factors to be determined is the drop size distribution.
This factor has been studied extensively both from the theoretical «nd
experimental points of view, The determination of drop size distribu=
i tion experimentally has been a problem for many years, and 2 number of
: wothods have boen davised., One of these is the collection of drops or

slides or in cells far subsequent microscopic examination, Many other
5 methods have been used but this one is of particular interest in the
i present work. A résumé of slide sampling and various other methods
of spray analysis is given in Reference 1.

The collection method (on slides or in cells) has been used most
widely because of its simplicity, directness, and relative ease of
operation. Some of the problems involved are these: +the discrimination
against small drops (i.e., the small drops tend to follow the Streamlines
creund the slide or cell); in the case of cells, the spreading action of

the airztream on tl.e collecting fluid; the tedious work involved in measur-
ing the drops in the samples obta ned; and the seconwary break-up of drops
when ther strike the collecting surface.

The problem of discrimination against small drops can be overcone
to a certain extent by reducing the width of the slide or cell, although
complete collection occurs only when the slide or cell approaches the
size of the drop. By shielaing the slide or cell with a shutter, the
action of the airstream on the surface of the collecting fluid can be
minimized. Yet here again the presence of the shutter will disturb the
flow ahead of the slide. Satisfactory sampling results when measurements
are limited to those droos lying clase to the stagnation point.

The work involved in measuring the size of drops can be reduced
by photographing the samples and then using a seml-autcmatic scanning
device, such as described by Rupe (ref. 2), far counting drops in each
size groun, If the bottom of the cell is coated with a suitable non-
wetting agent, the drops will maintain their sphe-ical shape when they

I
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come vo rest on the bottom of the 20ll, By the preper chuice of immersicn
fluid the aolubility of the drops can be ignored within the time required
to make a microphotographic expcsure,

Awareness of the problem of seccndary break-up secms to be compara-
tively recent, Golitzine (ref. 3) reccpnized it and, Ly sampling the same
spray at various speeds, decided that the velocities in wnich he was inter-
ested were too low for the drops Lo break upon impact w th vil-coated slides.
Most other inrestigators do not appear to have been concerred with impact
break-up.. This attitude may be partially juctified by the circumstance
that sampling was usually c,rried out at rather low velocities. Rupe
(ref. 2) considered the problem in choosing the viscosity of the collect-
ing fluid, and later made a detailed study of impact break-up in liquids
of low viscosity,

ve Imsortance of Determining Critical Velocities of Sirngle Drops.

In the collection method of sampling sprays, care must be taken so that
.0 secordary break-up occurs when “he drops strike the ccilector. This
br »2k~up wuld be expected to depena mainly on the size of the draop,
the velocity of impact, and the properties of the ccllector. Since a
spray consists of many drops traveling at different velocities, it wculd
be impossible to obtain any definite relationship between drop diameter
and critical impact velocity by sampling a spray. 4 logical alterrative,
therefore, is to produce single drops and determine their critical
velocities. The information so obtained can then be applied to the
problem of determining the conditions for reliably sampling sprays.

c. Earlier Work on Critical Impact Velocity. Sahay (ref. L)
and Singh (ref. 5) observed the critical heights through which water drops
of different sizes must fall in order to rupture when they strike oils of
various viscosities. They noted that the critical height (velocity) of
4 given size drop decreased with increasing viscosity, reached a minimum
at a viscosity of about 0,02 poise, and then increased in an apprarimately
linear manner, as shown in Fig. l. It is interesting to note that a
minimum point is reached in the vicinity of the viscosity of water.




Sahay also plotted the critical height (velocity) vs. the reciprocal
mass of the drop (Fige. 2) for collecting fluids of different viscosities,
ind found that a8 the mass increased the critical height decreused
linearly. The viscosities of the liquids used are given in Table 1 below.

Table 1

14 No, Viscosity
1942 poise
«1738

0562

0324

.0182

.0105

.0082

qom:—wnuF

Rupe (ref. 6) seems first to have realized that impact break-up
could be a scurce of considerable errar in the determiration of drop
sice distribution. Rupe's interest was in drops smaller than roughly
1000 microns, whereas the smallest drop studied by Sahay and Singh was
2750 microns in diameter. In addition the impact velocities in Rupe's
wcrk were muych higher. Because of the lack of pertinent infarmation he
performed 1 series of experiments with drops whose diameters ranged
between 100 and 500 microns, He found that with kerosene as the collect-
ing fluid the relationship between the critical velocity and the drop
diameter is linear when plotted on log-log paper as in Fig, 3. The
equation of this line is

c’
vo'd

where V, is the critical velocity in meters/sec., d the diameter of the
drop in microns, and C a constant equal to 1725.

d. Goal of Present Investigation. As the data obtained by Sahay,
Singh, and Rupe indicate that the critical impact velocity even for small
drops is comparatively low, a mesns of increasing this critical velocity
must be obtained if sampling is to be successful in relatively fast
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airstreams, Tae cnly prcperty tiat can be varied cenveniently appears
to be the viscosity of the collecting fluid, The ai~ <l this investiga-
tion has Leon to determine the critical impact velocities {cr drops using i
collecting liquids of much higher viscosity,
2. Experimental Technigue and Apparatus

a. Histor.~ol REsumé, The first problem encounterez in the
determination of critical drop velocity is that of producing single drops
the size of which can be controlled. Rupe (ref. £) in his studies

used a microburetinv patterned after thre device inverted by Lane (ref., 7).
Rupa's microburette produced drops down to 75 microns in diameter,

In crder to determine the velocity of a drop at the time of impact,
an optical velometer was constructed, It is similar in principle to
Rupe's and will be described in Section 2 b, Rupe varied the impact
velocity of the drop by varying the distance from the ccllecting cell
to the tip of the microburette. His collecting cell was 0.375-~inch in
diameter and 0.375-inch deep, being filled with kerosene having a kinematic
viscosity of 2,22 centistokes and a specific gravity of .802 at 20%.

Sahay's apparatuc was quite simple., It consisted of a glass reservolr
in which the water level was kept caustant, and was ewipped with a '
spout or. the bottom to which capillary itubes of varicus sizes could be i
attached., This variety of sizes of capillary tubes enabled him to produce
relatively large drops of controllable size, Tﬁc drops were allowed to
fall and strike ar oil surface. The critical height was cttained by |
raising or lowering the reservoir to produce an impact velocity just
sufficient te shatter the drop.

b. Description of Apparatus. Our version of the Lane microburette
is shown in Figs. U, 'S, and 6, It consists basically of a 1/2-inch I.D.
Plexiglas cylinder in which 0,007-inch I.D. hypodermic tube is axially :
mounted. The lower end of the hypodermic tube was .urned down to a point,
the upper erd being connected through a short length of rubter tubing to !
the reservoir containing the drop liquid (water in this case). Air at an
adjustable pressure could be f' ced to flow down the annular region between
the Plexiglas cylinder and the hypodermic tube, TLis air in passing by

| ,



the tip of the lLypodermic tube pulls & drop off when it roaches a certain
size deterained by the gir welocity.

The reservoir (Pige 7) is a sealable tark of approximately 1/2-pint
capacity, which can be pressurized with a rubber bulb to force the liquid
out of the tip of the hypodermic tube at the proper rate,

Water drops down to 200 microns in diameter were produced with this
aicrobureits, al though the trajectories of drops smaller than 500 microns
were quite erratic during initial tests, However, it was found that by
coating the tip with a non~wutting agent®* the t rajectories were more nearly
vertical, This held true down to approximately 300 microns in diameter,
beyond which the trajectories again became erratic.

In use the microburette is placed in a small-scale wind tunnel
(Figs. 4,5, and 6) where the drops can be accelerated to higher velocities,
The contoured walls of this wind tunnel are made of wood, the other sides
being of Plexiglas so that the drops could be cbserved forming and falling.
Use of a dyed water made it easier to see when they struck the side of
the tunnel. Naturally, if this were allowed to happen during the sampling,
completely erronscus results wou.d be obta ned. The upper porticn of the
wind tunnel is a stilling chamber containing two fine mesh screens to aid
ir making the flow uniform from two corpressed-air inlets. The bottom
portion of the tunnel contracts to a constant area section 9-1/k inches
long and 1 x l-inch inside dimensions, Static pressure taps were installed
in each end of the tunnel so that the velocity of the air could be accurate=-
ly set, A rough check on the air 3peed at the exit of the tumnel (with
microburet:e removed) shawed that velocities up to 250 ft./sec could be
obtained, Acocurate calibration of the wird tunnel was not necessary,
because the actuai velocities of the drops were measured with an optical
velmmeter,

The optical velometer (Figs. 7 and 8) makes use of three parallel
beams of light which project across the path of the drcp diagonally at an
angle of about 135° to the vertical. When the drop crosses these beams
of light a small partion of each beam is refracted horizontally. These
refracted riys are then picked wp by'c photoelectric tube and the result-
ing voltage pulses fed into an oscilloscope, The distance batween the

‘wOsneral Electric Dri-Film §587




l1i7ht beams is known, so the velweity of th- droplet con be aeterwined

Several different light sources were uvsed in an a - wexmpt to accentuate
the signal produced by the refracted rays ard thercby ralse the s ignal=to-
noize ratic. These light sources were a Cengco mercury vapor lamp, a
sibbon filament microscope illuminator, and a Serncral Zlectrie L mercury
vapor lamp, The same light-tight housing was used for the firzt twe
(Figs 7), w:er-a= a special housing was constructed for the DBil6 lamp, as
shcwn tn Figs, ¥ and 10,

The amplitude of the signal on the cscilloscope trace was found to
vary but l:ttle among the three different lamps. The ribbon filament
micreszope illuminator was finally adopted because of advantages in ease
of seration and signal=-to-noise ratio,

The light from the ribbon filament lamp is focused or. 2 win hole in
a disc located in the focal plane of a collimating lens to produce a
Yeam of parallel light, The latter is interrupted by an cpajue film which
has thrce parallel transparent lines, These lines are apprcximately
O.us=1nch wide and 0,125-inch apart. The cpaque film was madz by placing
tlree narallel wires on a sheet of photographic film and exposing te
parallel light to cbtain the desired density. One of these films is
shown in Fig. 7.

The three parallel teams of lipht formed by this film are then passed
through a MSC prism and directed across the path of the drnps at an angle
of 1352 to the vertical., The first (top) beam is used to start the sweep
of the oscililoscope, and the remaining two are used to determine the
velocity of the drop.

Light refracted by the passage of a drop was sensed by Dumont Type
6292 photo-multiplier tube. The output of the latter was applied to the
grid of a cathode follower whose heater current and plate vcltages were
supplied by batteries 1o eliminate noise, The output of the cathode
follower was fed into a Dumont Type 304H oscilloscope equipped with a
Land Polaroid camera. A typical photograph is shown in Fig. 1l. 4An
accurate audio frequency oscillator was used to dniermine the sweep timse
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of the oscilloscope which in turn leads *o the time interval between the
two signal pulses.

The collecting cells (Fig. 12) are 2 x 3-inch glaus slides with
1/4-inch Plexiglas wells cemented around the edpes. As recommerded by
Rupe (ref. 2), the bottoms of the cells were treated with GE Lri-Film
9987 to prevent the drops from flattening when they coms to rest, Tre
cells were filled to within 1/16-inch of the top of the walls with a Low
Cornirg "2C0" fluid whose kinematic viscosity is 12500 centistokes and
whose surface tonsion is approximately 21.1 dynes/cm. A few tests were
also mace with a 30000 centistokes fluid of the same series., In use the
collecting cell rests horizontally on a removable stand ana is located
approximately where the drops intercept the diagonal light beams.

To prevent the airstream from distorting the surface of the fluid
in the collecting cell, a shutter with an cpening slightly larger than
the miuth of the tunnel was inserted between: the tunnel and the collect-
ing cell, This shutter (Fig, 12) is a simple bladec type actuated by two
solenoids. Blotter paper was attached to the top of the shutter to pre-
vent intercepted drops fram pooling aad later falling into the collect-
ing cell when the shutter is opened.

The microscope used for the examiration of the samples is a Bausch
atud Lomb Series F with a mechanical stage and a graduated eye piece
used for measuring drop diameters,

¢, Procedure. The liquid reservoir is filled with water c¢aontain-
ing 1-1/2 per cent hy weight of nigrosine dye. The microburette air is
turned an and pressure applied to the liquid reservoir with the hand
bulb so that one drop is forced out, The drop is collected with no
accelerating air (i.e., no flow in the wind tunnel) so that the size can
be determined, This is repeated until enough drops have been measured
to show that a uniform size is being produced.

The accelerating tunnel air is then turned on slightly. Pressure is
again applied to the liquili reservoir so that droplets are forced out of
the tip at a slow rate (approximately 15 « 20 drops per minute), When
the rate is established, the shutter is closed and a coilection cell filled




with Dow Corn:og "200" fluid placed on the Scamd, Wi Coor.ior Coserves

spens Lhe chatter, Alter the drop ral is; e closes the shutter Lo prevent

any more drops from falling into the so0lleccting tray. The cell 1s tren

placed under & micriscone to verily the size znd to search for any smaller
drops resHiting frim break-up., This is repeated several times for each
setiing ¢l the accelerating air. If no break-up is sbserved, tne velocivy
of the accelerating air is increased in steps and observations mads at
each setting until break-up is noted.

When thc air pressure settings of the microburette ard tunnel have
been established for break-up, the dyed water is removed fram the reservoir
and replaced with clear water for the velocity determination, The tunnel
pressure is then set somewhat lower than the break-up value and the drco
siza checked by collection to verify that tihe mean size is the same as
with dyed liquids Returning the tunnel pressure to the critical value
defining break-up, the velocity was cdetermined in the following way- The
trace on the oscilloscope resulting from the passage of the drop across
the three beams of light is photographed. A Kkncwn frejuency is then fed
into the oscilloscupe to determine the sweep cpeed of the trace, Measure-
ment of the linear spacing of the signal pulses then leads to the time

required for a drop to pass from cne beam of light to the rext, The distance

betweer. the beams is known, s0 the velocity of the drop can te calculated,
This complete procedure is repeated for various sizes of drops. The
veloeity is determined immediately after each break-up pressure setting has

been established vo minimize errors due to tip corrosion and contamina-
tivlhie

3. Analysis of Data

If it is assumed that each drop size has a unigue critical impact
velocity, then it should be possible to bracket this size experimentaily.
This was done in the present investigation by varying the setting of the
tunnei air pressure so as to define two values of drop impact velocity.

The iower value produced no break-up of the drops, the upper value resulted
in all drops btreaking, and the object being to make the difference as small




7 ls possible, The resulting curve ¢ ' “vmined for drop diameters from 350
to 2270 microns is shown in Fig. 13, The empirical equation obtained for
this curve is

2980
v, - 34,715 1n —— 3504 ds 2270 (1)

where V, is the critical velocity of thé drop in ft./sec, and d i3 the
drop diaxster in microms,

The evaporation of the drop befare it is t.oully immersed in the
collecting fluid is of same concern. & check Was made simply Oy measuring
the diameter of a drop at various times and comparing these vil ues with
those for a drop of equal initial diameter ismersed in Stoddard's Solvent,
A plot of the ratic of d, the diameter of the drop in the collecting
fluid, to % the diamater of the drop in Stoddard’s Solvent, vs. time is
shown in Fig. i, This figure indicates the trend of evaporation using
1000, 12500, amd 30C0C centistokes Dow Carning “200" fluids, when the
ariginal diameters of ths drops are in the vicinity of 2000 microns.

An investigation was made to see if the collecting ce.l had any
effect on the velocity of the drops. This was done by placing a slide
slightly below the position where the drops pass through the light beams,
measuring the velocity of the drop, and then comparing this value with
that obtiined when the slide was abseant, It was found that tle effect was
less than experimental error and could therefore be neglected.

In ordoer to determine the manner in which break-up occirred, high-
spoed moticn pictures were taken from a position looking da¥n on the
collecting celi, The camera used is & Wollensak 16 mm. Fastax operated at
approximately 3000 frames per second., Selected frames are shown in Fig,
16.

" an interpretation of Fig., 16, based on the movie action, shows that

immediately after impact ligawents are extended radially fromthe drop

 stmilar to patterns cbgerved by Tsutsul (ref, 8). A short time later
these ligaments are covered by mors liquid from the main drop, after which
the cmring liquid recsdes, exposing the lignant.s again. Stil] later

- the ugmnh mu andtm small drops near the surface of the

';feunﬂstda; nqm M tni of bruk-w l!hare tnl.ll drops surround the
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main drop 24 uoproximately the sare level; was noted snly unothoe waxne of
drops larger than about 1000 micrors.

Fig. 17 chows @ movie sejuence side viecw of a drop niriviry the
collesting 1liquid. In this case the lipament is projelted upward as well
a3 ouitward, and then breaks up into secondary drops bvel~ro falling %o the
collocting liquid, This type of break-up results in a liim ol smallier
drops, likewise noled only for relatively laurge drops. Uhe distertion of
the swwtace oF Lhe collecting fluid caused by the tunncl airstream can
be s2en in Fige 17,

Several tests were made with the 30000 centistokes 1iquid to see if
further ingrease in the viscosiiy would affect the critical velocities,
It was found that little or no increase in critical velocity resulted
irom “he use of the more viscous collecting liquid.

Cori.ing the results cbtaired by Sahay, 3Singh#*, Hupe and this

investigation as to the effect of the viscosity of the collecting fluid

Fs

* the critical velocity, the curve shown in Fig. 15 results. There

a1 ko available values for critical velncity in tnc viscauity ranpe of

o)
R EE

100 - 10000 centitokes; however, il is logical to ascume Lha% ihe curve
»:11 nave a shape aspproximately that shown by the brcken line., Tre fact
“rat the curve goes through a minimum can t < justified by ccnsidering
the cxtreme case of & sudden blast of air striking a water drez. The work
reported in Section IT indicates a critical break-up velocity of about
85 ft./sec. for a 600 micron water drop.
L. Conclusions

a. The ecritical impact velocity of a drop can be raised by
increasing the viscosity of the collectihg lijuid, There aupears; how-
ever, to be a limit to this trend, as indicated by the tests ¢conducted
with 30000 centistokes liguid.

#The work by Sahay was undertaken at Singh's suggestion, and the two
investigations cover much the same ground. It is noted, however, that
there is a lack of consistency between them on the values of surface
tension and viscosity.
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b. For Lhe collecting liquids used in this invecticzation, the
results arc expressed by the equation

v, = 34.725 1n g-gﬁ , 3504 d« 2210

where V, is the critical velocity in ft./scc. and d is the drop diameter
in microns, This equation can be used to estimate values of Vc for
d< 350; however, its use for d> 2270 is not warranted.

¢. Evaporation of drops from the time they first meet ife collect-
ing aurface until Just submerged is negligible in the case of water drcps
captured in the Dow Corning silicone cils used in these tests,

A1l of the present work was carried out with waler as the drop
liquid., It is of considerable interest to know how ~urve of Vc vs, d
would change for drops of other liquids. An experimental study conducted
along the present lines could provide data on the effects of surface
tension and viscosity of the drop liquid. Time and funds did not permit
us to include such tests. It will merely be noted that from analogy to
the preak-up by air blasts one would expect that, for a given drcp size,
increasing surface tension or viscosity would raise the critical impact
velocity., Before using viscous silicone oils for sampling drops of
liquids other than water it would, of course, be necessary to check their
miscibilities, For example, kerosene andpasolene are campletely miscible
with all of the Dow Corning "200" Fluids; whereas water and methyl
alcohol are non-solvents, Other liquids (e.g.; acetone, ethyl alcohol,
and some of the higher alcohols)are immiscible in Dow Corning "200 Fluids
whose kinem.tic viscosities are above 50 centistckes,

1io AIR BLAST EREAK-UP OF DROPS - A SHOCK TUEX STULY
b Backpround and Statement of Problem
&, General, The break-up of bulk liguid into sprays of individual

drops has been a subject of particular interest and investigaticn ever
since the advent of the internal combustion engine. During the period
from roughly 1920 to 1940, a substantial amount of research was done in
Europe and the United Statss on the atomization of fuel oil in Diesel
énginu. Mare recently the use of jet propulaion power units for air-
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onanes and (o oales hop dntensified the soudy of those*factors which
deLermius ssnkustion eofficlency. Among these factors. fuel atemization
stand- f:-n 1w importance. There are, of course, areas cof technology
ctunr than prooulsion where knowledge of the phyzical basis of spray

-« asrosol formation is important, In fact, tho detailed list would be
cathor langthy; but two fields may be mentioned to illustratc the point.,
Sirat, there s Lae field of chemical engireering, where extensive use

Gf Uprays s oacele in cooling operations and in chemical reactions between
Jac od Lygead phases. A second example mipht be the insccticidal or
fungcwdal spraying operations used in agriculture. |

ve. Importance of Sinple-Drop Break-Up. In establishing the

conncctica between atomization and single-drep break-up, it is perhaps
hel-{ul to outline quickly the main features of the disintegration of a

DL T S e
0-5"31-(‘ J'~4 ~a

Ccnsider, fo. example, a nozzle having a straight cylindrical

orifice fed with liquid under pressure. Imagine further that .the injection

precaure canve controlled to make jet velocity an  independent variable,
Tane au nssentlally the experimental arrangement used by Haenlin (ref. 9) .
Hiu results indicated four different iypes of jet disintegration: 1)
break-up anto drops solely under the influence of surface tersion,
%) ,reak-up with the influence of air friction, 3) break-up through wuve
formation, and l) disruption or atomization. Types 1) and 2) have been
.retiod theoretically by Rayleigh (ref. 10) and Weber (ref.ll), and
experiwental results on drop diameter and break-up distance have confirmed
their wark fairly well. Type 3) aprees cnly qualitatively with Weber's
th.cory, while that of Rayleigh does not apply. Type 4) is the most
important of all in engineering applications; yet here the "theory" con-
sabns almost entirely of émpirical egquations in which the variables have been
proupad by d. onsional considerations.

In <ddition to the work referred to above, a large body of later
e)_erirmental results has accummulated. The latter have had their origin
in varioue tests aimed at shedding light on the basis mechanism of drop
sorrotlon in oprays.e The present consensus of cp.nicn seem: to affirm

thioe three important stages in the atc.nlzation process. a) the develop-




went of small surface disturbances wrich grow in amplitude, b) the actien
of air fiictiorn and pressure on free liquid surfaces causing the formation
o drops and ligaments, and ¢) the subsequent splittirz up of the liga-
ments and drope themselves hy the relative air flow, These three stages
most likzly occur, regardless of whether the liquid jet enters still
air at high spced, or whether a low-speod jet of liqid interacts with
@ fast air flow, It is the last of the th- .e stages towards which the
present study has been dlrected.

c. Earlier Work on Single-Drop Break-Up. It may be said, for the
sake of simplicity, that there are two principal situations in which
drops may break up. The first, which will be called the "steady" case,

is where a drop 1s exposed to a more or less gradually increasing relative

alr velocity., Falling rain drops or a drop detached fram an accelerating
mass of liquid exemplify this case. The second, here called the
"transient" case, exists when a drop is subjected suddenly to a change

in relative air flow., This situation prevails when a drop is suppcrted
in a shock tube and exposed to the so-called "hot flow" region behind

the principal shock wave,

Both the steady and transient cases have been investigated recently
by Lane (ref, 12), who studied drops 500 to 5000 microns in diameter.

The steady case hLe approximated by letiing drops of known =ize fall into
theenirance f[lare of a small vertical wind tunnel, By taking siagle flash
photcgrapns of different drops at various distances along the axis of. the
tunnel, the author was able to reconstruct the history of break-up of

a4 typlical drop. The photographs show that the iafluence of the air stream

is to flatten the drop increasingly until, at a critical relative air speed,
the drop is blown out downstream, like a bag attached to a heavy rim. The
bag finally tursts, producing many fine drops; whereas the rim breaks up still
later into much larger drops which comprise about three~-quarters of the liquid
in the original drop.

Transient break-up, as investigated by lane (ref, 12), appears to take
place in a mmner quite different from that for the steady case, In this
caze there was no evidence of bag formation whatev.r. In contrast, the
drops first became shaped like & plano-convex len., with convex surface
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faring the blast, This was tollowed by furtner delormatz s .n Wwhizh

- liquid from the edpges of the drops appeared Yo be drawn dounsiream in
a sheet and torn into ligaments which still later were bLrcien into
smaller drops.

The irmortant r?le plaved by surface tension and vizzce
atomization of liquids is well known, and a considerable amount of experi=
mental work his been done 4o correlate these two physical properties with
the prerformance »f many types of spray devices, Yet, in the study of
sirplewdrop break-up, there appear to bc substantial sans in our knowledge
of the effrcts of viscosity and surface tension. In his work on the steady
case, Lane (ref. 12) investipated the effect of surface tersion with various
ligqu.is covering the range 28 = 475 dynes/cm. Usirg 7ylcerol, this same
authar fourd that only when the viscosity was very larpe iid it have an
elfect on drop break-up, His results appear t< indicaie trat even then
niscosity only served to delay the break-up. Merrington and Richardson
(ref. 13) performed some experirenis with large fallirg drops whose diameters
ronzed from 1.8 to 10 mms. Their findings with resmect to the influence of
surface tension are not in accord with those of Lane, whereas in the matter
of viscosity effects, their results were only qualitative. FHinze {(yef.lk)
ha= treated the problem theoretically, with results agreeing only quaiita-
tively with experiment,

Turning to the transient case; there appear to te no experimental
data whatever on the effect of viscosity, although Lane (ref, 12) studied
the influence of surface tension, Hinze's paper treavs this case taking both
properties into account.

The foregoing discussion has been rather general, Specific points
will be entered into more thoroughly in Section 3c, where our results are
related to the earlier work.

d. Goal of Present Investigation. The engineering importance of

drops as small as 1 micron is generally recognized. Yet there are no

data on the break-up of single drops below 500 microns, The present
study was begun in an effort to supply experimernisl oreak-up data in the
100 -~ 1000 micron range, The effects of surface tonsion and




to be invesiigated as thoroughly as time and funds would allow. Only the
transient c,se was to ha studied, for which purpose the shock tube appeared
to of' fexr the easie (vunue of anvroach,
2. Experimental M .2od ard Apparatus

a. Historical Résumé. So far as the authors are aware, the only
previous experimental work reported on the transicnt or blast break-up of
drops is that of Lane referred to above, His apparatus made use o a
"hlast gun" to produce the transient pulse of air. Drops of knawn size

were relessed from a burette located above the open and of the tube,
and by letting the drops fall through light beams sensed by photo-cells,
it was possible to fire the blast gun and t ake single flash photographs
properly timed to show the stages of break-up.

Lane (ref. 12) chose the burette position suct that the drop would erces
the axis af the blast gpun 5 cm. from the open end, The puncture of the dia-
phragm was timed to make the shock wave ahead of the air blast reach the drop
just as the latter crossed the axis. Blast durations are stated (ref. 12)
to have beepn approximately L milliseconds, Wi th maximum blast velocities of
about 330 ft./aec; Several blast velocities were measured by starting with
smoke in the blast gun and taking high speed motion pictures of the emergent
pulse of smoky ajr. In this way a curve was obtained showing blast velocity
as a function of pressure in the compression chamber of the gun.

The work described above certainly represents anable and well-conceived
attack on a difficult problem., However, thereare a few aspects of the method
which eppear opep to question, These are discussed more fully in Section 3¢

b, Description of Shock Tube. Within the last ten years the shock tube
has become a recognised tool intne field of fluid mechanics#*, This develop-
werit has recessarily raised our knowledge to the poimt where the main features
of transient, compressible flows in one dimension are fairly well understood.
Since the shock tube used in the present investigation is rather conventional
it was possible to find sufficient information on deaign and opereation in the
literature (refs. 15 - 19). | |

*In g recent discussion with Dr, G.N, Patterson, Director of the
Institute of Aerophysics of the University of Teronto, he pointed out
that, vhereas in 19545 there were only a few shock tubes in exisience,
there gre now about 200 of them in Cmads and the United States.
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The shock tube is made up of sections of seamlecs brocs tubing
having a wall thickness of 1/L-inch and inside dimensiscns £ 3 x % inchec,
Each section 1s fitted with flanpes at either end, as sLown in Fig. L5
The flanges are hard-soldered to thic tuve sections, then faced off perpendi~
cular to the sides of the tube, Dowel pins nrovide accurate alipnment. while
one o-ring per joint seals against leaks in pbressure or vacuum,

The asserbled tube can be seen in Fis., 19. This view is from the onen
end of the expausicn chamber. Trapezoidal platecs raisc the t ube off the
supportine rack, the latter being constructed of standard framing channel
and can be adjusted for levellirng purpases, Not clearly visible are cblique

fora-and-aft braces which stabilize the frame apainst recoil when the shock

tube 15 fired. A view fron > the test section, looliing towards the com-
pression chamber, is shown :. .g. 20, where some of the components are 8
laentifiad, '

The overall length of the shock tube can be varied by adding sections,

I +his way a maximum length of LO ft. can be reached. Furthermore, the assort-
rent of sections is such that the test section can be positioned to expose, with
cverlap. any portion of the flow from within 1-1/2 inches »f the diaphrusm to
the end of the expansion chanber. The total tube lergth shown in Fig. 19 ie
29-1/2 fect.

A closer view of the test section is that of Fig, 21. The windews are
21 inches long and wide enough to expose the top and bottcm inside walls of
the tibe. A backing plate with clamps allows the use of an § x 10~inch fiime
holder fro° for shadowgraph pictures. To the left of the test sect on, ex-
tending through the top wall of the tube, is a pressure pickup which senses
the passage of shock waves,

Rupture of the cellophane diaphrapm separating the campresszion and ex-
pansion chambers is accomplished by a solenoid-op=rated plunger, This device
c¢an be seen in the "fired" position in Fig, 22, In use a stirip of cello-
phane is held between the mating flanges which are clamped together with two
"Vise-Grip" pliers, Figure 22 (left side) also shows one of three rollers :
which support the compression chamber and facilitate renewing tre dlaphram. X

When the plans for the s hock tube were being laid, it was considered
advisable to group the main operatimg controls and ¢auges on a single

panel, The arrangement worked out i s shown in ¥i;, 23, The large pauge
{top, 1¢ft) measures pressure above atmosphcric nthe compression chamber,
the ranye being O = 5000 mm.Hg. The tuo panpes on the ripht are abuolute

pressure paupes covering the ranpge 0 = £00 mm Hp. in overlapping scales,

/
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The latter gauges are for measuring pressures in the expansicn chamber
when it is evacuated. Six veives provide far controlled aumsaion of
compressed air, switching of gauges, and bleeding. The clisctricel zub.
panel (center) consolidates control switches. From this position the
various accessories can be turned on or off and the firing solencid can
be cocked and fired. Pilot lights are the dimming type. a useful feature
when the rosm rpust be darkened for taking pictures. The last unit (bottom;
center) provides electronic delay f-om 30 to 4500 micreseconds and can be
set within cne nicrosecond in this range.

The way in which the shock tube, control panel, and accessories are
intes-connected is shown in Fig., 24, Since the basic timing signal
criginates in the pressure pickup when the shock wave travels over it,
the location of the pickup must not be too close to the diaphragm, The
underly.ing reason for this is the non-ideal manner in which the diaphragnm
bv=et~, The result i= ¢that the shock wave is nriginally curved and
multiple; requiring time to reach full strength and beccme plane.
Fertunateay, this problem has received the attention of eariler workers,
#ad car design was guided by their reports (ref. 15, 19).

inssmuch as rather cmventionai operation of the shock tube was
re;uired, no slaborate measurements were made on the various flow quanti-
ties. In fact, to have done so would have rocessitated a considerably
larger investaent in time and equipment. This work was, moreover,cansidered
superflucus in view of existing information (refs. 15 - 19) on the '
pertarmance of shock tubes camparable with ours in dimensions and cperating
canditions, Therefare, it was considered sufficient to check only those
Quantities within the capabilities of our instrumentation and which bear
importantly an the drop bresk-wp study. FProbably the mcst important
problem is that of accurate iime delay to insure that the shock wave can
be located precisely with respect to the drops. This means not only that
the elsctronic delay unit must be stable and accurate; it also requires
acocurate mesasurement of tie pressure ratio across the disphragm, since
this deterwines the speed of the shock wave., The two requirements were
um together tw taking several shadowgiaph pictures of ths shock
wave, halding the delay snd dizphragm pressure ratic ), constant.
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The re3ults are shown in Fige. 25, where the numoers 52, 56, 57 reier tc
separate firings of the tube. Tne three photopranhs have boon pesitioned
50 that tre images of the upstreanm =id of the test secticn windew lie
along a common line, Conparing the pasition of the shock waves, it 18
evident that location and repeatability are good. (The separatiocn of
the Lypical lizht and dark lirnes of the shodnwzraph 1musre recults frem
the shock being samowhat off the axis of the lignt source,) The ¢rizs-
crosged shocks tollowing the main shock probahly arise from a small
msmatih at the first upstream counling flange, and as such are much
weauer thin the primary shock wave,

A zhort discussion of the calculatlion of shock tube parameters is
given :iis Anvendix A,

< Camera and Light Sources. The a-rangerent cof camera and light

o

&ir.: canbe seen from Fig. 26, The camera propcr is from cur Bausch
an¢ Lemb Type L photomicrogranhy equipment ard needed no modification.
Tt s equroed with a 72 mm £/L.5 Bausch and Lomb Micro Tessar lens,

who ol orimiis marnifications of avoroximetely 3X to 10X, The light source
sn 28 a3 madification or the Gereral Electric umit (Type F7-130 Flash-
t=.2). A closer view of the light source is shown in Fipg. 27. The lens
tetwcan the camera and the light source is a 14 in. £/€.3 Kodak Ektar.

It was found later that this lens did not have any appreciable condensing
effect ard was therefore not used with the G. E. lignt.

Tne carera and light source are mounted on a carriage which permits
motion alsong the full iength of the test section window, A valuable
feature of the Bausch and Lomb camera is the reflex viewer which consists
of a tilting mirror and pground plass screen. Fipgure 20 shows the relation-
2hip between the camera-light assembly and the test section. The G. E,
lipght proved unsuitablie for shadowgraphs where the requirement for good
definition is either parallel li,ht or light from a source of small
dimensions, Consequently, the spark source shown ir Fip. 28 was used
‘far shadcwgraph pictures. This is one of several available in the
laboratory and has a flash time of about 1.5 microseconds.
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d. Accustical Drop Holder. Although Lane did not state the reasons
vhy he did not study the break-up of drops smaller than 570 rmicrons, it
is reasmable to believe that he stopped where he did because of instru-
mental difficulties, It is not likely that the production of smaller drops
was the limitation, since the buretie used was probably the same as that
devised by Lane much earlier (ref, 7) and capable of producing uniferm
drops as small as 75 microns (ref. 6). The work described in Part I of

213 report demanstrated that as the drop diameter is decreased blow
roughly 500 microns it is difficult to control their trajectories of
fall, The region through which the drops must fall is, in the blast-gun
arrangement of Lane, rather narrowly limited by the depth of field of the
lenses as well as the widths of the light beams through which the drops had
to fall.

Since the difficulties just mentioned stem mainly from the falling
motion of the drops, it is natural to lock for some way to hold them at
rest®*, The use of acoustic radiation pressure to support drops was brough?
to our attention by Bolt and Mirsky (ref. 20). Feor their work, the study
of evaporation rates of volatile drops, they were able to use the sound
field inside a coammercially availadble unit, namely, a barium titanate
presoelectric cylinder#®, The effects of radiation pressure in acoustics
ars not new, and the literature on the subject is rather extensive. In
fact, the very spplication of supporting alcohol drops was demonstrated
by Biicks and Miller (refs. 21, 22) in 1933, although the distances over which
this action was effective appear to have been limited to 1 or 2 cm. The
first systematic treatment of the theory relevant to this case seems to
be that at King (ro.f. 23). A recent paper by Rudnick (ref. 24) reports

+The support. oi charged drqo in an electric field, similar to the
Killikan oll-drop experiment, was considered. Calculations showed
that pre!ﬂ.bitiuly high voltages would be recuired for drops of the
sizes of interest, In lddium no practicable way could be seen to
produce cmpd drops of & given sise and introduce them into the
shiosk tube in a ocutrol.‘hd nanner,

**&mfntmd w thcl wa. Ghnlmda Ohio,
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measurcrnents of the force exerted on spheres by sonic radiatycn pre3surec,

Barium titanate is a ceramic material wrich can be Zorecd inbo
plates, cylinders, discs, and sther shapes, and then made piercalzaztric
by polarization in an electric field, Nearly all »' the curerciad
eélemcnts have several modes of vibraticn whoor resonant freauencyes lie
in the ultrasonic rcrion. After experimentation witrn varinus ohapes, thz
vibrator shown in fip, 29 was daveloned, The driving clemont 1o a barowa
titanate cylinde; ; 2,00 inches long, 2,00 irches 0.D.;, and of 0,18 inch
wall thickress. Outer and inner su-faces have plated silver electrodes.

To cne end of this cylinder a flat duraluminum diaphragm has been ragidly
cemented, The particular mode of vibration used is a lengthwise exten-

sion and contraction cxcited at a nominal freqg:ency of 50 Kc. Pcwer is fed
througi, leads which attach to corrugated phosphor-bronze strips, the cuter
¢re or which is visible in the photcgraph. The leads c¢f an iron-constantan
thermoccuple can be seen entering the open bsttom of the barium titanate
cylinder, the junction of the two wires being taped to the inner electrode
surface. An occasional clheck on the terperature is necessary since heating
occurs during operation and surface temperatures in excess of about 170°F
v.11l cause depolarizgtion of the ceramic,

In normal use the cylinder is held inside the krnurled brass base
which is provid:d with a machined phenolic plug for electrical insula-
tion, The purpose of the internal threads cut in this base may te seen in
Fig., 30, The flanged part at the right bolts to the bottom of the
shock tube test-section, and the mating threads allow the vibrator diaw
phragm to be brought flush with the inside lower wall of the test section,
Actually the diaphragm surface is only approximately flush because scme
adjnstment .s required to establish maximum amplitude of the stationary
sound field.

During the bench testing of the vibrator it was found that the
stability w. .h which drops were held was much enhanced by & small cone

i cavity in the reflector. This feature was accordingly included in the

design of the reflectaor plugs shown in Fig, 31. The short plup meunts
flush with the top inside wall of the test section, vhile the longer

g plug extends about 1 inch below the wall, Some of :he t ests with water
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drops required the stronger sound field exisling in the smailer spacs
bstween the . bravor and the lonper plng,

hdtrticna). discussion of the mechapism of support of urcps by
rad..tion prossurae is given in Anpendix B, where trhere are 150 fursher
remarkz on vibrator design, IbL will suffice here to 1llustrate the
capibpilities of the acoustical drop hoider in i1ts mrecent form. Figure
32 shows four pici.res taken with the vibrator sct up on Lhe S2n:th, The
riflector i8 a concave lens cemented to & steel dise, the iatter being
gttachel to0 a micrometer head for accurate adjustment of the spacing
between vibrator and reflector. In operation; a drop of liguid is
placed on the vibrator diaphragm and the exciting frequency ttned to
resonance, whereupon the liquid is thrown upwards in a spray of fine drops=,
The coagulating action (refs., 25« 28) of the snund field on the drops
cause:s tlhem vo unite into single drops spaced one-half wavelength
apart., The pictures of Fig, 32 show some of the stages in this acticrn,
High speed movies were also taken in an effart to see the details of this
ccagulating orocesa, Frame speeds up to 700 per second were c¢btained with
a Fastax 16 mm, camera using an extended lens barrel to rive 3X mapgnifica-
tion, The resulting movies showed thai the first effect ¢l the sound 1z
to stratify the fine drops into lavers separated by a haif wavelength,
within each layer the individual droos revelve ranidly arcund a  larger
central drop, the latter being formed early in the stratificaticn phase,
The final stages of the coagulation process occur when an entire layer of
tiay drops has been combined into one certral drop with several satellite
drops rctating around it, The satellites are then observed to collide
and unite with the central drop until a single drop hangs alone in the
sound field,

Operation of the acoustical drop holder in the test secticn of the
ghock tube is shown in Figs. 33 and 3L. Nine drops of methyl alcohol can
be seen in Fig, 33. Extending through a small central hole in the
reflector plugs (top wall of the test section) is the needle of a hypo-
dermic syringe (cf. Fig. 20) used to release larper dreps 2 or 3 mm, in
diameter which land on the diaphragm. Fig. 34 illu-‘rates the use of

#By slide sampling and microecope examination thecc drops were found to
have diameters lying roughly in the 5 = 25 micron range.
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the ione reflir top plug to produce the stronver sound [iv-li reguired to
hold relativelv larpsr water drops.

J. Analysio oi bxperimental Data

- re,b _Procedure, The exiatence of a zritical valuc for the
amplitude of 5 step-wise ailr blast to hit and just breax « arop 1s

intuitively lorical, It implies that the presert nrablem becomes solved

tL

wEanh the curva of u_vs, d. has been found, whcre u 5 the cratic
velocity o~ a dron whose diarmeter is dc. Censeguantly ilere are twe
ways whi-l sup: =5t themselves more or less irrcdiately of carrying out
vhe exporimentc, These are discussed in ths following two parapraphs.

Fiszt, if drops of any piven size could be introduced into the
sound fa=ld and held stably, the value of u, rould be found by a series
of {:risgs of the shock tube in which the diaphrapm pressu=e ratio P;_
was ve-ied over a small ranpe. This small range of Phl would producgia
SLisuponacing one in Uy the ar velocity between the shock wave and the
wratwst surface. In this way a pair of clse valuns of Fhl (and cf Uy i

‘1d pe found such that the smaller value w ould defnrm tut not break

v arep, while the larger valuc would rupture the drep into two or more
f agments, Thus the interpolated value of u_ cculd ts ‘taken az the
appropriate value of u, for that particular &iameter d_. The foregoirg
appreach was astually considered, and several methods of oroducing drops
of uniform size wers tried. It would serve no purpose here to report
thess orials in detail., Suffice it to say that they wrre found tobe
inadequate on two counts: the dropa were either not sufficiently uniform
in size or, what is more serious, they coculd not be produced with low encugh
velocities to be captured by the sound field,

The second approach would maintain Py, (ang u,} constant and vary
the drop diameter between successive firings of the shock tube. Thus, the
two close values of d ccula be found, the larger value for the drop that ‘
Just breaks and the smaller value for the drop that deformz yet survives,
This method would seem beset by the same difficulty as the first, namelx,
that of producing drops of a given size, Actually such an objection is
valid against the method as described. However, a hanny circumstance is

the manner in which the acoustical drop holder periorms. As mentioned
earlier, aid as is evident in Fips, 32, 33, and 3., the coapulation of




fine drops in the 20und field produces an a5s-rimert of . iv- 52

-

the diameters decrease with increasing distance fram the
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although this 13 not always the case, By proner eontrol nf tnhn nocer and

frequency of the driving sipgnal fed to the vibrator 1%t 13 possible to
vary the amount of liquid sprayed up, which in turn charnirs the size
range of the suspended drops, Further, since thre field of the camera
cnd light was sufficient to incluue as many as eipht drops in a sirgle
photograph. the hreak-up of drops covering a consideratle size ranpe can
be deteirmined from one firing of the shock tube.

The second method just described was found to te practicable, In
Some cases it wWas necessary t» take many pictures at a piven wvalue of
Phl in order to find the two close values of d which wsuld define the
point u ., dc on the break-up curve, Nevertheless, the total numher of
PL.lu. 235 required was not prohibitive, as later discussiorn of the data
will show. In fact, some points on the curve were found with as few as
8 s ts or 16 pictures,

Additional control over drop size can be achieved by latting
evapceration proceed until the desired ranpe of sizez is reached. This
wiy actually done in the case of water drops where the long refliecter
p-ug produced & stronger sound field cavable of holding an assortment
of drops for 15 or 20 minutes, during which time same would evaporate
ccmpletely, Where the short plug reflector was used - and this was the
case for most of the work - the sound field, for reasons not fully
understood, usually lacked the power to hold drops stably for rore than
a minute or two, However, even thnis short time was sufficient to take
the required pictures.

Although it is possibie to determine the size of the drops by
reasuring the diamsters of their images on the ground glass screen of
the camera, this procedure is not conducive to speed a accuracy. In-
stead, a separate photograph was taken of the drops in the sound field
before firing the shocx tube. This first photograoh could be taken
quickly hy the simple expedient of placing the film agsinst the inside
surface of the ground glass acreen. The metal clipe .olding the ground
glass also accommodated the $ x 7-inch cut film, th- anly trick being

-
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to fasten a prece of double-Taced LCoben LLnn L Lie foeiene 0 mem s

to prevent wrne {uim {rom sajoming ~ut o e tolel nloe Ly UL
the refiex mirror upwards after tiloirge the Tl-os maav s Lo e

canera for the time-delay pholopranh 2f trno droops alwr .o =asoLpe
of the shock wave., Fipure 35% rrows a typical puir o7 niatapranns So-m

which oririnad size and subseqguent break=an can ho et s

r . . N I e " - - P R B 1
LCLLrL L ST b Ur";h") ~at ?Alm i LhA S A o fa LU0 uLTU o owalo oLl
- ~ e Ty - .- ? < ~ e ey - N PR ~
2ImA3Y eXcausiie s A combination of pat recalving wewor and moterote

npeed saizy Lhis T13m 10 Lhe preseil WOTKe Jinc® 30he 11707 wal Iolur Lida
to w.e adjustment of the accustical drop nolder, an crthesnromatic film
was hicnly desirable,

L i3 clear that the viscosi:y of a drop will resist oisterticon
feom 2 -~herical snape, he result of this is that pnotosraphs of the
oot o ureps must be delayed sufficiently that trey can be seen
elttur to break or merely to oscillate., Verif
¢ survaval of a given size »7 drop was done bv a series of pioiures
and i celays fram 500 to L200 microseconds.

“wWo liyuids were used, water and methyl alcchol., Their zurfase

s oo .
t.n3ions, viscosities, and densitirs at 20°C (£28°F) are as follew. lrer,

3}
Surface Ternsion Lisenzity ;.n;Juy
(dvers/ca. ) Leerreaizen) Lrnfonere )
wWater. 72.75 2.0l .00
Fethyl Alcohol 22.6 0.558 G, 80
Methyl aicoshol was anvestigated first since it had been fournd to respond

more readily than water to the snrayire and coarmulsting aclion of vhe
sound field., All of the alcohol trsts were made using the short reflector
plug., Working next with water, aided by tie experirrce pained in the

alcohol tests, it was found that drops roughly 20C - LOO micron in

— e

*Unless stated ciherwise, time delays noted on the break-up pictures are
figured {rom the time the shock wave reaches the vertinsl centerlirec of
the drops, The streaks on the reflex picture (a) ar. caused by some

scratches on the tilting mirror,.

—
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dismeter coula be held in the sound field fairly well using une  short
reflector pluge Yn the other hand, drops outside this ranp2 coula be
held satisfactorily only when the langer peflector plup wic uced.

»

b, Drop Preak-up Pecults, Saversl hundred photopranhs, shoving
the break=up aof over a ~Gusand ind.vidual drops, were taken during thi:
investipation, These photogranhs reveal many intercstineg detnils of the
breaikeup process. I1at in spite of differences in detail there are btasie
simtiwritics in the breakeup of all the drops studied. These comucn
featuce: are,:hown in Fig. 36. When the air velocity u,

above the critical value u_ , break-up is as shown in (a)s It 1s worth

is considerably

neting that the work of Lane led him to conclude that this ic only way
break--up occurs in the transient or blast case, On the nther hand,; all

cf cu resdlts indicate that at values of uy sliphtly exceedinpg u, breax-
W 5.0 40 in the stages shown 1a {b)e This 35 ‘i Trag" mode of breisr-
un foursi by Lane b;t specifically stated by him to occur only in stcady
casz. The sequence of events shown in Fig. 36 is made up of single phote-
ziphs ¢f different drops whose initial diameters, howsver, were nearly

Lt Zana,

Although the manner of drop break-up was observed t¢ b2 basical 1y
on2 «f tag formation, there are one or two additional featurss which are
rathes interesting, Figure 37, for example, reveals that with some drops
the bag develops a reentrant portion near its middle, somewnat sugzestive
of the stamen of a flower, This "stamen" increases in length with time,
and as can be seen in Figs, 38, 39, and LO, stands more or less alone as
the rim and remaining portion of the bag are carried downstirear. Incid-
entially, the upper two drops in Fig, 38 and the uppermost drop in Fig.

39 are noticeably deformed but not broken or "bagped". Fig. 43 is an en-
largement of a portion of Fig. 37(b).

A second feature of interest is shown in Figs, Ll and 42, Here may
be seen new details in the structure of the bags, especially the unbroken
ones, Small dark spots surrounded by concentric rings sre noteworthy;
but whather they are the beginnings of points of rupture of the bag is
still a matter of conjecture. A somewhat similar “‘ect has been noticed
by YTork (ref. 20) in the case of conical spray fil-s. where small heavy-
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rimmed holes a;v observed and believed to initiate brenv up of tre I, m.
Figure LL shows in greater enlargerment some of the detail cf rigs. 410z,
and Li2(n),

The determination of the break-up curve of u, ve. dc for water ard
methyl alcohol was carried out by taking several hundred pairs of phctc
grapns of the type -unt discussed.  Lrop dlaneters fell in the ranpe of
100 - 700 sucrers, “ur which the critical air velocities u, were betwsen
65 and 240 ft./ser.  ''ne results are chown on the praph cf-Flg. L5, wrere
also tr: rointe o7 Lane (ref. 12) have beecn plotted. Curve A has becn
drawn to fit our experimental points as well as those of Reference 13,
Curve B goes through our values for methyl aleohol, while Curve D has
been drawn thrrough the values of Reference 12 for the came liguid., A
rons: s able divergence of B and D is evident., Curve { iz tlre one rezomn-
er ¥ - Lane {ref., 12) to fit his water pcoints. It is tased on a thecrei.
cal relationship betweer the transient and steady cases. More will te saud
of t.wse curves in the discussion of results in ithe rnext section.

In crder to illustrate the way in which the photographs were evaluated.
the vas thar.s of Fips, 46 and L7 have been prepared. It can be seen frcm
th s what the pap between the smallest drop broken and the larpest drop
not broken 1s quite small, The "doubtful" bars embrace those drops where
the guality of thephotographs did not permit a decision as to break-up.

The uncertainty which these doubtful cases introduce intoe the valucs cf
d5 is generally not more than a few per cent., The values plotted in Fig,
L5 are those given at the bottom of Fips, L6 and 47,

¢. Discussion, In analyzing his results, Lane (ref. 12) started

with the empirical equation found for the "steady" case,

(w-v)?a =612,
where v is the velocity of the deformed drop jJust prior to break-up.
The quantities w and dc are as defined ewriier, but the units are now

meters/sec, for the velocities and mms. far d_. When ft./sec. and microns
are used, as in this report, the squation becomes

(u-ﬂ2% - 6.59 x 10° (2)
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D  Equatica (2), being for break-up by steady airstreams, is not applicable
%o the transient case. In order to spply Eq. (2) to the transient case,
Lane makes use of a theoretical result of Taylor (ref, 3)# which states
that, for a given drop diamster and liquid, the break-up velocities for
ths two cases are connected by the relation,

(8 < %) ansiont =« 1 =0.71 (3)
u = v) steady

" Lane suggests that Eqs. (2) and (3) combine to give,
(w-v)a = (0.71) (6.59.x 10°) = .68 x 1%, (W)

as the relation covering the transient case. Egquation (4) has been plotted
as Curve C of Fig, LS.

The form of the preceding equations appears first to have been given
by To.ebnigg (ref, 322). Break-up was assumed by Triebnigg to occur when
the surface tension pres;ure was equallad or exceeded by an average air
pressure corresponding to the total drag of a spherical drop. That is,

Average Precsure = g::%agrﬁeiﬂ »

which leads to

Surface Tension Pressure,

pyw-vic= % . (5)

where Pa is the air density, v the velocity of the drop just before
break-up, and o the surface tension of the drop. For water and air under
standerd conditions, and using the value C, = O.L (ref. 33) Eq. (5) becames

( ur- v)zdc - -127.9 x 106 . {6)

which 1s to be compared with BEq. (2). Photographs show that a drop
becomss greatly distarted during the short period preceding actual
rupturs; so a sphere drag coefficient is probably too low, For comparison,
the drag euftnimt of a disc normal to the flow in the proper Reynolds

'm revge is mgh]; GD - 1.2 (ref. 33) leading to the equation,

(w - e, = w3 x 10°° ' (1)

, ﬁamsmnmmtom”mofqmnpm.
) :—'ﬂhﬁtﬂ.mn"huOnm thoprojmdaru -'ﬁ-—
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The frontal arca uczed in Eq. (7) is that o a dise whose diamcter i
twice that of the original drop. This estimate is suppnrted by mrazure-
ments of the diameter of flattened druns reported by Lane {ref, 12,

In the equations above, the velocity v of the drep has been retained.
This is practicable and perhaps necessary in the steady cace. However, the :
measuremont of v in the transient case is difficult; because 1t involves |
»mall displacemente and chort times which are not sasy to obtain, Thie
fact stands ocut when it is realized that the entire bhreak-up process takes
roughly & millisecond or less, during which time the drop is radically
altered in shape and finally broken. Moreover, there dces not appear to
bo any basic physical reason why correclations of break-up with u, itgelf
should not he valid, The fact that the experimental results confirm the
exis*e.-e of a unique pair of values L dc lends plausibility to this '
vi~-  Thcrefore in what follows it will be acsumcd that, for given
liquid properties, the velocity behind the shock determines break-up.

Tre report by Lane (ref. 12) makes no mention of measuring v in the trans-
iet case;, and his curves of drop diameter vs. critical velocity show that
v 15 negiected, Consequently we have dane the sameo irn pletting u, Vvs. dc.

At first sight it might appear that to neglect v is to oversimplify
the problem, This may, in fact, be true with drops of great viscosity
wherc the resistance to deformation may delay the break-up process tc
the point where v becomes-nearly equal to u, Neverthelecs the exact role
of viscosity -emains obscure, and it does not appear possible to decide
the point at this time. On the other hand, results with liquids of
relatively low viscosity (e.g., water or methyl alcohol) suggest that the
conditions for break-up are determined by drop diameter, surface tension,
and initial velocity of the air blast,

This latter point of view has been adopted by Hinze (refs, 1k, 34)
whese theory assumes that drop break-up takes place when the dynamic
pressure of the air at the stagnation point of the drop exceeds the surface
tension pressure by a certain factor. It is knom (ref, 35) that when a
liquid surface is curved the pressure 1is greater on the concave side than
on the convex side, The pressure difference depend- cn the surface tension
and the curvature, and is given by the relation

e n 1~ i Moyt 0§ ko e a3
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APeg (2 ¢« 1) (8)
R R,

where B.l and Rz are the radii of curvature of the surface in twa orthce
gonal planes, the so-called principal planes., O P is usually spcken of
as the "surface tension pressure®, In the case of a sphere of radius R,

Ap_g?___ . {9)

R

When a drop is first touchod by the flow behind the shock, the over=-

pressure at the stagnation point is 1/2 pzuzz. The ratio of the two

pressures is

2
Dynamic Pressure of Air PauR | (20)
Surface Tension Pressure Lo

kinze wnakes use of the Weber number We defined as just four times the
ratio of Eq. (10), or

oo, R
-
The theory of Hinze allows small deviations from spherical shape, and
relies on an experimentally determined value cf the critical Weber number
to define the condition leading to break-up, Limiting cases of low and
high viscosity are considered in the follmwing way:

Examples:

We (11)

Low Viscosity High Viscosity
Water, [ '= 7.0 x 10~ Glycerol, "= 570
Mothyl Alcchol,['= 3.9 x 1074 Heavy Oils, [M== 9000

Thcmcusit.y parameter has the definition,

-t
» WL—-

where ﬁ is t.ho viaoaity of the drop and Py, is-its density. Accerding
- to Hinse, then the breakeup relation follows fram Eq. (11) when
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Pou, R *
, ~5— = el (z2)
H from which
3 2 20(We) -
3 u cdc - crit. ’ (23)
"2
P ueing the eariier notation,

Hinze's treatment does not give (Wé)crit , which must came frcm
}; experiment, Values of u,» dc from the present experiments are tabulated
: below, together with the computed values of (We)

it.
Table 2

i
' e . Yo dc g P2 l B

liquid (Ft/Sec,) | (Microns) | (Dynes/em.) | (Slugs/cu.ft.) | (Wwe)

4 | Ciite
o x 10 R

! Nistilled Water 8L.3 600 72.75 25.59 | 350 f

" " 109.5 410 72.75 26.13 -

" " 157.3 270 72.75 27.2l 6,00
L —
3 " " 238.5 120 72,75 29.18 €.55 1
4 thyl Alcohol 60.0 625 22,6 25.11 S.56 |
.t — s e i
d " " 8L. 3 330 22,6 25,59 6.34L i
i1 " " 109,5 230 22,6 26.13 62 |

: ! " 157.3 118§ 22.6 27.24 8.1

Arithmetic averages of the above values of (wb)crit. give
(We)crit = 5.1 (for distilled vater)

(wé)erit. = 7.09 (for methyl alcohol),
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where the value far distilled water does not agree very well with {We) .,
= 13,1 reported by Himxe (ref, 14). A leastesqugres determination of the
best £1it of the data points leads to these equations of break-up:

2 6

uw'd = 6,21 x 10 (for distilled water) (147
ucadc = 2,71 x 106 (for methyl alcohcl) 115)

Equations (14) and (15) have been plotted in the graphs of Figs, 48 and
49 and asre ertrapolated below 100 microns to indicate trends down to
10 micron diameters,

Considering the role of surface tension and density, Eq. (13) pre-
di.vs that, for the same size of drop, the values of u o for water and
;.:tuyl alechal should be in the ratio,

(u_. distilled o distilled 1/2

water ) water -1.79, (16)
(uc ¥ methyl ¢ methyl
alcohol alcohol

where the values of surface tension are 72,75 dymes/cm, for water and 22.5
dynet/ca for methyl alcohol. That the 1/2-power variation with surface
tension is not borne out by the present results is evident from Table 3
belar¥, No explanation is offered for this divergence; although it is
believed to be real and not merely experimental error. If the expcnent

is 1/3 instead of 1/2 the agreement is better, since (72.75/22.6)1/3- 1.48.

Iable 3
‘0
d . (ﬂo/s‘co) (“c)Dist Wat.
(tcfons) "0 i1 %ed Metiyl T, JWeti £re1 ATcohol
- vater - Alcchol
| e ] @0 608 1.365
s o B3 1,583
R O R LU 1,587
| WVETGsu.;a, resd frea Curves A and B of Mg, IS,

Average: 1.L9
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The roaaats repasted heoe Al low no conclusion «uout e intiuonen
¢! viarsrily rpon break-ur. Scme tests reported by Lane o rel, 12

L . . R , N~ .
suggest thal viscizity, exc.pl whew very larpge @5 in tni cane of glyoerol,

meresy asts te delay breck-un, It secms elear that a waantitataive anvrsisi-

cation of the effeet cf viscosity is nereded, The values tatulatza :in nani-

bocks chow tha™ 1t 15 possible to select liquids which have rearly i:oc
L€

4

Same guilo t=usion but greatly differert viscesitics, By chocsing such
3iquidz the uuvparate effects of the two parameters may be investigated,
It remains to consider the errors in these experimerts. Firse,
thera is the error in u.. This is directly related to the errors in the
diaphragm pressure ration Phl in the shock tube and the temperatures of
the air in the two chambers. The accuracy with which the pressure pL
and p, were determined such that the ratio, Phl - ph/pl, was known to
w.ll.n about 1 per cent, which produces a thecretical errcr in u, cr
slightly less than 1 per cent. The basic work of verifyinz the czhock tube
equations has a ready been done (refs, 15 - 19). It appearc that the
mo3t accurate determinations of u, have b een made indirectliy by reasuring

the zhoeck speed W The results agree well with theory, particulariy for

the low pressure iatios used in this investipation. A marimum error of
L pcr ceat 1n u, Seems reasonsable,

The secerd important error is trat associated wilrn dc. Yentien hao
alseady been made. 1n connection with the bLar graphs ol Fipna b amt 4T
¢t the error in determining dc from the breakeup pncterranrs, .The initial
si1ze of a drop, as measured or the first photopraph of c¢azh pair, can he
determined with 4a error of no more than - 3 per cent, and generaily the
error will be considerably smaller. The precision of determining dc is
believed to be approximately : 5 per cent of ihe mean value.

The above discussion of errors has not touched the question of how
the sound field which supports the drops may influence the results, An
accurate analysis has not been possible because neither time nor equip-
mant have permitted measurements of the scund field. lNevertheless; scome
rouh estimates have been made which are believed to indicate the correct
order of magnitude of the effects. Some of the nhotopraphs (e.g., Fig.

38) show that the drops can be flattened by the sounda rfield., That such

e et —
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flattening can be made very small by proper adjustment of the sound gencra-
“tor is attested by the photograchs of Fip, 38, Deviations froem spnericai
shape become Vsmaller with decreasing drop diameter and, in fact, most
photographs show less than 3 per cent difference brtween tne maxamum and

minipum dinonaiong of deformed drops. The detailrd structure of the
sould field is not known and its determination by theory or experiment
would be a problem more preperly handled by specialists. Our experimrnt:
have shown, however, that the drcps can bo rathqr easily blewn out of
the souni field by small drafts, This simple observation shew that the
drag fcree on the drop in the direction of u, is much pgreater than the
horisontul component of the radiation pressure force,

Since the ultrasonic vibrations of the air particles are :inproxi-
matel; at right angles to u,, there i3 a question whether the maximum
vibrational velocities can, through vector addition with W signific-
actl" ehacpe the effect of air pressure on the drcp. A rough calcula-
ticn, which is believed %o give a generous value for t he vibrational
velacity, is carried out in Appendix B, The maximum effect is to
ir<rease the root mean square value of u by about 3 ft./sec, This varia-
tion 18 believed negligible comparad with u, = 60 ft./sec,

Possible interaction between the shock wave and the sound field
was snticipated a3 a second arder effect. One way in wh'ch such inter-
sctica might manifest 1itself would be to cause a warping of the shock
fyont. This is an effect which one might expect to be mnre prominent the
weaker the shock wave, and should be detectable by a schlieren system,
Time and equipment did not permit us to pursue this phase,

The use of the long reflector plug (see FPig. 34) was a necessity to
- increase the strength of the sound field so as to hold the smallest and

» lmbgest water drops stably. Water drops in the 200 - 400 micron range

 wore held satisfactarily with the short reflector plug, &s were methyl
_aloohal drops of all sizes investigated, The extension of the long plug
into the test section will cause same disturbance tothe shock wave and
- the flow behind 1t. Time did not dllow the ‘taking of shadowgraph pictures
- of this effect. Oumlny. however, the drops nearest d in size were
i ':':f"w to be GM to the middle of the space bet sen vibrator and plug,

m e flor behind the sbock should be least di:turbed. Certuinly, in




future werk, xcans should be found to strengthen tr» sound Sield witnous
using the long plug.

L1urly, there is the irfluence of drop defarmaticn ty the seunt fiecd
on brear-up., Consider w3 identical drops and suppcse that one 1: el
, ; (ceges flattened into spneroidal shane) while the otrer r

é The yuestien raissd is this: #ill the droms have apprecizbly &
b walues o crit oai velocity uﬁ? fin attenmDt 15 made 1n appendix © to
Toestimate Lie ifecy ol drop deformation on break-up by evaluating tre

ripat-nard side of Eq. #R) for a defarmed drop. The drop .8 aszumed

e

an ellipsoid of reveolution about the minor axis. It is srown that far
gaven vaiues of Py and u, the stagnation-point weber nurber is smaller
thei in the case of a spherical drop of the same volume. Although some
¢ u photogranhs (e.p., Fig. 37) indicate considerable flatterninz the
e orL by :nod a ratio of maximum to miaimum drop diarmeter of less tnan

1.£8, iacer the assumption that the critical .eber numbers are identical

for the deformed ani spherical drops, the critical welocities obey the
raiation,

1/2
(“c)def. - ¢t/ (uc)sph.

23 a first approxamation using hy = constant and where G is a furnction

o: the curvature at the stagnation point. For a diameter ratio of 0.866,

61/2 = 0,948, and

(uc)def. = 0.948 (uc)sph.

« . ks Conclusions

The following conclusions have been reached:

T L

8, The critical or break-up curves for water and methyl alcchol,
{ ; over the 100 ~ 700 micron ranpe of drop diameters, are defined by the
!> following empirical equations:

‘ % ﬂczdc = 6,21 x 106 (distilled water) (L)

uczdc -2.71 x 106 (methyl alcohcl) (15}

1
b
’g Plctting the experimental points on log-log paper resulied in a straight
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1line for both the water data and methyl alcohol data, The resulting
equations are

ucl.h%dc - 461 x 10° (distilled water) (17)

nﬂ1'7°6 d, = 6.65 x 105 (methyl alcchol) {(18)

b. Preakeup of a drop by the formation of a bag occurs in the tranc
ient flow behind the shock wave. This comclusion is at variance with that
of Lane who states that bag formation does not take place in transient air
flows. It is shown that the mode of break-up limited by Lane to the trans-
ient case actually takes place when the blast velocity exceeds the critical
value by an aopreciable amount,

¢. Tne mere passage nof a drop through a norral shock wave, cr a
normal shock running over a drop, will not of itself cause break.up. It
is the relative velocity between drop and air on the high-density side
of the shock wave which, if sustained lonp enouph, will shatter drops
above critical size,

d. Same of the preszent photographs shcw considerable surfaze detolrl
in the structure of the bag. A pattern af concentric rings surrcurding «
contral point sugpests that initial rupture of the bag may occur at such
regions. Mareover, a bag can rupture under the effect of several such
openings developing simultaneously,

e, Based on work with water and methyl alcohol, the dependence of
u, (assuming constant drop diameter) cn surface tension is approximitely
u, < 0‘1/ 3. This 1s to be contrasted with the 1/2-power variation found
by lane. The present investigation is not complete enough to refute his
results, PFurther study of the effect of surface tension for drops beliow
500 microns should be carried out.

f. Ko ¢canclusions regarding the effect of drop viscosity are

‘possible from thess results. There remains a complete lack of quantita-
 tive experimental data on this impurtant point, Further work should te
 attempted to £ill this gap in our knowledge.

g+ The application of ultrasanic radiaticn prassure to holding
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APPENDIX A
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:> Snoctk fype Flcr -maviconsg
Tne cevelopment of t e shack tuoa flow equeations has beun coverea
aunite crmpirtely 1n Refererce 17 and will nct be repeated n2re, It was
Sound, hewever, that the zvailable curves could not be read accurately
for the low pressure ratics used in this work, Accordingly new curves
werr calculatel and plotted to cover the appropriate ranga. The quantities
of interesi are the [

olinwing: shock wave speed W, , alr velocity u, behird

’
trte shock wave, pressure ratio across the shock i&ve le, pressure ratio
across the diaphragm Phl’ and air density p, behind the shock «ave, (See
shock tuts states in Fig, 24,)

The equations for relating the initial pressure ratlo Phl across the

diaphragm to the other quantities mentioned are the following:

P ‘_F—__"E_ = 1/8,
1 1 1 L i L SN
wr- =P = -t 1~ (P,,-1) . (19)
Ao [ e i T

N

152"

0, -2 . S (20)

W.
1 1/2 o s
Wymrg— - {ﬂl(alpn * 1)‘] e~
fe i+apP
r‘n -2 a 12l (22)
31 s S |
Where P
P =.2_
22 P
Yy, - %
ﬁl - Bh - -'"-—2-—1-:!:-
9 - R
T -
c
27 -y - ( P )
1 % 1




a. = Jjeiocity of scund in Region I

CP = Specific heat at ccnstant pressure

C
4
e
)

=3

T

=
]

o
t

3,

N

7 “ifiec heat at constant volurme

) ot rd
i

Cenvidesiigz air on both sides of the diaphrapgm, trhe fecllowing
vaiues auvply -

Al

ay = 5.95 0y = 2,377 v~ " Slugs/Cu.Ft.
Py = By = 0,1Lk Ej, =1

°c

\at

Y -Y - gzo T g"‘
L poo ke L 1 g
To find 1 dimensicnal quantities, Phl . f721, wll ard U21 as functicns
of le, Lae ..ter was varied in increments of 0O,1. The resuits have been
plotted in Figures 50 and 51. These curves were used to determine thre

actual flow parameters for the conditions prevailing in the prresent shock
tube work.
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1. Acousiic Radiaticn Pressure
The fcice on a sphere arwuing from the acounllc raslalion presuur:

of a sound field has been worked oui theooreticaily by Kinz (ref, 23), wrz

considered the case3 of piane progressive and stationary waves. For

the 1lstter case, whiclh i8 aprroximately anplicable to the present situatliorn

King found that the rame-average of the fcerce on a sphere of radius a :s

—

P

bn' (a/\) stn (n 2) L F (oy/p)) . E

1]
B

(2%
At

where

A = wavelength of sound in air

2 = distance normal t¢ wave-frcn

1+2/3 Q-1
2+ p/py

F(pl/PL) -
Py = density of air
p = density of sphere ‘or drop)
E = enargy density of sound field.
The energy density E may be found fram the relaticn,

] 2 .
p.(2ng ¢ )
1 [+ 2 2
- ‘——————-———-2 - 2" pl b g’; o

2 (24,
where f is the frequency of the sound and § is the displacement amplitude
' G
of the air particles.
Far the two liquids used in the present work; the density ratics are
the following:

Water Metnyl Alcohcl
py/Py = 0.00123 pyfry = 0.00152

These values show that the conditien pl/pL(< 1, is adequately met, so
that the density function is closely ¥(p1l/pL) = 5/6, reducing Eq. (23) tc

. ;g. »® (82/2) sin (bn 2/%) . B (25)

—
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Jovaticn C07T 0 aun been verified expoerirsntal ly in scnc rosent work oy

Rudnici (%, 24l.

-~

Sinene the nurpace 57 the Calculatione wiich follow ic to 1llustrate

an a2 cuzaaitative way the arder of magnilude 2f the railavicon pressiur:
rorce on drops. 1t will be satiufactory to assume a value for €., Tuc
'-J‘
wors of Oi. Ylair irefe. 25, 26) raportc values of foit 0 microns as
£ » 10 koo A wviiue 5}9“ 2y maicrons at f = SU ke { » = 0,455 cma) will be

Lo g

£

assurzd {cr uhe present calculations of £ and P, Using iy > 1.228 x .0
gn/cu, cm. (2,38 x 10"3 slug/cu. ft.) and the values of £ and £ Just
mentioned, Eq, (24) gives E = 379 ergs/cu.cm, This vaiue of E applied to

a 1000 micren drop (a = 5C0 microns) reduces Eq. (25) to

P a 2,24 sin (4n 2/3) (z8)
whizh, along with the displacement €, has been plotted as a function of
z in Fig., 52, It can be seen there that P varies sinusoidally at a fre-
quency twice that of ¥ , In the arrangerert to support crops against
gravity there are evidently 1/8-wave length intervals along the z. axis
wherein it is pcssible for a drop to rest in stable e quilibrium,
The axact position at which a drop will rest stably may be found
by equating P tc the weirht of the drop, That is
7 . 4L :
‘ Fa %Q (n a3/l} E sin (Lrz¢/A) ~mp = 3 ﬂajaLg ’
? where m is the mass of drop and g the acceleration of gravity. The pre- '
f ceding equation leads to
(inzo/n) = b
sin (unzo » RS
on'E
P
: which can be solved for 2, to give
! z, = (3hn) sin -1 (2erEh (37)
B ;RE -

Considering water drops (pr = 1.00 gm/cu.cm.) ana = frequency of 50
Ke {2 = 0,695 em), Eq, (27) becomes

| i



O 3, = 0.0553 sin™" (B6.7/B (28)

Exaiination of Fig, 52 shows that the positions of stable drop
support are specified by the relation

"(2""1)1)3'“"0 (29)

where n = 0, 1, 2, «.., and 7 s given by Eq, (28), where the range of
£,18 0 & 2z _£)B. A plot of 2 ¥S. E, as calculated from Eq. (28), is
shown in Fig, 53, It is worth noting that z o 13 independent of drop diameter
within the general limitation of King's theory that (2na/\) <« 1, This does
not mean that stable support of drops is impossible under other conditions.
In fact, the largest drop in Fig. 32(a) has a radius a = 0.15 cm, leading

i to (2ra/A) = 1.4 . However, the quantitative use of King's theory is
not valid for drops so large.

Two typiczl drops are shown in Fig. 52. The value of E is that
calculated for 50 Xc. and § o~ 25 microns. If the sound energy were
decreased the drops would fall to lower positions until 2, = »/8, which is
actually an wunstable position corresponding to E = 86.7 ergs/cu.cm.

2. Vibrator Design

As mentioned earlier, the barium titanate cylinders have three modes
of vibrations: radial, thickness, and lengthwise (i.e., along the axis of
the cylinder). It was found that the radial mode, which occurs at f = 30 K¢
for the cylinder in questi m, would rather quickly break the cement bond#
between the cylinder and the dural diaphrapm. The thickness mode is
excited at much higher frequencies arcund 530 Kc, and it would be difficult
to couple energy into the diaphragm with this mode.

' Lermgthwise expansion and contraction was found to excite the dural
diaphrage to circular modea of vibration of sufficient amplitude to support
drops in the manner already describecd. The problem of matching the funda-
mental or some harronic frequency of the diaphragm to the driving fre-
quency of the bariuk titanate cylinder is, of course, basic to obtaining

ocptimun sound output.

¥1 mumber of adhesives were tried vith varying success. The one finally
- adopted is an epoxy resin called "A-6" by its mamufacturer, Armstrong
G kmu ,c:‘." W’ Mm. )
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where
1+ = tundamental frequency
= first harmonic Ireguency

o4 v it

G, = 1,620
o o= thickness of diac, inches
r = radius of disc mecsured from ceunter of inner
¢ ampiny edge; .aches .
F = Moduiv: of eilasvicity, lbs. (F)/sq. an.
o o~ density; lb. (M)/ cu, an.
. = Polszonts ratic

. e - - o ..
Consadu-ing 2L & T dural (E -~ 10,5 x 10~ 1lbs, (F)Y/ sa,
(' 3&5 ¥ £

Zae (30) grves
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+~ 220 1h. (M)/cu, in,) and a cylinder for which r = 0,812 inch,
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The thicknesses just mentioned neglect any lcading effect of the
ddaphragn on the frequency of t e cylindes. Aithough onr search of the
1itersture on this effect was not exhaustive, it does nst appear to have
been analyzed in a mann=r producing useful design farmulas. In view of
this situation it wa~ surmised that an experimental determination of the
cptimua thdickneas could be made by cemeénting an overly thick diaphragn
to the cylinder and then cutting it down in small incrementc, Suck a
procedire was actually tried, but it did not produce consistent results,
In the zase of one cylinder it developed internal cracks causea by lathe
aachining, wrile in other cases the adhesive bond between diaphragm and
eylinler lecame faulty. It is possible that future improvement in the
brwning will make the method successful.

As g resull »7 tculs with a number of cyrlinders, each hLaving a scmee
what different diaphragm thickness, two values of thickness, namely,

0,085-inch and O, 125-inch , were found best from th. Standvoint of holding
drops. The calculated dise rrequencies £, corresponding to these thick-
nesses are 51,2 fc and 74.5 Kc, respect.:wely.

St. Ciair (ref. 36) has described a different type of sound genera-
tor working in the 10 - 30 Ke range. The arrangement is essentially that
of a dynamic loudspeaker in which tre usual voice coil has been replaced
by a free~free bar of e¢ircular cross-section. The bar has a machined
driving ring which extends inte the flux gso of the magnet structure,
the latter having besn modified by the additi-n of an exciting coil,
Power fed into the exciting coil induces a sinusoidal current in the driv-
ing ring which excites longitudinal vibrations in the bar. The sournd
n.olda projuced by this generator are reported by St. Clair to be strong
snough to support lead shot.

We have made some teats on a 20 K¢ vibrator patterned after St,
Clair's design. The perfarmance was not nearly as satisfactory as the
vibrator using he barium titanate cylinder. However, this may arise
Irom defficisncies in owr design and does not necessarily mean that the

Ghir generatar is basically unsuited for the present applicat.:lon.

'Th-'u appear Lo be two important differences in cur versions of the two

types of vibratars, nemly, frequency and the radiation pattern. At the




present time we are not prepared to analyze these factors adeguately.

3., Effecct of Sound Field m»n u

Consider the idealized case where thz uniform flcw behind the shock

wave interacts with a plane stationary sound field, The displacerent of

air ticles by the sound waves can e writien
7. §, sin (2xz/\) sin (27ay t/X) (33)

At & particular point z the amplitude factor is £ sin (2n za/k), and
for larpge energy densities a drop will be hLeld very close to a displace-

ment loop (maximum § ) where sin (2n zo/l) % 1., Then

5 - f") sin (2n a, t/)\) (34)

and the velocity induced by the sound will be

ug = f - §°(2nf) cos (2n ay t/2) (39)

Inasmuch as the Weber number has been taken as a criterion for break-
up it is of interest to find the square of the total velocity u of the
air relative to a drop fixed at z 0* Vector addition of the steady and
fluctuating velocity camponents leads to

u2 - ui + us2 -y 2 + (2nf§°)2 c032 (2nft) (36)

2
Granting that the dynanic pressure acting for a certain time® leads

to break-up, it is of interest to calculate the averape value of u2,
namely,

32 - m;g v (lmzfz g 02) cos® (2nft)‘: (37)

#For the drop gizes investipated, this time is considerably greater than
ons period T of the sound, The present examplc t&es f =» 50 Kc, for
which T » 20 microseconds.




O The stardard definition of a time-average,

, T
- (- 0] ¢ e,

appliod to Eq. (37) leads to

T T
-2 1 2 2,2 ¢ 2
v =z J u, dt ¢ Eﬁ_f.,rgﬁ_ J cos®(2nft) dt. (38)
Integrating Eq. (38), and noting that u, = constant for a given value
of Pu. gives
2
i ewleap? . (39)

When £ « 50 Kc and § = 25 microns (0.821 x 1074¢¢.) Eq. (39)
becomes simply

2 :
a - u22 * 332 (Lo)
or, in terms of the root mean square,

Uy = (B2 00,2 ¢ 332)M2 ()

The following table illustrates the relative magnitudes of s and u,.

Table S
uz (:to/'“ . ) um
60 62,7
84.3 86.3
157.3 158.2
238.5 | 239.0

| ~ In view of the sssumption made for the scaund field, it is believed
0 R that mﬁm M above overestimate u_ .. In any case, these
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values wouli cpply only diring the short time after the catcage of the
shock wave that the drop is near the axis of the sound field. =xperience
with the drop holder indicates that roughly 2 mm. or more from the axis

it is no longer possible to support drops. A drop whnse critical velocity
is 60 ft,/sec., for example, will move about 10 mm. before breaking,
Consequently it seems probable that most of the time that a drop is de-
forming it will be acted upon by essentially u,, the contribution of us
being negligibie,
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I¥ 1t 2z ssesweed, as did Himsge, thal treak-up is delsrwmines by
tha Websr nusber &% the stagnation point, tren the effect of defzmation
may be calsulated [ram BEq. (8) and the definiiion of veber number. Thua,
-4 R.g e Rg. gre the principal redil o survature 4t Lhe gtagnstion point

on & deformed drop;

e
{Wo)ype 3“‘2‘“&;‘ {u2)
’3{& > Ez}

This relation, with Bq., (Il), gives the rstio,

{We)
e o Bd . L (L3)
{We ) 2 Eﬁ. v ’

dal,

where R i the radius of & spherical drop volume equal to that of ihe
deformed drop. When no deformation is present, R, = R, = R, and Eq. (L3
reduces to unity,

Under the present assump’ ion a deformed dropwill break up if its
stagnation~point Weber number equals the critical Weber number for a
spherical drop of equal volume, That is

we), .1 w  {{We)
L d'fj ﬁ!'ifu [ ‘ph._! crit. »

which implies

2
{pi'#ﬂ }def .

ed .1,
7| R

Equation (L3) can be rewritten

z,

u Coa

- {"2 c 'sph, Rc (ul)
G

Z ) .
(QZ“C )da.f. - G \ edis J
]

\92“0 sph,




“O

where the curtct e function G a6 defined as

Actually pc 15 & runctica of uc, but s a first approximation let

(0 ) gp = (r'c)sph. Then fram Sg. (Lh),
. . olf2 I
oo, =G \“c)sph. e
Vol Liie ¢awer of (uc)dc’ from kg, (L6) and the shock tube curves in
Appendix AL x:rresgcnding va ue (p_) S%B. can be found, A second
@approxiiie.. .. ‘“c) &e . can then be calculated from Eq. (LL), where now
(1Y 2 o)\
T o ‘def, .
,- . -_2\ - (,’
*Pa¥e gph.
from wnich
- 1/2
(“ (1)) - 01/2 (?_2)3ph‘ (u )
e def. 17 ¢ “sph. (475
(92 def.

The nature of the calculation probably ces not warrant higher approxima-
tion than the first, as a later example will show,

In order to c¢buain numerical values for the functiocn G it is
necessary to make some assumpticns regarding the shape of the deformed
drop. ‘the vertical drop profiles of Fig. 37 are approximately elliptical,
and visual ocoservation from above the drops showed themto be closely
circular in the horizontal plane. Accordingly the assumed drep surface
will be that of an oblate spheroid defined by the equaticn

2 2

2 2
X * 2
—-——:;L— - ? ~1|
&
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eEards e.ong tim axis of the suspendst drons. .t L v Lne radius 3
curvature in e X, y~plan and R, Lhal® iz the x. z-plsoe, he tracs of

5

. ; . N v £ & ¢ -
the aurfate in e %, y=plane im the cirele, x + y =a , s0 By = & in

the %, t-plane the trsce i& the ellipse.

3
1

R

R

whose radius of curvature at the slagnation point { x =» «a;, vy w 0, 2 = 0)
- " . . :
is 32 = %73, Substituting ths values for 9;1 &t %2 in 54,

2 Fh i %
& 4]

&8 the curvature function,

The volume of the oblate spheroid is L/3 = agb ard must egual the
-volume of a sphere of radius R, which leads to the condition ag
Making use of this, Eg. (48) can he written
R 6 ‘6

= --—-S-—-.—-
2833:

b o= Hﬂ’je

In terms of the scoentricity of the ellipse, e° w 1 - (b/a)°, Eq. (49)
becomes

2-&2

L R
201 - «°)?0

The graph of Eq. (50) has been plotted as Curve A in Fig. Sk.
For the _ase when the long axis of the oblate spheroid arcp is
normal to the air flow, Rl - R2 - az/b. The squation for § becowmes

TS
G = Rc“/a ’
or in terme of eccentricity,
G =(2 - o2y 3

(L8)

{4%)

r,.~

L
<

Mt

(51)




A piov of ru. .. ) is shown as Curve B in i.p. Su.

8 u ..oesacal oxample tno illustrate the mngniﬁﬁdc invnived, assure
a viiue 10 ¢ uunteicity or e » G50, This carresvonds to b/u = 0,866,
whith 33 actually sieciler vniun that obscrved on the drops used in the
data 50 Yie LS, aft, wud LY. Frem Curve A of Fip. Shy, G« 0,898 when
e = U.bU, and Gl/zn'u.GhB. Consequently Eq. (L6) predicus that

tu b . = 0,948 (u)

LN I

sphe

Or . .suu o, pur cent decrease in criticel veloclity due to the assumed
A6 oML L o

(- yiosiooraphs of Fipg. 37 ta) show that large drops (much larger -
than .. ur''-eal siZe) under certain conditions of the sound field, can
be ;otate. e Uoraed,  fre loeast aren, for ¢ xumpic, fives a neasured
ratio, /a = U.b, for which ¢ = 0.80., In this case G = 0.(25, and

\uc)

dcl.. L 00791 (\lc )331;;. »

e gocil o €0 per cent decrease in uc caused by deforrmation.




1.

3.

b

» Haenlain,

- e

Piloter, T Pe and Rlempe, T.0.: Injection of Liici.s into Gases
with Ypecisl Beference v o Uawblation Systems. deport by Hattells

Memorial inaritute, Lecember 1951,

Rupe, Jack H.; A Teehnique for the Investigation of Soray Characterise
tice of Constant Flow Nozzles Part 1. Paper presented at Conference

on Fuel Spravs, University of Michigan, 30 March 19.9.

Golitzine, N.: Meithod for Measuring the Size of Water Droplets in
“ouds, Fogs, and Sprays., Hote 6, National Asronautical Favablishe
ment, Ottawa, Canada, 1991,

Sahay, B. K.: Rupture of Water Urops over Liquia Surfaces. Indian
Journal of Physics, Vo, 18, 19LL, po. 306 - 310,

Singh, B. N.: Eine Decbachtung beinm Heraufaller von sasssrtroplen
auf (loberflachen. Zelits f. Phvsik, Vol. 136, 1953, pp. 106 = 107,

Rupe, Jack H.,t Critical Impact Velocities of Water Droplets as a
Probiem in Intector Spray Sampling. Jet Propulsion laborataory,

California Institute of Technology, Frogress Report No. 8-80, 1350,

Lane, W, H,: A Microburette for Produging Small Ligquid Drops of
Enown Size. Journal of Scientific Instruments, Yol. 2L, 1947,
I;Pi)- 98 - }-m-

Tautsui, Toshimasa: Rupture Phenomena of ligqiid Drops. Tokyo
Institute of Physical adé Chemizal Research, Vol. 16, 1931, pp.
109 - 124,

H,t Ueber den Zerfall eines Flussighelissirariles,
Forschung aupg dem Geblete des Ingenierwesens, Vol., 2, koo 4, 1931

oo, 139 - 149. {(Available in English transiatios as NACA TM £59.)

Rayleigh, Lord: On the Instability of Jets., Proe. Lond. Math. Soc.,
v°1. 10’ 18?8. Ppg- h - 13.

Weber, C.: Zum Zerfall eines Flussigkeitsstranles. leits. Ang.Math,
MCbQ’ Vol, 11, 1931’ PP 136 - ]53.3.




1 Ei ®

15.

16,

20,

21,

22,

Lare, &, n, 1 oratter of Srons G0 Ltreards A6 A.r, W0, Tnip, oner,
F - 5% 4 oy E N - -~
l’ﬁi, &,{_j; NGy ‘f}; éﬁl; [ EIN .A,)l;{ - 1,34.! *
# i ¥y .. i, i o -r . - 1 . o~ ® £ .
Herrinplon, A. G.; ard Ricrardson, +. 5.0 Tne oreak-up of ~igquid

] . i p o & o - -
Jets, PFroe, Phye, Snc., VYol,. 0%, 197, pre. 1 = 13,

H £ % & “ £ - -
Hinze, de Ous Critical wheeds &Ivd dt&”“ Gl 3 QUL GCiobules,

1,

Pomwnr I N N T T G~ S SN, i v & ned Bl ¥
Pavear, W, and Shepherd. #., (. F.: &xninsian ¥awes and Bhook Yaves

L. Tre Distrubsnce Produced by Sursting Disohragrs wiih Compressed
Air, Proc. Roy. Soc. (Londsnd, Vol. al85, 1546, pp. 293 - 321.
Weakiey, W., wWeimer, D, K., and rflelcher, C. Hat The Shock Tube:

A Facalivy for investigsations in Fluid Dvnamics. Rev, 3¢i, instr,,

":{'ﬁ'}l, C" ? 9 ""e ?{}? o E}Sg

Glass, 1,1., Mariin, W., and Pattorson, O. No: A Thecretical and
Experimental 3tudy of tre Shock Tube, Institute ~f sAsrophysies,

University of Torento, UTIA “snort No, 2, 1953.

i
r
bk, He Ko2 On the length of a Jhock Tube, Instituts of Aerse

1
physice, University of feranto, UTIA Report Mo, L, 195C.

Geigesr, F. W,, and Mautz, C, W.,: The Shock Tube 33 an Instrument

for the Investigation of Transonic and Supersonic Flow Patterns,

University of Michigan, Engineering Hdeseasrch Insvitute Report
Project M720-k, Jure 194%, (With an Addendum by R, K. Hollyer,

dre )

Bolt, J. A, and Mirsky, W.: J4oparatus for Suspending Small Lroplets
in Space. Paper presented at Confererce on Atomization, Sprays and

Uroplets, Northwestern Uriversity, Septermber 1453,

Biicks, K. and Miller, H.: Uper einige Becbachtungen ar schwingenden
iexoquarzen und ihrem Schallreld, leits, Physik, Vol, &4, 1933,

ppn 75 - 80\'

Beremann, L.! Ultrasonics. John wilcey and So-s, linc., hew Yark,
19380 p';fo “2 - L&j

| RPN

5,
i ¥

R R R

vt o

s

P —

O

s




2%,

26.

27,

28,

25,

36,

Eyng, &, T.: Un the Acoustie Eadiation Pressure -n Spbeves, Proc.
Boy, S, (london}, VYol, ALL?, 1934, vp. 212~ 240.

Rudaicek, I,t! MNeasuremenis of the Apcustic Hadiation Pressure on
4 Sphere in & Standing Wave Fetld, Paper presented st Hay 1951
meeting of Acoustical Society of Aewrica, Washington, DR. L,

S, Clalr, He W1 Agelomeration of Seoke, Fop, or Dust Particles
by Sonie Woaves., Ind., Eng. Chewm., Vol. L1, 1%:%, pp. 203L - 2435,
Bt. Cleir, H. W,, Spendlowe, M. J., 2rnd Potier, £, ¥.3 Floceulation
of Aerocsalz by Interss High-Fregewy Jound, U35, Departmrent of
Interior, Bureau of Mines Hoport of Investigations 4218, Hareh 1948,

3o0iler, K, The Mechanism of the Formation of Fog by Ultrasonie
Waves., Trans, Fgraday Sec., Vol. 32, 1536, pp. 1532 ~ 15346,

Wood, H. W,, and Loomis, A, L,: The Physical and Blological £ffscts
of High-Fregquency Sounde~Wawves of Oreat Intensity., Phil. Mag.,

Vol. iig 7th Serles {1@?}; P 417 - 333&:

Bodgman, €. D, and Holmes, H, N,: Handbook of Chemistry and Prysics.
Twenty-fourth Bdition, Chemical Rubber Publishing Co., 1540,

York, J. L: Provate Compunication. Cited in Refsrcence 1.

Taylor, Sir Ceoffrey: Ministry of Supply, Paper AC 106LT7/Phys
C69 (193%).

Tristnige, H: Der Einblase und Einspritavorgang bei liselmaschinen.

SRoringer, Vienna, 1925,

ornsrd, v. AY Tlementary Fluid Mechanics. John Wiiey and Soms,
New l’ork, 1%03 PP 309,

KEinse, J. Y.t Forced Deformaion of Viscous Ligquid Globules. Applied
sci.ﬁtific Research, Vol. Al, 1%9’ PR 263 ~ 272,

Aams, N, K.t The Physics e Chemistry of Surfaces, Oxford Univer-
sity Press, 3rd Edition, 1941, pp. 8, 9.

St. Clgir, H. W,: An Electromgnetic Sound Gemmrator fur Producing
High Frequency Sound Waves. Rev, Sci. Inst., Val, 12, 1540,

pp. 250 « 256,




VO e e _ .
g o B8N

05 T i te

PN 4 e = e m e e
B 1 I PN R O U W ot RS !

YD o e e
, : "

T e

B

e T

w7,
B 4 P S
N

::—, “BXM& NG .....V..;-,M_.H_),.._;.;,.. s e
E N,

DADE S R

) O P WU,
wad \\ : !

. AN

HEIGHT~ M

t
S

CRITIC

TTTGTTTEY e T80 00 RN
I/ MASS OF DROP -GM WLy f e t o

CEBEL TABLE NO 1 3 R Lo iU i &g
MFALT v L OCITY \rreab-r*/:,eu

&

N - Y .
- .. - - [ ~
5
+ T, - R
s ey ey




e

WiND “E;g (NE

ol i s
A4 N pe
: Sy, (17
i ‘%@:"\:\2’ D
- W T
i %\K} \\”:"*;;?'f”@
Q { Sy, : i -
A e N L ‘
EEE RN |
i 1 I |
o At b, TSEAL 1R th 1 —prEssuse Tae !
5@{}& 4 ! i r o o~ - b . ,
et M it P Lo e P, =
T i ., il A e""\“ﬂkf .JL’: N LOMN-
£ LA™Y i *;;/ TGURED WALLS
i \ 31% * ~PLEXICLAS
o\ O\ P ,,7/ ik GALLS -
X - f’ w’, ‘
3 \ i
3 R . \ f; -’ !
£ B 5 i
2@2 ; 1‘1 1 ! :f !
P Vo / A
:Eﬁ ' = V7 ' .
Lol o ‘
PLEXIGLA oo 4 i
,«"“ 1721 0- fag}kcfﬁﬁ e : { 4 :
95&?@&&?@ ,, | . .
HSCSE ; . N I «
! e i i !
‘ i |
: o i
hﬁ _HYPODERMIC TUBE ST O B :
ﬂr .m?‘ {.& 5“?.; i ‘% 'l i j
T ‘
, o )
"’“.m;;__ ;s oo }
bt 1 . y
= ] CONSTANT
: Y | SECTION
; : : 9.25°
i I
,«i/ \< N ; :
NN .

FIGURE L. SCHEATIC DIAGRA: C SHOHURETTE A0 WIND TUDEL




FUOME 3. PHOYOGRLFH OF [ JCn0 0 have 0 D WD TUTEL




FIGRE 7. OVERALL VIGW OF TEST 4FRAR.TUS




w O

\
e ()]

LAMP HOUSING -

RIBEON FILAMENT LAMP

//
- ,/f / “
N A !
// v 2 i
N
f/ . \\,
¥ |

w.
5

PR
b— DROPLET PATH ‘
A PROTOMULTPLIER TuBE _ __m
\\ s (WITH CATRODE FOLLOWER) i WITH P ROLE
",
e i;’»

/M@Qm%#ﬁw
mw LERIT RAY S |
i i \\
1 TTRRGToNG ner M
10 OSCILLOSCORE TUBE \\ﬁ/ _,.o.ﬁ,, %b‘ iEF _Z WitH mt; !

 soncar s oW et v e

L 4% pmigm

TR

t\

FIGURE 8. SCHEWATIC DRAWING o OFTICAL VELGI BT



K]

WRREA B RAAN

R IR N e e iemie

FIGURE 9. FROMT VIEW OF BHS FIGURE 10, DBACK VIEW OF BHG
AP HOUSING LAMP HOUSING WITH
TOP AND BACK RELVED

FIGURE 11. TYPICAL OSCILLOSCOPE TRACES USED IN DIROPLET VALOCITY “%




s ) e

e |

SHUTTER

ﬁr/ ?//nrmx_m;m WALLS

]

e 3

GLASS SLIDE BOTTOM
- COLLECTING CELL




A4

— B S

§

PHYSICAL PROPERTIES OF

DOW CORMING "2007 FLUID ;
(LIGUID METHYL SIIDONE )

-SPECIFIC SRAVITY= 074 AT 25/25°C
VISCOSITY* {2 500 CENTISTOKES

AT 25°¢C

. \x
100 - X

A - e P REGION OF DROCP
§ X f./ BREAKUP

% INDICATES EXPERIMENTAL
POINTS

H
i

35 40 56 66 0 80
IMPACT VELOCGITY ( feet/second) V,




] ! T
1.0C; : 1000 CSTKS "
! } |
| |
! ;
AN I |
H i
28  — 12.5¢ TS - .
] ' ; |
3
S :
= 3
96 -
\
¢ 0,000 CSTKS
\ —%
94| 4. DIA MEASURED AT TIME INTERVALS z
fig i ORIGINAL Dij mﬁmgﬁ i |
4 8 | 13 ’ZLé‘ 22
TIME (mmufes}
FIGELE 14, EVAPCRATION OO a0 A0P WIILE PaiailunTis a0 Triinwiie

7 ™ ; T T i ST S A
b { ! N : i [ ? . R
; i ; ‘ : P o
N
N s oo . SRV L A (i
Lo I N A I B
Pob ! i oo ; PRI : S
: H : | i t i 1 W [ | [
oL b N IR : P A o -
o ! T 5 A B A T . : ™
» : { i ] L T : P
< ’ o b SQ0micron po 00 f
& bbb on b poeRoelET s D b E
H b, i i - P : ‘ .
I i H )) : ¥ . R L . N T T i
> I P . ¥ | O-POITS DETERMINED IN
E Cob I Tras WWVESTIGATION
b0 Dib b b Ay 1 9-PONT DETERMINED BY
o H ; : i P i A : i
dwm‘-%*r ' 1 * t ~ :r‘; =y : RUPE
L i i P ; AR :
> L T . . ©-POINTS DETERMINED BY
! ' i ; i g i ,}A" o , $ENaH ‘ {
2da_.~l;~;ﬁ_4i__ S O S e _ (EXTR&POLATEQ ;
INCREASE AS moscnso i : 3 D 1 L
. BY s.:mw C o ; | ; ; ,
i ! i : . - i
' ‘J.Q ;; T BEDU y e e s
T ; : . :
R e P :
H H 1 g I 3 ' )
g : ool : o : v . [
gi_{‘;i AR N R S S R .
] 5 10 10 o* 10* To

1Q
VISCOSIT Y (centistohes)

- - FUIRTINT N T R ow e e e P e - e [ L om o
FIGZRE l;"o (PRSI IUT 0y W TR YIS VIGOILIUUD OUE L

FLUID

o e s i e e




" foe inMlliseconds 0 te 6

t =33 te2
Drop Diameter = 2000 :iorons; Drop Velocity = 20 ft .
mammmmm-m?iud /a0

FIGORE 16. TOP VIRW OF WATER DROP STRIITVG AIR-OIL
] INTERPACE (3000 Frames/Sec.)




Ot s

Lt Alliscoonds = O Lo W3

TR A

H

L5 INanetor = 1w icrons;  Drop Velocio = 25 Ju/iec.
11 = 12500 ©.o.uistcles Dow Corcing ™20 Fludd




I 2 3 4 INCHES & ¢ 10

1L

T ..

;
-




e s




,
ey i
{ . .

v.m_o.moBmEo.mHE
SECTION
|- DIAPHRAGM BRE AKER
2- PRESSURE PICKUP
3- POTENTIOMETER
4-REMOTE FIRING SWITCH
5-HYPODERMIC SYRINGE
6- GENERAL RADIO
OSCILLATOR
7-TEST SECTION
8-SPARK LIGHT

9-DIAPHRAGM MATERIAL




g
i
g




FIGRE 23. COUTROL POEL




oo

{ I L
BEFORE DIAPHRAGM BREAK

RAREFACTION

. e DUSEONTINL 1
[Te 5 i

e o R iR

AFTER DIAPHRAGM BREAx

SHOGCK TUBE STATES

DIAPHRAGH 1 s in

REAKER., AT

m
| rPRESSURE PIOKUP

i do g 15" 0"

GR R E N R

hﬁ«mf SECTION
1

B EXPANGION CHANETE

conTaCT SHOCK
. mm. . L
e )

o S e B

T
e - ATTO - !
' A?.Wu? .
o3t [IERERITaT )
]

T
M VIBRATOR

o
L
¥

POTENTIONETER

AMPLIFIER]

lus..!az#,.’?,!li.

eﬁﬁ(m OPREVENT SUDDEN mm.a
s FROM GAUGE i?n‘z DIAPHRAGM

e B rrem by AP

=
e HES //
m AT uOSER

m\brﬁn\‘ B INCREMENT S

o,

..{.rrt i\-\

AL VALVES

vakimu BLEED VALVE

%wm% ERE
ﬁ%ﬁ # WW”:W

FIGURE 2&.

;..x-.,i:imu N . e e

FUNCTIONAY, DIAGRAT] OF SHOCK TU

APE OF AIR
1S BHOREN
e
P -
-
FERS L ACER .
i P SOQmen Wy AR LTE
weig L LIERNAN | §2nm NUREMLRTS
/meﬁ@m. 7
St

e
ff.wbt

NEIADB BAY ARE NEEDLE vALVES

e e e e £} ECTRONIC
wsrmmmssescscn - BE AR T VG

s e

\?z 20t

e M pepy o6 gmn Gy e
P ALD RGN AR Sty I.w Sy

PR |Iemuw s . e s o e Hfl e e e -

BLEFD valve (5

WAC LI
Byt

ALY |

o~
2




Vs S e e r e AR SO AMI (oD s -

OF SHICK WAVES

MCTURES

SHA DOWOR;.PH

S

FIOURE




40 2,
.

i L L R 5




!

e I -

FIGRE 27. OR'SRAL ELECYRIC PLASH TUBE

FiGURE 28, SPiRX LIGHY SORCE:

CINCHES 8 9 10 11 12

iié
%
3
%
3
i

A e o st enl RN ol R Mﬁ%’%'ﬁ@%"ﬁm&uﬁ‘ﬂ@!? i

b i




Ny INCHES =8 o9
e J & 1 _.‘_‘_.h‘ g « 1 i .+ 3 .

FIGURE 29. ULTHASOHIC VIZRATOR AllD BASE

c 1t = 3 @ INCHES ® » to v
‘U'»l‘l"l’!Al"'l"'l“‘g

= Ao

FIRRE 30. ULTRASONIC VIRATOR AX¥D COMFLET: HOUSIIG

FIGRE 31. ULTRASCUIC VIR.TCR D ZFL.CTCh PLUGS




D e L e s gt S TIER R

“q e

it A Kt}

B I,

i e ey
Lotrn s Sae s

A5y 3503 o TS R .

LGRS

L

LS RV LR

(d)

{c)

.

500

IXOPS SUPFCHTED I

v SWHH

s
:
t]

FIGURE 32,

g

it e g




Y o2l By

k)




(a) Reflex photogreph Dalcre {b) lormel pheto Tapn aiter .imun
firing shovk tabe. stwok tubs. Delkr, 320 asecs.
alr Velooity = &0 4, /sec.; Jiquid - letipl .1-on
Bun o, 276 ‘x:» ol

FIGIER )E. TPIG.L FIB ¢F MEOTOGA RS S0 oL o
AlD SUMEBGUENT MEAK-UP,

[
B G DY)




ooty

i

ey
K

3 { .
<A (poeg,y
S G, 8 a4

q..
Lnatiul o Mame R .
el wY xwﬂgﬁmmw A LCrens ) JAr Veloeity
LAY W nm,.wsw_ﬁ\sw _.,.H« %au.w.m@.w i -




{crons) (&)
540
51
- é;;;_ .

S

Alr Vdociw, % - &03 fﬁ-/!.cq m (b} = 1500 MEeCH;
Liguid -~ Jdaster; Run Yo. LS}

FIGRE 37. DROP WMEAK-UP




Drop DMameter
{Microns)

e
-
Lo

e 1

® L83

o 570

855

2us

alr Velocity, w, = 109,> ft./sec.; Delay (i) = 1500 ngacs;

-

liquid - dater; un o, Ly

SISURE 38,

CP AE. K-UP




a0 Haselar
fa} X et ()

t
H
sa
.

Air Velocity, W, * 109.5 ft./sec.; Delay (b) = 1500 nsecs;
Liquid - ¥ater; Run io. i36

FIGURZ 39. DROP BRBLK-UP




Gl

675

SAr Yelosity, u e 100,.5 £
- ‘2 b Y

¥ 3 - y e T o
“wguis - dater; Run ¢, 133

LGRS W00 D TR e




st ooy -

) ()

mmw,a,-w.swm.;mcb)aswm,
lieuid - Wber; B e, b9

FIOWE K. IROP MBAR-UP




rop Dianeter i :
{derons} (ol '

{a)

420 ¢

2 '

Air Velocity, w, = 109.5 ft./sec.; Delay (b}, 1500 usecs;
Liquid, Water: Run .'0. 439

FIGRE L2, DROP S, -Up ad




mdamdmn(u)

' FISEE k3. PRTOEAM SIOMNG STWOTULE G Daore

e )

g




T et o ¥ O BB
b o AN

b

%
4

P
§
eyt

-
™
-

3
s

by B

;i

L

!
.
Gy .
G .
e
e H
H




F™Ns | | s WATER .

| , , * m u
| - LANE, PREWETT, EDWARDS - ﬁMMJ.P ALCOHOL~ O

T T T oroP DIAMETER, d (microns)

PICURE k%, CRITICAL VELOCITY V8. DROP DIAMETER




Kt o s 4 b

[

pEC .

T

{imin} wmeT g - \m
0BT TVOILIND 40 HOLSVIMMEGSU DITINVEISHII 1870 WM 9% u4asld o S
Lo
] T €
& 4 z=
N318N00 +}+; Q5O
_ NINONE LOND pq O
NINOHE N

NA18N00 + "=

~ B NINONHE LON
NINOUY | 10

148
IS73
270

N4L8000 +{ T 0
| e N35048 10N 732
zm&m&@ ]
418000 | o
” e?_ NINOHE LON Rs8
z - B
W X

L0 T T T T I

(suosdlw ) HILINVIQ d0¥Q



DROP DIAMETER ha% rons)

0096

pED

00}
002

g &

NOT BROKEN 1

=

| g e Mo it | ) R ¢ , . o . .
, 4 . ; LA N T L . SN | : f

FIGORE E . %w %ﬁ Eg?ga %ﬁé@ﬁ@ OF CRITICAL DROP
g%ﬁ EHYL ALDOSOL)




B
i\
12004
\
\
\

MBee N\ A: ncm- 6.21x10
2 /4\m B: du**. 461x10°
ot 6~ EXPERIMENTAL POINTS
= 800, e

- AN DROP LIQUID-WATER
V..,, -4
o \
O A 1 | g
mw BO0 AT X -+ : 3
g / AN o
q ~
S 490; .
k-
I
O

200 e =

% 20 : y }a}.&a 400 600 000

mmem DIAMETER, d *aa_‘oéw

ARIFD 6 MBS e e ARE TYID TETO LRIy W0 TP e
pLe I ing B PaRit L Sl Ves U Gl TELT VWi, 0707 ¥R Mo N S W T




[

~ Y W L) il R umc _.N.nﬂ .Nm UN ..um

FIGUHE 50, DIAPHRACGY FRESSURE RATIO VS, SHOCK WAVE PRESSURE FATIO AND SHOCK WAVE DENSITY RATIO

A T T IR PR S # e, - s—— B s, et A= Atk SO, O T

A: duf-2.713 x 108

|B: ¢u"*% 6.652 x10° |

o -EXPERIMENTAL POINTS

DROP LIQUID- METHYL
| ALGOHOL

LA

"z

- DROP DIAMETER, d (microns)
FIOURE b9, MNPTHICAL CURVES OF CHITICAL VELOCTIY VS DROP DIUCH'EX FOR METIVL ALO0NOL

A it v, bl

D g A et

I ol




- W & Uy vs By, o
3.0} . . : \
\. — ] —
Wi _
\ Cm_ -/
/| ¢
P, ) |
2.0 \\ A I
. ” _—
\x.\.\\\ %\X NUTUINIEN FAINPRRTIE ST S S T — -
\ s |
ot |
..\\\\.
e

Q




— e

i e Sk 5 s o e o G s MM b v 1w Nna e i R
ey n s n e w . P e S AR

e R A N NI MO s o

ey

8, vs Ry,

&4

2 of-

L . )
I B
! v ] '
i, ' o e R SR

| w“ Lo TRERY 13 L4 L5 16 L7 L8 19
g; LOO LS Lo {5 .20 L25 .30 L35 140 145
¥

SURE 81, DIAPHSADM PRESSURE RATIO VS, SHOCK WAVE FRESSURE RATIO AND SHOCK WAVE DENSITY RATIO

AN s TS+ R




28 20

Y

Ll A A L

REFLECTOR 7

RADIATION FORCE,P (DYNES)

LS

¢ 05 O -08 -L0 LB -20 -25

- T s _
! N &
z. N
i PN
GRAVITY 6 % NEG. \ \
_ .
— i
DROP -] e b
) e J
wd&g 4
" | N /
=} 5 4 o .
ey B t: 1 ""\E
\N\ o 4'/
el A
33 T~
o
o
o
1l
>

/ -
¥ -2 :;’“"<
b c \'5"
DROP
X//
y . ‘t —e
WG !
|
T M = A |
25 20 15 10 5 o -5 -G -5 -20 -28

DISPLACEMENT, ¢ (MICRONS)

FIGURE S2.

VIBRATOR

RADIATION PRZSSURI O A 2MALL SPHERE

© IO A A AN T T




P
ﬂ

| <m3.2n>_.w ch_.—,_oz
ENERGY DENSITY, E

Z,

s

PR, L

ST .

R RI




e e s e T N RS T o F s e

3 |
N\ R

.8t - _ i |

\\s\z FLOW | i

B-LONG AXIS NORMALI™ \

c TO AIR FLOV/- '\ j
4
2

i |

(o) 2 4 6 8 LO ;

€

VIGURE 54. CURVATURE PUNCTION, G, V3. EBCCENTRICITY, e, FCR AX GRIATE
SPHEROID

I



