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ABSTRACT

A critacal review of the bfeakup of liquids 1s miven, with emphas:s on
liquid drops. Evidence is presented that the breakup 1s a Fate process
afid hence must be considefed from a fime-dependent approach raihef
than {fom pufelv dimensiofiless pafameters. such as Webes or Bond
numbers.

A theoretical model of the aerodynan:iic breakup of hqu:d drops s de=
veloped, postulaiiig that the dual bFeakup mechanisms {bag and stripping;
of hiquid drops result from pressure and frictional dfag on the drop.

The deFivation of a quahtitative ekxpression is presented, predicting
aefodynamc breakup times of liquid dfops as a function of the gas-tiow
properties and the physical pFoperties of the dfop. A guantitative ex-
pression is also deveéloped that predicts the mass:meait thaineter of
droplets produced by.aerodyiamic bieakup of the drop 4s a funciton of
the gas:flow properties afid physical pfopefties of the drop.

Using shock-tube techniques, a conipfehensive, experimenial parametiic
study was condudted on thé-breakup times of drops of watef, mercury,
bis, ahd three silicone fli1ds with diffefent viscosities. The results

1fe compafed to the available theories: und are shown 4 be 1n vety good
agreement with the precéding theory

Af ekpefiniental study of the size distribution of droplets produced by
the breakitp of bis droplets was conducted for various gas-fiow vejocities
and :ni1al drop si1zes. The resaits afe showh to be 1n good agreement
with the developed theory.
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WTRODUCTION
Knowledge of the dispersion (atomization, disseminati~., or breakup)
ciaaracteristics of liguids s of importance in a wide variety of apphca-

tions, including

. Liquid-fuel atom:zation in rockets, interrnal-combustion engines,
and gas turbines

® Iinsecticidal and agricultural spraying

] Spray drying

° Meteorological studies
. Production of aerosols for therapeutic work and chemical/biological
warfare

The mechanism of dissemination of hquids 1s nct well understood There
1 no general theory ava:lable with which o estimate the particle-size
distribution of a l:qu:d as a function of the physical properties of the hhquid
o: to evaluate the atomizing technique employed and its operating conditions
Nevertheless, many features of the dissemination process have been eluc:-
dated from considerable experimental work and some limited theoret:ical
work performed over the years (References | through 5.

The factors that influence the breakup of liquids are, to some extent, a
function of the techniques used for performing the breakup, e g., explosive
dissemination. nozzle dissemination, and electrical dispersion Generally,
factors that have been found to influence the breakup of liquids include the
surface tension. viscos:ty and density of the hiqmid, the dencity and
viscosity of the gas (or other fluid) through which the liquid 1s moving. the
relative velocity between the liquid and gas, the wavelength of any surface
disturbances resulting 1n instability. and the hydrodynamic properties of
the gas flow (laminar. turbulent, sub- or supersomc, etc.)

The physical properties of the liquiad and of 1ts environment define part

of the p-eceding factors in a given case, whereas the techniques emploved
for dissemination define the remainder of the factors For example. 1t 1s
well itnown that the efficiency of atomzation and dispersion of a hiquid
through an injection valve depends both o1 the properti~s of the hquid

{for 2 given shape of the orifice) and on tne shape of the orifice (for a
given iiquid)




Th. e is evidence that atomization of a liquid occurs in several stages,
and that there 1s hittle difference whether the breakup of the liquid 1s
brought about by the emergence of liquid into still air at hieh speed from
a nozzle, or by the interaction of a stream of liqu:d and . fast-flowing
gas stream. The various stagzs occur in the following order:

a. Stretching of the liquid :into films, sheets, streams, or jets as a
result of accelerating the liquid by some prescribed means.

b. Initiation of small disturbances at the surface of the liquid, in
the form of local ripples, protuberances, or waves.

c. Formation of ligaments as a resalt of air {fluid) pressure and
shear:ng forces.

d. Collapse of ligaments 1nto drops as a result of surface tension

e. Further breakup of these drops in movement through the air or
other fluid.

This report is concerned with a theoretical and experimental investigation
of the last of these stages, i.e., the aerodynamic breakw, . hqud

drops. The studies have emphasized the mechanism and rate of the breakup
process, with some attention directed to the resulting particie size of

the dispersed aerosol. Also considered was "e role of the physical prop-
erties of a liquad drop on its dispersion characteristics.

SUMMARY

A critical review of literature on the aerodynamic breakup of hquids s
given, with emphasis on liquid drops. It is shown that the breakup of

any geometry liquid may be consiaered to occur in two main phases:

(1) the shearing of sheets, films,or jets from the Jiquid by the gas-flow
forces, and (2) the rapid breakup of these liquid streams by instabihities,
which grow exponentially with time. The breakup of liquids 1s shown to be
a rate process and hence must be cons:dered {:uin a time-dependent
approach rather than from purely dimens:onless parameters, such as
Weber o Bond numbers

A theoretical model of the aerodynamic breakup of hiquid d:ops 1s de-
veloped, postulating that the dual breakup mechanisms (bag and stripmng!}
observed for hquid drops result from pressure and frictional drag on the
drop. The frictional drag 1s usually greater than the pre:cure drag;

-2-
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however, the original deformation of the drop produced by the aerodynamac
flow produces a sharper curvature at the outer edges of the drop than

in the middle of the drop. This curvature produces & higher surface-
tension pressure at the edges than in the naddle of the drep. The surface-
tension prescsure resists liquid deformat:ion by the gas pressure, and
hence drops undergo bag breakup for velocities near the critical velocity
required for breakup. For higher velocities, however, the friction stress
at the drop odges becomes larger than the surface-tension pressure; the
drop then undergoes stripping breakup, since the triction stress is

greater than the precsure stress. For certain conditions, the drop ex-
hibits the characteristics of beth bag and stripping breakun.

Quantitative expressions are derived to predict the breakup times tor
both the bag and stripping breakup of liyud drops with given physical
properties (size, surface tension, and viscosity) subjected to aerodynaruc
flow of a given velocity. These expressions are based on how quickly the
middle of the drop can be sheared away from the edges of the drop (bag
breakup). and how quickly the edges of the drop can be sheared away from
the middle of the drop (stripping breakup). For most practical situations,
however, one expression is sufficient to describe the breakup times as
accurately as they can be measured. The breakup time t is shown tc be
given by

t = d

[(AZ +BP)1/2 _ A]

16 2
= —'l . B S oo
dpl Py
1 2
Pz ewmg ul- —_
2 ¢ d
where
d = the original drop diameter
n = viscosity of drop
2 = surface tension of drop
0y = density of drop
P, = density of gas flow
u = velocity of gas flow




For low-viscosity liguids and negligible surface-tension furces (either
low surface tersion or high velocity),the preceding equation simplifies
to

1/2
d P
e (=) (=
pa

For very-high-viscusity liquids and negligible surface-tension forces,
the equation becomes

It is shown that the proposed breakup model can probably be modified te
include the erosion of s0lid particles in gas streams.

A theoretical mode!l is developed for the breakup of the liquid film (or
sheet) sheared from the drop by the gas flow; this breakup produces the
droplets that are formed by the breakup of the drop. The liquid pieces
produced by breakup of the film (and which subsequently form into drops
by surface-tension forces) are considered tc have a thickness that is de-
termined by the shearing of the film from the drop, a width determined by
divergence (expansion) of the sheet as it leaves the drop, and a length
determined by the growth of instabilities produced in the lengthwise direc-
tion (parallel with the gas stream) of the sheet by the gas stream. The
mass-mean diameter, D, of droplets produced by the breakup of the
original drop is given by

136 n o 3/2 g 129 113
D =

1/2 4
pazpllu

(The velccity and initiai drop-diameter dependence predicted in this equa-
tion has previously been found experimentally by Weiss ani1 Worsham.)

A compreliensive, experimental parametric study hzs heen conducted nn
the breakup times of drops of water, mercury, bis, and three silicone
fluids with widely di{ferent viscosities, employing various flow velocitics
and drop sizes. The liquids were chosen to include a w.de variatioa o1

-4-
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physical properties, which were investigated using shock-tube and high-
speed photographic techmiques Descriptions of the experimental apperatus
and test procedure iire presented in detail, and the o:.s:inal experimental
data are appended. Experimental breakupr times are con.pared to avail-
able theories, and are shown to b« 1n very good agreement with the de-
veloped theory. The results are also in agreement with the Gordon
theory, 1f the surface-tension pressure used by Gordon 1s decreased by

a facter of two to fecur. Experimnental photographs of the breakup process
demonstrate that the bag and stripping breakup mechanisms are separatcd
by a (ransition region that includes characteristics of both modes of
breanup behavior as predicted Various characteristics of the breakup
process are discussed,including the change of drag coeisicient with iume

An experimental study was performed to sample and assess droplet-size
distributions resuli'ng from the breakup of single drops of bi1s subjected
to various aerodynamic flow velocities and exhibiting beth mechanisms ot
breakup. The mass-mean diameter of the resultant drorlets was found 1o
be 1n good agreement with the derived equation.

1t 1s conciuded that the present breakup theory 15 probably adequate to
describe the breakup times of l:quid drops of any liquid. the derived mean-
drop-size expression 1s probably adequate, but needs further checking
using other hquids. Further studies are alse required to eilucidate theo-
retically the entire drop-size d:stribution function Associated conclusions
and recommendations are ulso discussed

DISPERSION BACKGROUND

3.: DiISPERSION OF BULK LIQU.D

Breakup of a moving jet of liquid was first treated theoretically by Rayleigh
{(Reference 6) and later extended »y Webker (Reference 7,. in these
treatments small perturbations or disturbances acquired in the shp
streains at the nozzle ‘or base of the l1iquid, are shown to be carried for-
v'ard with ihe jet at the samne timne griwing exponent:aily unti! violent
instability occurs tollowed by breakdown of the ii1gu:d corumn. At low

jet velocities, the air does not appreciably affect the shape of the jet, and
rotationaily symmetric (varicose; disturbances are tormed on the cvlindri-
cal jet  The disturbances are assumed to grow in conformance with the
equation

S = 5, exp (q') cos {27 x/\. (i)

0
wm
]




wher-

S = amplitude of the disturbance at time t 2nd d:~iance x
from the nozzle

S; = average initial amplitude of the disturbance imparted to
the jet stream at its base (the nozzle}

q = rate of growth of the disturbance cf wavelength )\
Breakup of the jet intoc droplets occurs where the jet is nicked off by the
growth of the varicosity. The wavelcngth thul dominates the Lre (kup is
the optimum wavelength, X .., for which the rate of growth is a maxi-

mum, i.e.. qn. The breakup criteria is: S, exp (q,, 1)) = dj *2, where dj
is ihe jet diameter. Breakup time, t, is then given by

ty, = (l/qm) In (dj/ZSi) (2)

The optimum wavelength according to Weber is

2 1/2
12 n 1/2
Nopt = 2% may | 143 (——) 3)
) op. d.
17) 1
where
n - viscesity of liquid jet
« = surface tension of liqiid jet
p) = density of the liquid jet

Assuming the average jet diameter 1s equal to the diameter of the jet
orifice, the average diameter, d, of the spherical drops initially produced
by breakup of the cylindrical )et is

= 1/3
d = [1. 5d;° Ropz] (4)
The growth rate of the optimum disturbance is given by

1.5

Vam = (0017 4 +3 ity 5

-6-




The breakup distance 1s Ly, = u t, Wwhere u 1s the jet velocity Thus,
Ly, increases with increase in jet veiocity whiie 1y, 1s mndependent of
velocity

As the velocity of the jet 1s further increased. the breakup : to drops
betomes partially influenced by interactions of the jet with the air. The
air velocity increases over the wave crests and decreases over the
troughs; simultaneously, the pressure decrzases over the crests and
Increases over the troughs  The net result 1s that the optimum wavelength
for breakup decreases, and the growth rate of the optimum waveiength
disturbance increases, leading *~ 2 decrease in breakup timc breakup
distance, and resuit:ng drop size with an increase in jet veiocity. As
the jet velocity 1s stiil further increased, the jet becomes sinuous \wavy!)
1n nature as a result of increased surface i1nteractions with the air, the
faster the jet velocity the more the wave motion 1s intensif:ed. The
wave motion leads to rap:d breakup of the jet into drops However, the
treatment of this case by Weber 1s sem:-emperical in nature, and does
not lead to simple equations by which the breakup characteristics of the
jet may be readily predicted

The theoretical results of Rayleigh and Weber have been verified by
various exper:mental studies (References I through 50 As shown by

the study of Haenlein (Refererce 8, four characteristic breakup forms
were evidenced 1s the jet velocity was increased viz. drop formation
without air influence, drop formation with air influence wave formation
Jeading to drop formation. and immediate compiete disintegration of the
jet into drops. The latter situation, wh:ch was no: discussed by Rayleigh
and Weber 1s generally the situation that occurs :n practical apphications

Castleman {Reference 9 considered the breakup of a high-velocity jet to
occur through the formation of ligaments or threads which are drawn
from the main jet m25s and collapse because of their instabiiity into a
number of drops. The higaments arise through a:r {ricrion on the jet

an effect that causes surface distu.bances to grow according to the
Rayleigh-Weber theory At higher a:rspeeds, finer higaments are formed
and break up to form smaller drops, higher surface tension wou'd cause
qu'cker collapse of the ligaments beiore hey are drawn toe finely and
would result in larger drops  These trends «re verified by experiment

Fogler and Kieinschmidt -Reference 10. cons:der the 1:quid 10 be drawn out
into thin flat sheets or films rather than ngaments or threads The
waves in the f:lm bwiid up rap diy and cruse a whipping of the srrface so
that 1t curis back on itse!f to form a hol.ow tube  Such a tube 1s unstable
and breaks off immediately into a series of hoiluw spheres, which form
droplets




Schweitzer {Reference 11) stressed the ymportance cf turbulent flow on

the breakup of high-velocity jets. The turbulence gives the liquid a radial
component of velocity, helping to overcome the surface-tensic-. iorces,

and providing surface disturbances for interactions with the air. S:hweitzer
considered turbulence to be the dominant factor in the breakup of very-high-~
velocity jets, with air friction enhancing the process, he concluded that
viscosity is the most important liquid property that influences the breakup
of liquid jets. The turbulent breakup mechanism would help explain the
fourth characterisiic breakup form observed by Haenlein.

The views of Schweitzer regarding the effects of turbulence on the breakup
of high-velocity jets are also supported by the work of various owe.
workers (References 1 through 4), including Merrington and Richardson
(Reference 12) who found that the mass-mean droplet diameter, d, depended
primarily on the jet velocity and the liquid viscosity; no influence of nozzle
size or shape was detected. Their experimental data at high velocities
satisfied the emperical equation

0.2
duj = soo(q/pl) (6)

At lower jet velocities, the drop size reached a limiting value, as expected
for varicose breakup (refer to Equation 4).

Ohnesorge (References 1 and 3) concluded that the breakup of liquic jets
occurs quite generally ir three different stages. with the particular stage
depending on the value of the Reynolds number, Re, of the jet. These stages
consist of varicose breakup, sinuous breakup, ard direct atoimization from
the nozzle; the stages are separated, consecutively, in a plot of the
Ohnesorge number, Z, versus Re, using the lines given by

Z = 1.025 - 5.08 (10-%) Re (7a)
Z = 1.430 - 1.42 (104 Re (7b)
z = nltepap'/? (7c)

Re = u d./
141 3 u

These relationuships show that the jet flow chany-. 'romn » laminar to a
turbulernt behavior as the velocity is increased.

-8-
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Dityakin and Yagodkir (Reference 13) concluded that fluctuations of the
jet-flow velocity and the density of the ambient medinm lead to a decrease
1n the average dropiet size produced by jet breakup, 2: wzll as to a dis-
tribution of droplet sizes.

Dunne and Cassen (Reierence 14) investigated (he instability of a liquid

jet with a velocity discoatinuity (shock) superimposed on the jet. They
found that the perturbation grows in time, and 1s propagated through the
jet as a thin-disc, rotationally symmetric wave whose velocity is the mean
of the instantaneous particle velocities immediately in front of and behind
the discontinuity. Eisenklam and Hooper (Refesence 15) suggested that
the breakup of very-high-velocity jets could be partially produced by the
internal pressure of the liquid, and could periodically alternate with the
turbulent breakup mechanism.

Middleman and Gavis (Reference 16) found that capillary jets of liquids
expand or contract upon 2jection, depending upon conditions of ejection

and fluid properties. Straubel (Reference 17) showed that an electrical
potential placed across an injector effected fine atomization of a previousiy
coarse stream. Miesse (Reference 18) found that a transverse ambient-
pressure oscillation brought about rapid mixing of a pair of adiacent streams.

Weiss and Worsham (Referenre 19) studied the drop sizes obtained on
injecting a cylindrical liquid jet of a synthetic wax into a large, hot air-
stream sustained at high velocity. The relative velocity,uy, between the
liguid jet and the airstream was found to be the variable having the largest
effect on particle size. The mass-median diameter of the drop size

was found to be approximated by

-1.33 0.08 0.16 0.34
d = Uy Vool Dan l’\l [] + paolna]

1nj (8)
where
vinj = 1njection velocity of the liquid
Din} = diameter of the jet
Pyo = dersity of the air at 300°F and l-atm pressure
= air densit
Py air density




The inv. rse velocity exponent 1. 33 compares to a value ot 1.0 found
eariter by Nukiyama and Tanasawa (Reference 20) for small pneuamatic
atumizers, and to the value of 1. 1] for a metal alloy and 1. 68 far a wax
found by Marshall {(Reference 21) for large venturi atomizers.

Weiss and Worsham concluded that: "The atomization of liquids by

large, high-velocity airstreams occurs by direct action of the airstreams
on the exposed liquid surface. Therefore, the relative velocity between
the liquid and the airstream is of primary importance. Physical prop-
erties ot the fluids do affect spray fineness, but their net influence is
less critical. The exact way :n which the liquid is introduced to the air,
i.e., the geometry and operation of the injecter, is of least importance,
particularly at very high air velocities and for customary range of
variables. "

The preceding conclusions appear to be generally applicable under all

¢ 1tions in which high-velocity gases are involved, with the exception
of conditions where high-vapor-pressure liquids are concerned (in
which case -raporization may also be an important parameter).

The breakup of a tangentially moving liquid sheet, or a conical film

such as may he produced by a swirl type of injector, has been considered
by various investigators (References 22, 23, and 24) to occur in much the
same manner as that of a plain jet. sSmall disturbances in the sheet develop
tc form waves, which rapidly grow and break up the sheet; in addition,
holes often appear in the sheet. Squire (Reference 23) deduced the optimum
wavelength to be given by

Aopt = 4 wo/p, uZ (9)
where
0, = air densaty
u = relative tangential velocity <{ the air

The maximum growth rate is
1/2
Aqn = 2 "U/Ropt}[z rr/pl qu (10)
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where b 1s the film thickness. The average drop size prodaced by the
breakup 1s

[ 2, 11/3
d = '6b xopt /Trj (1D

Equation 9 may also be used for estimating drop-size values in the sinuous
breakup of liquid jets. It is of significance that Equation 11 predicts the
drop size to vary inversely as the 4/3 power cf the relative velocity, as
found by Weiss and Worsham (Equation 8).

Borodin and Dityakin (Reference 25) showed that the possibility of several
predominant wavelengths leading to breakup could lead to a distribution
of drop sizes. Yeik et al {Reference 24) assumed that each wave-fornm:ed
ripple on a liquid sheet behaves as a circular jet of radius (bx/ﬂ)l/z and
obtaired for the drop size

d = 2(bx gpp) /2 (12)

Equations 11 and 12 have both been shown to be in fair agreement with
experimental data.

Taylor {(Reference 26) considered the acceleration of two fluids in contact,
and showed that the boundary between high- and low-density fluids will be
unstable when the acceleration (or force) is directed from the low-density
fluid to the high-density fluid. This destabilizing influence is known as
Taylor Instability. Acceleration from the denser towards the lighter
fluid exerts a stabilizing tendency. The relative tangential velocity on a
flu.d 1s always a destabilizing influence (known as Helmbholtz Instability).
Richtmyer (Keference 27) has ~onsidered Taylor instability in the shock-
acceleration of compressible fluids.

3.2 DISPERSION OF LIQUID DRQP3

Lane (Reference 28) conducted one of the first comprehensive studies ot
the aerodynamic breakup of liquid drops in an air siream. He subjected
a water drop to an essentially steady (gradually increasing) air strea,
and found that it becomes increasingly flattened; at a critical velocity of
air, the drop was blown out in a concave manner intu the form of a hollow
bag attached to a roughly circular rim. Bursting of this bag produced a
shower of very fine droplets, and the rim, which contained at least 7% of
the mass of the original spherical dre~ "i-oke up later into larger drops.
This iype of breaxup is known as bag brea..up.
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Larne pointed out that the phenomenon has special interest 1n connection
with the atomization of sprays in that in both cases the mass fraction of
very small particles produced is small, and that these small pu.icles
result from the breakup of a stretched film. He found that the crit.cal
velocity, u., required to break the drops was given by: (ug -v)2d = 612,
where v is the velocity of the drop at breakup and @ is the diametcr of

the orig.nal drop. A relationship of the form

Cq p, (0-V)%/2 =4c/d

was expected on theoretical grounds, where Cj 1s the drag coefficient of

a sphere. This work led to a value of the constant of about 1200 rather
than 612. However, since the drop does not remain spherical but approxi-
mates a lens shape before it bursts, the drag coefficient should be closer
to tl.nt given for a circular disc {about twice the value for a sphere),
yielding a value of about 600 for the constant.

Equations of the form of Equation 13 have also been used by other early
ivestigators of droplet breakup (References 1 through 4). The interpre-
tation of this equation 1s that the relative flow velocity is brought to rest
in front of the drop at the stagnation point and is converted to a pressure
This pressure pushes the interior of tl.e drop more than the sides of the
dro- (as a result of pressure distribution), so as to form a bag, which
then breaks. Viscosity was found to influence the breakup uniy when it
was very great, and then only tended to retard the breakup.

The breakup of drops subjected to abrupt, fast (transient) air blasts was
also studied by Lane. In this case, the drop deformed :n the opposite
direction to that of bag breakup, and formed a convex surface to the flow
of air, the diameler keing about twice that of the srigiral spherical drop.
The edges of the saucer shape were first drawn out into a thin sheet, then
into thin filaments that broke to form drops. This type of breakup 1s
known as shear breakup or stripping break.p.

it was founaq that the velocities required for breakup in the fast blasts were

(13)

lower than in the steady stream, the diveryg.ace .ncreas:ng for small drops.

This effect was explained by scme work of Taylor, who deduced that

(ug -v) steady ~ 21/2 {uc - v) transient- A measurement of the drop sizes
produced by the breakup of a drop showed the resultant mean-mass drop
size decreased with an increase 1n velocity.

-12-
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Calculations by Taylor (Reference 28) of the boundary-layer thickness
(and hence resultanc drop size) of the drop undergoing strippiag were
roughly in agreement with experimental data cbtained ot low air velocities,
but were too large at the higher velocities.

Hinze (Reference 29) theoretically investigated the breakup of liquid drops
in a gas stream by an examination of the shight deformation of the glotules,
using linearized hydrodynamic equations. He found the critical condition
for breakup of a nonviscous liquid suddently exposed to a constant-velocity

gas stream to be

§/R = 0.17 We [SEA
where
6 = deformation of the drop in the radial directin
R = initial drop radius

In Equation 14, the Weber number, We, is defined by

We = oaqu/o‘ (15)
where
P = gas (air) density
u = relative velocity between the drop and gas stream
o = surface tension of the liguid

For liquids with large viscosities, Hinze found

5/R = 0.095 We (16)

Hinze thus associated the breakup of liquids with a c¢ritical value of the

Weber number. For the cases of the breakup of a hquid in a continuously
increasingly gas flow (e.g., a falling drop), the constants in Equations 14

and 16 should both be 0.095. The correlation of these equations with

limited experimental data of Merringtcn and Richardson (Reference 12)
suggested that the critical value of §/R, i.e., (8/R)U,. is generally of the order
of unity for breakup; however, h:zhly viscous liquids required larger +tlues

(e. g., about 2 in one case).
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The breakup time, t},, of a nonviscous liquid was computed to be

t, = (1. 16 R/u) l(pl/pa) (6/R)C,.] 112 (17)

and that of a highly viscous liquid was found to be
t, = (10ny /p ,u%) (8/R)er (18)

It should be noted that Equations 17 2nd 18 do not include the case of medium
viscosity effects; in addition, the values of {(§ /R)., required vary with the
viscosity.

An experimental study of the aerodynamic breakup of liquid drops was
conducted by Hanson et al (References 30 and 31). These investigators
found, as opposed to the findings of Lane, that it is possible to produce
bag breakup under suddenly applied (transient) flow conditions if the air
velocity is only slightly greater than the critical velocity. When the air
velocity is considerably above the critical value, shear breakup always
ozcnrs. They also found that with some drops undergoing bag breakup,
the bag develops a reentrant portion near its middle; this so-called
"stamen'' increases in length with tiime, and in some cases completely
in* erts the bag before breakup occurs.

Also observed was that small dark spots surrounded by concentric rings
appeared in the bags (it was not known whether these were the beginnings

of rupture). A general conclusion was made that the passage of a normal
air shock over a liquid drop does not of itself cause breakup, but rather

that it is the relative velocity between the drop and the stocked air which,

if sustained for a sufficient time, will cause the drop to break up. The
breakup of distilled water, methyl alcohol, and three silicone o:ls wath
viscosities of 10, 50, and 100 centistokes, over the 100- to 700-micron

range of drop diameters was found to obey the following emperical equations:

u. 2d = 6.21(106) (19a)
u. 2d = 2.71 (109 {(19b)
uct8a = 9.69 (105) (i%¢)
w24 = 6.84 (105) (194)
u 38 = 2,32 (105) (i5¢)

-14-
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where d is the drop diameter in microns, u 1s the gas velocity 1in ft/sec,
and the subscript ¢ denotes critical quantity.

The dependence of critical velocity on surface tension for constant drop
size was found *> go approximately as the surface tension to the ore-third
power. This effect contrasted with the one-half power variation found

by Lane. The studies showed a negligible effect of viscosity in the cri-
tical breakup velocity for viscosities of about 10 centistokes or less,
above this value, however, the effects became significant. Increasing
viscosity increased the critical velocity required to break up a drop ot
given diameter. The trend became more pronounced as the drop diameter
was decreased.

Priem (Reference 32) studied the breakup of liquid drops by shock waves
and concluded that the drops were broken up by the high gas velocity belind
the shock front. A similar conclusion was reached by Sato (Reference 33)
on the basis of photographic evidence.

Magarvey and Taylor (Reference 34) studied the free-fall breakup of large
liquid drops and concluded that the regular breakup is not triggered by
internal wibrations. As shown in Reference 35, the time t, (period)
required for a complete oscillation of a liquid drop fcr the nth spherical
function (harmonic) is given Ly

t, =[3'n'm/a-n(n-l) (n+2)]”2 (20a)
where m is the mass of the drop.
The case of n = 1 results 1n no motion, i.e., the shape of the drop s

spherical; the case n=2 is that of the slowest vibration and represents
deformation into what is close to an ellipsoidal shape. In this case

t, =[3nm/8¢]”2 (205)

Ti.e casesof n=3, 4 ..., correspond to more rapid partial vibrations to-
ward the ellipsoidal shape; these vibrations are anharrnonic because their
periods do not have a direct reiation to the period of the ellipsoidal de-
format:ion.

Engel (Reference 30) photographically siudied the breakup of w=ter draps

behind an a:r shock. She found the drops, which und:~went shear hreakup,
to first flatten on the leeward side subsequent to the passage of the shock
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front. This affect 'was foliowed by a radial flow oi the drop to give a

ring shape, which was then bent in the wind direction by the airflow. The
deformation was accompamed by streamers of mist torn off by $-2 moving
boundary layer. Flattening of the drop perpendicular to the dizectiv T of
the airflow 1s the result cf the pressure distribution around the drop.

According to Burgers (Reference 36),the preceding effect is itially
described by

d_. = pt? [3Rp (21

ouL

where dgys 18 the outward displacement at the equator of the drop
(perpendicular to the direction of the airflow at time t}, p is the density

of the liqu d drop of radius R, and p1s the pressure difference between
either the windward or the leeward-face stagnation point and points around
the equator of the drop.

After the imtial rapid flattening, the de‘ormation remained approximately
invariant with time, and finally increased again (but at a slower rate than
the initial increase). In the final stages in the breakup of the drop, a
distinct corrugation appearedinthe windward face, an effect whica may be
caused by surface waves produced by the wind that blows out radially
around the stagnation point. The crests of these waves may break or be
blown off, and breakup of the remaining portion of the drop into separate
sections can then occur.

It is possible that a hole forms 1in the center of the hquid, forming a ring
that breaks into droplets It was found that large drops lag behind small
<rops in deicloping various stages of fragmentation {this behavior decrcasced
as the flow velocity was increased). A change in velocity was found to be
more effective on the rate of breakup than a change in drog diameter.

Rabin, Schallenmuller, and Lawhead (References 37 and 38) investigated
the acroaynaric breakup of burning and non-burning ligquid drops They
found, as did previous investigators, that the flow field following the rela-
tively weak shock causcs the droplet breakup, rather than any impulsive
action of the front itself The critical velccity required to hreak up a
burning drop was found to be slightly lower than for a non-burnming drop (an
effect attributed to the lower surface tension of a burning drcp). It may
also be noted, however, that the boundary layer around the harniag drop
will also differ frcm that of a non-burning drop Both bag and shear
breakup behaviors were observed.

-16-
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An analysis of the data revcaled that the breakup mechanism (bag vs shear)
could not be explained on the basis of the flow duration as related to the
drop vibrational period (Equation 20b). Data of Lane «ad of Hanson et al.
(Reference 30 and 31) alsn were not explainable on this basis. At velo-
cities greatly in excess of the critical value, only shear breakup was ob-
served. at elevated gas pressures, only shear breakup was observed, and
the critical velocity decreased. The critical velocity that  ould just cause
breakup for short-duration {low was found to agree with the equation

We / Re M2 >g, 45 (22

where the Reynolds number 1s based on the sphere diameter, and the Weber
number is based on the sphere radius. The drag coefficient for burnming
and non-burning drops was found to be approximately umty.

Gordon (Reference 39) has derived an expression from Newton's second

law for the aerodynamic breakup of liquid drops undergoing bag breakup

(it appears, however, that the results are also applicable to shear breakup,
as shown later in this repert)., An assumption was made that the stagnation
pressure at the front of the drop extrudes a cylindrical plug from the drop.

the extrusion is retarded by svrface tension, viscosity,and inertial

forces. The acceleration of the plug is given by

d\“ P 1 ]’2 2 /
eNee T aNMMEn T SwsSas d - {8 dy -
& o o Pau” - (8o/d) - (16n v/d) (23a)

wheve d 15 the drop diameter, P 13 the resultant pressure on the {ace of
the drop (composed of the stagnation pressure minus the surface tension
pressure minus the viscous pressure), u is the relative velocity between
the drop with surface tension, ¢. and viscosity, n, and the air stream w-th
density,n,, and p) 1s the liquid density. Integrating Equation 23 gives the
velocity of the plug as a function of time

v = (A/B) {l - exp(-Bt)}

{<3Db)
where
2
nyu Ho 16n
A & cesammes - o , B o= S (‘:3()
Zpld pil! plu“




Integrat.ag a second time gives the plug displacement as a function of time,
and considering breakup to occur when the displacement is equal to the
drop diameter gives

2 (169) 16nt -l6nt
= 3 -1+ exp -——T (24)
p)a2 (o Ju2 - 160/d) pyd p,d

where t is the breakup time. This equation simplifies for special cases.

Thus
t = (2d/ulpy/og) /2 ; for n< <du$pap})llz (25a)
r<<du‘p,
t = 32n /paul ; for n>> du (papy) 1/2

o< < du®p, {25b)

Equations 25a and b may be compared with Equations 17 and 18 as derived
by Hinze. Except for a constant factor, the equations are identical. A
useful approximation to Equation 24 is

2dp) /2 327
t = t (26)
(paul - 16 /@12 5 u2 . 160/d

Gordon states that this approximation is never too small, and is at most
37% too large. (Experimental data were not available for a rigorous test
of the Gordon theory at the time of its publication.) His theory is com-
pared to results of the present experiments in a iater section of this report.

Dodd (Reference 40) considered the bag breakup of liquid drops and argued
that the critical velocity required for breaxzup is the velocity that makes
the radius of curvature of the deformed drop a minimum. He concluded
that the form of the condition for breakup is the same as that found by
Lane, i.e., Equation 13.

Morrell cunsidered the breakup of liquid drops and of jets by transverse

shocks i1n a series of papers {Reference 41, 42, and 43). His results with
jets are directly related tu drops, since breakup was consider :d under
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conditions where the breakup was due entirely to the transverse shock and
not to the jet instability per se  Originally (Reference 41, he utilized

the method of Hinze {Reference 29, for drops and derivid an analogous
breakup-time expression for a cylindrical jot. He »bserved experimen-
tally that the breakup occurred by a shear type of mechanism (the breakup
time was found to depend on d,/u). However, large values of §/R were
required to make the data agree with the theory Morrell pointed out that
his data, as well as those of Rabin and Lawhead (Reference 37) and of
Lane (Reference 28}, showed that the mumimum or critical Weber number
for breakup should increase as the imtial drop (or jet) diameter increases,
whereas the data repor.ed by Hanson et al.{References 3G and 31) and

by Volynskii {Reference 44) show the opposite The reasons for this
discrepancy are not apparent

In a later paper (Refcrence 42), Morrell derived an express:ion for the
breakup of drops as a result of stripping. it was assumed that the liquid
issuing from the periphery of the drop forms a sheet, which breaks when
the {rictional force on the sheet 15 equal to the tensile force of the hquid.
The time -dependence of the breakup was not considered, however. The
case 1n which the dynamic pressure causing breakup of the drop decays
exponentially, 1 e ,

pauz = pa,u,?‘ exp -/t

was also considered for both bag and shear breakup In this equation,

the subscript i indicates imtial values, and t, 1s the action time (time
constant) of the decay. Morreli assumed that when the action time 18
greater than the natural periud ty; of the drop {Equation 20b} or jet. the
liquid mass wiil oscillate and break by a deformation (bag, mechanism.
For t3<t,, the mass will not vscillate and will break by a stnpp'mg
mechamism. A reasonable correlation of the data was obtained using this
assumption. However, Rabin and Lawhead References 37 and 38, had
earlier been unable to correlate either their data or those of Hanson et al.
by means of a similar assumption.

It may also be argued that the drop can not imtially know einther the pres.
sure duration cr 1ts decay characteristics, and hence cannot know what
frontal shape tu assume (convex or concave) to help establish the breatup
mechanism
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In his later paper {(Reference 43}, Morrell states that the flow duration
{action time) merely aifects the extent of breakup. Deformatien breakup
appeared io become increasingly important as the velocity w.s increased.
The deformation & was determined (photographically) to be given by

o/R = 2+ 4 We/Rel!/2 (28)
where
We = paqufo
Re = pyuR/n
R = the jet or drop radius

Substitution of this expression in the equation originally derived for hreak-
up {Reference 41) gave a complicated expression for the breakup time as

a function of the Reynolds and Weber number. This expression always
predicted values of the breakup time that were low when compared with
the avaiiable experimental data. The similarities between Equations 28
and 22 are noteworthy, and the possible use of Equation 28 in Equations 17
and 18 derived by Hinze is also of interest.

. .orrell also derived a rate expression for the stripping breakup of jets

in his later paper, assuming the liquid to be stripped off in sheets per-
pendicular to the jet. The volumetric removal rate of iiquid from the drop
was taken as

Al 2d (29)
- oo = 1
dt bl

where V is the volume of liquid per unit length of jet, dy, is the thickness
of the liquid sheet {houndary layer), u,;is the average velocity in the
boundary layer, and the right-hand side of Equation 29 is to be evaluated
for the length of the sheet at breakup., This length, §, was assumed to
be given by Equation 28.

Integrating Equation 29 gives for the breakup time

t = wR®/ {2dyu) (30)
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A modified form of the general velocity profile suggested by Sandborn and
Kline (Reference 45) was used for the boundary layer, rather tharn the
exponential profile used earlier by Taylor (Reference 28). The boundary
layer thickness was found to be given by

dyy = (v, x/ub) /2 (31a)

and the average boundar; layer velocity by

uy = 10 bu (3 1b)
where

b = 0.04. (py/pp?/3 (valvp'/3 (31c)

and v is the kinematic viscosity, n /p.

Substitution of Equation 31 in Equation 30 gives for the breakup time

2/3 il3
Y na R Re 1/2
veos (=) () Tl (32)
Re

Pa b3
A comparison of the experimental data with Equation 32 showed satisfactory
agreement, except near the threshold (large values of t). It was in this
region however, that the breakup was found to occur by the deformation
mechanism. Equation 32 may be expected to also hold for liquid drops,
except for a small numerical con-tant (which accounts for the change in
geometry). The equation is compared with experimental data in a later
section of this report.

A theory of the breakup of liquids in high-velocity gas streams has re-
cently been presented by Mayer {Reference 46), who considered the wind
{airstream) to induce disturbances (waves o. ripples) in the fluid. Waves
of very small wavelengths decay because of viscous dissipation, and very
long wavelengths develop slowly because of inertial ~ifects. The other
waves grow at an exponential rate, which is determined by the fluid
properties.
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It was pcstulated that when a wave of a certain wavelength has grown to
an amplitude comparable te its wavelength, the crest of the wave is shed
as a ligament {rom which droplets (wKose diameters are proportional to
the wavelength) are also formed.

The derived mean droplet diameter for the primary breakup of the liquid
is

d=71.2 B_{{n l{o‘/pl)”z / pauaz] 2/3 (33)

where B = F/B4/3. The parameter F is associated with the crest configu-
ration at the instant of erosion, and the sheltering parameter, B, is
associated with the portion of the wave crest exposed to the driving effect
of the wind., The value of B is conceptually of the order of unity, and for
one specific case it was calculated to be about 0.3, Equation 33 predicts
that the average drop size should vary irversely as the 4/3 power of the
relative velocity between the liquid and the gas stream {precisely the
velocity effect on drop size found experimentally by Weiss and Worsham
in Reference 19).

When a liquid drop movses through a fluid {or vice versa), a shearing stress
{skin friction) is exerted on the surface of the drup, an effect that may set
up an internal circulation within the dieop. In addition, the drop will be
def~rmed as discussed previously. These effects significantly influence both
the drag and the stabality of the drop, and were studied by Bond and Newton
{Reference 47). These investigators showed that the relevant parameter

is the Bond number, Bo, which may be interpreted as being approximately
the ratio of the hydrodynamic head (accelerational or gravitational) pressure
to the surface-tension pressure of a liquid.

For a liquid drop accelerated through a paseous medium, the Bond number
may be written as

B Py - pa) i7" gy 3
°* P 4t 34)

where dv/dt is the acceleration of the droplet relative to its gas environ-
ment. Experiments have shown (e.g., Reference 12} that when the Bond
number of an accelerated drop exceeds a certain number (about 8 to 12,
although the exact value also appears to be a function of the viscosity of
the liquid), the drop becomes unstable and will probably break up. The
time required for breakup to occur, however, is not specifisd
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it may also be recalled from the previous discussions thit a critical
value of the Weber number 18 aisc usually required for droplet instability
and breakup. The Weber number {Equation 15) may b. interpreted as
being approximatiely the ratio of the drag pressure to the surface-tension
pressure of a hquid drup.

THEORY OF THE MECHANISM AND RATE OF BREAKUP OF
LIQUID DROPS

4.1 INTRODUCTION

A common assamption often made in discussing the breakup of liquids is
that when the maximum force tending to disrupt the liguid exceeds the
surface-tension force that tends to hold 1t together, the hiquid will burst,
1.e., Equation 13 18 often assumed to define the breakup criteria. This
assumption was used 1n the classical work of Taylor {Reference 48), and
has also been used :n many contemporary treatments of the breakup
procest {e.g., Reference 49). The assumption, however, 18 true only
for small rates of stress loading, and 1s not valid for high (e. g., shock)
loading rates, since the flow or breakup of a liquid has been shown exper:-
mentally to be a rate process Moreover, 1n any system in which the
stress tending to break the liquid undergoes a change in 2 time less than
the breakup timée of the laquad, 1t wali be expected that the assumption will
also be erroneous.

The preceding wall be true in many situations involving shock-loading of a
hquid. An examination of the various theoretical treatments of liquid
breakup summarized in the przvious section shows that only hydrodynamic
and mechanic approaches have been pursued Since the availabie evidence
suggests that the breakup of a iquid 15 a rate process, the breakup process
should perhaps be amenable to kinetic approaches hersiofore not used
This consideration does not indica‘e that the hydrodynamics and
mechanics of the problem should be 1gnored they should be incorporated
in the proper kinetic expression of the problem The proper kinetic
mndel should be capable of predictiag ® oth the breakup times of the hquid
drop and the imtial sizes of the resultant drops (perhaps without recourss
to assumptions previously necessary for solution of the problem). in

any case, the express:ons may allow a deeper elucidation of the roles of
both the physical properties of a ligquid and the hydrodynamical properties
of the flow tn  the breakup choracteristics of hiquids




4,2 waQUID FLOW AND BREAKUP A5 RATE PROCESSES

Evring (References 30 and 51) was one of the first to consider {low as a
rate process. He reasoned that for molecular flow to take placa in a con-
densed material {solid or liquid), it is necessary that a suitable "hole"

or site be available for a molecule to "jump't or flow into. Production of
the holes was pictured as being brought atout by thermal fluctuations of

the molecular energy, i.e., the molecular energy distribution continuously
provides a fraction of the molecules with enough energy to push their
neighboring molecules aside so as to form holes into which other molecules
will immediately jump.

An alternative picture was that in order for a molecule to jump to a
neighboring position, it has to acquire by chance a sufficiently high kinetic
energy (i.e., it must be activated), which enables it to leave the potential
sphere of its immediate neighbor to a new equilibrium position. In

either case, an {activation) energy of sufficient magnitude is required to
both form the holes or site of the new position and move the molecule into
the hole. Eyring argued that the energy required to form a hole ot mole-
cular size in a liquid is equal to the energy o1 vaporization per molecule
of the liquid. He pointed out, however, that a distribution of hole sizes
will always be available as a result of thermal motion, and that it may
not necessarily require a hole of moiecular size for molecular flow to
occur.

The absolute specific rate constant, ky, for any thermal rate process was
derived by Eyring (References 51 and 52) in terms of molecular constants,
and is given by

kT F*

ky - K-;- ';'1- exp (- AE*O/RT) = K-EE- exp {-AF*/RT) sec"l
where
K = transmission coefficient
k = Boltzmann's constant
h = Planck's constant
T = temperature (“K)
F* = appropriate part:tion function for the activated .nolecular
state
F, = appropriate partition function for the "nitial molecular state
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H

difference in the zern-point energies of the initial and the
activated state, i.e., the activation energy of the process
at the absolute zero of temperature {O%K}

%
AF.‘.O

R = gas constant

AF®

"

Gibbs' free energy of activation when the initial and ac-
tivated molecules are all in their standard states

Equation 35 gives the specific rate for any molecular thermal rate process.
The reciprocal of the specific rate constant, i.e., 1/k,, is the time it
takes for the specified molecular process to occur,

Eyring showed that to properly consider a flow process in a fluid as a
rate process, the specific rate constant {Equation 35) must be interpreted
as the frequency {specific rate) with which molecules jump in various
directions as a result of thermal motion in the fluid when there is no
applied stress. The influence of an applied shear stress on the specific
rate was then incorporated by multiplying Equation 35 by an appropriate
expression involving the shear stress. The resuiting specific rate is

LoLgL 1
kg = 2k, sinh Pyy sec” {36a)
2kT
also
LplsLl = L/N, {36b}
where
k, = absolute specific rate constant unde application of the stress
P_ = applied shear stress
xy
LpLjy = effective area of a molecular "flow unit" on which the force
is acting, i.e., the arza of the flow umt in the shear plane
L. = average jump distance of a molecular flow unit during the flow,
i.e., the distance between two cquilibrium positions in ihe
direction of motion
N, = average number of molecular~flow-un:t bombs per unmt area
in the shear plane of the flow unit
k, = thermal rate constant{Equati..: 35)
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The influcnece of the applied stress is to lower the activation energy
barrier, and hence the resistance to flow in the direction in which
the stress is acting.

Liquid flow is the result of shear strain, and the net velocity of flow
in the shear (axial) direction is

v = Lkg

The rate of shear of the liquid .s given by
dv /dr = ds/dt = « /L = Likg/L,

where Lj is the distance between the shear planes, and r is the radial
distance. Thus, Equation 38 indicates that the shear rate is equal to
the net number of molecular jumps/sec made by the fiow unit in the
shear direction, kg, :nultiplied by the average distance traversed per
jump, L, divided by distance between the fluid planes undergoing the
shearing, Lj.

4.3 BREAKUP MECHANISM AND BREAKUP TIME OF
LIQUID DROPS

When a liquid drop is subjected to a nonumiform pressure, a shearing
of the liquid will occur if the pressure is sufficient to overcome the
surface tension of the drop. The geometry of the ligaid undergoing the
shearing will depend on the (generally time-dependent) pressure distri-
bution on the drop. When the drop is subjected to ar aerodynamic fluid
{gas) flow, the total drag force exerted on the drop is composed of
two components, viz., the pressure drag due to the pressure distribu-
tion over the surface of the drop, and the friction drag due to viscous
shear at the surface of the drop (Reference 53). It is natural to believe
that these two individual stresses are responsible for the two (extreme)
breakup behaviors of liquid drops, and in particular that the pressure
drag produces bag breakup, while the {riction drag 1s responsible for
shear or stripping breakup. The preceding statement appears self-
evident; however. the breakup mechanisms of liquid drops havz never
been expla- .ed in this manner before. In the following discussion, this
concept is quantitatively developed.
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When a Liquid droup s subjected to an aerodynamic gas flow, the stress
produced by the gas fiow on and around the drop iniiatly deforms the
drop. it 1s known from photograph:ic¢ studies that the drop imtially

flattens on the leeward side. so that the drop diameter increaseps with
increase in time, and then rema:ns for a short time with an essentially
constant diameter while ligquid starts to be removed {sheared) from the
drop and carried in the gas stream (Reference 36) The drop then

starts to expand again this time very siowly with time while breakup s
occurring it 15 known experimental:y that the final 1essentiajly stationary)
drop diameter prior to breakup 1s only a weak function of the flow cond:-
1:ons and the properties of the liqu.d Aithough a knowledge of the exact
shape and size of the flattened drop before shearing 15 not essential to

the present stud:es. 1t 15 of interest to show that the rate and exent of
flattening is 4 function of the Weber number, and inciudes a mechamsm
whereby the lateral ilattening or spreading of the drop 1s impeded just
prior to the breakup of the drop, thus allowing the gas-{'uw stress to aiter
the direction of the 1quid flow with subsequent breakup of the hiquid

This 1mtial detormation of the drop a.so appears to have an influence on
the generzl mechimsm 1bag or shear. bv which the drop s dispersed

The pressure causing the :mitia: drop deformation 15 the air stagnation
oressure, which 1s opposed by surface tension and viscous stresses of
the deforming drop. The modei used by Gordon to describe drop breakup
(Refcrence 39; van be used to describe the drop deformat:on f the model
1s modified slightly Stagnation pressure prod: ces the lateral flattening
of the drop, and hence this pressure acts through a :atera: shear stress
The surface-tension pressure retarding the elongation arises from the
shape of the drop at any arbitrary t2me but may be considered 1o origa-
nate mainly {rom the head of the .atera.!y e cngating riquid :n the latter
phases of elongation. The shear stress causing the deformation wall be
roughly one-half of the norma. stagnation pressure

Velocity of the laterally flow:ng .iqu:d «drop deformation rate. g hence
given by Equation 23b. with a facter of 4 replacing 2 1in the A term  and

a new {unknown) factor K. rep.acing 8/d 1n the surface-tension expres-
sion of the A term  For both simplicity and purposes of 1llustration, a
ligmid 1s considered with a low viscusily, o that the exponennal term of
Equation 23b may be exp-nded with the retention of ony the iinear term
integrating Equaticn 23b iassuming a consta)* averaged K- Ky and con-
sidering the drup radius to be that of the or.g:nat spherical drop R, when
time 18 Zero

v — (39,




where a 18 the radius of the flatteming drop at time t. Thus, the rate of
lateral deformation of the drop is proportional to the difference oftwo
terms that involve the stagnation pressure deforming the drop, and the
surface-tension pressure resisting the deformation, For high gas flow
or low surface tension, the surface-tens:on pressure will originally be
small as compared with the stagnation pressure, in which case the
deformation rate is proportional to the stagnation pressure and the square
of the time, ard inversely proportional tc¢ the liquid density and the drop
diameter.

The preceding 15, interestingly, the same functional dependence found

by Burgers {Reference 36) for the deformation rate of the defornuag drop.
In fact, the pressure term in Equation 39 1s identical to the expression
developed by Burger, except that the Burger expression contains a factor
of 3 in the denomirator, whereas Equation 39 contains a factor of 2 (after
the other factor of 2 is included in the stagnation pressure).

While the liquid drop is being flattened by the stagnation pressure, the
curvature of the front of the deforming liquid increases. This change

in curvature increases the effective surface-tension pressure resisting
the drop deformation. When the curvature is sufficiently large, the drop
ceases to elongate, and the aerodynamic stress then changes the lateral
liquid flow to the horizontal direction, leading to shear and breakup of
the liquid.

The value of K in Equation 39 should thus be replaced by a function of
the deformation so that the surface-tension pressure increases with an
increase in deformation. More accurately, this function should be
included in Equation 23b before it is integrated to give Equatioa 39. The
nature of the function depends on the geometry that the drop assumes
during its deformation. This geometry is not known in detail, but aun
inspection of the available photographs on the behavior of liquid drops
in gas flows suggests that the drops initially assume approximately the
shape of one-half of an oblate spherind {i.e , a lateral half of an ellipse
rotated about its minor axis) before undergoing their final shearing
leading to breakup If this sequence is roughly true, then the surface-
tension pressure of the outer end of the oblate spheriod must support the
aerodynamic flow pressure before the final shearing leading to breakup
occurs,

Since the maxunum radius of curvature of an oblate spheriod iz R6/a°,
the value of K 1in Equation 23b can be taken roughly to de a3/R®. The
{essentiall stationary) drop diameter just prior to breakup is then given
by the solution of Equation 23b for v = da/dt = 0, i.e.. for 1/2p u? =
sa?/RO. Therefore

az= W R (40)
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where the Weber number 15 defined by Equation 15 This ecuation
illustrates the 'rscnsitive nature of the deformed drop size on the gas-
flow conditions and the phv 1cal properties of the hiqud drop  Although
Equation 40 gives only 2 rough quantitative representation »f the exper:i-
mentai data, its overall general agreement with eaperiment 1s reasonable
in view of the assumptions made, and indicates that a lateral-halt oblate
spheriod 18 not a bad approximation to the true shape of the deformed
drop. While breakup of the drop 1s occurring, the drop continues to
expand slowly,

For bag breakup, the formation and expansion of the bag aids the drop-
deformation process; for stripping breakup, the shearing i guud helps
weaken the surface-tension forces that prevent the drop irom expanding

Equation 39, as derived, 1s for low-viscosity liqmids it 15 known that
the rate of drop deformation also depends on viscosity when the viscosity
15 large (References 30 and 31}, The effect of viscosity 1s easily included
by retaining the exponential term in the integrztion of Equation 23b

Subsequent to the imitial deforming of the drop, the l.quid 1s either sheared
away from the sides of the drop (stripping breakup), or the maddle of the
drop is sheared away from the sides (bag breakup} This shearing pro-
duces a stretching of the liquid to form a fiim which ultimately breaks

to forin droplets. The breaking of the film 1s a very fast process, and 1t
is the rate of formation of this film by shear that thus controls the breakup
time of the drop.

The rate of liquid shear 1s given by Equation 38. H.gh shear stresses
cannot be built up 1n hiquids unless the liquid 15 extremely viscous, and
he~ce the hyperboli~ sine gucnnuty in Equation 36a wall always be a smalil
number. Since s:nh s+ x for small x, sinh ._Lny/Nak’i‘a - Lny,’NakT.
Therefore

2
dv L" k,

—

: P
dr L N_kT xy

(41

The rate of shear should be controlled by se!i-diffusion of the molezules
of the hquid, since a molecuiar flow 1s inveived i1n the formation of the
film from the bulk hiquid of the drop  if this assumption 18 trué, then the
coefficient of ny in Equation 41 can ke shown to be :denticallv equal to
tne reciprccal of the coefficient of viscosity of the iiquid +Referunces 50
and 51}. Hence

dv/ir= P_ in (42)




Equation 42 may be applied to the breakup of liquid drops as follows:
Consider a cylindrical tube of liquid of length d and radius R to be
shearing from a drop under the influence of an average pressuce head
Ph. At any point whose distance from the axis of the tube is r, the shear
stress is related to the pressure head by frrZPh= 2 nrdny. Hence

Pyy = Phr/Zd

Substituting Equation 43 in Equation 42 and integrating under the condition
that v = 0 when r = R {assuming av/dr 1s negative} gives

vz P, (R®-r?)/4dn

The maximum velocity occurs at r = 0, and it is related to the pressure
head by

Py = 4dnu/R%

TLez pressure head is the difference between the aerodynamic stagnation
pressure and the pressure required to provide the kinetic energy of the
liquid flow. Thus (Reference 54)

2
Ph = P - I/Zplv

Substituting Equation 46 in Equation 45

4dn v
P-= —T_.T"‘ + i/"".p‘v2
R !

where the velocity gives the time rate of displacemeat of the liguid being
sheared from the drop. To obtain the proper order of magnitude for the
breakup time of the liquid being sheared, it is assumed that I 15 the
radius of ne original liquid drop, and d is the drop diameter. Integrating
Equation 47 and assuming breakup to occur when the length o the tube
being shearea from the drop 15 2d gives the bre- "5 time
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d

t =
1/2

a2+ BP) A

where

A= lon/dp;; B = Z/Fl

Equation 48a is a completely general expression {or the breakup time:

1t may be compared to the general breakup-t:me expression of
Gordon (Equat.on 24). The pressure expression will be o the forin

Pz 1/2p, chD - kold

where
w = relative velocity between the air streaiy and the hiquid
drop
P, = density of the air stream
CD = drag coeificient
¢ = surface tension of the liquid drop
d = diameter of the criginal liquid drop before breakup
k= a constant that reflects the diup curvaiure during

breakup (which determines the effective surface -tension
pressure retarding the breakup)

Equation 482 may be greatly simphiied for certain conditions  lhus,
for liquids or flow conditions for «hich viscous and surface-tension
forces are negligible (and for convemence assuming Cp to be umty)
Equation 47 becomes

d 1/2
u

t= tey/ey)

This expression is very similar to that ¥+ nd by Gordon {Equation 25ay,
and also by Hinze (Equation 17} for sinni. ¢ conditions differing essen-
tially only in the value of the numerical co.stant preceding the function
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{unity in Equation 50a). For extremely viscous liquids and negligible
surface tension, Equa.ion 48a becomes

2
t= 32n /pau (50b)

This expression is identical to that of Gordon (Equation 25b), and differs
from that of Hinze (Equation 18) only in the numerical constant.

Equation 48a, as derived, describes the shearing of a piug of liquid from
a drop as a result of pressure being exerted on the middle (thus exciuding
the edges) of the drop. Hence, this equation will apply to the bag break-
up of a drop. The same general expression, however, also applies to

the shear (stripping) breakup. as may be shown by assuming dv/dr in
Equation 42 to be positive and integrating under the condition that the
velocity is zero when r is zero. This condition thus provides for the
situation that the maximum pressure is exerted on the edges of the drop,
as occurs in stripping breakup. Thus, there remains only to identify the
pressure distribution and magmtude, using Equation 48a to delineate
between the bag and stripping breakup mechanisms. Before considering
these individual breakup mechanisms, however, it is necessary to examine
certain aspects of Equations 48a and 49.

Equation 48a is a4 generalized expression for the breakup time of a liquid
drop containing given physical properties and subjected to an aerodynamic
flow with given properties. This equation is expected to be generally
valid except whe; the liquid is extremely viscous, i.e., when the liquid
is a solid. Under the latter condition, it is not permissible to replace
the hyperbolic sine function of Equation 36a by the function itself, since
very large chear stresses can be built up within the solid. In this case,
Equation 36a must be used as written in integrating Fquation 41 (final
results are given in Reference 55), and the kinetic energy term in Equa-
tion 46 will usually be negligible. Thus, th~ presented theory for the
breakup of liguids can also be used, with slight modification, to estimate
the mechanical erosion (breakup) of solid particles in aerodynamic flows.

It is possible to use Equation 48a to predict the breakup time of a liquid
drop without regard to the general mechanism (bag or stripping) if a
suitable value is chosen for k in Equation 49. As will be shown later,
Equation 48a is in very good agreement with all of the experumental data

if the drag coelficient is considered to be unity, and the value of k is taken
as about twy. This equation thus affords a rapad calculation «f the breakup
time of a Liquad drop to the accuracy with which it can be nieasared.




Phctographs of the breakup process (provided in a subsequent section
of this report) show that a finite time cxists between the time when the
liquid starts to break and the time when breakup :s es.-enaally complete
This time during breakup 1s often comparable to the tame required for
the brezkup to begin to occur Thus, there 1s some latitude 1n definming
an experimental breakup time for comparison with theory

For consistency and general accuracy. the experimental breakup time
has been taken to he the time between the aerodynamic flow hitting the
drop and the iime at which breakup of the drop just starts to occur The
total breakup time, however, will usually be shightly iarger, and it 1s
thus natural that the theoretical breakup time may be shghtiy larger thar
the experimental breakup time. The latitude allowed in comparing experi-
ment and theory makes it difficult to check with great accuracy certain
pomnts of the theory, such as the validity of the breakup criteria, as wel!
as the lamnar-flow behavior implied by Equation 42 including t*: -eglect
of end-effects and nonaccelerated flow (Reference 56) This latter
assumption may not be guite true, but photographs of the breakup process
suggest the acceleration to be very small, if any (after the miual hquid-
flow phase) The assumption of an accelerated flow is implicit 1n the
treatments of Gord~n and of Hinze

The eyuations leading to Equation 48a have used the maximum hquid
velocity, rather than the average velocity, produced by a pressure on the
hiquid. This usage 18 beheved to be essentially correct, since employing
an average velocity implies that a parabolic velocity distribution has

been established in the flowing ligmad Howeves, the distances required to
establish this distribution are very large as compared to the size of a
liquid drop (Reference 54)

The effects of using the average velocity are easily estimated Averags
velocity of iquid ejection 15 given by vy = fvrdr/fr dr Hence,

v, = R2P/8d n  if the average velccity 13 used, then the totas kinetic
energy of flow is twice that used fc- the maxunum velocity flow because
a parabolic velocity distribution 1s imphlied (Reference 541 Upon inte-
grating the equations it 1s found that if an average velacity 1s invoived,
then a factor of 2172 and 2 should respcctiveiy be included in Equations
50a and 50b, and the factor of 2 should be removed {from the B term in
Equation 48b These factors are generally smailer than the uncertainty
1in measuring the breakup time

Another cons:deration is the value oi the drag coeifiz.ent to be used in
Evuation 49  An inspection of the avaiiable literature on the experimental
drag coefficients of various geometry bodies 1nciuding soiid spheres ~ad
deforn:ed liquids, shows that a rather ‘- « range of values has been
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found {References 36, 38, 53, 54, and 57 throvgh 63). Many of the
values reported are for steady flow, whereas accelerational drag forces
may also be of importance. During the breakup of a liquid Jdroplet,
however, the shape of the Jrop ~hanges continuously throughout the
breakup; hence, only some suitable average drag coefiiciert can properly
be used in the breakup-tame expression.

In a later section of this report, experimental illustrations are provided
sho.:ng the change of the drag-coefficient value during the breakup
proc--ss. The value of the drag coefficient changes from less than unity

to greater than unity during the brezkup process, and for most practical
work it seems sufficient ;o consider the drag coefficient to be wity.

Rabin et al.{(Reference 38) ictually found the value to be essentially unity
over a large range of conditions. The preceding shows that if the value

k in Equation 49 is chosen properly, then Equation 48a is an adequate
representation of all of the present experimental data if the drag coefficient
is taken to be unity. For most practical work, therefore, this representa-
tion appears adequate.

As previously discussed, it is known from experiments that the breakup
of a liquid drop may occur from either of two (extreme) mechanisms,
viz., bag or stripping breakup. Ar adequate model of liquid-drop breakup
should provide an explanation of tnese two mechanisms; the explanation
proposed here is that bag breakup is the resull of pressure drag, whereas
stripping breakup is the result of friction drag. Thus, two individual
expressions of the form of Equation 48a may be written for the breakup
time of a liquid drop, with one expression containing the pressure-drag
stress in the pressure expression (Equation 48b), and the second expres-
@170 containing the friction drag stress ‘n the pressure expression.
Brzakep of a liguid drop with gaiven physical properties by an aerodynamic
gas flow with given properties will occur by the mechanism that takes
place with the fastest rate, i.e., with the shortest breakup time. When
the rates are comparable, the drop should exhihit both bag and strioping
breakup behaviors.

A quantitative description of the dual :1echamsm proposed for liquid-drop
breakup requires 2 knowledge of the average (eftective) siress distribution
on the drop undergoing breakup. The details of this distribution are not
fully understood, but a theoretical study by Tomotika and Aoi {Reference
64) indicated that for a sphere, the frictional drag is twice the pressure
drag for all Reynolds numbers. It is assumed that this explaration is
also t-ue for liquid drops undergoing breakup, even though the shane
deviates from that of a true sphere, The towal drag stress on the diop
during breakup is given by 1/2p, u® Cpy, and hence for hag and stripping
breakup, the pressure expression given by .. .ation 49 may be written.
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where k, and kg are constants that reflect the surface-tension pres-
sure tending to hold the drop together during bag and stripping breakup

If the frictional drag 1s always greater than the pressure drag, as indi-
cated by Tomotika and Aoi, then it may be imagined that hquid drops
should always undergo stripping breakup Since the preceding is not true,
it 1s indicated that the surface-tension pressure holding the drop together
at its edges is greater than inits middle, 1.¢ , that ky>ky  In the early
part of this section, however, it has already been shown that the initial
drop deformation produces a greater curvature at the outer edge of the
drop than 1n its middle, and hence the surface-tension pressure holding
the outer edges of the drop 1s greater than in the nuddle 1t 1s thus
known semquantitatively that kg must be greater than ky,

A calculation of ky, and kg would require a detailed knowledge (which is
unavailable) of the effective shape of the liquid drop during its breakup
However, a theoretical calculation of these constants 1s presently of
hittle value, since the true stress distribution on the drop undergoing
breakup 15 not known, but rather assumed to be that of a sohd sphere
The values of these constants are later determined by a best fit of Equa-
tions 48a, 5la, and 51b to the experimental breakup dota In anticipation
of these results, respective values of about 4 and 2 were found for ky
and kg; these values may be employed in using the preceding equations to

predict breakup tirnes for drops undergoing either bag or stripping breakup

A consequence of the dual-breakuy mechamsm given by Equations 5la and
51b is that at low air-flow velocities. the drop will usually idepending on
drop size) undergo bag breaszup because the drop-edge surface-tension
forces prevent stripping breakup, whereas as the a.r velocity 1s further
increased, the stripping breakup becomes faster as a result of the overall
greater friction stress. The equations »lso predict the influence of the
v-rious other parameters on the breakup mechamsiu  The predicted
behaviors can be ohserved experimentally
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4.4 INITIAL DROP SIZES PRODUCED BY DISPERSION OF
LIQUID DROPS

Two considerations are usually of orime interest in the aercedynamic
breakup cf liquid drops, viz., the time required to produce the break-
up a3 & function of the air-flow properties and the physical properties
of the drop, and the sizes of the resultant droplets produced from the
dispersion of the original drop. A quantitative description of the
breakup process was developed in the previous section; the following
discussion treats the initial mean drop size produced by the (primary)
breakup of the originai drop.

The drop size produced by primary breakup may differ from the mean
drop size, which may be measured at any arbitrary time after the
breakup of the drop. Thus, in addition to the drop sizes produced by
the primary breakup process, the .irop sizes present at any arbitrary
time will depend on the following:

a. Secondary breakup of drops produced by the primary breakup
{which in turn depends on the properties of the gas flow, e.g.,
its duration).

b. Vaporization of the primary and secondary drops.
c. Coalescence of the primary and secondary drops,
d. Settling or removal of drops by winds, etc.

The secondary breakup of primary drops can be estimated fro:.. zon-
siderations involved in ihe primary breakup process if the gas-flow
properties are known, and the remainder of the factors may oft-, he
estimated from present knowledge. Therefore, this discussion -
confined to the drop sizes produced by the primary breakup.

As discussed in the previous section, the aerodynamic breakup o.
drops may come about through either the bag or stripping mecha-
nisms. Both mechanisms are believed t~ be the result of a shearing

of the liquid drop by a nonunlfrrm pressure distribution produced by the

aerodynamic flow on the drop. This shearing produces a liquid film,
which subsequently breaks to give the resultaat drops. The breakup
time of the drop is controlled by the rate of formation of this liquid
film, since th2 actual breaking of the film is a fast process; however,
the geometry of this film, together with the manner in whickh the film
breaks, are the determinants of the resultant droplet .izes.
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Although it would “ppear that the drop sizes produced by the two
breakup mechanisms should differ, the present model suggests that
they obey essentially some mathernatical size-distr Lution law,
Moreover, experimental data obtained in the present siuu.es (to be
presented later, suggest «hat the meanr diameter of the resultant drop-
lets produced by the primary breakup of l:quid drops from both vag and
stripping mechanisms obey {with:n experimental error, the same mathe-
matical expression for the resultant drop size as a function of gas tlow
and liquid properties. This suggestion aiso appears consistent with the
observations that a liquid film from which the druplets are produced is
formed :n both mechanisms, and that the bredakup time 15 essentially
monotonically continuons in the transition between the :wo mechanism's
breakup behaviors. For the present study, therefore no distinction s
made between the two breakup mechanisms in treating the resuiting
droplet sizes, and 1t appears that more experimenta! drup-size data
are required to warrant distinguishing the two mechamsms in the future

Another consideration concerns the manner of describing the droplet
si1zes produced by the primary breakup proces. it 1s experimentally
known that a distribution of droplet sizes 1s produced, and, ideally, a
theory should provide a function that predicts the droplet-size distribu-
tion as a function of the gas-flow and hquid drop properties Although
it was not possible to attain this gral during the present studies exper:-
mental exampies of the distribut:on are included 1n a later sect.on

in most theories of liquid breakup. :acluding the treatment to foliow, 1t
1s assumed that breakup 1s brought about by instabilities svibrations;
that grow (or decayi with time. The {optimum; wavelength that grows
the fastest leads to breakup of the iiquid, with the subsequent formation
of dropiets. This wavelength defines a mean or most probable droplet
ni¢e, and it 1s this average that 1s computed here However it may be
noted that a distribution of 1nstabiiity waveiengths is always proscut.
and these values lead to a distribution of droplet sizes A knowledge of
the mean size allows the remain'ng size distribution to be est.matced
(References 1 through 4 and 65).

The following discussion presents the cenerat model considered to
describe droplet formation during the primary breakup of liquid drops.
This model 13 based primariiy on the stripping brcakup of a drop, but
essentially the same view may be taken 1n cescribing the droplet sizas
from bag breakup. The shear stress at the outer surface ror middie

of the drop produccs a boundary layer of flowing !iguid of average thiuk-
- 285 6. This liquid layer {(sheet, upon leaving the rrop cxperierces a
small divergence sexpansion), which breaks the shect into individual
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strips of average width W. Simultaneous with the eiection of the liquid
boundary layer from the drop and its divergence, the parallel gas flow
along the surfaces of the layer induces instabilities (vibratic ns) in the
layer in the lengthwise direction. The optimum wavelength inatebility,
A, grows most rapidly and breaks the layer into pieces of average size
W6 \. Surface-tension forces then produce spherical drops with an
average diameter, D, from these pieces; thus, w P36 - Ws A, or

1/3
D= [6\\!6)./17]

Photographs of the breakup process roughly support the proposed model.

The value of A has been calculated from the hydrodynamic equations by
Squire {Reference 23), who found

2
A = 4n q-/pa u

where
¢ = surface tension of the liquid
p, = air density

u = air velocity

The valuc of § follows from the breakup model given in the previous
section. The shearing of the liquid follows Equation 42. Breakup of
the liquid film is assumed to occur when the sheared film traverses a
distance equal to the drop diameter, d, producing a triangular-shaped
film thickness thazt varies from zero to §, or an average thickness of
§/2. Thus, Equation 42 becomes

d pxy

t (6/2) n

For simplicity, liquids are considered whose viscosity and surface-
tension forces are small as ccinpared with the zevodynaiaic flow forces
involved. This consideration includes most pra. .ical situations of
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interest. The value of t 15 then given by Equation 50a, and the shear
siress may be considered to be roughly the stagnation jrzssure,
lllpauz. Hence

1/2
5 = 4n/u(p,py) (5%)

1he value of W may be estimated as foliows: Cons:der an arc of length

S in the plane of the liquud sheet leaving the liquid drop. From geometry,
S = r ¢, where r 18 the distance to a point defining the rad:us of curva-
ture of the arc, and ¢ is the angle subtended by the arc. Consider the
arc to undergo expansion in time t as a result of the divergence of the
film; thus, ds/dt = ¢ dr/dt. The derivative dr/dt 15 the velocity of the
liquid sheet, v, whereas dS/dt defines a critical velacity, v, for
breakup of the sheet into strips. Thus, v, = 2v.

feld

The distance around the drop comprises 21 radiars, and hence the
number of strips N = ?n /g = 2 v/vc; the numerical distance around the
drop is md, and hence W = nd/N = dv./2v. For hquds, as in the pre-
ceding, having low viscous and surface-tension forces as compared w.th
the aerodynamic flow forces p,u®= p ve {fro.n Equation 47), an
expression that defines v in the W expression. The value of vo may be
obtained from this expression and the conventional equation defining the
critical aerodynamic velocity required for liquid breakup, i.e.,

2
2 p,u’Cy = 4old (56)

For simplicity, Cp is considered to be umty. Neglecting the small
variatiun of air density with air velocity

N d " 172
W= 2u 8g/d Pa

{ (37
Combiming Equaticns 52, 53, 55, and 57 givss the average {mass moan)
diameter of the droplets produced by the aerodvnamic breakup of a Liquad
drop
3/2 1/2,1/3
1360 & / a7
D= 2“}7- s—j
2, 58
pa pl D] ( )
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Equation 58 wa»s derived for condit:ons where the aerodynarc flow
forces are inuch larger than the viscous and surface-tension forces
(this situation comprises most cases of practical interes:, I{f the lhiquid
viscosity is very great, or if the flow velocity :s low and the surface
tension is high, then Equation 58 as written may not be vaiid. In such
cases, the various approximations indicated in the derivations should be
replaccd by the more exact expressions. However, it 1s possible that
Equation 58 may also hold approximately for these cases, since various
approximations and errors often have a habit of canceling themselves
partially out 1n @ multiparameter expression. In any event, the cube-
root dependence of Equation 58 attenuates iarge changes

It 1s possible that the factor 136 in Equation 58 should be mod.fied,

since various appruximations and assumptions are manifested in 1its

value. These consideratiz=is include the shear length required for breakup,
the value of drag coefficient used, and the relation of shear stress to
stagnation pressure. The cube-root dependence, however, again makes
such changes seconaary.

Equation 38 has two points of special sigmficance. The first s the pre-
diction that the average droplet size produced varies inversely as the

4/3 power of the relative vclouity between the gas stream and the hquid.
The careful work of Weiss and Worsham (Reference 19} actually disclosed
such a relationship, which 1s further expressed by the theory of Mayer
{Reference 46). Ewvidence 1s thus accumulating for the support of this
velority -droplet diameter relationship.

The secona »oint of interest in Equation 58 1s the prediction that the
droplet diameter should vary directly as the 1/6 power of the in:tial
droplet diameter. (This relationship was found experimentally for hiqud
jets by Weiss and Worsham.) Equation 58 gives good agreement with the
uata of Weiss and Worsham, as quoted by Mayer It will later be shown
that this equation 15 1n good agreement with all of the droplet-size data
obtained under the present program.

-40 -




EXPERKIMENTAL PROGRAM

5.1 DESCRIPTION OF APPARATUS

5.1.1 Shock-Tube Studies

The rapid develepment of shock-tube technology in recent years has led
to wide acceptance of the shock tube as a means of inexpensively pro-
ducing accurately controlled, compressible flow conditions of short
duration Properly designed, the shuck wube can be uscd () generate
flows that may be varied over rather wide ranges without necessitating
the use of complex hardware or sophisticated instrumentation

Data from experimentai studies made on the performance of shock tubes

of various si1zes and operating ranges have verified that the flow conditicns
correspond very closely with values predicted by theory. For ali but the
most precise 11avestigations, 1t 1S necessary to measure oniy (1) the
compression and expansion-chamber ambient pressures and temperatures,
and (2} the shock velocity to determine with sufficient accuracy the flow
ccndiaons 1n the test zone. The duration of flow can be determuaned from
the flow parameters and the lengths of the various portions of the shack
tube.

A brief discussion of shock-tube theory 1s presented in Appendix A of
this report. Because lhiterature on shock-tube theory 1s easily available,
the discussion in Appendix A has been linited to a qualitative description
of the flow in the shock tube, a presentation of the equations describing

the flow parameters, and the equations used in determining the duration
aof flow

The shock tube used in this study (Figure 1) employs a 29-in -long
compression chamber made of steel pipe (4.5-in OD x 4-in 1D). The
end of the compression chamber that joins the diaphragm holder con-
tains a transition section to provide a smooth transition in flow from
the circular cross-section of the pipe to the 2-1n -sq cross-section of
the diaphragm holder and expansion chamber

The 55-1n -long expansion chamber comprises the four following sect:ons

a. The diaphragm holder (a Z-1n -thick prece of mrcartay
b. A 24-1in -long shock formation secticn with 0 5-in.-thick steel
walls

-41-




£
5

" "‘3?;;

PREZLURE TRANSDUCERS

DYNAFAX CAMERA )
‘l
- PHOTO CELLS

L

FLASH UNIT

#»SHOCK-FORMATION SECTION

Figure 1. Shick-Tnbe and Dynafz ¢ Camera.
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¢ A 17-1n -long test section containing viewing windows
d A 12-in.-'ong section made of 0 5-in -thick plrxiglass

The expansion chamber 13 open-ended, permatiting the flow behind the
shock wave to exhaust to the atmosphere

5.1 2 Diaphragm Hclder

Efficient operation of the shock tube requires verv raped removal of

ithe Jiaphragim separating the compressed gas in the compression chambler
from the gas of lower pressure in the expansion chamber Remova! of
the diaphragm results in the formation of a plane shock front, which
moves 1nto the expansion chamber Behind the shock i1s a4 region ot cou-
stant flow velocity, pressure, temperature, and density (the region
normally used as the test zone)

Bursting or releasing the diaphragm can he accomplished by several
methods (1) static overpressure, causing mechanical failure, {2y
puncturing the diaphragm material with a pointed object, initating mech-
anical failure, (3) shock overpressure, which exceeds the sirength of the
material, and (4) electrical discharge or expioding wires The L tter
method was chosen for use in this study Three-mil-diameter Nichrome
wire, sandwiched between layers of plastic, was expicded to melt and cut
the plastic to 1mitiate opening of the diaphragm

Mylar sheet plastic, of 0 5 and | mil thicknesses. was selected as the
diaphragm material, since 1t :s eas:iy ruptured and does not shatter

mta fragments that may he carried into the test zone  Pressure tests
showed that a 0. 5-mil thickness of Mylar stretched over a 2- x 2-1n
opeming 15 capable of withstanding approximately a 15-ps: pressure
differential before rupturing, and that the maximum differennal is pro-
port.unal to diaphragm thickness regardless of whether the total thickn s
15 1n one layer or several

Figure 2 shows the various components of the diaphragm holder and the
wire-positioning 5ig which was used to determine the proper jength of
exploding wire and 1o ¢nsute 1ts proper pos:tion whilc boung fasiened to the
evelets on the high-voltage terminals The eyeiets <an be seen protrad-
.ng into the 2-in -sq opening in the micarta base

Figure 3 siiows the wire-positioning nig being used to nrepare « spraimen

draphragm and exploding wire A singlc sheet of nlastic, placed over the
opening n the micdarta base, 1s held 11, p. ce with small dabs of silicone
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grease {or s:milar agent); the wire-positioning jig 1s ther placed over
the plastic and oriented such that the enlarged holes at the ends of
Slot AD (shown in Faigure 3) are directly over the eyelc. .n the high-
voltage terminals.

One end of the exploding wire s threaded through Hole A and a small
perforation in the sheet of plastic, and 1s ~ttached to the eyelet on the
high-voltage terminal. The wire 1s then p.lled taut and 1s passed
around the 2-i1n.-sq opening so that the positioning pins at A, B, and

C catch the wire and hold 1t in position The loose end of the Nichrome
wire 15 then passed down throvgh Hole D and the plastic sheet, threaded
through the terminal eyelet, and tied or wrapped snugly. Ine wiring
steps can be expedited by running the Nichrome wire through a 6-1n
length of capillary tubing (0 0625-in OD x 0 036-in 1ID), which can then
be used as a needle to puncture the plastic and thread the wire through
the eyelets.

After the wire is in position and fastened to the hagh-voitage terminals,
the wire-positioning jig 1s removed by shipping the Nichrome wire off
the positioning pins and lifting the jig away from the micarta base The
loop of exploding wire ships through Slot AD and is left attached in
position. A second sheet of plastic is then placed over the first, with
th loop of exploding wire sandwiched between the sheets of Mylar. The
diaphragm-clamping plate is placed over the plastic and 1s held in place
with two screws. Figure 4 shows Lhe diaphragm holder, complete with
a specimen diaphragm and simuluied exploding wire

The Nichrome wire is exploded by connecting the voltage terminals
across a capacitor, which 1s charged to a high voltage A short experi-
mental study was made to determine the optimum energy to use in
expl!oding the wire; too much energy imtiated shock waves from the
explozion of the wire, wh.le low energy caused the wire to burn slowly,
introducing time-delay problems. It was determined that a 9-uf capacitor
charged t¢ 1.2 kv provided sufficicit energy (6 5 j) to explode the
Nichrome wire (35 to 40 ohms dc resistance) without time delay or shock-
wave effects

Appearance of the diaphragm after a test run is shown in Figure 5; as
illustrated, the explosion of the wire cuts a door, hiaged along one side,
that opens to release the air from the compression chamber

Behavior of the diaphragm during the opening sequencd was investigated
by aking high -speed motion pictures of the process These tests, the
results of which 2ie shown in Figures 6 and 7, were rmiade with the
€xpansion section removed and the camr-*  :laced {0 view the diaphragm
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from a position on the sheck-tube axis looking toward the compression
chamber. The 2- x 2-1n. diaphragm 1s shown as 1t is cut along three
sides by the exploding wire and begins to open out of the plane of the
picture. The normally transparent Mylar plastic of the diaphragms

was made opaque for these tests by spraying the undersurface with fla
white and silver paint

Figure 5 shows the opening sequence for a pressure of 3. 1 psig in the
compression chamber, and Figure 7 contains the sequences for pressures
of 7.5, 12, and 17.5 psig. The first frame 1n each sequence represents
the instant at which the electrical energv was applied to the terminals to
explode the wire. Electrical arcing «t the junction of the exploding wire
with the terminals was visible after approx:mately 0 25 msor less in all
of the tests. With the exception of the test conducted at the lowest pres-
sure, 1nitial rupture and inovement of the diaphragm occurred wathin 6 3
ms, and complete opening occurred in less than 1 ms.

At 3.} psag, the sequence was considerably delayed, even though notice-
able arcing and burning occurred at the same time as evidenced in tests
performed at higher pressures Significant rupture and movement of
the diaphragin did not orcur until after approximately 2 ms elapsed, and
the opening was not completed until approximately 3.4 ms elapsed The
opening, from imtial rupture {o completion. required approximately 1 5
ms.

Another noticeable feature in Figure 6 is the apparent reclosing of the
diaphragm, an effect that can be seen in the last row of frames in the
sequence. This reclosing is apparently due to reverse flow, which was
caused by the slight vacuum created by the inertia of the air rushing out
»f the compression chamber.

It must be remembered that the absence of the expansion chamber creates
a different flow history than would be expected with the chamber 1n place;
however, the data in Figures 6 and 7 should b2 valid for the imtial open-
ing phases of the diaphragm.

5.1.3 Instrumentation

The instrumentation used in this investigation does not necessarily repre-
sent the combination of components that would normally bhe selected {or
use in 2 shock-tube study of th's nature There arc various other weil-
tried metheds of acquiring shock-tube operating data that, pecavse of
econamic, space, or time cons:derations, might be more desirable
These methods are described in deta:l  + any ol the texts and report~ on
shock tubes (References 66 through 7€),
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Items of equipment used in this study were all readily available and
fulfilled the various requirements for operating voliages, response
times, and accuracy. It was, therefore, more expedient to adapt the
experimental techmques to fil the available instrumentation rather
than to acquire instrumentation to fit the experimental need.

The following equipment was employed during the studies:
a. One Beckman Whitley Model 326-3 Dynafax Camara
b. One Beckman Whitley Model 337 Electronic Flash Unit

c. Two Endevco Model 2501-500 Piezoelectric Pressure Trans-
ducers

d. Two Photo 1P39 Tubes

e. One Tektromx Model 545 Oscilloscope (with Type 53/54C Dual-
Trace Preamp and Polaroid Camera)

{ Two Beckman Model 7370 Connters
2. Two Shasta Model 854R Wide-Band Amplhifiers

h. One Precision Lavoratory Test Gauge (0 to 30 psig; 1/4% full-
scale accuracy)

i. One High-Voltage Firing Panel (Model 177)

The Buckman Whitley Dynafax Camera is a continuous-writing fram-
ing camera, capable of framing rates of from 200 to 26, 000 frames/sec
with shutter speeds of 1.0. 2.5, or 5.0 psec at maximum {raming rate.
This camera has a picture capacity of 224 frames of standard l6mm
frame size on a 33-7/8-in length of 35inm film. The total writing time
available varies from 1. 12 sec at 200 frames/sec to 8 62 ms at

26,000 frames/sec.

A Wollensak Raptar /2.8, 3-in. Telephoto lens (Figure 1) was used for
all of the tests, aithough various lens-extension lengths were required
at times to obtain the desired magmfication and field of view.

Camer- speed 1s controlled by a var:ac in the camera base, and the
framing rate 1s indicated directly on a meter on the front of the camera.
More accuraie determination of the framing rate can be made by moni-
toring the frequen:y of an ac-voltage outpu. {. | the camera. The
frequzncy of the ac —oltage 1s equal to the spcex of the rotating marror in
the camera, and s directly related to the franiing rate.
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The Beckman Whitley, Model 357, Electronic Flash Unit (Figure 8) is
a light source that is designed for use with the Dynafax camera. This
unit is capable of supplying single, square pulses of .ugh-intensity,
cold light of adjustable duration. Pulse durations availalle are

8.60, 11,15, 14,85, and 22,35 s, with rise and decay times of
approximately 25 psec (less than the frame separation at the highest
raming rate),

Five methods of triggering the light source arc avarlable: (1) making
contact between the triggering wires, (2) breaking contact between the
triggering wires, (3) using a positive-voltage pulse, {4} increasing the
illuminat:on that falls on a photocell (11£39) supplied witn tue unit, and
(5) decreasing the 1llumination that strikes the photocell. The latter
method of triggering was used 1in this study; the falling drops of hquid
were permitted to mterrupt a beam of light that was focused on the
photocell.

Figure 9 shows the arrangement of the photocell and hight beam. Light
from an automobile -headlamp type of bulb in the light source 15 focused
intu a beam by lenses mounted 1n the hight-source tube, and 1s directed
across the center of the test section through holes in the test-section
wall to strike the photocell tube. Interruption of the light beam gencr-
ates a voltage change, which triggers the flash unit.

Shock-velocity measurements were made during each test by monitoring
the shock front ime-of ~arrival at two pressure transducers, mounted
14. 25 in. apart in the test-section wall. These transducers (Figure 10)
behave electrically as capacitors whose charge 1s directly proportional
to the pressure applied to the transducer face (as a result, they respond
only to pressure changes). With proper impedance matching and control
of vystem KC time constants, the transducers can be calibrated to
accurately measure both the magmitude and time history of a rap:dly
fluctuating pressure. For puiposes of this study, 1t was only necessary
to use the transducers to sense the step change in pressure that
occurred as the shock front passed over the transducer face.

Because the transducer signals were too small (4 to 200 mvolts) to
consistently trigger the oscilloscope and counter, it was necessary to
amplify the signals by passing them through Shasta Wide-Band amphifiers
(Figure B) set at a gain of 40 db. Output sigaals from the Shasta sm -
fiers were fed into both the Beckman Model 7370 Counter and the
Tektrunix oscilloscope (also shown i Figure 8). Th_ signal from the

1 wer transducer was used to start the counter, which had been set oun the
"Time B-A,' mode and to trigger the sweep of the orailloscope; the ¢ anal
from tne upper transducer, used to stee ‘1 counter, was fed into the
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vertical-deflection circuit of the oscilloscope When operated in this
manner, the counter indicated to the nearest 0 1 psec the time elapsed
bet'veen the start and stop signals, and thus represent... the time
required fcr the shock front to travel the distance betwe. the trans-
ducers

Times between start and stop signzls were also obtained from the
oscilloscope pictures by deterniining the length of the sweep trace before
it was vertically deflected by the stop signal Accuracy comparable to
that of the counter was obtained from the oscilloscope by delaying the
start of the sweep for an accurately known interval and observing only
the final portion of the trace at 4 mucn 1aster sweep rate Uscilloscope
data were primarily used for comparisons with the counter datd and to
2stimate possible errors in time measurement as affected by differences
in wave shape between the start and stop signals and differences i1n trigger
levels between start and stop circuits of the counter

The counter shown at the top of Figure 8 was used to determine the
camera speed An ac signal from the camera (with a frequency equal

to the rotating-mirror speedj was fed into this counter, which was set
on the Events Per Unit Time (EPUT) mode and thus counted the number
of ac cycles occurring per second. Framing rates and {rame-separation
times were then calculated irom the mirror speed

Prior to the test runs, the pressure gage illustrated in Fagure 8 was
observed to determine the pressure level 1n the compression chamber
(1t was necessary to measure this pressure to predict the magmtude of
shock velocity and air velocity for each test )} Shown below the pressure
gage 18 the high-voltage firing panel, wlich was used to explode the wires
to burst the diaphragms. This panel contains triggering circuits, a
high-voltage power supply (to charge the Y-uf capacitancej, and firing
circuits (to apply the energy stored in the capacitors to the exploding
wire). The firing and triggering circ its are designed to have response
times of less than 1 psec; triggering 1s accomplished by the voltage
pulse from a 1P39 photocell, receiving light from the flash umt used
with the Dynafax camera

At the bottom of Figu-e 8 1s the control panel for the photocell hight
source; this panel contains a battery charger, which was used to re-
charge the automobile hattery that supphed the dc voltage to the lamp
in the hight source The lamp, battery, and charger were connected to
a three-way switch with "off, ” "op=rate, ' and "rechorge” positions




5.1.4 Microburet

Formatior and control of single drops of liquid are most eas)'y accom-

piished by using a hypodermic syringe and releasing the drops as
desired from the tip of a section uf capillary tubing. The size of the

drops is determined by the liquid density, surface tension, and the out-

side diameter of tne capiliary tubing on which they are formed.

If 1t 13 assumed that the drop separates fr... the tubing at the instant
when the weight of the liquid in the drop 1s sufficient to overcome the
surface-tension force attaching the drop to the tubing, an expression
of the following form can be written (ketereunce i1)

Drop weight = kDro

where
k = constant of proportionality (experimentally determined =
3.8)
D'l‘ = outside diameter of capillary tubing
¢ = lhiquid surface tension

From Equation 59, the expected drop size can be written as

D= k -?-'-r:'
P
where
D = drop size
P = hquid density

Figure 11 shows drop sizes as a function of t '\bing diameter tor the
different liquids used during the study. Examination of the rurves
indicate that it 18 not practical to attempt to produce drops smaller
than about 1.0 mm in this manner because tubing of very sr..ll
diameter would be required,
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10 produce drops sigmficantly smaller tnan 1. 0 mm, a microburet
similar to that used by Asset (Reference 72) was fabricated. A short
length {approximately 0.5 in.) of 0,008-in. -OD x 0. 00 (-~in. -1D tubing
was inserted and sealed in the tip of an 8-in. -long (0. 036-:... -OD)
hypodermic needle. A length of 0.0625-in. -OD x 0.051-n, -ID
capil'ary tubing was slipped over the hypodermic needle and atiached
to a T {fitting near the ceater of the hypedermic nccdle; the ©.008-in, -
OD tubing protruded approximately 0. 125 in. beyond the up of the
0.0625-in. capillary tubing. Figure 9 shows the 0. 008-in. -OD tubing
protruding from the capiilary of larger diameter (the T fitting is some-
what obscured by the ring-stand clamp holding the micruburet in place).

Air, under pressure, is admitted to the T fitting and flows through the
annular space between the two pieces of tubing and out around the tip
of the 0.008-in. tubing. As the droplets begin to form at the tip of the
small capillary, they are blown away by the force of the airflow. By
adjusting the rate of air flow, the drop sizes can be varied at will over
a considerable range; however, once a fixed airflow 1s established, the
drop sizes are as consistent as those produced with no airflow.

Droplets as small as 500 . were produced for the study with no difficulty.
Droplets smaller than this size, however, showed a tendency to follow
erratic trajectories after beinrg blown off the capillary tubing (because

of both their small mass and the air turbulence created by the higher

air flow rate). Two problems resulted from the preceding behavior:

(1) it was difficult to get the drops to consistently enter the light beam
and trigger the flash unit, and (2) the drops were frequently outside the
field of view of the camera. As a result of these probiems, the test

data in this report are limited to drop sizes of approximately 500 y
and above.

Figure 12 shows the arrangement of the microburet, the tygon tubing
for the air supply, the pressure gage, and the valve used to adjust the
airflow through the microburet. Irops larger than 1.0 mm required
for the study were all created by selecting various sizes of capillary
tabing to attach to the end of the hynodermic syringe.

5.2 TEST PROCEDURE

Prior to each run, each item of equiprnent and instrumentation was
checked tu ensure its proper vperation, thereby prev=ating invalidation
of .he test by failure to obtain all of the desired data After the preced-
ing steps were taken, the sequence of events described in the following
section occurred during the test runs.
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5.2.1 Photographic Tests

At the start of the photographic tests, the pressure in the compression
chamber was raised to the desired value. Verv slow leakage usually
occurred around the diaphragm holder, and some adjustment of the air
supply was necessary to stabilize the chainber pressure. As the adjust-
ment was beiag made, the capacitors in the high-voltage panel were
chargec to 1.2 kv, and the panel was adjusted to maintain the charge.

A second operator gradually increased the speed of the camera until the
desired number of revolutions per second was displayed on the mirror-
speed counter. The camera shutter was then opened, and a drop of
liquid was squeezed {rom the hypodermic needle and was permitted to
fall into the light beam to initiate the test sequence.

Because of its high iraming rate and short exposure time, the Dynafax
camera requires a very intense source of light for adequate exposure;
therefore, at high framing rates the camera shutter may be left open
{exposing the film to normal room lighting) for as lorg as 30 sec without
film fogging. As the falling drop of liquid entered the light beam, tne
electronic flash unit was triggered to emmt an 8. 2-ms pulse of light,
which provided the illumination for proper film exposure. The pulse of
light from the flash unit also triggered the high-voltage panel, exploding
the Nichrome wire and releas:ng the air in the compression chamber.

The camera continued to take pictures of the falling drop for approxi-
mately 2.5 ms, the time required for the shockwave to form and travel
the distance from the diaphragm to the test zone. As the shockwave
passed through the test section, the falling drop was subjected to the
onset of flow behind the shockwave in the time required for the shock

to traverse the drop diameter {less than 10 ysec). The flow simul-
taneously initiated deformation and breakup of the drop, subjecting it

to large acceleration forces sufficient to halt its downward fall and

carry it out of the top of the camera's field of view in a few milliseconds.

The duration of constant-flow conditions behind the shockwave was
approximately 3 ms, a time span that, except for isolated cases, was
more than sufficient to cause breakup and carry the shattered droplet

out of the field of view. Since the camera had a total writing time of

8 ms, and only 2.5 ms of this time was used before arrival of the
shockwave, the remaining 5.5 ms was more than sufficient to recor¢
the events of interest. Passage of the shockwave over the pressure trans
ducers at the bottom and top ot the tes! sect.on generated voitace signals,
which triggered the counter and oscilloscope to record the time required
for the shockwave to traverse the listance between the transducers
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The test was terminated by essentially follow:ng, in reverse, the steps
taken to prepare {or the test.

5.2.2 Size-Distributic. Tests

Tre procedure followed in conducting the tests to sample the droplct-size
distribution resulting from breakup of larger single drops was similar to
that discussed in Paragraph 5.2.1, It varied, in that the Dynafax camera
was not utilized and it was necessary to place the shock tube in a horizontal
position to gain operating space beyond the open end of the expansion cham-
ber.

To remove all unnecessary airflow obstructions from the test saction,
the drcplets were introduced into the test zone by mounting the hypo-
dermic syringe and needle outside the shock tube and permitting the
drops to fall from the needle tip through a hole in the test-section wall.
The light source and photocell were relocated and adapted so that when
the falling drop approached the shock-tube centerline, the light beam
was interrupted to both trigger the high-voltage firing panel and explode
the Nichrome wire to release the air in the compression chamber.

Test preparations consisted of arranging 12 standard microscope slides
in a plywood holder, creating a 4- x 6-in. plane-sampling surface. The
plywood holder was then mounted on a moveable stand, with the center
of the sampling surface concentric with the shock-tube axis and the
plane of the surface normal to the tube axis; the stand was positioned to
place the sampling surface a predetermined distance from the open end
of the expansion chamber.

The test was conducted {cllowing the same pruceuure used in the photo-
graphic tests. After the test was completed, tlie microscope slides

were removed, and photomicrographs of the sampled material were

taken at three locations along the centerline of the slide. To provide

data from which the radial distribution of sampled material could be
determined, recordings were made of the coordinates of each of the
photomicrographs on the slide surface. The sampled material was also
washed from the slides and put 1nt5 a solution, permitting assays to be
made ol the amount of material collected for inaterinl-balan-e calculaticn: -

5.3 FPARAMFETRIC STUDIES

5.3 )} Measurement of Breakup Time

Correlation ~f the experimental results « th the theoretical mode! of
breakup mechanism developed in Secticn 1 of this report requires the
following data;
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~ Time required for breakup to occur
b. Physical properties of the liquid being shattered

<o Airflow conditions to ‘vhich the liquid is subjected

range of valucs ot the various sigmiticant parameters.

Although considerable experimental data on single-drop breaknp are
available in the literature, this information proved to be of limited use
in the present study for two rearons: (1) it does not cove~ the range of
variation in liquid physical properties needed for correlation with theory,
and (2) n .ch of the work reported did not include the use of high-speed
motion pi ‘tire equipment to record the breakup. As a result, data on
the break '» time are not readily available.

A comple' 2 parametric study was therefore undertaken to record, with
high-speeu :..otion picture equipment, the breakup of liquid drops of
different sizes and different physical properties while subjected to a
wide range of flow conditions.

The following listing shows the parameters employed for the test and
the range of values over which they were varied.

Parameter Approximate Range of Variation
Relative velocity 50 to 450 ft/sec
Surizce tensicn 18 to 487 dynes/cm
Liquid density 0.75to 14 gm/cm3
Liquid viscosity 0.5 to 170 centipoise
Drop size 500 to 3000 p

To cover the preceding range of variation, several liquids were chosen
to be used in the study. These liquids and their physical properties are
shown in Table 1.

Experimental results obtained during the study are prosented in Takle 2:
plates made from motion-picture films showing the qualitative behavior
of the drops during breakup are provide. i1 Appendix B. The breakup-
tme values listed in Table 2 represent the -lapsed time from the first
signs of deformation until the drop begins (o break up.
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Table 1. Physical Properties of Liquids.
Surface
Temperature Tension Viscos.ty Density
Liquid (°C) {dynes/cmj} |} {centipoise} | (gm/cm”)

Water 25 72.00 0 890 0.998

Mercury 20 487 00 1.550 13.600
Silicone fluids

GE SF {9t} 0.65 25 17.50 0.470 0.758

GE SF (96) 10 25 22. 30 3.520 0.938

GE SF (96) 200 25 23.40 17= = 0.966

Bis 25 27.60 5.970 0.915
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Table 2.

Experimental Breakup Time Results.

Drop Asr Relative Burrtlp
Size Velocity Veloncity Tiine
Test {mm) (ft/sec) (ft/sec) {msec)
WATER
117 .0 128 134 1 2910 1,45
119 .0 214 221 0.09t00 73
izt 1O 257 362 0,24 to0 6. 27
122 3.0 448 155 0 Iito© 18
123 3¢ 63 71 3.24103. 32
158 2.0 63 &9 2 63 to 2.83
186 i.4 10} 107 1.37t0 1 49
187 1.9 8 84 I.64to 1 30
188 1.9 47 53 2.35102.58
189 18 189 195 9.43 10 0. 31
191 1.9 347 350 0 20to 0.31
192 17 430 441 0 12to0 23
214 10 57 63 2.08 t0 2. 24
217 1.2 76 81 1.45t0 1. 61
236 0 76 79 85 1.16to I 27
237 0.78 68 75 1LO07to} 13
238 0.78 90 95 0.89 t0 0 97
239 0.78 103 108 ¢ 77 to 0.84
240 0 8i 1iv 120 0 69t00 77
241 0.6 55 6l 1 8%3to2 CO
261T 0.53 122 127 0.66t0 0 77
2648 0.57 122 127 0 62 to 0. 66
262 G 53 197 263 0 5C te 0 54
263 0 62 333 323 .12t 0. 17
204 0 44 425 412 0 041y0.12
267 19 79 g 1.15%0 )} 27
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Table 2. Cont

inued

Drop Atr Relative Briarug
Size Vel ity Velocity Time
Test {mm) {ft/sec) {ft/sec) (m=ec)
MERCURY
32 2} 457 dou 0 6edto0 73
135 o 82 354 158 0 "7 to 0,85
138 0 69 224 236G 1 62101 66
tod 2 168 173 2 95103 14
GE ST(96)0 65
151 23 68 75 $ tlto} 23
152 1.0 131 137 0 61 to b, 69
153 21 120 126 0 43:00 63
134 2.2 228 23% ¢ ot 27
1585 19 375 381 C. luto 0 14
156 21 467 472 0 08to 0 12
160 14 43 49 1 4910 1.6}
193 13 436 341 0 08to 0 12
194 15 345 350 0 12to 0 20
195 14 195 200 0 20t0 0 27
197 1.4 41 48 1 45to } 52
GE SF(96)10

40 20 442 450 0 0bto 0 14
142 22 220 228 ¢ 2% to 0. 41
143 2.2 id3 P G o 100
148 206 360 bt 0 10 o0 22
150 20 83 90 i 41t 58
HIH 14 45 51 1 13tn ] 55
i18 11 8 j0} O 78tn 0 Hn
199 HI 188 193 0 3500 43
200 14 338 34, t 12 to 0.20
201 14 430 436 C.0R100 16
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Table 2, Continued,

o m—

Drop Air Relative Breakup .
Size Velocity Velocity Time :
Test {mmj} {it/sec) {ft/nec) {rusec) g
GE SF(95)200
125 2 i €7 75 4 0D to 4 35 i
127 2.2 117 123
128 22 121 127 1 85to 2 01 t
129 2.2 208 215 0 y2tol 00
130 21 32 363 0 5tto 0 59 i
i3t 21 450 456 U, 35 1o 0. 37
162 1.4 12 38 l
203 1.5 75 81
204 i5 92 i97 0 4t00 82 i
205 15 340 345 0 39t0 0 43 !
206 15 3198 403 ¢ 32to 0 35 H
208 14 63 68 l
232 12 i61 164 i
243 09 60 63 i
244 09 74 7
248 1@ 109 LT t A?tat 77 t
249 0.9 102 107 2 05to 2 13 3
251 10 114 11g 1 S410 1 65 Q
255 1.0 160 165 1 3401 16 .
257 0.9 173 179 0 9 to 1 04 i
258 09 18t i84 0.8%t0 1 00
i
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5.3.2 Size-Distribution Tests

Because of time limitations and the large amount of wor' involved in
determining size~distrilutions, these tests were not as compre=~
hensive as the breakup-time tests. This investigation was limited to
the use of one liquid, three drop sizes, and {ive relative velocities.
Sampling distance was also varied, but only for purposes('of determin-
ing the optimum distance at which valid samples could be taken.

Bis was used as the test liquid because it has a very low vapor pressure,
which reduces evaporation of the soi.pled material tv a . unimuni.
Another advantage of this material s that considerable previous exper-

nce had been gained on its behavior in zerosol form, typical spread
factors for bis droplets on glass had been determined, and chemical-
assay techniques to determine the quantity of bis sainpled had been
worked out and tested.

Drops of bis (1. 6 and 2. 7 mm in diameter) were subjected to relative
velocities of approximately 100, 200, 300, and 409 ft/sec, and the
aerosol from the shattered drops was sampled at distances of from
12 to 48 in. from the open end of the shock-~tube expansion chamber.
The results of these tests yielded size distributions for the shear or
stripping type of breakup.

Bis drops approximately 0. 6 mm in diameter were subjected to air
velocities of approximately 70 ft/sec to determine size distributions
resulting from bag breakup, which requires a combination of small
drop size and low relative velocity. Samples of this material were
obtained only after the 1-ft piexiglass section had been removed from
The expansivn chamber, thereby reducing to 8 in. the distance [rom
the point at which breakup started to the end of the expansion chamber.
In these tests, the sampling surface was placed approximately

4-3/8 in. from the open end of the expansion chamber.

Results of the size-distribution tests are presented in Appendix C n
three forms: (1) tabulations of ussessment data taken from photo-
micraphs of the sampled aerosois, {2) plates made from photomicro-
graphs of a portion of the sampling tests, and (3} plots of cumulative
percent mass vs drop size for all of the sampling tests.
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~ORRELATION OF RESULTS WITH THEORY

6 1 QUALITATIVE DESCRIPTIOM OF BREAKUP

The fcllowing sections discuss the qualitative behavior of liquid drops
undergoing breakup in a fast-moving gas stream. The results were
ubedined by photographing {ree-faliing drops of ligquid as they were
struck from belcw by the flow behind a plane shockwave moving upward

As noted earlier in this report, substantial evidence by various authors,
¢.g., Hanson (Reference 30), Priem (R~ference 32), Sate {(Reierence
33), and Rabin (Reference 37), indicates that breakup is brought about
by the onset of the flow behind the shockwave rather than from the
shockwave itself. The time required for the shockwave to travel over
the drop (of the order of 10 usec) is small as compared with the elapsed
time between shock arrival and the instant the drop begins to shatter
{approximately 500 usec or greater). Therefore, it is highly unlikely
that during such a short interval of time the shockwave could initiate the
events observed during breakup.

The {first observable stage of breakup after the drop is subjected to the
gas flow is a characteristic flattening of the downwind side of the drop.
Such behavior was also noted by Engel (Reference 36) As the flattening
of the leeward side continues, a noticeable growth in the lateral diameter
of the drop takes place at a point approximately 1/3 of the drop diameter
from the leading face of the drop, or at the point approximately coinciding
with the zero pressure point on a sphere in steady flow.

Flattening of both the windward and leeward faces continues until the

drop assumes a shape similar to an oblate sphercid: if the flow velocity

is low enough, the drop may be flattened into a disc shape with a

diameter roughly twice that of the original drop. At this point, if the
relative velocity is sufficiently great, the flow of gas over the front face
and sides of the drop begins to initiate surface disturbances, which
appear to be small wavelets The greater the relative velocity, the
greater the numu-~r of the disturban-es. As these disturbances move
away from the stagnation point and app:oach the edge of the distorted drop,
they are stripped off and carried away by the gas flow as sheets and liga-

ments of liquid, which subsequently collapse into numerous small droplets.

Erosion of the periphery of the deformed drop continues until all of the
mnass of the drop has undergone vreakup through the stages of sheet and
ligament formation and collapse into droplets that are rarried away by
the gaz flow Measurements made from the various fiims taken during
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the parametric study showed that although the drop undergoes tre-:
mendous acceleration, the breakup process is so rapid that the bulk

of the material in the drop acquires no more than - pproximately 10 to
20% of the gas velocity before it is reduced to aervsc! form, the shower
of smaller droplets is tiier rapidly accelerated up to some velocity
near the gas velocity.

Figure 13 depicts the breakup characteristics described in the preced.
ing sections. The sequences shown are for 3-mm drops of water sub-
jected to various relative velocities ranging from a low of 7! ft/sec to
amaximum of 455 ft/sec. The relative velocity for each drop 1s
noted above the first frame ia each sequence, and the figures beiow
vach frame denote the elapsed time (in milliseconds) from the instant
the drop was subjected to the flow.

The solid diagonal lines butween the sequences are "iso-time' lines,
denoting times of roughly 1/2 and | ms after time zero By following
a particular diagonal, it is possible to determine the effect of varying
the relative velocity on the rate of deformation and breakup of the drop
and the formation of surface disturbances. Also of interest is that the
liquid being stripped from the periphery of the drop does not follow a
path parallel to the gencral flow (it appears to diverge to form a cone-
like cloud of droplets with the remaining bulk of the drop located at the
apex) This behavior was found to be particularly useful in establishing
a model from which to derive the expression describing the expected
droplet sizes resulting from breakup (sce Section 4 4).

The cffect of liquid viscosity on breakup is shown in Figure 14, where
2.1-mm drops of silicone oils with viscosities of 0 47, 9.52, and
169.5 centipoise were subjected to a relative velocity of 127 ft/sec
tsn-time lines denoting times of 0.5, 1 0, and !.5 mis after tune seiv
are shown for reference.

As shown in Figure 14, a change in viscosity of more than two orders of
magnitude does not appreciably alter the mode of breakup Increasing
the viscosity retards the deformation process, however, an effect that
permits the drop to acquire a larger velocity {and thus reduce the relative
velocity) before the actual stripping process sets in  As a result, an
increase in the size of the droplets stripped off would be expected with
increasing viscosity.

In addition, at higher viscosities, the material beirg stripped from: the
aseriphery of the drop leaves in the form of large sheets and ligameats,
rather than as small sheets or ligaments or even druplets (as occurs at
low viscosities) This effect is showr in a comparison of the sequence
for the 0.47-centipoise viscosity in F.g e 14 with that for a viscosity of
169 5 centipnise.
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EFFECT OFRELATIVE VELOCITY ONTHE
BREAKUP OF WATER DROP SIZE » 3.0 MM
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EFFECT OFRELATIVE VELOCITY ON THE
BREAKUP OF WATER DROP SIZE » 3.0 MM

Figure 13, Effect ~f Relative Velucity on
the Breakup of 3."-mm Water Drops.
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EFFECT OF VISCOSITY ON BREAKUP

ORGP S2F 2 MM MELAT..E VELOCITY Q7 FP.

S

Figure 14. Effect >f Visccsity on Breakup.
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The large sheets and ligaments must undergo secondary breakup to
produce drcplets, and they appedr to accelerate more rapidly than
the bulk of the drop; therefore, a further decay 1n rel t:ve velocty
15 hikely before breakup is completed. Again, large1 droplets should
be expected from the liquids of higher viscosity

Unfortunately, time liriitations prevented undertaking the work neces-
sary to experimentally investigate the effect of viscosity change on the
droplet sizes produced during breakup.

Lane (Reference 28), in conducting one of the first comprehensive studies
of breakup 1n a steady air strea.n, encouuntered a mode wl vocakup gaite
different frcm the stripping behavior. He noted that the drop flattened to
a adise cousfiguration, and instead of stripping occurring at the edges, the
center of the disc was blown out in the direction of flow to form a large
hol.ow bag zttached to a roughly circular rim (the open mouth of the bag
faced the oncoming flow), Measurements indicated roughly 70% of the
original drop mass was contained in the rim. Lane also studied droplet
breakup using fast transient blasts of air and obtiuned the stripping
belavior, He thus concluded that the two different breakup modes were
due to the differences between steady and transient flow

Hanson et al. (References 30 ard 31) showed that both modes of breakup
could be produced in transient blasts. They noted that bag breakup
cccurred when drop sizes and relative velocities were close to the
critical values.

As a part of this study, specific efforts were undertaken to investigate
both modes of breakup and to attempt to expand the knowledge of the
characteristics of the two types of behavior. The results of these efforts
arc summarized in Figure 15, which shows the effedi of mncreasing
relative velocity on the mode of breakup Water was used as the test

liqt id, and the drop sizes were held nearly constant  The first sequence
for a relative velocity of 61 ft/sec. clearly demonstrates the bag breakun
mode, 1. e., typical flattening, bag formatirn. bag rupture and collapse
of the rim into a ring of large 2drops. Hanson et al (References 30 and 31y
discovered that after the formation of the bag has taken place, aircular
ripples (similar to the surface waves resulting {f: »m a stone thrown mto
a quiet porid) form oa the thin surface of the bag and apparently mitiate
bag rupture.

The breakup behavior shown in the second sequence of Figurs 15 was
pr »duced by holding the drop size nearly constant and increasing the
relative velocity to 85 ft/scc. In this case, the usual fiattenming and
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EFFECT OF RELATIVE VELOCITY ON THE
MODE OF BREAKUP OF WATER DROPS
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Figure 1. Effrct of Relative Velocity on
the Mode of Breskup of Water Drops.
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vegimnmng of bag formation occu: red; however, a re-entrant or stamen
portion of liquid formed at the center of the flattened drop  As the bag
continued to form, the stamen remained attached to *'.. bhag and elon-
pated to form a ligament of liquid, centered within tae L'y, ram The
usual rupture of the bag a.d rur occurred, and the stamen appeared to
collapse into a series of larger drops

The remaining sequences of Figure 15 indicate that as the relatiwve
velccety is gradually increased, more of the mass of the drop becomes
concentrated in the stamen portiun, with less mass available to form
the bag portion. This effect cuntinues with increasing velocity untal a
majority of the drop mass 1s containcu in the center stanca portion At
this point, the bag no longer forms,; instead a thin rim or hp of hquid
forms around the periphery of the center potion of the flattened drop
Rather than being blown out into a bag, the lip 1s merely stripped off the
edge of the drop as a sheet, which subsequently shatters into small
droplets.

A good example of the behavior that might be expected to follow after the
effect shown in the last sequence 1n TMigure 15 1s 1llustrated in the first
sequence in Figure 13.

Based on the results summarized in Figure 15 and other test cuidence

included in Appendix B of this report, 1t appears that there 1s a smooth
transition in behavior in going from the bag to stripping breakup modes
In addition, the evidence indicates no reason why a different transition
wouid occur in going from stripping to bag breakup

A more detailed study of the qualitative aspects of breakup can be made
by referring to series of plates in Appendix B Thesc plates were made
1101 the test films used to obtain the: data presented in Table 2. All
pertinent information, including drop sizes, relative velocity type of
liguid, and time between frames, 1s presented on each plate for reference
purposes. A scaile factor has also been wucluded to facilitate recording
length measurernents directly {rom the plates.

6 2 AERODYNAMIC BREAKUP TiMES

For convenience and consistency, the exper'mentally derived breahun
values in Table 2 were taken as the interval of tune bctween the firs:
signs of deformation and the time at which the drop | st began to break
It 15 evident, however. from the breakup photographs {Appendix B) th
the entire breakup of the drop requires a finite time taereafter, and tht
this time 1s usually comparable to the tv~.« requir od to mitiate the
breakup. Thus, 1t 1s to be expected thoo t 2re should be o small facter
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(of tF~ order of 1.5 tc 3) between the experimental breakup times as
measured and those predicted by the theory, with the theoretical times
being the greater. A theory for the aerodynamic breakup time of liquid
drops was developed in Section 4.3, and the fina) expression without re-
gard to breakup mechanism (i.e , bag or stripzing) was given .in Equa-
tion 48a. Figure lo compares Equation 48a to all of the experimental
breakup times; the agreement is seen to be very good (except perhaps

for a small constant factor, which may be expected on the basis that the
experimental times represent the time for initiation of the breakup rather
than for all of the breakup to occur).

The value used for the surface-tens.inn pres-ure in the theory »~< 2s/d.
A factor of 2 was used because 1t allowed a good fit of the data, and also
because if a larger value was used the surface-tension pressure was in
some cases greater than the aerodynamic flow pressure. The preceding
would 1mply that breakup should not occur, whereas experimental break-
up did occur. It may be noted, howe-er, that if a drag coefficient greater
than unity is operative, then a value greater than 2 could be used (Equa-
tion 49). There is some evidence that this assumption may be true, as
will be shown later when the values of the drag coefficient throughout the
breakup of the drop are computed. However, there is great convenience
in not attempting to use a drag coefficient in the breakup-time equations.

Hence, Equation 48a may be considered to be a reliable expression in pre-

dicting the aerodynamic breakup times of liquid drops if a value of about
? is used for k in Equation 49 and the drag coefficient is considered to
be unity.

Euqation 48a was derived using the maximum liquid-flow velocity, but 1t
was discussed that an average velocity may be involved if a hyperbolic
velocity distribution was established. Because short distances were
employed, it was nat helieved that this invnlvement colld sizar. Figure
17 shows a comparison of the experimental data to theory if an average
velocity is used. The agreement with theory is still good, except that
the constant-factor difference is slightly larger than using Equation 48a
as written. From the photographs of the times involved for complete
breakup tv occur once breakup is initiated, it appears that use of the

maximum velocity expression, i.e., Equaation 48a, is to be preferred.

In Section 4. 3, an explanation was presented for the dual-mechanism
breakup behavior of liquid drops, and the results were summarized in
Equations 5la and 51b. A comparison of the experimerial data to these
equations is shown in Figures 18 and 19; the drag coef..cients were taken
as unitv and best theoretical fits of the data were obtained using respec-
tive surface-tension pressures of 40/d and ¢/d for the stri ring and bag
breakup medes. The agreement between experiraent arn-? theory for strip-
ping breakup is very good, except for the exp:c d constant factor.
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The agreement for bag breakup is not quite so good; however, the
agreement can be made very good if a drag coefficient greater than
unity is used. Since the factors 1/3 and 2/3 in Eq:ciicns 5la and b
are not exact but merely representative, it can be sa:d .hat the ex-
perimental data suppert the hypothesis presented in Section 4.3 to
explain the dual-mechanism breaxup behavior of liquid drops.

A theory of the bag breakup timcs of liquid drops was giveu bv Gordon
and was summarized in Equations 24 and £6. A (omparison of Equa-
tion 26 with the experimental data is given in Figure 20; the agreement
is seen to be fairly good (except for a constant factor), although several
points deviate rather considerably irom the data. It is 1ound, however,
that the Gordon pressure expression as written in Equation 23 predicts
that breakup should not occur for a number of the drops where breakup
was experimentally found to occur (as a result of the large surface-
tension pressure, 80/d, which he used)

The preceding data were repiotted, replacing the factor 8 by 4, 2, and
1. A value of 4 was found to give the best agreement with ¢xperiment,
and this value is used in Figure 21 (a value of 2 is also not too bad,
although not as good as 4, the latter value allowed most, but not all. of
the data to be used). It 1s apparent from Figure 2] that the Gordon
theory with a modified surface-tension pressure 18 in good agreement
with experiment, except for an expected constant factor (This factor
is generally larger than that found by Equation 48a.) The Gordon theory
reduces to a simplified breakup time expression, Equation 25a, for
cases where viscosity and surface tension are negligible. This expres.
sion is of interest because of its computational ease.

Figure 22 compares the theory to experimental data for water and the
iow-viscosity silicone fiuid. Although the agreement is generaliy good,
it appears that the effects of surface tension may be entering in slightly
and should be included. The breakup theory deiived in Section 4. 3 also
reduces to the Gordon expression, except it is a factor of 2 smaller

(see Equation 50a); thus, it also is in satisfactory agreement with the
experimental data. The limiting expression of Gordon for large viscosity
and negligible suiface tension {Equation 25b) is identical to that derived
in Section 4,3 (Equation 50b).

The theory is compared with experimental daia for the high-vasccsity
silicone fluid in Figure 23. A comparison of the rcsults with Figures 16
and 21 indicates that this fluid is not sufficientlv viscous for reliable usc
of the simplified equation.

Hirze developed a theory of the brealn; of liqu.d drops for the (1) Limit-

ing cases of negligible viscesity and sv face tension, and (2) large viscosity

~ -
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«nd negligible surface tension. His expressions for the breakup times
are given in Equations 17 and 18. These expressions are compared
with the experimental breakup times of water and the i zh-viscosity
silicone fiuid in Figures 24 and 25; the agreement appears to be
generally less satisfactory than for the Gordnn theory and that devel-
sped in this report.

As summarized in Equation 32, Morrell developed a theory for the
transverse stripping breakup of liquid jets. A comparison of this
theory with the experimental data is given in Figurss 16 and 27
Figure 26 shows that there is a drop-size effect not apparently
accounted for in the theory, and both iliusirations shew (ha. there is
considerable deviation between the experimental data and the theory.

The early experimental data of Lane (Equation 13) as well as that of
Hanson and Domich (Equation 19a) showed that there ic a relat:onship
between the critical flow velocity required to break the drop and the
diameter of the drop. The se relationships are plotted in Figure 28
together with all of the experimental breakup data tabulated as to
breakup mechanism. As expected, ag breakup occurred near the
critical velocity for a given drop diametcr, whereas as the velocity
was further increased, the brcakup behavior exhibited both breakup-
mechanism characteristics. At higher velocities, only the shear
breakup behavior was observed.

6.3 DROPLET-SIZE DISTRIBUTIONS

Experimental droplet-size distributions produced by the aerodynamic
breakup of bis drops are given in Appendix C. Figure 29 shows the
mass-mean diameters of the droplets prodnced by varicus velecity

gas flows, for various initial drop sizes, and for both bag and stripping
breakup behaviors.

A theory for the average droplet size produced by the aerodynamic
hreakup of ligvid drops was developed in Section 4.4. The average
droplet size is given by Equation 58, and a comparison between
experiment and theory is given in Figure 29. Agreement between
experimental data and theory is very good, considering the relative
scatter in the experimental cata. In view of this scatter, it is difficuit

to draw further definite conclusions regarding the vahdity of Equation 58.

Experimental data suggest that the effect of the initial drop diameter

n--y be slightly greater than the 1/6 power dependence predicted. How -

ever, Weiss and Worsham (Reference 19) found the 1/& power {ur Jhe
stripping of liquid jets.
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The experimental data also suggest that the aver ge drop size pro-
duced by bag breakup may not quite hie on the curves to5 shear breakup
Again, however. it 1s difficult to draw defimite conchusicns  but the
comparison between experiment and theory 15 generally very encour-
aging (further experimental data, however, are required for a findl
evaluation)

As summarized 1n Equation 33, Mayer developed 2 theory for the
average droplet s1ze produced by the aerodynamic breakup of .iquid
drops A comparison of the theory with the erperimental data 1s given
in Figure 30 A value of B ot about 0 | 15 required to & :7 the theory
to the same magnitude as the experimental data, but the functional vania
tion still does not appear to agree with the experimental results The
value of B 18 somewhat arbitrary, but was stated to be conceptually of
the order of umity It would appear that the Mayer theory 15 less ade-
quate than the theory developed in this report (which contains no
arbitrary constants)

6 4 DRAG-COEFFICIENT MEASUREMENTS

As indicated in Section 4 3, experimentally determined drag «oefficients
for spheres and deformed liqu'ds being accelerated 1n a gas stream show
a waide range of values

The results of drag-coefficient measurements made on 3/32-1n -dizmeter
nylon spheres and come of the liquids used 1n this study are shownn
Figures 31 through 40 In these illustrations the position, seloaty,
acceleration, lateral diameter (except for the nylon spheres) and drag
co-fficient of the sphere or drup s shown as a function of time after
being subjected to the flow In each case, the sphere or drop was in
free-fall prior to ouset of flow, and 1s thus drpicted as having a shight
negative velocity (assuming the air-flow direction to hc positive) before

being accelerated in the flow direction B
Inspection of the data indicates that there 15 no characteristic shape of
the drag-coefficient-vs-time curve and that the pecak values of the curve

may vary from Cp = 0 90 to 4 4 for different tests

The value of the drag coefficient for the drop or sphere undergoing
acceleration is written as shown in Eguation 61
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c. = ip D, dv o1
D~ 2 2 dt '
3 o, (V-v) Di
where
P = liquid or solid density
Pa = air density
v = air velncity
v = velocity of sphere or drop
D0 = original drop or sphere diameter
i = lateral diameter or deformed drop
dv _ : \
Ty = acceleration of sphere or drop

Equation 61 indicates that the drag coefficient 1s directly proportional
to the acceleration and inversely proportiona” to the square of the rela-
tive velocity and the square of the diameter of the drop normal to the
airflow direction.

A comparison of the drag-coefficient curves to the corresponding accel-
eration curves indicates that the drag coefficient ;s influenced more by
acceleration changes (which are very great) than by changes in relative
velocity and lateral diameter. This effect leads to the possibility of
rather large uncertainties in the calculated values of the drag coefficient,
since the acceleration is determined by a numerical differewutiation of

the velocity curve (and the velocity curve is obtained in a like manner
from the dis*ance or position curve). The errors arise from the pro.es s
of taking the difference between two value< that are close together {(close
spacing of the readings is necessary to rctain reasonably accurate rep-
resentation of the curves).

Attempts to eliminate these errors by utilizing dirital computer tech-
niques to generate best-fit curves to the raw data and compute dra,
cocificients were unsuccessful bec' » « —omplex expressions were
necessary to yield a satisfactory fit ov.r the range of data. Hand-
calculation techniques were then resorted to.
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Although uncertainties in the drag-coefficient values are present, it is not
felt that they are of sufficient magnitude to account for the -vide range

cf peak values, norto account for the widely differing shapes of the drag-
coefficient curves.

It thus appears that no simple expression can be found to predict drag-
coefficient values for small spheres or liquid drops being accelerated in
a moving gas stream.

CONCLUSIONS AND RECOMMENDATIONS

The studies described in this report have encompassed a considerable
amount of literature work, original theoretical studies, and unique
experimental studies. The following discussion summarizes major
points of these studies and provides recommendations for future work.

The studies nave shown that the breakup of a liquid is a rate process
and should be considc red from a time-dependent puint of view. This
consideration is particularly important when high-speed gas flowa of
transient nature are involved (e. g., shock loading), since the gas-flow
acting on the liquid may be a rapidly changing function. It is aiso
suggested that the aerodynamic breakup ofbulk liquid with any geometry
may be considered to occur in two main phases. The first phase com-
prises the shearing of layers, sheets, films, or jets from the liquid by
the gas-flow forces; the second comprises the rapid breakup of these
liquid streams by instabilities that grow exponentially with time. An
estimate of the aerodynamic breakup time of the liquid may be made by
quantitatively treating the first phase, whereas the resultant droplet
sizes may be estimated by quantitatively treating the second.

The preceding cuncept was applied to liquid drops, and tneoretical

expressions were derived for both the breakup times of the original drop

and the resultant droplet sizes produced by breakup. Experimental

breakup times of drops of a variety of liquids with a wide range of

physical properties were Jdetermined ior several drop sizes over a wide

range of gas-flow velocities. These siudies were conducted using shock-

tube and high-speed photographic techniques; agreement between experi-

mental data and theory was very good, and it n.avy be concluded that the
breakup-timz theory developced in this report is valid and adequate for

general use. It would be of interest, however, to extend th. cxpcrimental i
studi- s tomuchhigher gas-flowvelocities and much smaller initial arop {
sizes.,
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The experimental breakup times were also compared to the available
theories in the literature. It was found that therec is good agresment
between the Gordon theory and experiment if the zurface-tension
pressure used in the Gordon theory is decreased by a factor of 2 to 4.
The breakup theories of Hinze and Morrell were found to be gonerally
unsatisfactory for use.

Liquid drops are observed to break by either a bag or stripping mech-
anism, and it was postulated that bag breakup is due to pressure arag,
whereas stripping breakup is due to friction drag (friction drag was
considered to be always greater than the pressure d-ax' A theory wus
presented showing that the original drop deformation produced by the
gas flow increases the curvature and hence the surface-tension pressure
at the outer edges of the drop. This effect explains why bag breakup
occurs near the critical velocity required for breakup, whereas strip-
ping breakup occurs at higher velocities. The experimental results are
generally in agreement with the theory. It would be of interest tc extend
the theoretical studies so that a more rigorous treatment may be
developed.

In the development of the model for the aerodynamic breakup of liquid
drops, it was pointed out that with certain modifications, the treat-
ment should also be suitaole to describe the breakup {erosion) of solid
particles in high-velocity gas flows. It would be desirable to conduct
both experimental and theoretical studies along these lines (these
studies may have direct applicability to the problem of the breakup of
particle agglomerates).

Preliminary experimental studies were conducted to obtain the droglet -
size distributions produced by the aerodynamic breakup of liquid drope.
and the experimentally determined mass-mean diameters of the result-
ant drops were compared with the theory that was developed in this
report. Agreement was very good, considering the relative scatter in
the experimental data and the 1act that the theory contains no arbitrary
constants. The experimenital data were also compared to the theory of
Mayer; agreement was less satisfactory than with thetheory developed in
this report, and moreover contains a constant that must be evaluated
from the experimental data. It is concluded that the dcveloped theory s
at present, most reliable for use. As a final recommendation, it is
suggested that further studies, both experimental and thecretical, bhe
conducted with regard to obtaining the droplet-size distributions pro-
duced by the aerodynamic breakup of liquid drops.
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SHOCK-TUBE THEORY




INTRODUCTION

The fcllowing discussion begins with a qualitative desc -iption of
shock-tube behavior. For siunplicity, the description is limited
to the particular case where air is used in both the compression
and expansion chambers and the expansion chambter 1s open-ended.

As shown in Figure A-la, the gases in the compression and expan-
sion chambers are at the same temperature but at different pres-
sures, with P3 being greater than P,. Since the expansion chamber
is open-ended, the pressure and .emperuiure therein are os~imed

to be at local ambient values. Pressure P3 is maintained at a value
greater than P by an airtight diaphragm separating the two chambers.

If the diaphragm separating the two regions is suddenly removed, a
compression wave progresses into the expansion chamber, while a
rarefaction wave simultaneously moves toward the closed end of the
compression chamber. After some distance, the compression wave
steepens into a plane shock wave, which moves through the expansion
chamber at a velocity, w, determined by the pressure ratio,

P3/Po= Pj3p. Passage of the shock wave imparts a uniform velocity,
u, to the expansion-chamber gas and raises its pressure, density,
and temperature to Py, p;, and T}, so that P < P} <« Py,

Po <P} < Py and T; > T,. The pressure-distance conditions are
depicted in Figure A-1b, where the shock wave has reachad the test
location and the rarefaction wave is progressing toward the closed
end of the compression chamber.

The contact surface (sometimes called the "cold front’'y represents the ,
boundary between the compression and expansicn-chamber gases.

1t also moves through the expansion chamber with the velocity u, as

does the compression chamber gas at P} behind the contact suriace.

The region behind the contact surface is compression-chamber gas
that is expanded down to pressure, temperature, and density Py, T,,
P2 by the rarefaction wave so that P, < P, < P3, TZ < T, and

Py < P2 < P3

In Figure A-lc, the shock wave is shown as having arrived at the
open end of the expansion chamber; the contact surface has continued
td> move through the expansion chamber 2t the velocity u, and the
rarefaction wave has collided with, and rebounded from, the closed
end of the compression chamber.
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The exit of the shock wave from the open end of the expansion cham-
ber creates a rarefaction wave, which moves back onto the expansion
chamber as shown in Figure A-1d, where it has reached the test
location.

The region between the shock wave and the contact surface. being a
zone of constant pressure, temperature, density, and particle veloc-
ity, is ideally suited as an aerodynamic test region of short duration.
Testing time available is the elapsed time from the passage of the
shock wave to the arrival of one of the following:

[ The contact surface

. The reflected rarefaction from the compression chamber

® The rarefaction wave from the open end of the expansion
chamber

In Figure A-1, the testing time would be represented by the ime for
the events from (b) to (d) to occur. For this particular case, the
testing time is terminated by the arrival of the rarefaction from the
open end of the expansion chamber.

SHOCK-TUBE THEORY

The equations describing the conditions in the shock tube are derived
by making use of the equations of continuity, momentum, motion, and
energy, plus the equation of state for ideal gases. Assumptions are
made that the flow is invisc:d, that shock compression occurs adia-
batically, and expansion is isentropic.

One of the most important expressions in shock-tube behavior is that
showing the relationship between the pressures in the various regions.
Adopting the subscript notation of Figure A-1 and writing the pressure
ratio P3/P, as Py, the relationship between the compression-chamber
pressure and the shock pressure can bz written as

P
p. = 10

30
P - l/’

(A-1)

1-

,\-(u +1) (@ Pygt 1
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where

P3p = ratio of compression-chamber pressure to expansion-
chamber pressure

Pio = ratio of pressure behind shock wave to expansion-
chamber pressure ahead of shork wave
a O A §
y -1
- 1
o=
Y = Cp/Cy = specific heat ratio for the gas

In Equation A-1 and the follcwing expressions, it has been assumed

that y remains constant and has the same value in all of the flow regions.
Work reported in Reference 68 substantiates this assumption for the
normal operational range of shock tubes similar to those u: ed in the
present study.

The speed of the shock wave is given by
w = ao"ﬁ(n Plol- 1) (A-2)

a, = speed of sound in the gas ahead of the shock

where

The flow velocity behind the shock wave is given by

(P1o- 1)

ao
YJ/B (e Pw + 1)

(A 3

The density ratio across the shock wave is written as

1+ uPlO
P = essswmwe——— (A-4)
10 P10+ [

A5




Using the ideal gas law, the temperature ratio across the shock wave
becomes

P+ a
10 ] (A-5)

T = P Snnm————
10 10{3P10+ 1

A complete derivation of Equations A-1 through -5 can be found in
numerous sources available in the open literature {References 66
through 70 and 73).

To illustrate the variation of the parameters given in Equations A-1
through -5 with change in compression-chamber pressures, values were
calculated for various pressures used in this study. The results of the
calculations are shown in Figure A-2, where the initial conditions n the
expansion chamber were assumed as foliows:

Po = 14.25 psia
T = 535°R
[o)
p, = 0.0719 1o/ 1>

a, = 1135 ft/sec

The shock tube used 1in this study was located at an elevation of approxi-
mately 1000 ft above sea level 1n an air-conditioned room, with the
temperature maintained at an average value of 75°F. Thus, the con-
ditions used for the calculations are typical of values encountered
during the tests

Figure A-3 shows the variation of pressure, temrerature, and density
behind the shock wave with flow velocity for the range covered 1n this
study.

Duration of the testing time was calculated from the various expressions
describing flow conditions in the shock tube (Equativas A-1 through -5)
and the lengths of the various portions of the tube. To compute the
testing time availabie, the following nomenclature was empioyed-

L, distance from diaphragm to test location

L

H

€ distance from diaphragm to end of . xpansion chamber

-Ab-
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Lc = length of compression chamber

tsw = time for shock wave to 2rrive at test location

tcw = time for ccld front to arrive at test location

tfw = time for foot of rarefaction to arrive at test location
tr{ = time for head of rarefaction to catch its foot

trc = time for head of rarefaction to overtake cold front
trw = time for head of rarefaction to arrive at test location
er = distance for Fead of rarefaction to catch its foot

ch = distance for head of rarefaction to overtake cold front
tre = time for rarefaction head from open end of expansion

chamber to arrive at test location

All other nomenclature is identical to that used in Equations A-1
through -5 and Figure A-1.

The time required for the shock to arrive at the test location is
given by

aP, _+1

tsw
10

cow [fedD)
a
[+]

The time rcquired for the contact surface (cold front) to arrive at
the test location is

Y‘/
- Lw ﬂ(o.PlO+l)

cw a, (Pm -1)

-A9-
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The time required for the foot of the rarefaction to arrive &. the test
location is

~1

1
a (P,,-1) 2t
tiw = LW ——-—YJB__—!&”—_ e = 33 (pl3) (A-8)
g {a Pm +1)
wherea, = a_ if T, = T as assumed for this study.
3 o 3 o

The time required for the head of the rarefaction to overtake its foot
is

~-a
Lc 2(a+ 1)
rf = a, P13 (A-9)
Also, it can be shown that
t = 2t (A-10)

re rf

The time required for the rarefaction head to arrive at the test loca-
tion (1f the cold front arrives first) is given by

(L, - X_ 1
= ————— -
tx'w trf * u+ a (A-11)
2
1
RN
a+l

where Ny E Ay (Pl3)
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The time required for the rarefaction head to arrive at the test loca-
tion (if the head has overtaken the cold front and arrives first) can be
expressed as

L -X
w

t
rw rc u+ a

where a.l = ao TIO

The distance required for the head of the raretaction wave to over-
take its foot is given by

a-2
%3
ri 23
er- {a - l)astrf- a Lc -—Lc

The distance required for the head of the rarefaction wave to over-
take the contact surface is

ch = er+ {u + az) tg

The time required for the head of the rarefaction from the open end
of the expansion chamber to arrive ai the test location is given by

Le (Le - Lw)

re w (al - u)

-All-
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The time-of-arrival of the various phenomena described in
Equations A-6 through -14 is shown in Figure A-4 for tLe ra’ ge of
chamber pressures used in this study Figure A-5, obtained from
Figure A-4, shows directly the testing time available for the same
range of compression-chamber pressures

SHOCK-TUBE PERFORMANCE

In all but the most precise shock-tube investigations, it is customary

to determine the flow conditions behind the shock wave eithesr from

the state of the expansion and compression-chamber gases before
rupturing the diaphragm, or fiom the state of the expansion-chamber
gas ahead of the shock wave and a direct measurement of shock velocity.
The latter method, which yields a more accurate prediction of flow
conditions than the former, is the procedure used in this study.

The sources of disagreement between theory and actual behavior in
the shock tube are primarily the result of deprture from the assump-
tions of adiabatic compression, isentropic expansion, and consiant
specific-heat ratio, and to losses due to boundary-layer effects.

Variation of the specific-heat ratio has been investigated (Reference
68); the results indicate that for shock velocities below about Mach 3,
the differences between using constant and variable specific-heat
ratios are not noticeable The assumptions of adiabatic compression
and isentropic expansion are also considered quite good over this
range of shock velocities.

Since this study was conducted at shock velocities below Mach 2, it
would be expected that the results should agree quite well with theory
This assumption is verified in Figure A-6, where experimental shock
velocities in the shock tube used ir this study are compared with
theory. Assuming no error in shock-velocity measurement, the
experimental values show a maximum departure of 1. 6% from the
thenretical values.

Errors in shock-velocity determinations arc caused by errors in the
measurement of the time required for the shcck wave to traverse a
known distance and in the measurement of this distance. The distance
hetween the transducers used in the shock tube was 14 25 in. {accurate
to within ¥ 1/64 in ), and the counter used to record the time required
for the shock wave to traverse the distance between the transducers
was calibrated to the nearest 0.1 usec

-Al2-
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The primary source of error in shock-velocity measurements is
associated with the signal output from the transducers: this output
does not rise instantaneously to its peak value with the airival of
the sheck wave, and it is difficult to adjust Loth the start and stop
circuite of the counter to trigger at exactly the same voltage level.

At the start of the study, measurements were made of the wave
shape of the output signals from the two transducers. The results
showed the waves to be nearly identical in shape over the range of
interest. Typical output signals from the transducer used to stop
the counter are shown in Figure A-7: superimposed on the curves
are the voltages used 1o adjust the start and stop circuits cf the
counter. Voltages equal to or less than the lower "NO GO" trigger
level failed to trigger the circuit, while signals equal to or greater
than the upper "GO trigger level resulted in triggering. The differ-
ence between these levels then represents the maximum uncertainty
in trigger voltage between the start and stop circuits, and a corres-
pording uncertainty in the recorded time is thus determined.

The total uncertainty in shock-velocity measurements is represented
by the combination of errors in distance and time measurements.
Assuming the worst combination of these effects to occur simultane-
ously, a maximum error of ¥ 0.85% in shock velocity could be expected
for the range of velocities covered in this study

Using shock-tube theory to obtain a relation between shock velocity
and air velocity behind the shock wave, a curve similar to that shown
in Figure A-8 is obtained. Applying the possible errors in shock-
velocity measurements to the illustrated curve results in a possible
error of approximately ¥ 28% for an air velocity of 60 ft/sec, while
the same technique yields an error of only ¥ 3% for an air velocity of
450 ft/sec. Inspection of the curve in Figure A-8 shows that while
the accuracy of shock-velocity measurement is practically constant,
large errors in air velocity can be cxpected at shock velocities near
the speed of sound, since the air velocity approaches zero as the shock
velocity approaches the speed of sonud ahead of the shock wave

It should be mentioned that while the preceding discussion implies the
possibility of rather large errors in the air velecities, it is not likely
that errors of this magnitude are present in the data With careful
attention given to the adjustment of the trigger levels on the counter,
the operator could scon develep a technijue of reaching settings
ext.emely close to the lower trigger-level voltage. Ar a result, it

is improbable that errors in air-velocity measurements as large as
thosc derived from Figure A-8 actualiy . . -red.
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APPENDIX B

This appendix contains plates made from the high speed
motion picture fiims taken during the study The ser:ies
of plates contained herein represent each of the test
conditions listed in Table 2 1n Section 5 3 of this report
They have been included tu provide a source uf com-
prehensive information on the qualitative aspects of
dropiet breakup as well as detailed quantitative date on
the behavior of drops during deformation acce'erat.on
and subsequent breakup 1n a {ast moving a:r stream
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APPENDIX C

The results of the size distribution tests (summarized in Table C-1)
are presented in this appendix in the three following forms:

a. Tabulations of assessment data taken from photomicrographs of
the sampled aerosols.

b Plates made {rom photomicrographs of a selected number
of the tests.

c. Plots of cumulative percent mass vs droplet size for all of the
data in {a) above.

The tabulated assessment data has been included for reference purposes
and is more detailed in nature than that presented in other scctions of
the report.

The plates have been included to show visually the reduction in particie
size that occurs with increase in relative velocity.

The cumulative percent mass vs particle diameter curves show the shape
of the size distribution curves, and were used to determine the MMD
values used for correlation with theory in other sections of the report




Crig
Drop
Size
{mm;

2.7

Table C-1. Summary of Size Distribution Tests,

Shear Breakup

Sample
v Dist Film Test MMD
ft/sec) (in. ) No. No. {ni
138 15 926 35 85
110 18 850 6 90
112 24 849 5 120
234 27 az7 41 60
212 30 865 12 73
212 30 872 12 71
209 36 845 1 59
315 27 928 44 32
319 30 866 13 36
319 30 873 13 41
395 24 874 18 34
383 27 929 48 19
394 30 867 14 24
394 30 875 14 24
131 12 879 22 94
130 18 878 21 75
132 24 880 23 93
201 24 859 10 45
206 30 882 24 74
202 36 858 9 53
36 24 885 26 21
320 30 886 27 30
395 24 891 30 18
396 30 912 31 18
394 36 913 32 15
Bag Breakup

69 4-378 in 930 55 100
66 4-3/8 in. 931 56 140
4-3/8 in. 932 57 115

* Sample D:stance with 1-ft ection Removed
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PMO
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NOMENCLATURE

lower point of size interval, microns
mid-point of size interval, microns
upper point of size interval, microns
frequency observed

percent frequency observed

cumuletive frequency observed
cumulative percent frequency observed
percent mass observed

cumulative percent mass observed
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TESTNO. 35 DROP SIZE (MM) 2.7
RELATIVE VELOCITY (F1/SEC) 138
FILMNO. G2~ MMD () 43

SAMPL ING DISTANCE (IN.} 15
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11272
16477
23.22
27595
33432
3870
4be 29
49+88
55425
6363
66022
70+9%
76432
8Ns86
Bbebs3
50473
9589
100419
16320
114.59
119497
126642
i31e15
136452
14192
147449
1534C8

M, Ps

3471

870
14408
1999
25458
30463
36401
41 445
4708
52456
57«94
63eha2
68458
T3+63
T15.58
83463
88.58
73431
93404
131669
108.83
117.28
12%.19
128478
133.83
139421
la4 469
150428
15576

Ue Pe

6002
11439
1677
23222
27495
33,32
3870
bbedS
49488
55429
6062
66022
19435
76432
8084
Bbhao?
9073
9589

10019
10320
114456
119497
12hetsé
131415
13657
141430
147449
153.08
158e0%

TESTNO. 6 DROP SIZE (M2, 7
RELATIVE VELOCITY (FT/SEC) 110

FILMNO. 350 MMD ) 90

SAMPLING DISTANCE (N.) 18

FO

Ge
210,
193
166

65
Tha
23
22s
19,
1%.

S

Sa

iCs

Be

3.

2

?

Ne
Lo
2e
ls

1e
2e
Z2e
Oe
Gia

le

PFO

PV ]
24453
22459
19443

Ta61

866

3439

2451

2422

2422

«58

1.0%

117

105

»35
«23
«35
Y00
shb
+23
23!
35
il
o273
0l3

N600

1+09

2400

olil
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SFO

Oe
210s
403,
569
634s
708
137s
157
778
797«
802
811
821
830«
833,
835
838.
838,
B42e
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845,
ALBe
849,
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853
853,
853,
253
854

SPFO

0«00
24457
47418
66062
Fag2?
8250
66a29
68487
J1e18
93032
93.91
F4e96
9617
37418
754
9777
98s12
98412
5659
Y882
9854
92429
Yot}
5964
99.88
99.88
79.88
9988
14000

P

2400

.32
108
Leb0
2203
135
2450
2096
L
S+06
1278
He20
5490
£a57
2a65
ésl3
3.80
000
Ge?
3483
237
Bed2
Jebal
Te79
0+0C
000
$e00
689

5PN

0«00
«32
ekl
4eD2
£205
1002
1252
15403
1908
Z24e15
2554
30419
26405
L2462
4526
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2123
“ie23
tdell
6le5a
thell
1ie15
ibabn
LGe3D
13410
XK
73s10L
4313
10G«CC
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6e02
11439
16477
23022
2749%
213,32
38.72
G4e27
a‘)‘ 98
5525
67a63
66422
7395
76432
BRe B4
66003
20473
I5+8%
13%e1%
123622
114459
119497
126442
13i.13%
136452
141493
147,49
183408
158+45
163483
169402

iy P,

3.01
8670
14408
19,99
2558
3063
3601
4143
47408
52456
57294
63442
68458
7382
7858
83467
88458
33.31
8204
131469
108489
117,28
123.19
128.78
139,21
1449
15%.28
185476
161e14
166462
171478

Us P

heD2
11439
160717
23022
27.9%
33,32
38,75
44429
43488
55425
60.63
66e22
7049%
15432
8784
Bheta2
9573
95,89
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114,59
119427
1284042
131.15
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141,90
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153,18
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163.83
169442
174415

TESTNO. 5 DROP SIZE (MM)2, 7
RELAYIVE VELOCITY (FT/SEC) 112

FILM NO. 840 MMD () 120

SAMPLING DISTANCE (IN.) 24

FO PFO
Qe 0400
ble 17.28
6le 17428
52¢ 14473
28, 753
374 1Ne48
224 623
23, Se51
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20. £ab6
6o 169
2. 84
3. 113
Ze 56
b 1e13
4o 1s13
2 56
Ce NaC0
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ls «28
Ge D00
te «28
1Y Yy
2e +56
ie .28
Os N e UG
Te Ne0C
le Y]
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-b-

5F0

[«
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1746,
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23%.
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284,
296.
316,
322.
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341
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345,
b
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3438,
250.
351,
351
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251,
352,
2513,

SPED

Ce00
17.28
34456
43429
57422
6770
73,923
BOs05
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#1421
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41416
FTats
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38458
3¢ 15
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Y941
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YGe03
¥Te 7}

19Ga02

PMO

0200
«10
232
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1400

2625

2817
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263
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Tebd
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Le89

280

Z.19

Ge3
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2e7l

0«00
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5400
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[+ I 14]
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Je00
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22eld
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“ ez
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TESTNO. 41 DROP SIZE (MW 2. 7
RELATIVE VELOCITY (FT/SEC) 234

FILMNO. 927 MMD () 60

SAMPLING DISTANCE (N} 27
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r\‘
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109,

2%
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1438
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184
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46
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ei5

-G7-

SFO

il
379
4794
515
Sty
Ribhe
TBZe
D45,
611s
626a
632
[ E3-1%
LT
ba3e
646
6546
648,
048
L

$PFQ

Ca00
30,35
n8s 39
713430
i9435
B3,82
87421
89487
72625
Yhell
76045
37438
37s84
EL Y
9907
99653
G353
JGe84
9984
190400

0]

000
Y]
Z-BQ

Zaid
3e84
Gall
he22
305
714352
13e24
634
4s38
Galn
£e58
Te34
000
7434
0,00
LaTh

SPMO

0+00
75
3e2Y
Teld
YaPi
132.82
18453
23475
ileBa
ivell?
2301
SYe90
She th
[T
75896
c74%0
o0Tewl
Poeld
99425
120400




Le Ps

T30
te™2
11e3¢
15677
s4e22
2745
334232
38,72
Lhe2Y
4988
65542%
60663
66422
T2a8%
1532
Ble94
86.4%
50s73
95489
100619
102622
114429
119437

Mo Po

3.01

8470
14eE
16,95
25458
30«63
3671
LlateD
47,08
52455
57«54
63s02
6Re52
T3e56?
T8e57
Bretd
88,57
92431
S8+ 06
10146%
12889
117.2%
123419

s Pa

6e"2
1139
1677
23422
27.,3%
33432
18,79
b e29
43 4RA
5%425

fab3
66a22
7695
75432
80484
85eb3
3073
9%.8°%
100,109
1G3.2C
114459
11997
12he02

TESTNO. 12
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EILMNO.BOS MMD (1) 73

SAMPLING DISTANCE (IN.)
FO PEQ SFO
s N0 Qs
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FILMNO. 872 MMD 1} 71
SAMPLING DISTANCE (N} 30

.7
12

£7 pEec LFD SAED
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TESTNO. 1 DROP SIZE y) 2, 7
RELATIVE VELOCITY (FT/SEC) 209
FILM NO. B45 MMD () 59

SAMPLING DISTANCE {IN.) 36
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FILM NO. 928 MMD (1) 32

SAMPLING DISTANCE (N 27
Te s e - . [ N e

e - . . - - .
) . hd . . . .

e’ . . . . . .
' * e’ ‘e Tet o . .

* e . Te » .
) . . . . - -
' * - - ve - -
) * e c. LI . .

e e e o - . .
- ) . ‘. . . . .

¢ - e . - ‘ . .

T . . . P . -

* * T . L) .

te hd * . - "

. hd . .- » -

TESTNO. 13 DROP SIZE (MMIZ. 7

RELATIVE VELOCITY (FT/SEC) 319
FILM NO, B66
SAMPLING DISTANCE (iH.} 30

s e

¢
11439
16e 77
2322
27435
32,132
Ihe TN
L5429
L5688
£542%
EYGE)
& 227
73635
Thet2
3 e B4

”. D.

3Nk
8,72
14408
1299
25458
12453
ifeNd
4lau9
LTaN8B
Frebb
LI A
hielsl
ARS8
T3e63
79458
83463

‘te Pe

SN
11e3%
16ell
2322

Te3%
31'17
AFLT10
L
bie93
“held
PR
Hhe?2?
The3h

1,632
BreB b
Bheb?

€0

De
xf'éf).
THE g
464 .
161,
117,
Thte
rL.
17,
1h,
‘7.
1.
Te
le

2a

le

DFG

T3
T4
£249%
12,3
507‘
Haf9
TL0
178
1al6
a4
Y.
o8
«l/
«C2
35

~
e

-Cl1-

MMD () 36

S (-5
Ne 1400
1660 YL
L% 8. T0a62
2922 dueD?
163, aRand
22aa G180
Zu%, 1hel"
EL 4 T tH
A, "y nts
iahds Yile 2R
LhQ, GGy Th
ELY i LR
T I3 4%R
i the ?54%"
3“16. 9Q.47
3 'Te  1uite0D

.

s e 5 B ® 8 & w ®

Ca20
a3l
febo
10+81
L)
14404
i2euit
10.?7
s Ce b
Se
7403
2408

enl
lede
Zer:d

1058

PSP S

G344
Thsh
sal !
X R

L0y




te Po

Y400
be?2
11239
16677
23422
2795
33472
IR, 70O
hisg 29
49488
5542%
63
65422
7195
The12

Le Ps

N0

LeN2
1139
1677
23422
27435
A%417
IR, 10
bts g 20
43488
£ 4 2%
[ 573 )
(6o ?2?
79435
The 32
8. 84
B&en?
314712
33,489
[T A
1113427

e Ps

3.91
8470
14,08
19.99
25458
30463
3601
4} et9
47,08
52456
57494
63.47
68,458
T2,6%
TR HPF

My Ps

301

Be70
1e4N8
19499
25458
e63
Li-TUM
f}aleh
ale08
52+56
57:90
A3e44?
ARe5R
73462
18+58
83463
88.58
93431
IR LN
1771669
178,88

Ue Ps

6eN2
11439
16677
23,22
27495
33,32
38470
Ll e2%
4388
55425
6045673
66022
1495
Tk a2
8NeRG

Ue Po

62
11439
1677
2222
21495
33.32
ELP% 4]
G4he?9
49488
55425
6Nebh
6he22
10,95
16e32
8ned6
86e03
INe73
95.89
10N.19
173,20
114,59

TESTNO. 13 DROP SIZE (MM) 2.7
RELATIVE VELOCITY (FYT/SEC) 31"
FILMNO.BT3 MMD ) 41
SAMPLING DISTANCE (IN.) 30

FO PFG 5FO SPFO
Da 3420 Ce 0e00
107Re 44,89 1078 44489
495, J2Neb1 15873, &£65481)
299, 12445 1872 77496
123, Sele 1995 83409
148, 5s16 2143, 89425
107 4065 2250 93071
554 2429 2305, 96400
b 183 2349, F7.82
19 13 2368, 98462
14, 58 2382 49420
Se »37 2391 39458
Be «33 2399, 7991
Oe 1400 2399, 99491
?a +08 2601, 100.0N
TESTNO. 18 DROP SIZE (MM) 2.7
RELATIVE VELOCITY (FT/SEC) 395
FILUNO. B74 WD () 34
SAMPLING DISTANCE (IN.) 24
FO PFO SFQ SPFH
e D00 e TN
2002+ 67476 2002 47s 76
999, 2382 2001, 11457
639 15423 3640s 3681
21C. 5400 3850 91481
174, G414 4fi24, 95496
69, 1ehb LT B 97461
17, .1 ] 4110, 9B+H9
22 52 4152 99402
11 °éb 4163 99.28
Te oib 4370 394455
Te o 16 4177 95,61
Se o1 4182, F3473
2e «J4 4194, 99+78
6o 14 4190, 93,92
De 2400 419Ce 99492
2s 0% 4192 99497
N, Ne00 4192 93,457
Ne TeN0 4192, 93,97
e V0% L1072, 79497
LY e'e 193+ 1un.N0
-Cl12-

PMO

0«00
2450
4419
1204
el
1189
13.88
10488
12468
Te60
Te49
6e31
7407
0400
265

PMO

0«00
hell
1372
Be99
12476
Bel6
6ab7
5478
ua01
EFLR!
Lot 7
L0
199
727
0400
Je47
0.00
0.00
Q0D
124

SPMO

000
2450
665
13473
2.50
31440
45429
56417
68485
Thetsd
83095
95426
27s34
9734
100400

SPMy

0400

Ue?3
11s95
£Zeb i
34467
4Tet6d
22659
62627
68406
7257
15049
72497
84400
BELNO
921,28
3,28
96"’:‘
96?3
1875
Jhe TR
10000
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TEST NO. 48 DROP SIZE (¥} 2.7
RELATIVE YELOCITY (FT S0 385
FILM NO. 929 mwD () 19
SAMPLING DISTANCE (IN.) 27

-

——— S

i . T . * . L] 3 .
B LT O S E
; : : : O M
TESTNO. 14 DROP SIZE (M) 2.7
RELATIVE VELOCITY (FT. sgc)y -4
FILM NO.B6T MMB (i) 24
SAMPLING DISTANCE (IN.) 30
Le Pe My Pa e P ] BEQ £ o
N EPRN He 2 N 1430 T .
! Hed seil 11e3%  163F nignl R ] -
1le¥ 16608 1he?1 191 16 e6% GET. -t
hel? 19496 2372 337 12466 QuZhe I
7. P C e 121 AN e T .
“e z ek B Ie “le He M IO -
At [T VRY 38,7 2% ezt EE
A wLehS lie7 W e 7 R

TESTNO. 14 DROP SIZE VI
RELATIVE VELOCITY (FY SEC, 394
FILMND. RT5 MMD (1) 24
SAMPL'NG DISTANCE (IN.} 30

e Do e Fe e Fa ¥ opr o
et EIIRS [N "e Py T
e LA i1e18 RRp, R 7E B50.
1127 ‘he”B 1heT¥ 21]e £7e71 110 %
16he77 1559 23s2/¢ 194« 12485 13hae 3
214322 shetE 27455 &7 3,79 Ll s
‘-0‘1 15063 3;033 68 *053 P '
‘ot “e”d IR 7Y 1. P Tarle .
re? JlelS Lnie - e e it re FAT
§ ew i wTe™3 LheRB le PRelY B0 3, !
cvro  5ZeBE 55479 S A
Ahg2° EER A LA O T e PP AR

P




Le Po

000
a2
1139
16.77
23422
2Ts9%
33 32
38470
Llbe2F
49«88
55625
60s63
66422
70495
T6e32
80s84
Bbets?
9073
9589
10C+19
13320
114459
119497
126402
131415
136452
141430
14T:49
153,08
158445
163.83
169642

M. Pe

3.01

8670
1408
19499
25458
30463
36401
41 249
4708
5256
57494
63e02
6858
1363
78458
B1461
BA.5R
93431
98404
101469
138489
117.28

12319 °

128.78
13383
139421
laue6%
150.28
166,76
161414
166462
17178

e Peo

602
1le39
16477
23.22
2749%
33.32
38.70
44929
497488
554295
60463
66422
7095
16432
80.84
8Le02
INeT3
95489

100.15
103420
11459
11397
126s62
121415
135452
14190
167.49
152,08
158445
16383
16962
174615

TESTHO. 22 DROP SIZE(WW) 1.6
RELATIVE VELOCITY (FT/SEC) 131
FILMNO.879 MMD () 94
SAMPLING DISTANCE (IN.) 12

FO  PFO SFO SPFO

Oe 6«00 Os D00
261. &la89 261 aleBY
162+ 256400 423 6789

89, 14428 512 B2e1R
264 Gol? 538e Bbhe?5
33, 5429 571e 91465
12 192 583 93457

e 1e04 592 95402

He « 76 598 45498

be o bh 402, 96462

Se «80 607 9Te4?

2. ] 610 37.91

3. o4 613 F8439

1. 216 6lés 9855

Do N+095 6l4. 98455

Qs 200 6lé. 98455

kI uf 617 93.03
1o +16 618 99419
le a2 1é 619 79435
1. 16 620 99,51

De JeUT 620« 99451
Ne .50 ¢ 620 39451
1e o 16 621 9367
1e o1& 6220 99,82
N, Ce00 622 99482
Qe 3420 622 JFe82
e Nelh) 622 ¥9.83
Qe 0,08 €22 994832
Oe N.00 6224 99483
O D20 622+« 99.83
Ce N00 622 99.83
ls 216 623s 1vNe00

-Cl4-

OMO

0«00
«58
2423
41
158
4032
2453
2020
2481
28690
he36
Be42
nedl
1738
000
0400
2:30
3462
4ol
-e68
,+00
0«09
Le3b
Ye52
OGO
Qe0F
9.0C
0400
0+00
0420
0+00
2257

SPMO

000
98
3422
Eeb3
BeHd
12495
154058
18429
21e21
2381
28417
31e60
45493
317472
37.72
37.72
47,02
50455
ELYY:
2954
59456
5354
67.88
1740
17446
T1e40
TTekl
7740
T7¢
7740
T7ebls
100409

- ac——

- - - ——— Rl w———— ———— A e
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e e

S

Le Po

200

beN2
11439
16677
23+22
2795
3332
38.70
ke 29
49488
55425
60e53
66422
7795
T6e32
8D« 84
86443
Ile73
95489
10%19
103429
116453
119.97
126442

Me Pe

3,01
8470
14408
1999
25058
3Deb63
36471
L1le49
4708
52456
57.94
631042
68458
7363
7858
83463
88.58
93431
9B8.006
10169
10R.89
117.28
123.19
128.78

Us Pa

6e72
11439
14477
23422
27495
233,32
38,70
44,429
49.88
55425
60463
66422
7095
16632
80484
B86e43
90,73
95489
100419
17326
114457
119497
126442
131.15

TESTNO. 21 DROP SIZE (Mmi 1. 6
RELATIVE VELOCITY (FT SEC) 130

FILMNO. B78 MMD () 735

SAMPLING DISTANCE (IN.) 18

FO

Ge
6l
5C,
4le

PFO

V0
23482
19453
16401

54C7

7403

703

3,12

5407

3450

s 78

195

1495

1e17

+78

000

.78
39
<39

NeD0

1400

39
«39
19

-C15-

SFO

Gie
111
1524
165
183,
201
20%e
2220
2324
23“.
239
244
267
249
249
251
252
28 3.
253
253
2546,
255
256

SPFO

Je07
23482
43435
52,17
&“.‘05
T1e4d
18451
3lebé
thell
30+62
Fle&l
#3435
¥5431
LYY
3728
Y7426
98404
e
1%e02
38482
9882
99421
¥34690
12000

Py

0400
e 25
'YA-]

1«78

leld

2667

haedl

2492

6edl

Te3n

1497

LYY

Belb

606

4e90

CeC0

Te02

4eil

Lelh

0«00

000

Gelt

Jehbs

1078




Le Pe

0e00

beN2
1139
16677
23.22
27495
33432
38670
44429
49,88
55625
60e63
6622
TG+ 95
Tée32
BN+ 84
Bbed3
9073
582
170419
103220
116459
11927
126042
131415
13652
141690

M, Pe

3401
8e70
14498
19,99
25458
30463
3601
4]1e0%
4708
52.56
57494
63,42
66658
7363
7258
83463
88.58
9%.131
98404
15169
108489
117.28
123419
128.73
133483
139421
144459

Us Pe

6402
1139
1677
23422
27495
33,22
38.70
Ghe29
437488
56625
60463
6622
7095
16632
80.84
86673
90473
95,89

102419
12320
114459
119497
12he02
131,1¢
136452
141.90
147449

TESTNO. 23 DROP SIZE (Mm) 1.6
RELATIVE VELOCITY (FT/SEC) 136

FILMNO.BS0 mvD () 73

SAMPLING DISTANCE (IN.) 24

FO

PFO

Ne00
1909
13463
2181

3463

309

3,63

«90
636
1.81

«90

«90

2472

1681

3463

1481

2672

D400

1.81

«30
.00
Na00

«30
0420

«30

+91

-Cl6-

SFO

Oe
21e
36
63,
64
Taue
78
794
86
88
89,
90
93
95
99

101,
104,
104.
106
107
107.
107.
167
108.
108.
109«
110.

SPFD

0400
1909
32472
54454
58.18
67027
70490
7181
18,18
80400
80490
dlehA1
04a54
86436
Y000
91,81
JuehHa
Fh oS4
96436
4727
97427
97627
9727
96418
Y8418
97+09

10000

P40

. 000

«08

023
1402

-1
letsd

« 54

035
3ab5
1ats5

37
1427
T3
3497
et
581
1035
0e 00
Je3b
Se21
000
0470
CeQ0
10653
Ce00
13438
15603

5PMU

0400
«08
«31

l1e36

lebt
3elt

4608

bGabsls

8010

355

10.52
1la19
1661
20450
306273
36405
4betl
4hell
25676
6067
6097
50657
60497
157
71e57
S B4e96
10020

. —

tose




L .

e e
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LI S

a2
HallZ
1120
15677
23422
27455
13432
35S
Ll g 35
434 BR
55425
sle63
bhe2¢
7le93
PP
BNe B4

e SICINE
.. .
My Peo Ue Pe
e

3aN1 feN2
Be70 11437
1408 15477
15099 23422
2558 27495
3Nek3 33432
36601 38.7C
4169 “1e29
/a8 49.8¢%
52a56 52025
5794 60e63

63062 66022
58458 Tieds
73461 Thad?
75458 BR.84
B24.63 Re 443

-

Ve ~e e 2
3001 | 6al3d
Fe73 11.39
16478 167,
19,99 234,27
2ue53 2735
106" 3332
1hen ] 18473
u:en" 44429
47475 “.,. %8
22e5hb S5a2
a4 [P
3.4 t5he22
“"em" . e
Tiehd Thei?
a1 Blefa
Bleb dh el
et s “'F_\l.;:
R ey

TESTNO. 10 DROP SIZE (MM) 1. 6
RELATIVE VELOCITY (FT/SEC) 201
FILM NO. 859 MMD (y) 45
SAMPLING DISTANCE (IN.) 24

L)) pEO T 3FC SPEL oMo
D¢ ™%C3 .. . 0s 0600 033
Z39% 39485 239" 39M9m 2402
137 22487 376. 6277 4e22
90, 15402 4664 1773 Ta?73
ad, R,01 514, 85,80 8421
36, 6401 550 9181 10e55
12. 200 562 93482 S5e67
15 250 577« Y6032 iuebd
e iel6 584, 97.49 Tal®
4o o556 5884 Y8416 5483
4, ’Y:1.) 592 58483 1 EQD
2 o33 5946 99416 5611
o Wib 55%« 79633 322

De 720 295, 99433 Ce00
2a e33 597 78465 Je69
2e 033 599« 1uds00 11.70

TESTNO. 24 DROP SIZE (WM} 1. 6
RELATIVE VELOCITY (FT/SEC) 206
FILM NO. 882 MMD () 74
SAMPLING DISTAMCE {IN.} 30

Y PFO SFC 5OFY vy
Do De20 De Cef0 0400
47 25482 L7 25482 oh}
41, 22452 88, ~Zelh 1432
224 12408 110. 60s43 1459
1%, Q¢34 127 6578 3.06
174 Q34 164, 73612 520
11e 6e04 155 05616 5643
Je [P 7 164e 9010 [P Y-X
[ ?.l‘i 168, J7e A0 Lol s
£ Lot 171 AETE weh !l
le «S4 172 “4e5l Je
7 1eG9 176 45 eH0 “esC
Ce 300 174 7De%3 CeQ0
3. labl 177« 7628 12682
Do NedD 177 +ia2% Cel0
Ce Ne00 177, Y7e2% Deli
ie Py-11 178, 7782 71e33
2e 1eC9 Bl vHe 30 17606
De VYeud .80 SbeGl D00
‘e le U iZe 100670 2l

-C17-

SPvC

De00
2402
£425
13438
2219
3275
38043
LY YL
Shekd
62e45
10626
15437
784460
1850
68420

100.CC




Le Pao

NeDHO

6092
1139
16077
2322
27.9%
33.32
38.70
Ghe29
49,88
55625
6Ne63
66e22
11455

Le Pe

Q03D

6e72
1139
1677
23622
27495
33832
38. 710

¥, O

3.01

870
1408
19.99
25458
30463
36401
41449
4708
5256
5754
6382
68458
7363

Ve Peo

3.21
Be70
14408
1999
25458
3063
3601
4} ets

e P,

6eN2
1139
1617
2322
2795
33432
38.70
44429
49.88
55425
6NeHh3
66022
10695
716032

Us Ps

ben2
11e39
16477
23422
27495
3232
38.70
L6e29

TESTNO. 9 DROP SIZE (MM)l. 6
RELATIVE VELOCITY (FT/SEC)20 -

FILMNO.B58 MMD () 53

SAMPLING DISTANCE (IN.) 36

]

TESTNO. 26 DROP SIZE OM) 1.6
RELATIVE VELOCITY (FT/SEC) 316
FILM NO.885 MMD ()2 ]

PFO

0.00
27494
16417
14470

367

7635

Sela

31467

5.88

8408

294

2420

1e07

73

SF0

Os
38,
60
80.
85
95.

162
107,
115
1264
130,
133,
135,
136,

SPFO

000
27494
4441l
58482
62459
69485
75.09
78467
84,455
92664
95458
97,79
99426

100400

SAMPLING DISTANCE (IN.) 24

FO

Ce
1128,
5284
335,
88.
bbo
10
3.

PFO

Va2
52453
24437
15046

406

2495

Pl
«13

-Cl8-

SFO

Ce
1138,
1666,
2001
2089,
2153,
2163,
2166,

59FQ

0«00
52452
76:91
F23R
GHelsts
99,39
99.86

15000

PMO

0«00
«50
105
2065
1e34
4459
5419
5265
13.18
25415
12423
12402
10411
6426

PMY

0200
1708
17.08
30e14
1578
1966

L4495

2426

SPMO

000
«50
1456
Ge25
5460
1019
1938
2104
34028
59437
7160
d3e62
93473
190400

=PMO

Ge0C
1008
2Tla17
2Te32
13,10
7277
4773
13C«00
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Le Pa Mo Pa

Ge00 321
baD2 8+70
ile?s 14408
16,77 19499
2322 25.58
2795 30463
33,32 2601
38.70 4109
44 429 47.08
49.88 52456
52625 5794

Le O Me Ha
Te N2 .01
ben2 8.70
11425 ive(B

16677 19.99
23622 25458
2749% 36463
37432 36.01
38.70C L1645
44429 47.08

Le 2 Mo Po
Dot 3ei*]
5872 R0
11.3% i4enR

1677 16499
23.22 2258
2795 30463

Ue Po

6072
11439
16,77
2%.22
2795
33432
38.70
44429
49.88
55425
6Net3

Ue Po

6eC2
11439
166717
23622
2795
32,32
38.70
44029
49,88

Ue 2,

he¢
11633
16077
23e22
27495
33,32

TESTNO. 27 DROP SIZE (aM) 1 €
RELATIVE VELOQITY (FT/SEC) 320
FILMNO. 886 Mo () 30
SAMPLING DISTANCE (IN.) 30

FO PFO SFO 5PFO
O 1400 [+ 0«00
170, 37,44 170, 37e04

95, 20492 265. 58.37
8S, 194560 354, 77.97

U, 7248 188. EETI
319, 8459 427 G4 405
20. 4440 H4GT, YH 445

[- 7% 1032 453, 99+ 77
D 0400 453, 99.77
O 0.00 453 99477
1. 22 4544 1UDL0C

TESTNO. 30 DROP SIZE (M) ], 4
RELATIVE VELOCITY (FT/SEC) 595
FILMNO.89] D () 18

SAMPLING DISTANCE (IN.) 24
FO SF0 S5F0 SPFO
0. 0407 Qs De0C

895, 45492 895, 45452
658, 33,76 1553 19.68
311, 15,9% 18564, 95463
52, 2466 1916, 98e 30
27. 1038 1942, Y9469
by «20 1947, J9489
le «05 1948, 99494
ls «05 1949« 1J0.00

TEST NO. DROP £2E (MM)
RELATIVE VELOCITY (FT/SEC)
FILM NO. D ()
SAMPLING DISTANCE (IN.)

Fo PFO SET L
Te JeCD e S
187, 59,017 3187, 736"
15%. 23,70 5624 #2.,8%
9. 13,9} - 33, Jhe TH
15 2e29 LeBe YQ,0p
6o «?1 L5, 1«0.00

-Cl19-

LI

{all
2s15
6051
16497
27040
961
000
000
4033

PMO

0400
100
27405
38457
11485
1054

2052

«36
ledd

Ce0C
16+ 20
23s¢8
368
12671

370

sPMQ

Lelry

3415

9.71
£beb3
G441
65.0:
X T
Y5666
9566
95.66
100.00

SPMY

.00
iS40¢
37.}‘0
12471
BhaS7
9511
97.53
Yoek0

100.0C

G0
39,8
78e: ¢
2led?
HsJeRiall




Le Ps

Ve 20
672
11437
16677
23e22

“e Peo

.71
8,72
14408
194953
25458

tte Pe

6eN2
11439
16e717
23422
2735

TESTNO. 32 DROP SIZE (W) 1.6
RELATIVE VELOQITY (FT/SEC) 394

FILMNOC.Q13 mMD (p) 15

SAMPLING DISTANCE (IN.}) 36

FO PFO

Da G20
799 672477

i4le <Beb5
C¢ 10416
2e «ad
~-C20-

3FO

237
L4640
490
492

5PFO

b
6377
BFeb
79259

14Ce00

PMO

000
21.95
37477
37.217

2457

SPMO

000
21495
3374
9704

10000

Spn.
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et d——— ——;

i

e GDEN U e e

te 2

b Pty
He 2
11439
1he 17
23e22
21435
33432
2Re 7
hie 29
44R6
554 2%
% P
hhe?d
T a05
75632
Tebd
Ahels}
3ne173
JRLR3
13713
2179477
116654
113637
12heta?
131615
126452
121e30
147445
HE Pk
VARebn
163 R73
1690062
1Tue?d
173,52
1obalin
139.F14

Me Pe

2,11

Be72
14408
19693
25438
3Ne67
ELT
Ul .69
“7.§5
5256
5794
67447
GReSH
73467
TA,58
83163
875458
EAT I
N1
157169
1334R3
117e2%
12315
172472
131‘81
1734214
laLeb 3
15Ne?4
15«76
171ele
1At o67
17178
174eR7
181178
J8n a8
131474

s Pe

Ae2
11639
16677
234727
2795
213432
36,70
Li g9
4ILPNB
55475
60e67
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