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ABSTRACT

A crziical review of the breakup of liquids is given, wttli emphasis on
liquid dro~s. Evidence is pfeseited that the breakup is a "ate process
anid henco must be considered friom a time-dependent approach rather
than from purely dimensiofiless pafasiretrs. such as Webe'i or Bond
numbers.

A theoretical model of the aerodynan:i7 breakup of liquid drops is de-
veloped, postulaiinig that the dual breakup mechanisms (bag and stripping,
of liquid drops result from pressure and fiictional drag on the drop.
The deirivatioh of a quantitative expression is presented, predicting
aefodynamic breakup times of liquid drops a- a funiciion of the gas -How
properties and the phy•ical prioperiies of the drop. A tuant•tative e:-
pres~ion is. also developed that predicts the massameaii dianneter of
droplets produced by~aeiodvfiarnic breakup of the drop as a function Ai
the gasflow properties anid physical Prioperties of the drop

Using shock-tube techniques, a comprehengiv e, experiniental parametriic
study was conducted on ihe-bfeakup times of drops of water, mercury.
bis, and thi-ee silicone fluids with differ-enit v-iscosities- The result-
aire compaired to the available iheories; :ind are shown i6 be in veiy good
agfeemeni with the preceding theoiy

An experin•ental study of the size distribution of droplets produced bly
the breakup of bis droplets \',,as conducted for various gas-fiow vcioc:!:es
and :nitiai dr•op sizes. The res-its are showii to be in good agreement
with the developed theory.



CONTENTS

Page No

I INTRODUCTION|

"•. SJMMARYf 2

3. bISýERSiON BACKGROUND ,5

3. 1 Dispersion of Bulk Liquij. V

3. 2 Dispeisioh of Liquid Drops 1. . I1

4, THEORY OFý THE M,1ECHANISM AND RATE OF

BREAKUP OF LIQUID DRO-PS .... ... 23

4. 1 Introduction .... .. . . 23
4. 2 Liquid Flow and Breakup as Rate Processes 24
4 3 Bireakup Mechaiiish and Breakup Tize of

Liquid bi~ops . . . . . . . 26

4.4 Initi1i Drop Sizes Produced by Dispersion of
Liquid brops . .......... 36

3. EXPERIMENTAL PROGRAMM ........... 41

5. 1 Description of Apparatus . 41
D. 2 Test Procedure . . . 60
5.3 Parametric Studies ....... 63

A CORRE-I.ATiON OF RESýULTS WITTH THEORY 70

6 1 Quatitatii.-e Description of Break'ip 70
6,2 Atrodynamic Breakup Times . . 81
6. 3 Droplet- Size Distributio,is 9....... .. 92
6. 4 Drag-Coeificier.t Measurements 99

7. CONCLUSIONS AND P ECOMMENDA trIONS 112

REFERENCES ............ .. . 114

APPENDIA A - Shock-Tube Theory .. . A-I

APPENDIX B B IB

APPENDIX C C-1

-iv-



ILLUSTRATIONS

Figure No. Page No.

1. Shock-Tube aiud Dyha.kIX dianirCiA 42

2. biiphfign Holder dopffi enus .......... .... 44

3. UWe of Wire P~iitianiiig jig. .. ... ;........ 45

4. Diaphragrm Holder ........ .................. 47

5. Di-phragm After test ....... ................ 48

6. bialhifagih Opeiing at Lo•* Pressure ......... 49

7. iinhrajim Opeffifig at High Pr-essure. .. .. ....... 50

8 Instruinefitatioh ........ ................ . . . 54

9. Shock-Tuube Test Section ....... ............. 55

id. Side View of ShockaTibe Test Sedtion. .......... 56

11. Drop Sizes versus Tube biAiietei for Various
Liquids ..........................

12. Shock Tube and Related Items .... ........ 61

i. Eiiec- of Relative Vei6city on the Breakup of
3. O-mm Water ro6ps ....... ............... 73

14. Effect of Viscosity on B .akup . . ....... 75

15. Efiect of Relative Velocity on thei Mode of
B3reakup of Water Dbop.. .... .. ............ 79

16. Cdmiparison of Ekpefiimental Drop Breakup
Times with Equation (48a). .... ............. 83

17. Compar.;son of Experiri-entai Drop Breakup Timics
with Equation (48a) Modified to Use Average Flow
Velocity ....... ....... ............. .... 84

-V-



ILLUSTRA [IONS (Cont)

Figure No. P.-age N.)

18 Comparison of Experimental Stripping Breakup
Times with Equation (31b) .. ......... 85

19. Comparison of Experimental Bag Breakup Times
with Equat:nr (51b) 66

20. Comparison of Experimental Lrrp Breakup Time6
with Gordon Theory, Equation (26) . . 88

21. Comparison of Experimental Drop Breakup Times
with Gordon Theory, Equation (26), with Reduced
Surface Tension Pressure ....... 89

22 Comparison of Special Case of Gordon Theory
with Experimental Breakup Times 90

23. Comparison of Limiting Case of Gordon Theory
with Experimental Breakup Times 91

24 Comparison of Expe.'mental Breakup Tirnes
with Hinze Theory - Low Viscosity Case (Water) 93

25. Comparison of Experimental Breakup Times
with Hinze Theory - High Viscosity Case
(GE SF(96(200) 94

26 Comparison of Experimental Drop Breakup
Times with Morrell Theory for Stripping Breakup
of Liquid Jets (Water) 95

27 Comparison of Experimental Drop Breakup Times
with Morrell Theory for Strippini Breakup of
Liquid Jets . 96

28 Comparison of Experimental Results f,'om Break-
up of Water with Critical Size Curves Obtained by
Hason and ,orrnucl' lReferences 10, 311 and L.2ne

(Re.-rence 2-3) 9

29 Comparison of Experimental Ave•-. ,e Mas.,
Droplet Sizes with Equation (581s .:) • • 98

-vi-



ILLUSTRATIONS (Cont)

Figure No. Fa. No.

30. Comparison of Experimental Avtrage Mass
Droplet Size with the Mayer Theory ......... 100

31. Motion of a 3/32-in -Diameter Nylon Sphere

Subjected to an Airflow of 208 ft/sec ........... 101

32. Motion of a 3/32-in. -Diameter Nywn Sphere

Subjected to an Airflow of 386 ft/sec ........... 102

33 Motion of a 3/3Z-in. -Diameter Nylon Sphere
Subjected to an Airflow of 434 ft/sec ........... 103

34. Motion of a 1. 36-min. -Diameter Drop of
G. E. SF(96) 0 65 Silicone Fluid Subjected to an
Airflow of 43 ft/sec ..................... .... 104

35. Motion of a 1. 25-min. -Diameter Drop of j
G. E. SF(96) 200 Silicone Fluid Subjected to an
Airflow of 161 ft/sec .................. ..... 105

36. Motion of a 2. 2mm-Diameter Drop of G. E.
SF(96)200 Silicone Fluid Subjected to ta Airflow
of 208 ft/sec ........... ................. 106

37. Motion of a 1. 45mm-Diameter Drop of G. E.

SF(96)2A 00 ~
of 340 ft/sec ......... .................. .... 107

38. Motion of a 1. 2rrmm-Diameter Drop of Mercury

Subjected to an Airflow of 168 ft/sec.... 108

39. Motion of a 0. 69mm-Diameter Dron of Mercury

Subjected to an Airflow of 224 ftlsec ........... i09

40. Motion of a 0. 82mm-Diameter Drop of Mercury
Subjected to an Airflow of 351 ft/6ec ........... 110

-VII-



:NTRODUCTION

Knowledge of the dispersion (atomization, dissema'inai... or breakup)

cnaracteristics ,f lIquids ts of importance in a wide x.iret" of applica-

tions, including

"* Liquid-fuel atomization in rockets, internal-combustion engines.
and gas turbines

"* Insecticidal and agricultural spraying

"* Spray drying

"* Meteorological studies

"* Production of aerosols for therapeutic work and chemical/biological
warfare

Thc mechanism of dissemination of liquids is nct 'vell understood There

is no general theory available with which to estimate the particle-size

distribution of a lIqutd as a function of the physical properties of the liquid
o, to #-valuate the atomizing technique employed and its operating conditions

Nevertheless, many features of the dissemination process have been eluci-

dated from considerable experimental work and some limited theoretical
work performed over the years (References I through 51.

The factors that influence the breakup of liquids are, to some extent, a
function of the techniques used for performing the bre-kup, 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. viscosity and density of th, liqid. the denqity ndt

viscosaty of the gas (or other fluid) through which the liquid is moving, the
relative velocity between the !-quid and gas, the wavelength of any surface

disturbances resulting in instability, and the hydrodynamic properties of

the gas flow (laminar. turbulent, sub- or supersonic, etc. I

The physical properties of the liquid anid of )ts environment define part
of -he p-c.ceding factors in a given case, whereas the techniques employed

for dissemination define the remainder of the factors For example. it is
well known that the efficiency of atomization and dispersion of a liquid

througb an injection valve depends both o i the propert!-s of the iiquid

(for A given shape of the orificc) and on tne shape of the orifice (for a
given iiquidi
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Th. ,e is evidence that atomization of a liquid occurs in several stages,
and that there is little difference whether the breakup of the liquid is
brought about by the emergence of liquid into still air at h.i9h speed from
a nozzle, or by the interaction of a stream of liquid and -. fast-flowing
gas stream. The various stages occur in the following order,

a. Stretching of the liquid into films, sheetb, streams, or jets as a
result of accelerating the liquid by sonic 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 res,lt of air (fluid) pressure and
shearing forces.

d. Collapse of ligamants into 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 break.-. ,f liquid
drops. The studies have emphasized the mechanism and rate of the breakup
process, with some attention directed to the resulting particle size of
the dispersed aerosol. Also considered was )e role of the physical prop-
erties of a liquid drop on its dispersion characteristics.

2. SUMMARY

A critical review of literature on the aerodynamic breakup of hquids iq
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 liquid by the gas-flow
forces, and (2) the rapid breakup of these liquid streams by instabilities,
which grow exponentially with time. The breakup of liquids is shown to be
a rate process and hence must be con!,.dered Loin a time-dependent
approach rather than from purely dimensionless parameters, such as

Weber o- Bond numbers

A theoretical model of ths aerodynamic breakup of liquid di ops is de-
veloped, postulating that the dual breakup mechanisms (bag and stripping)
observed for liquid drops result from pressure and frictionl! drag on the
drop. The frictional drag is usually greater than the pre, iure drag;

-2-
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however, the original deformation of the drop produced by the aerod.namtc
flow produces a sharper curvature at the outer edges of the drop than
in the middle of the drop. This curvature produces a higher surface-
tension pressure at thz edges than in the iz.iddle of the drep. The surface-

tension pressure resists liquid deformat.on by the gas pi essure, 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 edges becomes larger than the zurfce-tension pressure; the

drop then undergoes stripping breakup, since the iriction stress is
greater than the pressure stress. For certain conditions, the drop ex-
hibits the characteristicz of both bag and stripping breaktin.

Quantitative expressions are derived to predict the breakup times for

both the bag and stripping breakup of li 4 uid drnpq with giv,:'.f physical
properties (size, surface tension, and viscosity) subiected to aerodynamic
flow of a given velocit,. These expressions are based on how quickly the

middle of the drop can be sheared away from the edges of the drop (bar
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 t3 be
given by

d

[(AZ + BP) I / - AJ

A = ; B = -
dpl PI

o u •

2 d
where

d the original drop ci.ameter

-I viscosity of drop

a - surface tension of drop

01 =density of drop

Pa =denbity of gab flow

u =velocity of gas flow
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For low-viscosity liquids and negligible surface-tension forces (either
low surface tersion or high velocity),the preceding equation simplifies
to

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

t =

Oau

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

A theoretical model 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 uf the film (and which subsequently form into drops
by surface-tension forces) are considered to 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

t136 11¢3/2 d 1/? 1/3
D = I Pail/ 4

D L Pa Z PI IZ u4 ]
(The velocity and initial drop-diameter dependence predicted in this equa-
tion has previously been found experimentally by Weiss an-I Worsham. )

A comprehensive, experimental parametric study has heen conducted on
the breakup times of drops of water, mercury, bis. and three silicone
fluids with widely different viscosities, employing various flow velociti-s
and drop sizes. The liquids were chosen to include a w,..e variatioa oy
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physical properties, which were investigated using shock-tabe and high-
speed photographic techniques Descriptions of the experimental apparatus
and test procedure '.re presented in detail, and the' o- .g:nal experimental

data are appended. Experimental breakup times are coiz.,tAred to avail-
able theories, and are shown to b,: in very good agreement with the de-
veloped theory. The result3 are also in agreement with the Gordon
theory, if the surface-tension pressure used by Gordon is decreased by
a factor of two to four. Experi-nental photographs of the breakup process
demonstrate that the bag and stripping breakup mechanisms are separatcd
by a transit.on region that includes characteristics of both modes of
breat.up behavior as predictedl Various characteristics of the breakup
process are disc-,ssed,including the change of drag coeijic~ent with htue

An experimental study was performed to sample and asbess droplet-size
distributions result'ng from the breakup of single drops of bis subjected
to various aerodynamic flow velocities and exhibiting both mechanisms o0

breakup. The mass-mean diameter of the resultant droplets was found tD
be in good agreement with the derived equation.

It is concluded that the present breakup theory is probably adequate to
describe the breakup times of liquid drops of any liquid, the derived mean-

drop-size expression is probably adequate, but needs further checking
using other liquids. Further studies are also required to elucidate theo-
retically the entire drop-size distribution function Associated conclusions
and recommendations are also discussed

3. DISPERSION BACKGROUND

3. : DISPERSION OF BULK L.QU:D

Breakup of a mov-ng jet of hiqu~d was first treated theoretically by Rayleigh
(Reference 6) ard later extended 'y Weber iReference 7.. in these
treatments small perturbations or disturbances acquired in the slip
streams at the noz;le 'or base of the 'iquid, are shown to be carried for-
ward with ihe jet at the same tirmie gr-wing exponent~ally until violent
instability occurs lollowed by breakdown of the i~quid co.umn. At lox%
jet velocities, the air does not appreciabiy affect !he shape of the jet, and
rotationally symmetric tvarcosei disturbat.ces are formed on the cindri-
cal jet The disturbances are assumed to grow in cunformance with the

equation

S Z Si cxp 1q* cos '2,xI\, (T)



wher-

S amplitude of the disturbance at time t and d:--•ance x

from the nozzle

Si average initial amplitude of the disturbance imparted to
the jet stream at its base (the nozzle)

q rate of growth of the disturbance of wavelength X

Breakup of the jet into droplets occurs where the jet is nicked off by the
growth of the varicosity. The waveikngth th- dominates the Jrt. ,kup is

the optimum wavelength, X opt, for which the rate of growth is a maxi-
mum, i. ., qm" The breakup criteria is: S, exp (qmtb) = dj;'2, where d.

is ihe jet diameter. Breakup time, tb, is then given by

tb = (I/qm) In (dj/2Si) (2)

The optimum wavelength according to Weber is
= z!z I ,•z.llZ1/2

x opt 2 rd [ + 3 I-2 / (3)

where

- viscosity of liquid jet

surface tension of liqtid jet

P 1 = density of the liquid jet

Assurmnng thc tverage jet diameter is equal to the diameter of the jet

orifice, the average diameter, d, of the spherical drops initially produced

by breakup of the cylindrical jet is

d = [1.5 dj2 Xopt]1/3 (4)

The growth rate of the optimum disturbance is given by

Iqm = (pl/cr) 0 5 dj 1.5 + 3 d• (5)
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The breakup distance is Lb Ii tb where u is the let velocity Thus,
Lb increases with increase in jet veioc~ty while ti is independent of
velocity

As the velocity of the jet is further increased. the breakup , to drops
beio.-nes partially influenced by interactions of the jet with the air. The
air velocity increases over the wave crests and decreases over the
troughs;, simu!taneously, the pressure decreases over the crests and
increases over the troughs The net result is that the optimum wavelength
for breakup decreases, and the growth rate of the optimum wavelength
disturbance increases, :eadin2 "- a decrease in breakup time breakup
distance, and resuit-ng drop size with an :ncreasc- mn jet velocity. As
the jet velocity is stil! further increased, the jet becomes sinuous jwavy'
in nature as a result of increa ;ed surface interactions with the air, the
faster the jet velocity the more the wave motion is intensif~ed. The
wave motion leads to rapid breakup of the jet into drops However, the
treatment of this case by Weber is semi-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 experimental studies (References I through 51 As shown by
the study of Haenlem (Refererce 8, four characteristic breakup forms
were evidenced is the jet velocity was increased viz. drop formation
without air influence, drop formation with air influence wave formation
leading to drop formation. and immediate compiele disintegration of the
jet into drops. The latter situation, which was no: discussed by Rayleigh
and Weber is generally the situation that occurs in practical applications

Castleman 'Reference 91 considered the breakup of a high-velocity jet to
occur through the formation of higamcnts or threads which are drawn
from the main jet mass and collapse because of their instability into a
number of drops. The blgaimients arise through air frict~on on the jet
an effect that causes surface distu.bances to grow according to the
Rayleigh-Weber theory At higher airspeeds, finer !igaments are formed
and break up to form smaller drop.-, hight-lr surface tension wou!d cause
qu'cker collapse of the ligaments beiore they are drawn ton, finely and
would resalt in larger drops These trends a.re verified by exper;ment

Fogler and Kleinschmidt -Reference 10, cons:dier the t.quid to be drawn out
into thin flat sheets or films rather than ligaments or threads The
waves in the f:hyi buicd tip rap'd~y and c-•ise a whipp,:g of the s,'rface so
that it curls back on itself to form a hol.ow tube Socii a tube is unstable
and breaks off inmediatcly into a series of hoi!uw ;pherc-s, which forn,
droplets

-7-



Schweitzcr (Reference 11) stressed the importance of 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-. lorces,
and providing surface disturbances for interactions with the air. S.:hweitzer j
considered turbulence to be the dominant factor in the breakup of very-high--
velocity jets, with air fiiction 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 characteristic breakup form observed by Haenlein.

The views of Schweitzer regarding the effects of turbulence on the breakup
of high-velocity jets are also supported oy the work of various oL,ie.
workers (References I 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

dui= 500(N/Pl) 0 . 2  
(6)

At lower jet velocities, the drop size reached a limiting value, .ts 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, ar.d direct atomization from
the nozzle; the stages are separated, consecutively, in a plot of the

Ohnesorge number, Z, versus Re, using the lihes given by

Z = 1.025 - 5.08 (l0- 4 ) Re (7a)

Z = 1.430 - 1.4Z (10-4) Re (7b)

Z = ni (a PIdj)1/ 2  (7c)

Re = p, u djlr

These relatiot.ships show that the jet flow char,'i-., Iron l laminar to a
turbulent behavior as the velocity is increased.

-8-



Dityakin and Yagodkir. (Reference 13) concluded that fluctuat-ons of the
jet-flow velocity and the density of the ambient medi,,m lead to a decrease

in the average droplet size produced by jet breakup, a- .•.211 as to a dis-

tribution of droplet sizes.

Dunne and Cassen (Reference 14) investigated the instability of a liquid
jet with a velocity discontinuity (shock) superimposed on the jet. They
found that the perturbation grows in time, and is 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 (Refeence 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 Gacis (Reference 16) found that capillary jets of liquids
expand or contract upon ejection, 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 previously
coarse stream. Miesse (Reference 18) found that a transverse ambient-
pressure oscillation brought about rapid mixing of a pair of ad.-acent streams.

Weiss and Worsham (Referene 19) studied the drop sizes obtained oni
injecting a cylindrical liquid jet of a synthetic wax intn a large, hot air-

stream sustained at high velocity. The relative velocity, ur, between the
liquid 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

d =ur l.33v, 0.08 D 0.16 n 0.34 [1 + aod (8)

where

v. . = injection velocity of the liquid

Din = diameter of the jet

Pao = density of the air at 300°F and l-atm pressure

SOa = air density

aI
• -9-
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The in%. cse velocity exponent 1.33 compares to a ,alue o1 1.0 found

earlier by Nukiyama and Tanasawa (Reference 20) for small pneuimatic

dtumizers. and to the value of 1. 11 for a metal alloy and 1.68 fr.r a wax

found by Marshall (Reference 21) for large venturi atomizer,:.

Weiss and Wo'sham concluded that: "The atomization of liquids by

large, high-velocity airstreams occurs by di'ect 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 o1 the fluids do affect spray fineness, but their net influence is

less critical. The exact way in which the liquid is introduced to the air,
i. e., the geometry and operation of the injecto-, 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
c itions in which high-velocity gases are involved, with the exception
of conditions where high-vapor-pressure liquids are concerned (in

which case -:aporization may also be an important parameter). I
The breakup of a tangentially moving liquid sheet, or a conical film

such as may be produced by a swirl type of injector, has been considered I
by various investigators (References Z2, 23, and 24) to occur in much the

same manner as that of a plain jet. Small disturbances in the sheet develop
tc 'orm 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
U

X opt = 4 'ra/pa u2  (9)

where

oa = air density

u = relative tangential velocity ct the air

The maximum growth rate is

[zn 2 u/?L opt]I[2 i/p, u 2bl (10)
ii l

-10-
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f where b is the film thickness. The average drop size produced by the
breakup is

d = 6b Z 11/3 (11)

Equation 9 may also be used for estimating drop-size values in the sinuous

breakup of liquid jets. It is of significance that Equation II predicts the

drop size to vary inversely as the 4/3 power of 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. Yoek et al (Reference Z4) assumed that each wave-forn:ed

ripple on a liquid sheet behaves as a circular jet of radius (b%/iT)1/2 and

obtaired for the drop size

d = 2(bXopt)1/2 (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 icceleration (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 is always a destabilizing influence (known as Helmholtz Instability).

Richtmyer (Reference 27) has ý-onsidered Taylor instability in the shock-

acceleration of compressible fluids.

3.2 DISPERSION OF LIQUID DROPS

Lane (Reference Z8) conducted one of the first comprehensive studies of

the aerodynamic breakup of liquid drops in an air stream. He subjected
a water drop to an essentially steady (gradudly increasing) air strean,

and found that it becomes increasingly flattened; at a critical velocity of

air, the drop was blown out ;n a concave manner int.ý the form of a hollowv

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 ""% of

the mass of the original spherical dro' +oke up later into larger drops.

This ;ype of breakup is known as bag brea..up.
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Lane pointed out that the phenomenon has special interest in 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 pz. :i.-les
result from the breakup of a stretched film. He found that the crit.cal
velocity, uc, required to break the drops was given by: (u. - v) 2 d = 612,
where v is the velocity of the drop at breakup and d is the diameter of
the orig.nal drop. A relationship of the form

Cd Pa (u-v) 2/2 4-/d (1)

was expected on theoretical grounds, where Cd is 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 i1 bursts, the drag coefficient should be closer
to t!..-t 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 I
investigators of droplet breakup (References I through 4). The interpre-
tation of this equation is 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 the dr'np 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 only 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 I
also studied by Lane. In this case, the drop deformed .n the opposite
direction to that of bag breakup, and fornied a convex surface to the flow I
of air, the diameter being about twice that of the originral 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 is j
known as shear breakup or stripping break-p.

it was foundl that the velocities required for breakup in the fast blasts were
lower than in the steady stream, the divcir,...ce .ncreas~ng for small drops.

This effect was explained by some work of Taylor, who deduced that
(uc -v) steady _ -I/2 (uc - v) transient- A measurement of the drop sizes I
produced by the breakup of a drop showed the resultant mean-mass drop
size decreased with an increase in velocity.
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Calculations by Taylor (Reference 28) of the boundary-layer thickness
(and hence resultanc drop size) of the drop undergoing stripping were

roughly in agreement with experimental data cbtained - low air velocities,

buit 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 slight deformation of the gloLules,

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

6/R = 0. 17 We 41

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 =au R/Da (15)

where

p = gas (air) density

u = relative velocity between the drop and gas stream

r = surface tcnsion of the liquid

For liquids with large viscosities, Hinzc found

,5/R 0.095 We (16)

Hinze thus associated the breakup of liquids with a critical value of the
Weber number. For the cases of the breakup of a liquid in a continuously
increasingly gas flow (e. g. , a falling drop), the constants in Equation- 14

and 16 should both be 0. 095. The correlation of these equations with
limited experimental data of Merringtcn and Richa!dson (Refernce 1,!)

suggested that the critical value of 6IR, i.e., (8/R),.. is generally of the order
of unity for breakup; however, highly viscous liquids required larger ý -lues

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

tb (1. 16 R/u) [(Pl/Pa) (6/R)cr] 1/! (17)

and that of a highly viscous liquid was found to be

tb = (10111 /Pau 2 ) (6/R) (18)

It should be noted that Equations 17 and 18 do not include the case of medium

viscosity effects; in addition, the values of (6 /R)cr required vary with the

viscosity.

An experimental study of the aerodynamic breakup of liquid drops was

conducted by Hanson et al (References 30 and 3 1). 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
occ,,r.. They also found that with some drops undergoing bag breakup,
the bag develops a reentrant portion near its niiddle;, this so-called

"stamen" increases in length with time, 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 shocked 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 oils with

viscosities of 10, 50, and 100 centistokes, over the 100- to 700-micron

range of drop diameters was found to ob.y the following emperical equations:-

uc 2 d = 6.21 (106) (19a)

uc 2 d = 2.71 (106) (19b)

uc '18 d = 9.69 (105) (!?c)

uc 1 . 6 2 d = 6.8,1 (105) (lyd)

ucl13 6 d = 2.32 (105) (0i.,)
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where d is the drop diameter ini microns, u is the gas velocity in ft/sec,

asid the subscript c denotes critical quantity.

The dependence of critical velocity on sur.ace 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 . negligible effect of viscosity in the cri-

tical breakup velocity for viscosities of about 10 centistokes or less,
dbove this value, however, the effects became significant. Increasing
viscosity increased the critical velocity required to break up a drop of
given diameter. The trend beck-me more pronounced as tbo drop diamete-
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 behind

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
intern-l ,,brations. As shown in Reference 35, the time tn (period)
required for a complete oscillation of a liquid drop fer the nth spherical
function (harmonic) is given by

tn = [3 Tr mr/cr n (n-I) (n +2) 1/2 (20a)

where m is the mass of the drop.

The case of n = I results in no motion, i. e. , the shape of the drop is
spherical; the case n = 2 is that of the slowest vibration arnd represents

deformation into what is close to an ellipsoidal shape. In this case

tn =[3nm / 8r11/2 (2Ob)

TLe cases of n = 3, 4 .... correspancl, to more raipid partial vibrations to-
ward the ellipsoidal shape; these vibrations are anriarrnonic because their

periods do not have a direct relation to the period of the ellipsoidal de-
formation.

Engel (Reference 3o) photogrphically ýtudied the breakup of w-.ter drops
behind an a,r shock. She found the drops, which und•--went shear hreakup,
to first flatten on the leeward side subsequent to tVs passage of the shock
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front. This effect w.yas followed by a radial flow of the drop to give a
ring shape, which was then bent in the wind direction by the airflow. The

deformation was accompanied by streamers of mist torn off by "-- moving
boundary layer. Flattening of the drop perpendicular to the dxi ec*;,."- of 5
the airflow is the result of the pressure distribution around the drop.

According to Burgers (Reference 36),the preceding effect is initially

described by
I

douL z pt2 /3 R 0  (21)

where dout is the outward displacement at the equator of the drop

(perpendicular to the direction of the airflow at time t0, p is the density
of the liqu d drop of radius R, and p is the pressure difference between

either the windward or the leeward-face stagnation point and points around

the equator of the drop.

After the initial 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 appeared in the windward face, an effect whic. may be
cau-ed 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 in the center of the liquid, forming a ring
that breaks into droplets It was found that large drops lag behind small
drops in de% c.loping various stages of fragmentation (this behavior decrcascd
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 droy diameter.

Rabin, Schallenmuller, and Lawhead (References 37 and 38) investigated

the aerooynamic breakup of burning and non-burning hquid drops They
found, as did previous investigators, that tne flow field following the rela-
tively weak shock causcs the droplet breakup,, rather than any impulsive
action of the front atse!f The critical velocity required to break up a

burning drop was found to be slightly lower than for a non-burning drop (an
effect attributed to the lower surface tension of a burning drcp). It may
also be noted, however, that the bounldary layer around thc h.3rn:.Ig drop
will also differ frcm that of a non-burning drop Both bag and s'iear

breakup behaviorg were observed.
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An analysis of the data revealed that the breakup mechanism (bag vs shear)
could not be explained on the basis ci the flow duration as related to the
drop vibrational period (Equation ZOb). Data o; Laite ,.ad of Hanson et al.
(Reference 30 and 31) also 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 flow was found to agree with the equation

We / Re 1/2 '0.45 (22)

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

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 report). 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

dv P 1 2S. .. . /2• - 8a/d) - ( 161q v/d (Z 3a)
dt Old pId Pau

where d is the drop diameter. P is the resultant pressure on the face 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, o. a~id viscosity, n , and the air btream w.th
density,Pa, and P1 is the liquid density. lntegriting Equation Z3 gives the
velocity of the plug as a function of timne

v = (A/B) I - exp (-Bt)] 3b

where
2

naUl 8cr 1 6
A - -- B (23i()

2 Pld ptdl PtI•
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Integrat.dg 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 (16tj)z 16q t -16, t]
S 2 1 + exp (24)

p1d 2 (paU - 16or/d) pld2  
-d (24

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

Thus t = (2d/u)(pliPa)t1 2 ; for 11< <du paPI)1/ 2  
(25a)

o< <dusPa

t = 321 /Pau 2 ; for v»>> du (PaPl) 1/2
a*<< du7pa (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 |

2dpl 1/2 3211
t I

(Pau - 16,/d)1/2 pau 2 - 16,/d

Gordon states that this approximation is never ton 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 corn-
pared to results of the present experiments in a iater section of this report.

Dodd (Reference 40) considered the bag breaki.p of liquid drops and argued
that the critical velocity required for brea;;up 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 in a series of papers (Reference 41, 42, and 43). His results with
jets are directly related to drops, since breakup was consider ýd under

-
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conditions where the breakup was due entirely to the transverse shock and
not to the jet instabil:ty per se Originally (Reference 411 he utilized
the method of H~nze (Reference 291 for drops and deriv-- an analogous
breakup-time expression for a cylindrical j,.t. He observed experimen-
tally that the breakup occurred by a shear type of mechanism ithe b-eakup
time was found to depend on dp/u), However, large values of 6/R were
required to make the data agree with the theory Morrell pointed out that
his data. as well as those of Rabiu and Lawhead tReference 37) and of
Lane (Reference 28). showed that the minimum or critical Weber number
for breakup should increase as the initial drop kor jetý diameter increases,
whereas the data repored by Hanson et al.(References 30 and 3 1) and
by Volynskii (Reference 44) show the opposite The reasons ior this
discrepancy are not apparent

In a later paper (Refcrence 4Z2, Morrell derived an expression 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 frictional force on the sheet is equal to the tensile force of the liquid.
The time-dependence of the breakup was not considered, however. The
case in which the dynamic pressure causing breakup of the drop decays
exponentially, i e ,

PauZ Iaiui 2 exp -t/ta" tZ71

was also considered for both bag and shear breakup in this equation.
the subscript i indicates initial values, and ta is the action time (time
constant) of the decay. Morreli assumed that when the action time is
greater than the natural period tn of the drop •Equation ZOb) or jet. the
liquid mass will oscillate and break by a deformation ibag, mechanism.
For ta<tn, the mass will not oscillate and will break by a stripping
mechanismt. A reasonabe correlation of the data was obtained using this
assumption. However. Rabin and Lawhead dAeferences 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 initially know either the pres-
sure duration cr its decay characteristics, and hencv cannot know what
frontal shape to assume kconvex or concave) to help establish the breai-up
mechanism
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In his later paper (Reference 43), Morrell states that the flow duration

(action time) merely affects the extent of breakup. Deformation breakup

appeared to become increasingly important as the velocity w increased.
The deformation 6 was determined (photographii-ally) to be givc:, by

OIR = 2 + 4 We/Re 1 / 2  (28)

where

We = Pau 2 R/J

Re = PaUR/11

R = the jet or drop radius

Substitution of this expression in the equation originally derived fAr break-

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 avaiLable 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 liquid from the drop
was taken as

dV
-_ = 2dbl "1 (29)

dt

where V is the volume of liquid per unit length of jet, dbl is the thickness

of the liquid sheet (boundary layer), u1 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, 'Ihis length, 6. was assumed to
be given by Equation 28,

Integrating Equation 29 gives for the breakup time

t -R 2 / (Zdblul) (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 than the
exponential profile used earlier by Taylor (Reference 2,R). The boundary
layer thickness was found to be given by

dbl = (vI x/ub)11 2  (31a)

and the average boundarý layer velocity by

u 10 bu (31b)

where

b = 0.041( Pa/Pl)2/3 (Va/v 1)1/3 (3 1c)

and v is the kinematic viscosity, tj /p.

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

t~~s(PL (al R Re
t= 0. 54 1+(32)

Re

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
(airatream) 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 itnertidt .- fects. The other
waves grow at an exFonential rate, which is determined by the fluid
properties.
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It was pc ,tulated that when a wave of a certain wavelength has grown to
an amplitude comparable to its wavelength, the crest of the %-,Ave is shed
as a ligament from which droplets (w14ose diameters are proportional to
the wavelength) are also formed.

The derived mean droplet diameter for the primary breakup of the liquid
d= 71.,Z B [(nI(r/p

1 )/ 2 / PauaZ 12/3 
(33)

where B = F/B4/3. The parameter F is associated with the crest ronfigu-
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 j
that the average drop size should vary inversely 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 I
in Reference 19).

When a liquid drop mo~es 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 d&op. In addition, the drop will be
deformed as discussed previously, These effects significantly influence both I
the drag and the stability 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 I
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

Bo (Pd 'i dv (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 specified.

i
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It may also be recalled from the previous discussions that a critical
value of the Weber number is aisc usually required for droplet instabilzty
and breakup. The Weber number (Equation 15) n~av b. interpreted as
being approximately the ratio of the drag pressure to the surface-tension
pressure of a liquid drop.

4. 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 liquid exceeds the
surface-tension force that tends to hold it together. the liquid will burst,
i.e., Equation 13 is often assumed to define the breakup criteria. This
assumption was used in the classical work of Taylor (Reference 481, and
has also been used An many contemporary treatments of the breakup

procesi. (e. g., Reference 49). The assumption, however, is true only
for small rates of stress loading, and is not valid for high (e, g., shock)
loading rates, since the flow or breakup of a liquid has been shown experi-
mentally to be a rate proct.js Moreover, in any system in which the
stress tending to 6reak the liquid undergoes a change in a time less than

the breakup timb of the liquid, it wil; be expected that the assumption will
also be erroneous.

The preceding will be true in many situations involving shock-loading of a

hquid. An examination of the various theoretical treatments of liquid
breakup summarized in the previous section shows that only hydrodynamic
and mechanic approaches have been pursued Since the availabie evidence
suggests that the breakup of a liquid is a rate process, the breakup process
should perhaps be amenable to kinetic approaches heretolore not used
This consideration does not indicwe that the hydrodynamics and
mechanics of the problem should be ignored they should be incorporated
in the proper kinetic expression of the problem The proper kinetic
mdel should be capable of predicting t cth the breakup times of the liquid
drop and the initial sizes of the resultant 'Jrops (perhaps without recourseý
to assumptions previously necessary for solution of the problemi. in
any case, the expresszons may allow a deeper elucidation of the role.; of

both the physical properties of a liquid and the hydrodynamical properties
of the flow to, the breakup ch:?racterist-cs of liquids
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4.2 LiQUID FLOW AND BREAKUP AS RATE PROCESSES

E'-ring (References 50 and 51) was one of the first to conside,, flow as a

rate process. He reasoned that for molecular flow to take place in a con-

densed material (solid or liquid), At is necessary that a suitable "hole"

or site be available for a molecule to "jump" or flow into. Production of

the holes wap pictured as being brought about 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- I
cular size in a liquid is equal to the energy oi 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 I
not necessarily -require a hole- of molecular size for molecular flow to
occur.

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

and is given by

kT F* kT I !VK- exp (- KE-/RT) exp (-&F*/RT) sec

h Fi h

where

K = transmission coefficient

k = Boltzmann's constant

h = Planck's constant

T = temperature (OK)

F• = appropriate partition function for the activated nolecular
state

F, = appropriate partition function "or the nitial moleculdr state
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AE = difference in the zero-posnt energies of the initial and the

activated state, i. e., the activation energy of the process

at the absolute zero of temperature (O°K)

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., l/krl 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 resttiting specific rate is

ks = 2kr sinh-,=== Pxy sec- (36a)
ZkT

also

L2 L3 L = L/Na (36b)

where

ks =- absolute specific rate constant unde application of the stress

P XY = applied shear stress

L2 L3 = effective area of a molecular "flow unit" on which the force
is acting. i.e.. the area of the flow unit in the shear plane

L = average jump distance of a molecular flow unit during the flow,
i. e. o the distance between two £quilibrium positions in ;ze
direction of motion

Na = average number of mdAecular-flow-unt bombs per unit area
in the shear plane of the flow unit

kr = thermal rate constant (Equati..: 35)
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The influ.ýnce 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 stA.ain, and the net velocity of flow
in the shear (axial) direction is

v - Lks (37)

The rate of shear of the liquid .s given by

dy/dr = ds/dt = % /LI = Lks/L 1  (38)

where L, 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 flow unit in the
shear direction, ks, multiplied by the average distance traversed per
jump, L, divided by distance between the fluid planes undergoing the
shearing, L 1 .

4.3 BREAKUP MECHANISM AND BREAKUP TIME OF
LIQUID DROPS

When a liquid drop is subjected to a nonuniform pressure, a shearing
of the liquid will occur if the pressure is sufficient to overcome the
surface tcnsion of the drop. The geometry of the liquid undergoing the
shearing will depend on the (generally time-dependent) pressure distri-
bution on the drop. When the drop is subjected to an 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 responisible i or the two (extreme)
breakup behaviors of liquid drops, and in particular that the pressure
drag produces bag breakup, while the friction drag is responsible for
shear or stripping breakup, The preceding statement appears self-
evident; however, the breakup mechanisms of liquid drops have never
been expla- .ed in this manner before. In the following discussion, this
concept is quantitatively developed.
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When a liquid drup is subjected to an aerodynamic gas flow, the stress
produced by the gas fiow on and around the drop intitia.lv deforms the
drop. :t is known from photograph:c studies that the drop initially
flattens on the leeward side, so that the drup diameter in, cease: with
increase in time, and then remains for a short time with an essentially

constant diameter while liquid starts to be removed (sheared) from the
drop and carried in the gas stream tReference 36) The drop then
starts to expand again this time very slowly with time while breakup As
occurring it is known exper-mentahy that the final tessenttally stationary)
drop diameter prior to breakup is only a weak function of the flow condi-
tuons and the properties of the !iqud A~though a knowledge of the exact
shape and size of .he flattened drop before shearing is not essential to
the present stud:es. it is of intertst to show that the rate and exent of

flattening is a function of the Weber number, and includ-s a mechanism
whereb) the lateral fiattening or spreading of the drop is impeded just

prior to the breakup of the drop, thus allowing the gas-fPw stress to alter
the direction of the iquid flow with subsequent breakup of the liquid
This initial delormation of the drop a-so appears to have an influence on
the general mechinism ,bag or shear, by which the drop is dispersed

The pressure causing the mnitiat drop deformation is the air stagnation
'ressure, which is opposed by surface tension and v:scous stresses of
the deforming drop. The modei used by Gordon to describe drop breakup
(Refcrence 3 91 tan be used to describe the drop deformatmon ,f the model
is modified slightly Stagnation pressure prodi ces the latera' flattening
of the drop, and hence this pressure acts through a aterai shear stress
The surface-tension pressure retarding the elongation arises from the

shape of the drop at any arbitrary time but may be considered to origi-
nate mainly from the head of the .atcera.:y e cngating ,:quid in the latter
phases of elongation. The shear stress causing the deformation will be
roughly one-half of the norma. stagnation pressure

Velocity of the lateraliy flo•:ng .:qu:d ,drop deformation rate , is hence
given by Equation 23b. with a iaet.r of 4 replacing 2 in the A t(-rm and
a new (unknownt factor K. rep.acing 8/d in the surface-tension expres-
sion of the A term For both sainpi.cty and purposes of illustration, a
liquid is considered with a ow viscouity, so that the exponential term of

Equation 23b may be exp-,nded with the rett-ntion of onv the linear term
Integrating Eq-uation 23b tassuming a consti" v raged K- K', and con-
sidering the drop radius to be t-at of the or.ginat spherical drop R,. when
time is zero

fa '; 2 K ' 12
a - R - -t (39,
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where a is the radius of the flattening drop at tirme t. Thus, the rate of
lateral deformation of the drop is proportional to the difference of two
terms that involve the stagnation pressure deforming the drop, Ind the
surface-tension pressure resisting the deformation. For high gae 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, and inversely proportional tc the liquid density and the drop
diameter.

The preceding is, interestingly, the same functional dependence found
by Burgers (Reference 36) for the deforniation rate of the deforning drop.
In fact, the pressure term in Equation 39 is identical to the expression
developed by Burger, except that the Burger expression contains a factor
of 3 in the denomin-ator, whereas Equation 39 contains a factor of 2 (after
the other factor of Z 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 Equation 39. The
nature of the function depends on the geometry that the drop assumes
during its deformation, This geonletry is niot known in detail, but al
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 spheriod (i. e , a lateral half of an ellipse
rotated about its minor axis) before undergoing their final shearing
leading te, 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 maximum radius of curvature of an oblate spheriod iE R6/a5,
the value of K in Equation 23b can be taken roughly to Ie a 5 /R 6 . The
(essentia•l- 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/I pau 2

0-a5 /R 6 . Therefore

a= / W R (40)
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where the Weber number it, defined by Equation 15 This ecuation
illustrates the inscnsitive nature of the deformed drop size on the gas-
flow conditions and the phy ical properties of the liquJ drop Although
Equation 40 gives only a rough quantitatxve representation )f the experi-
mental data, its overall general agreement with e-periment is reasonable
in view of the assumptions made, and indicates that a lateral-hall oblate
spheriod is not a bad approximation to the true shape of the deformed
drop. While breakup of the drop is 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 shearli,' 1 ,.±-,cd helps
weaken the surface -tension forces that prevent the drop from expanding

Equation 39, as derived, is for low-viscosity liquids it is known that
the rate of drop deformation also depends on viscosity when the viscosity
is large (Referex--es 30 and 31), The effect of viscosity is easily included
by retaining the expoiuential term in the integration of Equation Z3b

Subsequent to the initial deforming of the drop, the l.qiid is either sheared
away from the sides of the drop (stripping breakupi, or the middle of the
drop is sheared away from the sides (bag breakup) This shearing pro-
duces a stretching of the liquid to form a fitm which ultimately breaks
to form droplets. The breaking of the fii.- is a very fast process, and it
is the rdte of formation of this film by shear that thus controls the breakup
time of the drop.

The rate uf liquid shear is given by Equation 38. Hgh shear stresses
cannot be built up in liquids unless the hiquid is extremely viscous, and
hence the hyperbob.- Eine qu. ntity in Equation 36a will always bt a small
number. Sincu N:, - for sa'll x. sinh .LPxviNakT, - LPxy/NakT.
Therefore

L2 krdv r P (41,
dr L Na kT xy

The rate of shear should be controlled by self-diffusion of the mo!t;ules
of the liquid, since a molecular flow is inv vCied in the formation of the
film from the bu!k liquid of the drop ;f this assumption is true, thcn the
coefficient o; Pxy in Equation 41 can bc- shown to bet :denticallh equal to
tne reciprecal of the coefficient of viscosity of the !'iu-d .Refervnces 50
and 511. Hence

dv/ lr Px ! %4Z)
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Equatioii 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 press,-e head

Ph. At any point whose distance from the axis of the tube is r, th= shear
stress is related to the pressure head by -r r 2 Ph- 2 ir rdPxy. Hence

Pxy = Phr/Zd (43)

Substituting Equation 43 in Equation 42 and integrating under the condition
that v = 0 when r = R (assuming dv/dr is negative) gives

v = Ph (R 2 rz)/4d n (44)

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

Ph = 4dn,"/R 2  (45)

T1,e 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)

Ph = P - l/12Pv 2  (46)

Substituting Equation 46 in Equation 45

P= + i/2plv2  (47)

R

where the velocity gives the time rate of displaceme.-t of the liquid being
sheared from the drop. To obtain the proper order of magnitude for the
brcakup time of the liquid being sheared, it is assumed that r. is the
radius of ne original liquid drop. and d is the drop diameter. Integrating
Equation 47 and assuming breakup to occur when the length oi the tube
being shearea from the drop is Zd gives the br." "',X,: time
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d
d =(48•(A2 t BP)1 / 2 

- A

where

A= 16q /dpl; B 2/pl (48b

Equation 48a is a completely general expression for the breakup time-
it may be compared to the general breakup-t:me expression of
Gordon (Equat.on 24). The prossurt cxpression will 6z - the form

P = 1/2 Pa uL C - k o/d (49)
D

where

relative velocity between the air stream and the liquid
drop

Pa = density of the air stream

CD = drag coefficient

Tr = surface tension of the liquid drop

d = diameter of the criginal liquid drop before breakup

k= a constant that rcflects the diup curvaiture during
breakup (which determines the effective surfact -tension
pressure retarding the breakup)

Equation 48a may be greatly simplified for certain conditions 'Ihus.
for liquids or flow conditions for .'hich viscous and surface-tension
forces are negligible (and for convenience assuming CD to be unity)
Equation 47 becomes

d 1/2t - IrPI pa i50,A)

u a

This expression is very similar tu thAt *- nd by Gordon IEquation 25al,
and also by Hinze (Equation 17': for sirmil .r conditions differing essen-
tidlly only in the value of tie numerical co,.stant preceding the function

.31-



(unity in Equation 50a). For extremely viscous liquids and negligible

surface tension, EquaLion 48a becomes

2
t = 32T1 / 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 plug of liquid from
a drop as a result of pressure being exerted on the middle (thus exc•iding
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 dy/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 magnitude, using Eqnation 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 40.

Equation 48a is a 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 whes 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 shear stresses can be built up within the solid. In this case,
Equation 36a must be used as written in integrating Equation 41 (final
results are given in Reference 55), and the kinetic energy tcrm in Equa-
tion 46 will usually be negligible. Thus, th- presented theory for the
breakup of liquids can also be used, with slight modification, to estimate
the mechdnical 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 mechanis.mn (bag or stripp:ng) 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 experimental data
if the dr-ig coefficient is considered to be unity, and the vahl.e Jf k is taken
as about tu .). This equation thus affords a rapid calculation 4f the breakup
time of a lquid drop to the accuracy with which it can be meaa•ired.
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Photographs of the breakup process 1provided 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 c:%, ially complete
This time during breakup is often comparable to the time required for
the breakup to begin to occur Thus, there is some latitude in defining
an experimental breakup time for comparison with theory

For consistency and general accuracy, the experimental breakup time
has been taken to be the time between the aerodynamic flow hitting the
drop and the time at which breakup of the drop just starts to occur The
total breakup time, however, will usually be alightly larger, and it is
thus natural that the theoretical breakup time may be slightly larger thai
the experimental breakup time, The latitude allowed in comparing experl-
ment and theory makes it difficult to check with great accuracy certain
points of the theory, such as the validity of the breakup criteria, as well
as the laminar-flow behavior implied by Equation 42 includine t' ,eglect
of end-effects and nonaccelerated flow (Reference 561 This latter
assumption may not be quite true, but photographs of the breakup process

suggest the accelerdtion to be very small, if any (after the initial liquid-
flow phase) The assumption of an accelerated flow is implicit in the
treatments of Gord'n and of Hinze

The equations leading to Equation 48a have used the maximum liquid
velocity, rather than the average velocity, produced by a pressure on the
liquid. This usage is believed to be essentially correct, since employing
an average velocity implies that a parabolic velocity distribution has
been established in the flowing liquid HoweeA', the distances required to
establish this distribution are very large as compared to the size of a
liquid drop (Reference 54j

The effects of using the average velocity are easily estimated Average
velocity of liquid ejection is given by va z f vr dr/f r dr Hence,
Va z RZP/8d Ti If the average velocity is usea. then the total kinetic
energy of flow is twice that used fo." the maximum velocity flow because
a parabolic velocity distribution is implied (Reference 541 Upon inte-
grating the equations it :s found that if an average velocity is involved,
then a factor of 21/Z and Z should respnctively 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 venerally smaler than the uncertainty

in measuring the breakup time

Another cons:deration is the value of the drag coeffit,ent to be used in

EAuation 49 An inspection of the available literaturi- on the exp2rimental
drag coefficients of various geomoetry bodies ,ncludng solid sphere.ý nd
deformed hquids, shows that a rather range of values has been
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found (References 36, 38. 53, 54, and 57 through 63). Mans of the
values reported are for steady flow, whereas accelerational drag forces
may also be of importance. During the breakup of a liquid droplet,
however, the shape of the 3rop -.hanges continuously throughout the
breakup; hence, only some suitable average drag coefficiert can properly
be used in the breakup-time expression.

In a later section of this report, experimental illustrations are provided
sho.ing the change of the drag-coefficient value during the breakup
proc..as. The value of the drag coefficient changes from less than unity
to greater than unity during the breakup prncess, and for most practical
work it seems sufficient go consider the drag coefficient to be '-aity.
Rabin et al.(Reference 38) actually found the value to be essentially tInity I
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 I
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. An adequate model of liquid-drop breakup I
should provide an explanation of tnese two mechanisms; the explanation
proposed here is that bag breakup is the result 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 th. second expres-
s, n containing the friction drag stress -n the pressure expression.
Br.ak.ip of a liquid drop with given 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 exlhi.hit both bag and stripping
breakup behaviors.

A quantitative description of the dual viechanism proposed for liquid-drop
breakup requires a knowledge of the average (eftective) stress distribution
on the drop undergoing breakup. The details of this distribution are not
fully understood, but a theoretical study by Torotika and Aoi (Reference
64) indicated that for a sphere, the frictional drag is twice the pressure
drag for all Reynolds numbers. It is assurmed that this explaration is
also t -ue for liquid drops undergoing breakup, even tho.ugh the sha-e
deviates from that of a true sphere. The total drag stre~s on the diop
during breakup is given by l/2 Pa u CD, and hence fev bag and stripping
breakup, the pressure expression given b, r... ation 49 may be written.
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S 22b " (1/ ) ( u C -k ai-/d (5la)
2a D b

1 2
P = (2/3) ( -p u ) C - k a/d (Slb)

s2 a D s

where kb and ks are constants that reflect the surface-tension pres-
sure tending to hold the drop together during bag and stripping breakup

If the frictional drag is always greater than the pressure drag, as indi-
cated by Tomotika and Aoi, then it may be imagined that liquid drops
should always undergo stripping breakup Since the preceding is not true,
it is indicated that the surface-tension pressure holding the drop together
at its edges is greater than in its middle, i. e , that ks >kb 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 in its middle, and hence the surface-tension pressure holding
the outer edges of the drop is greater than in the middle It is thus
known semiquantitatively that k, must be greater than kb

A calculation of kb and ks 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 is presently of
little value, since the true stress distribution on the drop undergoing
breakup is not known, but rather assumed to be that of a solid sphere
The valuies of these constants are later determined by a best fit of Equa-
tions 48a, 51a, and 51b to the experimental breakup data In anticipation
of these results, respective values of about 4 and 2 were found for kb
and ks; these values may be employed in using the preceding equations to
predict breakup times for drops undergoing either bag or st ripping brea'kup

A consequence of the dual-breakup mechanism given by Equations 5la and
51b is that at low air-flow velocities, the drop will usually %depending on
drop size) undergo bag brea.4up because the drop-edge surface-tension
forces prevent stripping breakup, whereas as the a,r velocity is further
increased, the stripping breakup becomes faster as a result of the ov-. rall
greater friction stress. The equations :ilso predict the influence of the
v- rious other parameters on the breakup mechanismi Tho predicted
behaviors can be observed experimentally
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4.4 INITIAL DROP SIZES PRODUCED BY DISPERSION OF
LIQUID DROPS

Two considerations are usually of arime interest in the aerodynamic
breakup of liquid drops, viz., the time required to produce the break-
up as z, 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 I
discussion treats the initial mean drop size produced by the (primary)
breakup of the origitut- 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 .'.op sizes present at any arbitrary I
time will depend on the following:.

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

b. Vaporization of the prirnary 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 froi.. :on-
siderations involved in the 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 lag or stripping mecha- j
nisms. Both mechanisms are believed t- be the result of a shearing
of the liquid drop by a nonun.frm pressure distribution produced by the
aerodynamic flow on the drop. This shearing produces a liquid film,
which subsequently breaks to give the resulta.it drops, The breakup
tirrie of the drop is controlled by the rate of formation of this liquid
film, since thz actual breaking of Mhe film is a fast pr~cess; however,
th. geometry of this film, together with the manner in which the film
breaks, are the determinants of the resultant droplet •izes.
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Although it would -4ppear that the drop sizes produced by the two
breakup rriechantirms should differ, the present model suggests that
they obey essentially some mathematical size-dstr --t~on law.
Moreover. experimental data obtained in the present si,,.,es (to be
presented later, suggest that the mean diameter ot -he resultant drop-
lets produced by the primary breakup of liquid drops from both oag and
stripping mechanisms obey ,w'th:n experimental error# the same mathe-
matical expression for the resultant drop size as a function of gas flow
and liquid properties, This suggestion aiso appears consistent with the
observations that a liquid film from which the droplets are produced is
formed in both mechanisrus, and that the breakup time is essentially

monoton:cal!y continuois in the transition between the :wu mechanism's
breakup behaviors. For the present study, therefore no distinction is
made between the two breakup mechanisms in treating the resulting
droplet sizes, and it appears that more experimental drop-size data
are required to warrant di;tinguishing the two mechanisms in the future

Another consideration concerns the manner of describing the droplet
sizes produced by the primary breakup proces. it is experimentally
known that a distribution of droplet sizes is produced, and, ideally, a
theory should provide a function that predicts the droplet-size distribu-
tion as a function of the gas-flow and liquid drop propertic-s Although
it was not possible to attain this goal during thi present studies experi-

mental cxampies of the distribution are included in a later sect.on

In most theories of liquid breakup. :.nciuding the treatment to follow, it
is assumed that breakup is brought about by instabilities -,%ibrations,

that grow (or decay, with time. The (optimumi wave!ength that grows
the fastest leads to breakup of the liquid, with the subsequent formation
of droplets. This wavelength defines a mean or most probable droplet
.,zie, aind it is this average that is computed here However it may bt
noted that a distribution of instability wavelengths is always prs•,si.t.
and these values lead to a distribution of droplet sizes A knowledge of
the mean size allows the remainrng size distribution to be eztmat-d

(References I through 4 and 65.,

The following discussion presents the generaj model considered to
describe droplet formation during the primary breakup of liquid drops.
This model is based primarily on the stripping breakup of a drop, but
essentially the same view may be taken in &escribmng the droplet siz.-
from bag breakup. The shear stress at the outer surface tor middle,
of the drop produces a boundary layer of flowing !•quid of iverage thu k,
" 25ss F. This liquid layer (sheet, upon leaving the drop experiences ;
small divergence iexpansioni, which breaks the sheet into individual
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stripb 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 inate.bility,
X. 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 D3 /6 - W 6 X or

r 11/3
D= 6W6X8, /J (52)

Photographs of the breakup process roughly support the proposed model.

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

S= 41r IPa u (53)

where

r =surfacc tension of the liquid

Pa = air density

u = air velocity

The vak•c of 6 follows from the breakup nmodel given in the previoua.
section. The shearing of the liquid follows Equation 42. Breakup of
the liquid film is assumed to occur when the sheared film travere-s a
distance equal to the drop diameter, d. producing a triangular-shaped
film thickness that varies from zero to 6. or an average thickness of
6/2. Thus. Equation 42 becomes

P
d xy

- = . 54)

t (6/2)

For simplicity, liquids are considered whose viscosity and surface-
tension forces are small as cotapared with the ;-P-odyna•a.ic flow forces
involved. This consideration includes most pra. ical situations of
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interest. The value of t is then given by Equation 50a. and the shear
stress may be considered to be roughly the stagnation I1 rzssure.
I/ZP aU2 . Hence

1/2
6 4T /u (paPl)

1he value of W may be estimated as follows:. Cons-der an arc of length
S in the plane of the liquid shoet leaving the liquid drop. From geometry,
S = r 0. where r is the distance to a point defining the radls of curva-
ture of the arc, and 0 is the angle subtended by the arc. Consider the
arc to undergo expansion in tinme t as a result of the divergence of the
film; thus, ds/dt = 0 dr/dt. The derivative dr/dt is the velocity of the
liquid sheet. v. whereas dS/dt defines a critical vel-,city. vc, for
breakup of the sheet into strips. Thus, vc = Ov.

The distance around the drop comprises Zv radiau.s. and hence the
number of strips N = ?a /0 = Znv/vc; the numerical distance around the
drop is nd, and hence W = nd/N = dvc/Zv. For liquids, as in the pre-
ceding. having low viscous and surface-tension forces as compared -. th
the aerodynamic flow forces Pau2 = p1 v2 (fron Equation 47). an
expression that defines v in the W expression. The value of vc may be
obtained from this expression and the conventional equation defining the
critical aerodynamic velocity required for liquid breakup. i.e.,

u2
"/Z Pau CD = 4 /d (56)

For simplicity, CD is considered to be unity. Neglecting the small
variation of air density with air velocity

W = i [/d Pal (5.

Combining Equatic.nis 5Z, 53, 55, and 57 gives the average (mass m•>tn)
diameter of the droplets produced by the aerodynatnic breakup of a liquid
drop

[136j cr3/2 d1/2 1/3

1Pa &Pl (08)
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Equation 58 wab derived for conditions where the aerodynamic flow
forces are inuch larger than the viscous and surface-tension forces
(this situation comprises most cases of practical interes•, If the liquid
viscosity is very great, or if the flow velocity -s low and the Ourface
tension is high, then Equation 58 as written may not be valid, In such
cases, the various approximations indicated in the derivations should be
replac.-d by the more exact expressions. However, it is 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 in a multipararmeter expression. In any event, the cube-
root dependence of Equation 58 attenudates iarge chfinges

It is possible that the factor 136 in Equation 58 should be modfied,
since various approximations and assumptions are manifested in its
value. These corsideratvz-•. ,nclude 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 seconcary.

Equation 58 has two points of special significance. The first is the pre-
diction that the average droplet size produced varies inversely as the
4/3 power of the relative vclfoLlty between the gas stream and the liquid.
The careful work of Weiss and Worsham (Reference 19) actually disclosed
such a relationship, which is further expressed by the theory of Mayer
(Reference 46)., Evidence is thus accumulating for the support of this
velocity -droplet diameter relationship.

The secono -oint of interest in Equation 58 is the prediction that the
droplet diameter should vary directly as the 1/6 power of the initial
droplet diameter. (This relationship was found experinentally for liquid
jets by Weiss and Worsham.) Equation 58 gives good agreement with the
u-,ta of Weiss and Worsham, as quoted by Mayer It will later be shown
that this equation is in good agreement with all of the droplet-size data
obtained under the present program.
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5 EXPERIMENTAL PROGRAM

5. 1 DESCRIPI ION OF" APPARATUS

5. 1, 1 Shock-Tube Studies

The rapid development 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 fl-jw conditions of short
duration Properly designed, :he sl,_k tube can be u,_• . - generate

flows that may be varied over rather wide ranges without necessitatinit
the use of complex hardware or sophisticated instrumentation

Data from experimental studies made on the performance of shock tubes

of various sizes and operating ranges have verified that the flow conditicnh

correspond very closely with values predicted by theory. For all but the
most precise iivestigations, it is necessary to measure only !I1 the
compression and expansion-chamber ambient pressures and temperatures,.
and (2) the shock velocity to determine with sufficient accuracy the flow

condi.ions in the test zone. The duration of flow can be determined from
the flow parameters and the lengths of the various portions of the shock
tube.

A brief discussion of shock-tube theory is presented in Appendix A of

this report. Because literature on shock-tube theory is easily available,
the discussion in Appendix A has been limited to a qualitative description
of the flow in the shock tube, a presentation of the equat:ons describing
the flow parameters, and the equations used in determining the duration
of flow

The shock tube used in this study (Figure 1) employs a 2 9-in -long
compression chamber made of steel pipe (4. 5-in OD x 4--in iD1. 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-in -sq cross-section of
the diaphragm holder and expansion chamber

The 55-in -long expansion chamber, comprises the four following scct:ons

a, The diaphragm holder (a Z-in -thick piece of ,mcartaw

b. A 24-in -long shock formation section with 0 D-in.-thick steel
v-alls
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cA 17-in -Long test section containing viewinig windows

d A 12-in.-'ong section made of 0 5-in -thick plr%.eiaass

The expansion chamber is open-ended, permitting the I lo%% ibhifld the
shock wave to exhaust to the atmosphere

5. 1 2 Diaphragm Hc.lde r

Efficient operation of the shock tu:3e rcqu:res very rapi4 '~-,ova. of

1tvr diaphraagm separating the compressed gas in the compression chamn!er
from the gas of lower pressure in the expansion chamber Reniova. of

the diaphragm results in the formation of a plane thock. front, which
moves into the expansion chamber Behind the shock is a region ot coim -

stant flow velocity,, pressure, temperature, and density (the region
normally uised as the test zone)

Bursting or releasing the diaphragm can he accomnplibhied by several
methods (1) static overpressure, causing mechanical fahire, (Z,,,
puncturing the diaphragm material with a pointed object, inivt'aing niech-
anical failure, (3) shock overpressure, which -xceeds the strength of the
material, and (4 electrical discharge or exploding wirf s The !. tter
method was chosen for use in this study Three -milt-diameter NMchroimTe
wire, sandwiched between layers of plastic,, was exploded to melt and cut
the plastic to initiate opening of the diaphragm

Mylar sheet plastic, of 0 5 and I mil thickneises. wvas selected as the
diaphragm material,, since it is easily ruptured and does not shatter
Into fragment.4 that mVIAy be c;4rr-.ed into the If-I 70ne Preý;stir te';t,;

showcd that a 0, 5-mil thickness of Mylar stretched over a 2- -- 2-in

opening is capa~ble of withstanding approximately at 15 -psi pressure
differential before rupturing, and that the mnaximium differential is pro.
port~onal to diaphragm thickness regardless of whrthcr th( total thiciii-,

is in one layer or several

Figure 2 shows the various components of the diaphragm holder and the

wire -positioning jig which was used to ctetermink, the prop.,-r ic-ngth of

exploding wire and to ens,.ie its proper pos-.tion v.h: b( ný fastned to ih.e
evelets on the high -voltage terminals The eyelets (--.n be seen pi ot! ad -

.ng into the 2-in -sq opening in the mic~.rta bisv

Figure 3 shows the wire -positiorning jig being used to prepare a spc ( .!,,Cn
diaphr-igin and exploding wire A singl; sheet of p)lastic, placed over the
opening in the mnicarta base, is held it.p, ce with small dabs of s~licone
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grease (or s~milar agent); the wire-positioning jig is ther placed over
the plastic and oriented such that the enlarged holes at the ends of

Slot AD (shown in Figure 3) are directly over the eyelc. .n the high-

voltage terminals.

One end of the exploding wire is threaded through Hole A and a small

perforation in the sheet of plastc, and is attached to the eyelet on the
high-voltage terminal., The wire is then p,.lled taut and is passed
around the 2-in. -sq opening so that the positioning pins at A, B, and

C catch the wire and hold it in position The loose end of the Nichrome
wire is then passed down throueh Hole D and the plastic sheet, threaded

through the terminal eyelet, and tied or wrapped snugly. fne wiring
steps can be expedited by running the Nichrome wire through a 6-in

length of capillar'ytubing(0 06Z5-in OD x 0 036-in ID), 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 high-voltage terminals,

the wire-positioning jig is removed by slipping the Nichrome wire off
the positioning pins and lifting the jig away from the micarta base The

loop of exploding wire slips 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 san'wiched between the sheets of Mylar. The
diaphragm-clamping plate is placed over the plastic and is held in place
with two screws. Figure 4 shuws the diaphragm holder, complete with
a ipecimen diaphragm and simuited exploding wire

The Nichrome wire is exploded by connecting the voltage terminals
across a capacitor, which is charged to a high voltage A short experi-

mental study was made to determine the optimum energy to use in
exploding the wire; too much energy initiated shock waves from the
explosion of the wire, wh.le low energy caused the wire to burn slowly,
introducing time-delay problems. It was determined that a 9 -11f capacitor

charged to 1. 2 kv provided sufficic-t energy (6 5 j) to explode the
Nichrome wlre (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, hia-.ged along one side..

that opens to release the air from the compression chamber

Behavior of the diaphragm during the opening sequenci was investigatet,
by aking high -speed motion pictures of the process These tests, the

results of which are shown in Figures 6 and 7, were r-iade with the
expansion section removed and the can-"- :.laced 'o view the diaphragr-i
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from a position on the shock-tube axis looking toward the compresson
chamber. The 2- x 2-in. diaphragm is shown as it is cut along three
sides by the exploding wire and begins to open out of tLe plane of the
picture. The normally transparent Mylar plastic of the diapthragms
was made opaque for these tests by spraying the undersurface with flat
white and silher paint

Figure 6 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 in 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 approximately 0 Z5 ms or less in all
of the tests. With the exception of the test conducted at the lowest pres-

sure, initial rupture and movement of the diaphragm occurred within 0 3
ms, and complete opening occurred in less than I ms.

At 3. 1 psig, 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 diaphragn-, did not occur until after approximately 2 ms elapsed, and

the opening was not completed until approximately 3. 4 ms elapsed The
opening, from initial rupture zo 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 com'pression chamber.

It must be remembered that the absence of the expansion chamber creates

a different flow history than would be expected with the chamber in place;.

however, the data in Figures 6 an,ý 7 should be valid for the initial 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 normalty be selected Cor
use in a bhock-tube study of th's nature There are 'arious other well -

tried methcds of acquiring shock-tube operating data that. oecase of
econom-ic, space, or tinie cons iderations, might be nore desirable

These methods are described in deta,., any o; the texts and report, on

shack tubes (References 66 through 70).
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Items of equipment used in this study were all readily available and
fulfilled the various requirements for operating voltages, response
times, and accuracy. It was, therefore, more expedient to ý&dapt the
experimental techniques to fi, the available instr.mrnentation 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 Camera

b., One Beckman Whitley Model 357 Electronic Flash Unit

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

d. Two Photo IP39 Tubes

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

f Two Beckman Model 7370 Cotinters

g., Two Shasta Model 854R Wide-Band Amplifiers

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

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

The Buvhman Whitley flynafax Camera is a continuous-writing fram-
ing camera, capable of framing rates of from ZOO to 26, 000 frames/sec
with shutter speeds of 1. 0. 2. 5, or 5. 0 ý±sec at maximum framing rate.
This camera has a picture capacity of 224 frames of standard 16mm
frame size on a 33-7/8-in length of 35mm 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 f/2. 8, 3-in. Telephoto lens (Figure 1) was used for
all of the tests, although various lens-extension lengths were required
at times to obtain the desired magnification and field of view.

Camer- speed is contro!led by a var-ac in t',e camera bdse,, and the
framing rate is indicated directly on a meter on the front nf the camera.
More accurate determination of the framing rate can be made by moni-
toring the frequen.-y of an ac-voltage outpu. '. , the camera. The
frequncy of the ac -oltage is equ.al to tih- speei% of the rotating mirror in
the camera, and is directly related to the framing 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 availhl'Ile are
8.60, 11. 15, 14. 85. and Z2. 35 ins, with rise and decay times of
approximately 25 itsec (less than the frame separation at the highest
framirng rate).

Five methods of triggering the light source arc aita.lable: (1) making
contact between the triggering wires, (2) breaking contact between the
triggering wires, (3) using a positive -voltage pulse, (4) increasing tile
illumination that falls on a photocell (I{k39) supplied witit tote unit, and
(5) decreasing the illumination that strikes the ahotocell, The latter
method of triggering was used in this study;, the falling drops of liquid
were permitted to interrupt a beam of light that %as focused on the
photocell.

Figure 9 shows the arrangement of the photocell and light beani. Light
from an automobile-headlamp type of bulb in the light source is focused
into a beam by lenses mounted in the light-source tube, and is directed
across the cento-r of the test section through holes in the test-section
wall to strike the photocell tube. Interruption of the light beam genecr-
ates a voltage change, which triggers the flash unit,

Shock-velocity measurements were made during each test by monitoring

the shock front time-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 is 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 system RG time constants, the transaucers can be calibrated to
accurately measure both the magnitude and time history of a rap:dli
fluctuating pressure, For pu. 1poses of this study, it was only necessary
to use the transducers to sense tIe step change in pressure that
occurred as the shock front passed over tihe transducer face.

Because the transducer signals were tt, small (4 to 200 revolts) to
consistently trigger the oscilloscope and counter, it was necessary to
amplify the signals by passing them through Shasta Wide-Band amplifiers
(Figure 8) set at a gain of 40 db. Output sig.ials from the Shasta an .It -

fiers were fed into both the Beckman Model 7370 Counter and the
Teitronix oscilloscope (also shown in Figure 8). T'.1 signal from thi'
I wer transducer was used to start the counter, ,khich had been set oi, the
"Time B-A,' mode and to trigger the sweep of the ot cilloscope; the -'•al
from tile upper transducer, used to str:. c ,o unter, was fed into the
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vertical-de'lection circuit of the oscilloscope When operated in this
manner, the counter indicated to the nearest 0 1 t±sec the tme elapsed
between the start and stop signals, and thus represen*_r. the time

required for the shock front to travel the distance betwe,,', 'he trans-
ducers

T:mes between start and stop signals were also obtained from the
oscilloscope pictures by determining the length of the steep 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 a much iaster sweep rate taci!losccpe
data were primarily used for comparisons with the counter data and to
estimate possible errors in time measurement as affected by differences
in wave shape between the start and stop signals and differences in 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 speed) was fed into this counter, which was set
on the Events Per Unit Time (EPUT) mode and thus counted the number
of ?c cycles occurring per second. Framing rates and frame-separation

times were then calculated iromn the mirror speed

Prior to the test runs, the pressure gage illustrated in Figure 8 was
observed to determine the pressure level in the compression chamber
(It was necessary to measure this pressure to predict the magnitude of
shock velocity and air velocity for each test ) Shown below the pressure
gage is the high-voltage firing panel, wl.ich was used to explode the wires
to burst the diaphragms. This panel contains triggering circuits, a
high-voltage power supply (to charge the 4-4f capacitance), and firing
circuits (to apply the energy stored in the capacitors to the exploding
wire), The firing and triggering cir( its are designed to have response

times of less than 1 tisec; triggering is acconmplished by the voltage
pulse from a IP39 photocell, receiving light from the flash unit used
with the Dynafax camera

At the bottom of Figu-e 8 is the control panel for the photocell light
source; this panel contains a battery charger, which was used to re-

charge the automobile battery that supplied 'he dc voltage to the lan.
in the light source Thu lamp, battery, and charger were connecteO to
a three-w.y switch %-'ith. "off, " "o•.rate, " and "rcct-'rge'' positions
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5. 1.4 Microburet

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

puished by using a hypodermic syringe and releasing the drops .i

desired from the tip of a section of capillary tubing. The size o0 the

drops is determined by the liquid density, surface tension, and the ovt-
side diameter of tne capillary tubing on which they are formed.

If it is assumed that the drop separates fr.s:,i the tubing at the instant

when the weight of the liquid in the drop is sufficient to o%ercome the
surface-tension force attaching the drop to the tubing, an expression

of the following form can be written (Reterea,, i 1)

Dropweight = kDTT (59)

where

k = constant of proportionality (experimentally determined =

3. 8)

DT = outside diameter of capillary tubing

T = liquid surface tension

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

D= k

where

D = drop size

P = liquid density

Figure 11 shows drop sizes as a function of t bing diameter for the
different liquids used during the study. Examination of the rurves
indicatc that it is not practical to attempt to produce drops smaller
than about 1. 0 mm in this manner because tubing of very sr,z.ll
diameter would be required.
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io produce drops significantly 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 0.0 ,-n. -ID tubing
was inserted and sealed in the tip of an 8-in, -long (0. 036-;.s. -OD)
hypodermic needle. A length of 0. 0625-in. -OD x 0. 051-in. -ID
capillary tubing was slipped over the hypodermic needle and attached
to a T fitting near tale ccnter of the hypodaroLn.c nccdle: the 0. 008 -in. -
OD tubing protruded approximately 0. 125 in. beyond the tip of the
0. 0625-in, capillary tubing. Figure 9 shows the 0. 008-in. -OD tubing
piotruding from the capillary of larger diameter (the T fitting is some-
what obscured by the ring-stand clamp holding Lhe microburet in place).

Air, und,,i 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 is established, the
drop sizes are as consistent as those produced with no airflow.

Droplets as small as 500 gi were produced for the study with no difficulty.
Droplets smaller than this size, however, showed a tendency to follow
erratic trajectories after being 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 problems, the test
data in this report are limited to drop sizes of approximately 500 ýt
and above,

Figure 1Z 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. Props larger than 1. 0 mm required
for the study were all created by selecting various sizes of capillary
wbing to attach to the end of the hynodermic syringe.

5. 2 TEST PROCEDURE

Prior to each run, each item of equipment and instrumentation was
checked to enwure its proper operation, thereby pre•,•,'no invalidatiot,
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. Very slow leakage usually
occurred around the diaphragm holder, and some adjitst.ment of the air
supply was necessary to stabilize the chamber pressure. As the adjust-
ment was beinig made, the capacitors in the high-voltage panel were
charged 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 waq then opened, and a drop of
liquid was squeezed from the hypodermic needle and was permitted to
fall into the light beam to initiate the test sequence.

Because of its high framing 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 filrr, to normal room lighting) for as lorg as 30 seL without
film fogging. As th. falling drop of liquid entered the light beam, ti,e
electronic flash unit was triggered to emit 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 releasing the air in the compression chamber.

Tbe 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 ttsec). 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 aid carry the shattered droplet
out of the field of view. Since the camera had a total writing time of
8 ms, and only 2Z 5 ms of this time was used before arrival of the
shockwave, the remaining 5. 5 ms was more than sufficient to recorc'
the events of interest. Passage of the shockwave over the pressure trans
docers at the bottom and top ot the test sect.on generated voltaqe signals,
which triggered the counter and oscilloscope to record the time required
for the shockwave to traverse the 'istanre between the transducers

•u~m~mmmm mm~mmm .6m |-m ~ ~ nm mmum ~ m • • mmmu~mmm ~ m



The test wa.3 terminated by essentially following, in reverse, the stepý
taken to prepare tar the test,

5. ?. Z Size -Distributic.. Tests

T)-# procedure followed in conducting the tests to -a.rnple the droplct-sizc
diRtrlhtition 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 section,
the droplets were introduced into the test ?on.e 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
Z 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 ";as conducted fcllowi'ig the same prvcuure used in the photo-
graphic tests, After the test was completed, the 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 in'to a solution, permitting assays to be
made of the amount of material collected for t:atertal-baiar'-e calculaticnt.

5.3 PARAMETRIC STUDIES

5.3 J Measuremcnt of Breakup Tizote

Correlation -f the experimental results ý%'th the theoretical model of
breakup mechanism developed in Secticn I of this report requires the
following data,:

-63-



"-, Time required for breakup to occur

b. Physical properties of the liquid being shattered

(.1 Airflow conditions to -hich the liquid is subjected

To prove useful, th- correlation requires that the data represent a wide
range of valucs ot the various signiicant parasiieters.

Although considerable experimental data on single -drop breakup 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- tbe 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 r' time are not readily available,

A comple -! parametric study was therefore undertaken to record, with

high-speeci ;..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

Sura'ace tension 18 to 487 dynes/cm

Liquid density 0. 75 to 14 gm/cm
3

Liquid viscosity 0. 5 to 170 centipoise

Drop size 500 to 3000 IA

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 I.

Experimental results obtained during the study are presented in Iable 2:-
plates made from motion-picture films l'owing the qualitative behavior
of the drops during breakup are provide..' i Appendix B. The breakup-
tCme values listed in Table 2 represnt the -lapsed time from the first
sign3 of dcformation until the drop begins co break up.
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Table 1. Physical Properties of Liquids.

Surface
Temperature Tension V!scosty Density.

Liquid (°C) (dynes/cmj (centipoise) (gm!cm 3 )

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 9. 520 0. 938

GE SF (96) 200 25 23..40 1- ", 0.966

Bis 25 27.60 5.970 0.915
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Table 2. Experimnental Breakup Time Results.

Drop Air Relatt'e 13
Size velocity Ve1,,clt• Timne

Test (mm) (ft/scel I (ft/secl (reset)

WATER

Q1 -. 128 114 1 ZQ to 1, 45

119 %.0 214 221 0. b9 to 0 73

121 % 0 357 362 0.24 to 0.27

122 3.0 448 455 0 14 too IS

123 3 0 61 71 3.24 to 3, •2

158 2.0 63 69 Z 6, to
2

. 8
3

186 1.4 101 107 1.37 to I 49

187 1.9 78 84 1.64 to 1 80

188 1.9 47 5 2.35 to 2.58

189 1 8 189 195 0.43 to 0. 51

191 1.9 347 350 0 20 to 0.31

392 1 7 43o 441 0 12 to 0 23

214 1 0 57 61 2.08 to 2.24

217 1.2 76 81 1.45 to 1.61

236 0 76 79 85 1. 16 to 1 27

237 0.78 68 75 1.07 to I ';

238 0.78 90 95 0.89 to 0 97

239 0.78 103 108 0 77 to 0.84

240 0 8I 117 120 0 69 to 0 77

241 0.6, 55 bl I 89 to 2 100

261T 0.53 122 127 0.65 to 0 77

2611 0.57 !22 1h7 0 62 to 0.66

262 0 53 197 2-03 0 SC .o 0 54

263 0 62 333 0. 12 to 0. V )

2o4 0 44 425 412 0 04 t) 0. 12

267 I q 79__ I. 15 to 1 27
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Table 2. Continued

- Drop Air Relative Br-i-q;

Size Vel I ty Velocity Time
-'est (ram) (ft/sec) (ft/sec) (111ec)

MMERCURY

"32 2 | 457 4Aou 0 I to 0 75

05 0 8? 351 358 0 -7 to 0. 8

138 0 6Q 224 230 1 6
2 

to I 66

I 3t4 I 2 168 173 2 95 to 3 14

GZ Sr(9g)o 6r

i 151 2 3 68 75 1 11 to 1 23

152 1,0 131 137 0 61 to 0o.9

S153 2 1 120 326 0 41 -o 0 t,3

154 2.2 .28 135 C 16 *, 27

155 I 9 375 381 C. lu to 0 34

156 I 467 472 0 08 to 0 12

1160 1 4 43 414 1 
4

9 to 1,.61

193 1 3 436 441 0 08 to 0 12

3q4 I 5 345 350 0 I2 to 0 20

195 1 4 195 260 0 20 to 0 Z7

i 147 1.4 41 48 1 45to 3 52

GE SP(96)l0

146 2 0 442 450 0 06 to 0 14

142 2 2 220 228 0 
2

9 to 0.4 3

1 343 2.2 1 ;) ZI 1 00

148 2 0 )(30 ,66 0 30 o 0 22

I50 2 0 83 90 1 43 to 1 51

!t3. 1 4 45 51 1 13 to I I5

i.3 1 1 '8 303 0 78 t., 0 8.

19 ) 4 188 193 )t ý "0 43

200 1 4 318 i4, I l2to0.20

1.03 I 3 430 41,06 V.O to 0 16
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Table 2. Continued. i

Drop Air Relative Breakiip

Size Veloc it I Velocity T me
Test (mm) (ft/sec) (ft/see)

GE SF(96)200

125 2 1 t7 75 4 00to4 35 1
127 2.2 I117 123

128 2 2 121 127 1 85 to Z O1

129 2.2 208 215 0 92 to I 00

130 2 I 3'i 363 0 51 too 59

131 2 I 450 456 U. $to 0. 37

162 1.4 32 38

203 1. 5 75 81

204 I 5 i92 197 0 -4 to 0 82

205 1 5 340 345 0 19 to0 43

206 ! 5 198 403 0 3
2 

too0 Is

208 1 4 63 68

212 1 2 161 164

243 0 9 60 63

244 0 9 74 77

248 I P 10) 1n; I 6& f. i 77 $
249 0.9 102 107 2 05 to 2 13

251 1 0 114 118 | 54to 1 65 $
255 1.0 160 It5 I 34 to I 46

I
257 0.9 171 179 D 96to 1 04

258 0 9 181 184 0.89to 1 00
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5. 3.2 Size-Distribution Tests

Because of time limitations and the large amount ,f wor"' involved in
determining size-distributions, 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 five 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 sim.pled material to a ., iinimum.

Another advantage of this material is that considerable previous exper-
rce had been gained on its behavior in aerosol 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 400 ft/sec, and the
aerosol from the shattered drops was sampled at distances of from
1Z to 48 in. from the open end of the shock-tube expansion chamber.,
The results of thest 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 I-ft plexiglass section had been removed from
the expantioiu uharriber, thereby redut-ing to 8 in. the distan.e frosti
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 tlhe size-distribution tests are presented in Appendix C in
three forms:: (1) tabulations of atssessment data taken from phcto-
micraphs of the sampled aerosols, (2) plates made from photomicro-

graphs of a portion of the sampling tests, and (3) plots of cumulative
perc ent mass vs drop size for all of the sampling tests.

!6~



6. rORRELATION OF RESULTS WITH THEORY

6 1 QUALITATIVE DESCRIPTION OF BREAKUP

The following sections discuss the qualitative behavior of liquid dr(,ps
undergoing breakup in a fast-moving gas stream. The results were
ub~aincd iy pihotugraphing free-falling drups oe liquid as they were
struck from be.ow by the flow behind a plane shockwave moving upward

As noted earlier in this report, substantial evidence by various authors,:
e. g., Hanson (Reference 30), Priem (P'ference 32),, Sat'- ,Defprence
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 Rsec) is small as compared with the elapsed
time between shock arrival and the instant the drop begins to shatter
(approximately 500 lsec 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 I/ 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 spheroid;: 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 number of the disturban-es. As these disturbances move
away from the stagnation point and approach 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
•nass of the drop has undergone ureakup through the stages of sk.eet and
ligament formation and collapse into droplets that are tarried away by
the ga? flow Measurements made from the variou' fiims taken during

I



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 gns velocity before it is reduced to aerosol f.ýrm,, the shower
of smaller droplets is then 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 71 ft/sec to
amaximum of 455 ft/sec. The relative velocity for each drop is
noted above the first frame ia each sequence, and tht figures below

eaLh frame denote the elapsed time (in milliseconds) from the instant
the drop was subjected to the flow.

The solid diagonal lines betweon the sequences are "iso-time" lines,
denoting times of roughly 1/]2 and I 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 general flow (it apycars 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 (see Section 4 4).

The effect of liquid viscosity on breakup is shown in Figure 14, where
2. 1-mm drops of silicone oils with viscosities of 0 4?, 9. 52,, and
169.5 centipoise were subjected to a relative velocity of 127 ft/sec

len-time lines denoting times of 0. 5, 1 0, and I. 5 Ms after tizze 4eVO

aicu shlswn for reference.

As shown in Figure 14, a change in viscosity of more than two orders of
magnitude does not appreciably alter the rrode 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

periphery of the drop leaves in the form of large sheetq and ligameaits,
rather than as small sheets or ligaments or even d.'uplets (as occ,,rs at
low viscosities) This effect is showr. in a cornjarison of the sequence

for the 0.47-centxpoise viscosity in ,g .'e 14 with that for a viscosity of

169 5 centipnise.
-71-
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BREAKUP OF WATER DROP SIZE a 3.0 MM
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Figure 1 3. Effect if Relative Velucity on

the Breakup of 3./-r•nm Water Drops.
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EFFECT OF VSCOSITY ON BREAKUP L
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Figure 14. Effect jf Viscosity on Breakup.
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Ihe large sheet:, and ligaments must undergo secondary breakup to
produce drcplets, and they appear to accelerate more rapidly than
the bulk of the drop; therefore, a further decay i" rel t:,ve velocit"
is likely before breakup is completed. Again, largei drý.T;.cts should
be expected from the liquids cf higher viscosity

Unfortunately, time liritations 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 sltdies
of breakup in a steady air strea.n, enouun.ered a mode -A t,.-akup cjat.
different frum the stripping behavior. He noted that the drop flattened to
- 1 u.ifiguration, and instead of stripping occurring at the edges, the
ccnter of the disc was blown out in the direction of flow to form a large
holow 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 obtained the stripping
behavior. He thus concluded that the two different breakup modes were
due to the differences between steady and transient flow

Hanson et al. (References 30 ar.d 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 knowledgve of th.
characteristics of the two types of behavior., The results of these effort1
arc summari,.ed in Figute !•, which zhouw tihe ffcti of iii.redsling
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 breaku,)
mode, i. e,, typical flattening, bag formati. it. bag rupture and collapse
-f the rim into a ring of large drops. Hanson et al (References 30 and l)
discovered that after the formation of the bag has takesl place,, circular
ripples (similar to the surface wave., resulting fi )m a stone thrown into
a quiet pond) form on the thin surface of the bag and apparently initljte
bag rupture.

The break'.up behavior shown in tie second sequence of Figuk 15 %%a.'
p," )duced bv holding the drop size nearly constant z',sd increasing tlhe
relative velocity to 85 ft/sec. In this case, the usual itattening and
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EFFECT OF RELATIVE VELOCITY ON THE
MODE OF BREAKUP OF WATER DROPS
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I OA$2 0 41 071OT 0*24 too tx 3 154 ISO Los 20O0 2.14'0

I£ST NO :!SS

WLI I

) 0 0462 0760 0 0 24 I 1 .23 13 9 S4 I* SO65 
200 too

TEST NO 2SO

Tu$1 .n0 

L -As

01 0347 0U42 OSO 0 0.808 I MES 104 It0s Ir L 021 I .

TEST '40 230

S1 0347 Q442 0576O 0*63 @0. 004 GOS 804 cis it? 8." 8.50 8.S!

0347 0412 0 5701 .3 0.606 &*s$ 4 U04 ,tt Lao

Figure i'. Effe.ct of Relative Velocity ox.
the Mode of Brejkup of Water Drops.
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oeginning of bag formation occu. red, however, a re -entrant or stamn
portion of liquid formed at the center of the flattened drop As the bag
continued to form, the stamen remained attached to '.. bag and elon -

gated to form a ligament of liquid, centered within tile r"• n ThL

usual rupture of the bag a.,d -in, occurred, and the stamen appeared to
collapse into a series of larger drops

The remaining sequences of Figure 15 indicate that as the relative
velecity is gradually increased, more of the mass of the drop b'ocomes
concentrated in the stamen portlun,, with less mabs available to form
the bag portion. This effect cuntinues with inzreasing velocity until a
m-jority of the drop mass is cintaintu in the center stý,.:t-a portion .\t

this point, the bag no longer forms,, instead a thin rim or lip of liquid
forms around the periphery of the center potion of the flattened drop

Rather than being blown out into a bag, the lip is merely stripped off thit
edge of the drop as a sheet, which subsequently shatters into small
droplets.

A good cxampie of the behavior that might be expected to follow after the
effect shown in the last sequence in rigure 15 is l0lustrated in the first
sequence in Figure 13.

Based on the results summarized in Figure 1 ; and other test e%. denc•V
included in Appendix B of this report, it appears that there is 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
would occur in going from stripping to bag breal,up

A more detailed study of the qualitative aspects of breakup can be made
by referring to series of plates in Appendix B These plates were made
i orn the tczt f•ilis used to obtain th' data presented in Tatle 2. All
pertinent information, including drop sizes, relative velocity type of
liquid, and time between frames, is presented on each plate for referencc
purposeb. A scale factor has also been imcluded to facilitate recordin,,
length measurements directly from the plates.

6 2 AERODYNAMIC BREAKUP TIMES

For convenience and consistency, the expermentally derived oreakn;,T
values in Tatble 2 were taken as the interval of time b1(teen the firs:
-signs of deformation and the time at %%hich the dro .st begug,,, to brvuab

11 is evident, ho\%ever. from the breakup photographs (Appf ndix B) th I
the entire breakup of the drop requires a finite limne ta•reafter, and ,t i ,t
this tirne is usually comparable to the t,-... reui, -d to initiate the
breakup. Thus, it is .o be expected thit * ,-re s tlould bl v' small factc.r
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(of tl- order of 1. 5 to 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 final e.--pressirn without re-
gard to breakup mechanism (i. e , bag or stripping) was given mn Equa-

tion 48a., Figure lb 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-tensin pre•-tre in the theory " a-' /d.
A factor of 2 was used because it allowed a good fit of the data, and also
because if a larger value was used the surface-tension pressure %as in
some cases greater than the aerodynamic flow pressure. The preceding
would imply 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 it
was discussed that an average velocity may be involved if a hyperbolic
velocity distribution was established, Because short distances were

emplnyed, :t was not believed that this inm..veme.t l '.zz r. 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 to occur once breakup is initiated, it appears that use of the
maximum velocity expression, i. e., EclAation 48a, is to be preferred.

In Section 4. 3, an explanation was presented for the dual-mechanism
breakup behavior of liquid drops, and the resitlts were summarized in

Equations 51a and 51b. A comparison of the experimertal data to these
equations is shown in Figures 18 and 19; the dxag coef.. ients were taken
as unity and best theoretical fits of the data were obtained using re.pec-

tive surface-tension pressures of 4 (r/d and o!d for the stri, ring and bag
breakup mod,:s. The agreement between expei'irient anr' theory for strip-
ping breakup is very gooo. except for the exp.! d constant factor.
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The agreement for bag breakup is not quite so good; however, the
agreement can oe made very good if a drag coefficient greater than
unity is used. Since the factors 1/3 and 2/3 in Eq'-aions 51a and b
are not exact but merely representative, it can be sa.i .hat the ex-
perimental data support the hypothesis presented in Section 4. 3 to
explain the dual-mechanism breaiup behavior of liquid drops.

A theory of the bag breakup t~mcs of liquid drops was eive,, by Gordon
and was summarized in Equations 24 and Z6. A t 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 b i.utid, 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

A was experimentally found to occur (as a result of the large surface-
tension pressure,; 8 (/d, which he used)

The preceding data were replotted,, replacing the factor 8 by 4, 2, and
1, A value of 4 was found to give the best agreement with experiment,,
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 is apparent from Figure 21 that the Gordon
theory with a modified surface-tension pressure is 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, for4 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 ts-
low-viscosity silicone fluid, Although the agreement is generally good,
it appears that the effects of surface tension may be entering in blightly
and should be included. The breakup theory deilved iit Section 4. 3 also
reduces to the. Gordon express'on, 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 iEquation 25b) is identical to that dt.rived
in Section 4,3 (Equation 50b).

rhe theory is compared with experimenta di.ýa for the high-visccsity
silicone fluid in Figure 23, A comparison of the results with 1 ig'ires 16

and 21 indicates that this fluid is not sufficiently v.scous for reliable usc
of the simplified equation.

Hinze developed a theory of the breal,; of liqu.d drops for the il) limit-
ing cases of negligible viscuiity and su 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 expressione are compared
with the experimental breakup times of water and the t";h-viscosity
silicone fluid in Figures 24 and 25; the agreement appearn +o be
generally less satisfactory than for the Gordon tbeory :and that devel-
oped in this report.

As summarized in Equation 32, Morrell developed t thieuory for the
transverse stripping breakup of liquid jets. A comparison of this
theory with the experimental data is given in Figur-es !6 and 27
Figure 26 rhows that there is a drop-size effect not aFparently
accounted for in the theory, and both iliksirations show ".*-.a. ihere is
considerable deviation between the experimental data and the theory.

The early experimental data of Lane (Equation 13) as well -s that of
Hanson and Domich (Equation 19a) showed that there is a relationship
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 tabtlated as to
breakup mechanism. As expected, iag breakup occurred near the
critical velocity for a given drop diametcr, whereas as the velocity
was further increased, the breakup 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
n-•ss-mean diamneters of the droplets prod.-ced by various velocity
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
breakup of liq.,vid 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 eata. In view of this scatter, it is difficult
to draw further definite conclusions regarding the validity of Equation 58.
Experimental data suggest that the effect of the initial drop diameter
rr." y be slightly greater than the 1/6 power dependence predicted. io'-,. -
ever, Weiss and Worsham (Reference 19) found the 1 ; power fur ,ie
stripping of liquid jets.

-g1-



d I I! I 8,1

T T

1 3D1ftPiZE•,=

J.2 o-, to,- 6WoR09SIZE "L

0T f.4. to0.44-MiOlOPSIZE Tll ---.

_ 
TT

"a T

to, --

"1--

hii

___/W L 1 __ _

16 '
"-v Po R

Figure 2,. Comparison of Experimental Preakt!) Times with Hinze

Theory - Low Viscosity - (Water).

--- .= m mimlll II • ll S ili n -r -ii mn mmJ m a l mn m i i i l u



02 F 
______ 

______)_(An

101

II

,07

T-I I. I g V
g0 o-.-

p it: _ _____ \ iii

Figure 2.5. Comparison of Experimental Breaku Times with Hinz• I
Theoq' - High Viscosity Case (GE SF(96(ZO0).

-9,'-

!



I/
101

T

too 
TT

U T

1.73-2 11MM1101

hi,

.73,I T ' . .. i-

.01'fI-

1 3.0 U

i0 1 -173 UM

2 [ -___ 4_____________ -T0.4o4M Nu
*0 " I ";10 -2 tO " ,

S6P2/3 (1 R / 2eoo3... ( •_ _;*,.'

Figure Zt,. Comparison of Ex! :rimenta! " breakup Times with Morrell
Theory for Stripping Breaklip °'r Liquid Jets (Water).

-95-



- I WATER

T MERCURY
* G CS$r(5EOES | .

I jjIL I r

- I I

_- i l t' - IT

t 2

- IS

" I 0 S I
I -.

,0 I I

I '

Figure '7. Comparison of Experimental Drop Breakup Times with ".v~orrell.
Theory for Stripping Breakup of Liquid lets.

-93



jj

Igo-

JO 9 I3 3Wl 1OW



0

hiI-I UJ•

w a.

. . •,• I.0
0

-I .

r •r

~ .40

10

0 -

o~0.

0

2 0- 0 0 04
0 fa

(W) V334l NV_03 _ __V

__ -- -9- 1 -



The experimental data also suggest that the a~er, gr drop size pro-

duced by bag breakup may not quite lie on the curves z',, shear breakup
Again, however, it is difficult to draw definite conchL ion: but the
Lomparison between experiment and theory is generally very encour-
aging (further experimental data, however, are required for a fin-l

evaluation)

As summarized in Equation 33. Mayer deve'oped a theory for the
average droplet size produced by the aerodynamic breakup of .iquid

drops A comparison of the theory with the experimental data -s given
in Figure 30 A value of B ot about 0 i. required to ! t.-- :e theory

to the same magnitude as the experimental data, but the functional %aria
tion still does not appear to agree with the experimental results The

value of B is somewhat arbitrary, but was stated to be cont-eptua'ly of

the order of unity It would appear that the Mayer theory is less adt-
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 determinud draig oeffic- nts

for spheres and deformed liquids being acceleraied 3n a gas stream .howI a wide range of values

The results of drag-coefficient measurements made on 3/32-i -dviri.ter
Snylon spheres and zome of the liquids used in this study are shown in

Figures 31 through 40 In these illustrations the position. %clocity,
Sacceleration, lateral diameter (except for the nylon spheres, and drag

co-fficient of the sphere or drop i show,, as a furct;on 1f -. rnf a!ter

being subjected to the flow In each case, the sphere or drop was in
free-fall prior to oiset of flow, and is thus depicted as having a slight
negative velocitv (assuming the air-flow direction to hc positivej before
bt ing accelerated in the flow dirt ction

Inspection of the data indicates that there -is no Lharacteristlc shapt of
the drag-coefficient-vs-time curve and that the peak values of the tlir-e
smay vary from CD L 0 90 to 4 4 for different tests

The value of the drag coefficient for the drop or spbe-'e undergoing
dLtceleration is written as shown in Equatton 61
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14 p Do dvCD = 2 d-t•(13 pa (V-v) D.2

where

P1  = liquid or solid density

P a air density

V = air velocity

v velocity of sphere or drop

D 0 original drop or spbere diameter

D. = lateral diameter or deformed drop
i ~dv1

d-v acceleration of sphere or dropI

Equation 61 indicates that the drag cocfficient is directly proportional
Sto the acceleration and inversely proportionp' to the square of the rela-

tive velocity and the square of the diameter of the drop normal to the
airflow direction.i
A comparison of the drag-coefficient curves to the corresponding accel -

eration curves indicates that the drag coefficient Is 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 differe,.tiation of
the velocity curve (and the velocity cuirve is obtained in a like manne,r
from the dis',tnce or position curve), The errors arise from the pro, e,.,
of taking the difference between two valuec that are close together (close
spacing of the readings is necessary to retain reasonably accuratt rep-

resentation of the curves).

Attempts to eliminate these errors by utilizing digital computer tech-
niques to generate best-fit curves to the raw data and compute dry.
cotificients 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 sufficie-it magnitude to account for thc .'ide range
cf peak values, nor to account for the widely differing shaes 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.

7. CONCLUSIONS AND RECOMMENDA.TiON3

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 have shown that the breaKup of a liquid is a rate process
and should be considt red froi, a tin-m-d cpendent point of view., This
consideration is particularly important whon higb-Rpeed gag flnwq 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 also
suggested that the aerodynamic breakup of bulk 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 concept was applied to liquid drops, and theoretical
expressions were derivee !or both the breakup times of the original drop
and the resultant droplet si-es produced by breakup. Experimental
breakup times of drops of a variety of liquids with a wide range of
physical properties were determined ior several drop sizes over a wide
range of gas-flow velocities. These studies were conducted using shock-
tube and high-speed photographic techniques; agreement between experi-
mental data and theory was very good, and it nmav be concluded that the
breakup-time theory developed in this report is valid and adequate for
general use. It would be of interest, however, to extend th, cxpcrimental
studi" s tormuch higher gas-flow velocities and much smaller initial urop
sizes,
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The experimental breakup times were also compared to the available
theories in the literature. It was found that there is good agreement
between the Gordon theory and experiment if the ourf~re-tension
pressure used in the Gordon theory is decreased by a factor of 2 to 4.
Thu breakup theories of Hinte and Morrell were found to be gonerally
unsatisfactory for use.

Liquid drops are observed to break by either a bag or stripping nieth-
anism, and it was postulated that bag breakup is due to pressure orag,
whereas stripping breakup is due to friction drag (friction drag was
considered to be always greater th.'n *he- pressure el-af-n A theory w..,
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 witlý the theory. It would be of interest to 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 suitable 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 droplet
size distributions produced by the aerodynamic hreakiip of liquid drops.
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 iact that the theory contains uno arbitrary
constants, The experimeital data were also compared to the theory of
Mayer; agreement was less satisfactory than with the theory developed in
this report, and moreover contains a constant that must be evaluated
from the experimental data, It is concluded that the diveloped theory is
at present, most reliable for use. As a final recommendation, it is
suggested that further studies, both experimental and theoretical, be
conducted w-th regard to obtaining the droplet-size distributions pro-
duced by the aerodynamic breakup uf liquid drops.
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APPENDIX A

SHOCK-TUBE THEORY



A-I INTRODUCTION

The following discussion begins with a qualitative desc "iption of
shock-tube behavior. For s4,nplicity, the description is limited
to the oarticular case where air is used in both the compression
and expansion chambers and the expansion chamber is 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 P 3 being greater than Po, Since the expansion chamber
is open-ended, the pressure and ,emper.a.ure therein are as-;-•med
to be at local ambient values. Pressure P 3 is maintained at a value
greater than P 0 by an airtight diaphragm separating the two chambers.

If the diaphragm separating the two regions is suddenly removed, a
compression wave progresses inta 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,
P 3/Po = P 3 0 - Passage of the shock wave imparts a uniform velocity,
u, to the expansion-chamber gas and raises its pressure, density,
and temperature to PI, pl, and TI, so that P 0 < P1 < P 3,
po < p1 < p , and T > To, The pressure-distance conditions are
depicted in figure A-lb. where the shock wave has reached 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'l represents the
boutidary between the compression and expansion-chamber gases.
It also moves through the expansion chamber with the velocity u, as
does the compression chamber gas at P1 behind the contact surface.

The region behind the contact surface is compression-chamber gas
that is expanded down to pressLre, temperature, and density P 1 , TZ,
PZ by the rarefaction wave so that P. < P1 < P T < T , and

3' z
P1 < PZ < P3.

In Figure A-ic, the shock wave is shown as having arrived at the
open end of the expansion chamoer; the contact surface has continued
t3 move through the expansion chamber at the velocity t, and the
rarefaction wave has collided with, and rebounded from, the closed
end of the compression chamber.
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Th" 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-ld, where it has reached the test

locat:os.

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
bhock wave to the arrival of one of the following-,

0 The contact surface

"* The reflected rarefaction from the compression chamber

"* The rarefaction wave from the open end of th,. expansion
chamber

In Figure A-i, the testing time would be represented by the time 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.

A-Z SHOCK-TUBE THEORY

The equations describing the conditions in the shock ltbe are derived
by making use of the equations of continuity, momentum, motion, .und
energy, plus the equation of state for ideal gases. Assumptions are
made that the flow is inviscid0 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 Figore A-I and writing the pressure
ratio P 3 /Po as P 3 0 , the relation~ship between the compress in-chamber
pressure and the shock pressure can be written as

10 (A- I)

+ 1) (a P 1 0 + 1)

-A4-



where

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

P -0 ratio of pressure behind shock wave to expansion-
chamber pressure ahead of shock wave

3 liy-l

I = Cp/CV = specific heat ratio for the gasI
In Equation A-I and the follwing 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 assumptio-i for the
normal operational range of shock tubes similar to those u- ed in the
present study.

The speed of the shock wavc is given by

w = a° 0 ]/ (a Pl0 1) (A-2)

where

Sau = speed of sound in the gas ahead of the u1ho.ik

The flow velocity behind the shock wave is given by

u =(P 1 0 - 1)JA ,= Pa1 0 + (A13

The density ratio across the shock wave is written as

I + ap 1 0
P1I0 = P (A-4)

-AS-



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

T-0 Pl10[ PlO + (A-5)
1 CL.P 10+ 1

A complete derivation of Equations A-I 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 in the
expansion chamber were assumed as follows:

P = 14.25 psia0

T = 535 0R
0

PO = 0. 0719 lb/ft3

ao) = 1135 ft/sec

The shock tube used in this study was located at an elevation of approxi-
mately 1000 ft above sea level in an air-conditioned room, with the
temperature maintained at an average value of 75 0 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. tern-erature, and densitv
behind the shock wavc with flow velocity for the range covered in this
study.

Duration of the testing tinme was calculated from the various expressions
describing flow conditions in the shock tube (Equations A-I through -5)
and the lengths of the various portions of the tube. To compute the
testing time availahle, the following nomenclatuore was empl.,fed,

L%. = distance from diaphragm to test location

LC = distance from diaphragm to end of . xpansion chamber

-A6-
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L --= length of compression chamber

c time for shock wave to arrive at test IOLation

sw

St = time for cold front to arrive at test location
CW

t fw = time for foot if rarefaction to arrive at test location

Strf -- time for head of rarefaction to catch its foot

St = time for head of rarefaction to overtake cold frontS~rc
t = time for head of rarefaction to arrive at test location
rw

X rf = distance for l'ead of rarefaction to catch its foot

X = distance for head of rarefaction t.o overtake cold front
rc

t re = time for rarefaction head from open end of expansion
re chamber to arrive at test location

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

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

ts a "o I0 10 1

The time required for the c-ontact surface (cold front) to arrive at
the test location is

tcw a°0 (Pl10 " 1) (A-7)

-A9-



The time required for the foot of the rarefaction to arrive a, the test
location is

1 -

a 0(P lo- ) P a+
tf= L w ý- a 3 (3)~L (A-S)

__ o lo +

where a3 = a if T3 = T as assumed for this study.

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

t = a 1 (A-9)
rf a. \p13)/( +1

Also, it can be shown that

rc trf (A- 10)

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

(Lw -Xrd)
rw trf u+ (A-al

1

where %2 a 3 p13 "

zI

-Al0-

I



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
t = t + w rc (A-12
rw rc u+ a

wherea a

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

Q-2

Xrf t L ttfa[ 3 (A-a13Xrf=3r

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

rc = Xrf + (u + a2) trf (A-14

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

A
Le (L -L)

e e (Aw1tre w (a1 u- u (A(a U

-All-tit I



The time-of-arrival of the various phenomena described in

Equations A-6 through -14 is shown in Figure A-4 for t.,. ra.'ge of
chamber pressures used in this study Figure A-S, obtaisie,; from
Figure A-4, shows directly the testing time available for the same
range of compression-chamber pressures

A-2 SHOCK-TUBE PERFORMANCE

In all but the most precise shock-tube investigations, it is customary
to determine the flow conditions behind the shock wave eitkiei from
0,c state u• the ex.::si.n and .ompression- 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 depirture from the assump-

tions of adiabatic compression, isentropic expansion, and constant
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
the'retical values.

Errors in shock-velocity determinations are 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
between the transducers used in the shock tube was 1A 25 in. (accurate

to .vithin ' 1/64 in ), and the counter used to record the time required

for the shock wave to traverse the distance between thb: transducers

was calibrated to the nearest 0. 1 tisec
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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 ax rival of
the shock wave, and it is difficult to adjust Lth the start and stop
circuits 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 tranbducers. 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 Figur& A-7:, superimposed on the curves
are the voltages used to adjust the start and stop circuits of 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 tncertainty 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 t 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 _xpected at shock velocities near
the speed of sound, since the Air velocity approaches zero as the shock
velocity approaches the speed of soiltd ahl.ad of the shock wave

It should be mentioned that while the preceding discussion implies the
possibility of rather large errors in the air velocities, 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 soon develep a technique of reachit'g settings
extemely close to the lower trigger-level voltage. AF a result, i.
is improbable that errors in air-velocity easwirements as large as
those derived from Figure A-8 actually . . red,

A
-A 16-
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APPENDIX B

This appendix contains p'ates made from the high ýpt ed
motion picture films taken durina the study The ;er~e,
of plates contained herein represent each of the tcst
conditions listed in Table 2 in Section 5 3 of this report

They have been included to provide a source of ,om-
prehensive information on the qualitative aspects of

dropiet breakup as well as detailed quantitative datp on
the behavior of drops during deformation acc' erat.on
and subsequent breakup in a fast moving air strean
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g APPENDIX C

The results of the size distribution tests (summari ed 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 from 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 svctions of
the report.

The plates have been included to show visually the reduction in particle
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
vdlues used for correlation with theory in other sections of the report



Table C-I1 Summary of Size Distribution Tests.

Shear Breakup

Orig
Drop Sample
Size V Dist Film Test MMD I

lmmý (inj) No. No. (W___-

2.7 138 15 926 35 85
110 18 850 6 90
112 24 849 5 120
234 27 Q27 41 60
212 30 865 12 73
212 30 872 12 71
20q 36 845 1 59
315 27 928 44 32
319 30 866 13 36
319 3U 873 13 41
395 24 874 18 34
383 27 929 48 19
394 30 867 14 24
394 30 875 14 24

1.6 131 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
316 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

0.6 69 4-3/8i 8 930 55 100
0.6 66 4-3/8 in. 931 56 140
0.6 4-3/8 in. 932 57 115

SSample Distance with 1-ft ýiection Removed

-C2-



NOMENCLATURE

L. P. lower point of size interval, microns

M. F. = mid-point of size interval, microns

U. P. upper point of size interval, microns

FO Z frequency observed

PFO percent frequency observed

SFO cumulative frequency observed

SPFO cumulative percent frequency observed

PMO percent mass observed

SPMO = cumulative percent mass observed

-

I
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TESTNO. 35 DROP SIZE (MM) 2.7
RELATIVE VELOCITY (FT/SEC) 138
FILMNO.S-Z- MMD(4) 85
SAMPt ING DISTANCE (IN.) 15

I * . '*•, - r, v OC P'.l2 -,

I£,;t I,.9 23.?2 8'3. tI.b5 1j34-* 04.11 5.44

.1*.; 4-- J% 1-,I5 ., .49 14t?':. 18.' E.li'... o

t1., | , : 1 A*.e• ". ,ti ! *.7 •.5S7 /..- .. '. ,

tP. L ~ . 37. ,.1 10

-C4-
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TESTNO. 6 DROPSIZE(MM)2.?
RELATIVE VELOCITY (FT/SEC) 110

IL*WNO. 850 WAD (f) 90
SAMPLING DISTANCE (IN.) 18

L. P. M. P. U. P. FO PFO SF0 SPFO Pm. 5im.u

0.00 3.01 6.02 0. 0.uo 0. 0.00 3.00 0.00

6.02 8.70 11.30 2100 24.59 210. 24.59 032 032

110.9 14.08 16.77 193. Z2.54 404. 47.18 1.0 °.41

16.77 19.99 23U22 166. 19#43 569. 66.62 2.b0 4.02

23.22 25*58 27.95 65. 7.61 63'. 14.23 2.03 t.05

27.95 30*63 33.3? 74. 8.66 70-a. 2.94 i.?6 10.02

33.32 36.01 38.70 29. 3.39 737. b6.29 ?.i0 i2.33

38.70 41.45 44*2Q 22. 2.57 759. dS.87 2.90 19.43

44.29 47*08 49.88 IQ. 2.22 778. I1.10 1f,5 19.08

49.88 52.56 55.25 19. 2.22 797. 93.32 5006 14.15

55.25 57.94 60.62 5. .58 802. 93.91 1.78 25.94

60.63 63.42 66.22 9. 1.05 811. 94.96 4.20 30.15

66.22 68.58 71.95 10. 1.17 821. 96.11 5.90 36.05

70.95 73.63 76.3#2 9. 1.05 830* p7.18 6.57 .262

76.32 78.58 80*84 3. 035 833. 97.54 2.65 45.2d

80.84 83.63 86.43 2. .23 835. 97.77 i.13 47.42

86*43 88.58 90.73 J. .35 838. 98.12 3.60 71.2i

93.73 73031 95.89 1. 1.00 838. 98.12 0.00 i*.23

95.89 98.04 100.19 4. .46 842, 40,; 6.87 '.1l

10n.19 131.69 103.20 2. .23 844. 9e.82 3.83 61.94

103.20 108.89 114*54 1. .11 845. 96.94 2.37 t4.31

!!t:.59 117.28 119.97 3. ,35 A4e8 99029 U##33 i.15

119.97 123.19 126.42 1. Oil 849. 99.41 3.41 Ic-59

'26.42 128.78 131,i5 ?. .23 851. 99.64 7.79 -

131.15 133.83 136.52 7. .23 853. 99.88 d*14 .11.10

136.52 139.21 141.90 0. n.00 853* 99.88 0.00 "'o.'0

141.#99 144.69 14•*49 C. 1.00 8"30 49.88 0.003 IL.

147*49 150.28 153.08 0. 0.00 053. 99.88 0.00 V3.13

153.08 155.76 158.45 1* 011 854. I.JO.00 6.89 100.00

-C5-



TESTNO. 5 DROP WE)(MI)Z. 7
RELATIVE VELOCITY (FT/SEC) 112
FmILNO.49 Awb(p) iZO
SDNPLING USTANCE (IN.) 24

Le AA . 0*. U. P. FO PF0 SFO SPFO PMO S.-mo

-. 00 3.01 6.02 0. 0.00 n. 0.00 0.00 0,10
6.02 8.70 11.39 61. 17*28 61. 17.28 -10 .1l

11.#39 14.38 16.77 61. 17.28 122. 34.56 .39 .016.77 19.99 23.22 32. 14.73 171. 49.20 .93 1.4323.22 25.58 27.95 28. 7.93 202* 57.22 1.00 2.43
27.95 30.63 33.32 37. 10.48 239. 67.70 2.26 4.7033.32 36.01 38.73 22. 6.23 261. 73*93 2.17 &,fi38.70 41.49 44.29 23* 6.51 284* 80.45 3.46 10.35
44.29 47.18 49.88 12. #3.9 296. p3.85 2.63 12.91S49.98 52.56 55.25 20. S.66 316. 09*9, 6.09 i9#0855.25 57.94 60.63 6. 1.69 322. 91.21 2.44 21.51
61.63 61.42 66.22 3. .84 325. 92.06 !.60 c3.13
66.22 68.56 70.95 3. .84 328* 92.91 2.02 25..670.95 73.6? 76#1 2. .S6 330a 4 3.6? •,6?
76.32 78.58 dl.84 3. .84 333. 94.33 2.P4 29.*760.8. 83#61 86.4. 4. 1.13 3;7. 95.463 4..9 14.7b
66.43 88.58 90.73 4. 1.13 341. 96.60 .4.0 4(0.690.73 91.31 95.89 2. .56 343. '7.16 .3,3 '3. 5
95.89 98.04 100.19 C. ".00 343. 97.16 0.03 43.'t

130.1I9ý 13!.69 103.20 1. .26 3,44. ý)7.45 2.11-y 41 111)3,2^ !C0,89 114.59 1. .28 345. 97.73 ?.71 8..
114.59 117.28 119.*7 0. r o*.00 145o 97.71 0.n0 48.8u5119.97 121.19 126.42 1. .28 446. 98.01 3.90 :'2,7b126.42 128.78 131.15 1. .e8 347. 98.30 &.45 ?
131.1i 131.81 136.52 1. ,26 348. 98.58 5.00 S, 21136.52 139.21 141.00 2. .56 ?50. i9.15 11.2. !.1.1.7
141.93 144.69 141.49 1. .28 351. V9.43 S.*! 79.°N
147.49 151.28 I53.08 0. 1.00 351. 90.43 0.10 7:.7&
153.08 155.76 158.45 0. -*.U3 '31 99.43 0.00 19.78158.45 161.14 163.83 C. 0.0C 351. V9.43 0.00 /9.7b
163.83 166.62 169.4? 1* id 352. 01.71 . 64 z.169.42 171.78 114.15 1. 028 s550 i0J09 10.56 103.9

I

I
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I
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TEST NO. 41 DROP SIZE (M) Z. 7
RELATIVE VELOCITY (FT/SEC) Z34
FiLMtO. 927 #mtD•) 60
SAMPLING DISTANCE (N.) 27

' . . FO PF5 SFO SPFO PMO SPMO

r- f".r•,D r. C.00 0.00 0.00
, , 1i.'• 197. 31*35 i'!., 30.35 .75 .75

P-/; i•.9f 2, . 22 I00* 15*40 479, 73.80 3. ' 7.1d

232 .~ 21.95 36s 5.5~4 5315. 14435 2.id 9.91
'. 3% -63 3?. 2 29. 4.46 544. 83.82 3.84 13.82
i'.~' 34'.11 3z.7: ?2. 3.15 F6f,6. 87,21 4.71 18.53

1 7- 4 1.4Q '44.29 16. 2.46 t82. 69.67 5.22 23.75
? -1? 4 ?.08 149.08 17. 2.61 5 Y2.29 6.06 31.a,,

I , * 2 57.94 60.63 15. 2.31 626. t6o45 1-.24 3.0i
613.6 63.42 66.21 6. o92 6?2. 97.38 6.94 0. 9*
6S6. ?? 68.5F I%9 i3- . .46 6?5. 47.84 4.38 64.14

"-.32 7F.58 0*.S 4 3. .46 643. 99.07 .58 7'9.4b
8.8. 83.63 8f3.41 3. .46 646. 99. 53 1.94 c 7.9i0

86.3 88.58 90.73 0. 0.00 646. 99.53 0.00 o7. 0
S9;,*7 93.31 95.89 2. .30 6-8. 99.84 1.34

:P *fc 9.4II' 9 2 0 f48. 99.44 0.00 95.25

u -C7-
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TESTHO.I 12 RoPSIZEWM)Z.7
RELATIVE VELOCITY (FT/SEC) Z12
FILMANO.865 m w(,)73
SAMPLING DISTANCE (IN.) 30

L. Pa M. po U. P. FO PFO SFO SPFO PMO SPMO

1 0 3.01 6*'2 0. f30 0. 0.00 0.00 0.00

... ? 8.70 11.39 135. 22.13 1 35. 22.b3 .24 .24
11019 14.(E 16.77 98. 16.06 233. 38.19 .b3 .87
16.77 19.9c 23.72 99. 14.59 322- 52.78 1.60 2.48

.. 2 25.65 27.95 4&, 7.21 166a 60.00 1.58 4.06

27.9 30.63 33.32 51. 9.34 423. 69.*3 3.51 7.58

33.32 36.11 iq-,0 t'. 6.49 462. 15#71 3.87 11.46

38.73 41.49 4 ..2Q 25. 4.09 481. 19.82 3.79 15.25

44.29 47.09 49.8i 29. 4.75 516. d4.59 6.40 21.66

49.58 52.56 55.25 'So 2.45 531. 87.04 4.60 26.26

55.25 57.94 6P.63 20. 1.27 551. 90.12 8.20 34.46

61.63 63.42 66.22 10. 1.63 561- 91.96 5.37 39.84 I
66.22 68.53 70.95 !i. 1.60 572. 93.77 7.46 47.30

7n.95 73.5f 76.32 14. 2.13 585. 95.90 10.91 :6.2z

76.32 78.5l 8C.84 i. .49 589. 96.39 3.05 61.28
3•.•4 683.6 83.4 * i9 1.31 596. 97.70 9.83 71.11

86.413 88.gn 90.73 5. .81 601. 98.52 7.29 78.41

90.73 93.31 95.89 7. .32 603. 98.85 3.41 81.82

95.89 98.14 100.1- 3. .49 6C6. 99.34 5.93 67.75

100.19 101.65 103.20 1. .16 607. 99.50 2.20 69.96

103.20 128.59 114.59 1. .16 609. 99.67 2.72 92.68

114.59 117.72 110.17 1. .16 609. 99.83 3.38 96.07

119.97 121.11 126.42 1. .16 61C. ¶j0.0c 3.92 100.00

I

I
I
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TEST NO. 12 DROP SIZE iMM) 2. 7
RELATIVE VELOCITY (FT SEC) 212
FILM NO. 872 MMD tp) 7 1
SAMPLING DISTANCE (IN.) 30

i64 ., -. * . F'76 ,41. '1-j PX7) '0bt,
m 51 .Z2. .2 73- -r -f-

1-3.*1 51. .152 424. 71.74 7.65 7.61

14. "c ~ 70 20. 4.90 453. 16.64 3.26 11.33

- .',, -- . ., 1s. 3.04 471. 19.69 2.09 iz.17
--.- , 4.P- v 49.8 9 2 7. 4.,i6 4C)1. d4.2t 6.75 2o.;3

49.5b- 32. 5"6 5•5•. 2. 4.56 525. b8.83 9.37 50.31

55.25 51.94 60.76 1. -.0,'4. '.'5 18 34.49

" "3 63.4? 66.72 1 #. 1.1 59. 71.53 4. 3•- .75
J9~2 66.5p 7%;5 15. ?.53 ca6. '4.0l7 1165z 5n.77

71.0, 73.6 3 16.3 * 8. S6.35 5 4. 95.43 7.60 75.9o

5p 7?.5 P ¼•P.4 12. 2.0 576. 97.46 13o.o4 11.73
¾ 34 33.62A f6 . 4 5. .aj4 Sl1. t,8.?o 6.96 !0451

ý t. , 3. -m 9fl* 71 .s4 5 86-c. yfl!5 d.25 cc,';'

le)!.' 1C.~1320 1. n& 9. -09. -3 2.4 s.ss

j ).J ¼.09 114.59 0. 1.00 590. rl~i'4.# 0.00

'34. 5? 117.21i 119.9)7 0. 10.n 5900 949.83 0.00
119.97 121.19 126.4? 1. .17 5q1. lo.C0. 4.44 1oo0,'O

I



i

TEST NO. 1 DROP SIZE tMM) Z. 7
RELATIVE VELOCITY (FT/SEC) 209
FILM NO. 845 WMO (F) 59

SAMPLING DISTANCE (IN.) 36

L. P. Me P. U. P. FO PFO SFO SPFO PMO SPMJ

0.00 1.01 6.02 0. 0.00 1. 0.00 0.00 0.00
6.92 8.70 11.39 147. 23.00 14'. 23.00 .46 .46

11.39 14.08 16.77 141. 2Z.37 29). 45#36 1.66 2014

16.77 19.99 23.22 124. 19.40 414. 64.78 4.00 6.13

23.22 25.58 27.95 30. 4.69 444. 69.48 1.93 0-00

27.95 30.63 3%132 55. 8.60 499. 76.09 6.06 14.12

33.#2 36.01 38.70 15. 5*47 54.. 83.56 6.22 20.5

38.70 41.49 44.29 1*. 4.85 5656 88S.! 8.41 d8.77

4-t*29 .7.00 49.08 IQ. 2.97 584. 91.39 7.51 36.26

49.8e 52.56 55.25 If-. 250 600. 93.89 o.77 45.Ob

55.25 57.94 60.63 8. 1.25 606. 95.14 5.07 50.-3
60.63 61.42 66.22 1!. 1.72 619. 96.e7 10.57 61.'l
66.22 68.58 70.95 5. .78 624. 97.65 6.06 67.51
7q.95 71*61 76.3? 7. 1.09 631. 98.74 10.51 76.05

76.32 78.58 60.84 4. #62 635. 99.37 7*20 ob.3
8'1.84 8.63 86.413 3. 46 638. 99.64 6.59 91.18

86.43 68.58 90.73 0. 0.00 638. 99.84 0.00 71.qt

93.73 93.31 95.89 0. 0.00 638. 99.84 0.00 31#.ý

95.89 98.04 100.19 0. 1.00 636. 99.64 0.00 91.9a

100.19 101.60 10*,20 co A.30 638. 99.84 0.00 •1,."
103.20 108.89 114.59 0. 1.00 638. 99.84 0.00 -t1.'j

.114.59 117.2q 119.97 0. 0.00 638. 99.84 0.00 91.td

119.97 123.19 126.42 0. 0.00 638. #9984 0.00 91.90
126.42 128.78 131.15 1. .15 639. 130.00 e8.01 100.00

-clo-



i
I

TEST NO. 44 DROP SIZE (mm) 2. 7
RELATIVE VELOCITY (FT/SEC) 3 15

FILM NO. 928 MMD (14) 32
SAMPLING DISTANCE (IN.) 27

i

, . 1 .- • 4

. - * ,N. 86 w
S , .. S S

- "8 - S S .' 5-

*2 7 1 60- 7

* '5 2.5 ? ý # 7. Q ý

2 2 25 5 
*-*9 14 S 1 1 1.* 5 7*

TESTNO. 13 DROPSIZE (MM)-.RELATIVE VELOCITY (FT/SEC) 319€

FILMNO. 
8 6 6 MMD(p) 36

SAMPLING DISTANCE (IN.) 30

idl.3e r1 85o6 "!, * 2 .42 v, 0 4* -

". . 1 7"4 A-.'A .* 4A 140 -)Q~. If, 00 -

S -C72

71.' 74.8 2. .05 3476. yt.L

:11*6 83.43 li.. 1. . -7. 0 .1 3~

-cil-



TEST NO. 13 DROP SIZE (M4) 2. 7
RELATIVE VELOCITY (FT/SEC) 31
FILMtNO.8 7 3 ai (1.) 41
SAMiPLING DISTANCE (IN.) 30

Lo Ps I, P. U. P. FO PFO SFO SPFO Pmo sPMO

'100 1.01 6.02 0. I.30 C. 0.00 0.00 0.00

6.02 8.70 11.39 1078. 44,89 1078. 44.89 2#50 2.50

i1.39 14.08 16.77 495. 20.61 1713. 65.r1 4.19 6.65

16.77 19.90 23.22 299. 12.45 1872. 77.96 7.04 13.73

23.22 25.58 27.95 123. 5.12 1995. 83,09 •.77 19.50

27.95 30.63 33.32 148, 6.16 2143. 89.25 11.89 31.40

33.12 36.01 38.70 107. 4.45 12504 93.71 13.88 45.29

18.T7A 41.49 44.29 5r. 2.29 230S. 96.00 10.88 56.17
44.29 47.*'A 49.88 44. 1.83 23&9. 37.83 12.68 68.85
49.88 57,56 55.25 19. .79 2368. 98.62 7.60 76.46 i
55.25 5$194 60.63 14. .58 i!82* 99.20 7.49 83.95

6,063 61.47 66.'2 q, .37 2391. 99.58 6.31 90.26
56.22 69.56 10.95 86 .33 2399. 99q91 7.07 97,34

71.9, 71o6 r..'A2 0. 1.00 2399. 99.91 0.00 97.i4
76* " 78orP 80OR4 7, one 2431, *t10.On 2.65 100*00

I
TEST NO. 18 DROP SZE (#m) 2.7

R !ELATVE VELOCITY (FT/SEC) 395
PILMNO. 874 (0) 34
SAMPLING DISTANCE (IN.) 24

L. P. MP. P U. P. FO PFO SFO SOF;) PmO SPmu

.10T 3.01 6.?2 0. 0.00 0. 1 .0n 0.00 0.00
6.)2 8.70 11.39 2002. 47.74 2002. 47.74 4.23 4•.•3

11.03 14.08 160.? 999. 23.82 1001. 11.57 7.71 11,45
16.77 19.99 21.22 639. 15.23 3640. 46.81 13.72 --. 6i

21.22 25.58 21.95 210. 5.00 3850. 91.81 8.99 34.67
27.*5 20.63 33.32 174. 4*.14 40274. 95.96 12.76 47*.44

'41.3? *46.01 38.70 6Q. 1.54 4003. 97.61 8.16 j,-*59'
34.701 1.04* 44.29 47, .88 3 410. 98.49 6.67 62.27
44.?'o 1-7.08 49.88 12. .52 4152. 99.02 5.78 68.06
49.8e 52.56 55.25 11. .26 4163. 99028 4.01 7?.07

55.0t 57.94 6n*.6 7. .16 4170. 99.45 3.1&1 1-.49

#"1.64 61.47 66.22 7. .16 4177. '9.61 4.47 70.q7

66.2'? 58o.Sf 7".# 5. .11 4182. 99.73 4.01 84.00

?7.qi 73.62 75.22 2. .04 *lq4. 99.78 1.9Q 86.00

76.32 78.58 80.84 6. .14 4190. 99.92 7.27 93.28

81984 83.63 86.43 0. 0.00 4190. 99.92 0.00 93.26
86.t.3 88.58 400*3 2. so,. 4192. 99.*97 3.47' 96.0 5
10.73 1.31 95.89 n. ".00 4192. 99*97 0.00 96.05

W9%9 94.0l. 100.19 %. 1.00 4192. 99.97 0.00 445.1

Y;.19 1'1 .60 103.20 3, 101 1•O2. '9.97 0.O0 41 7
!')3o ?^ 11R.80 114.4,• 1, , 193* 1 of).O0 -4.24 1o I. o !

-Cl1?- f
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TEST NO. 48 DROP SIZE (M) ). 7

RELATIVE VELAC!TM (FT-r*FC' 383

FILM NO.49 29 MD W) 19
SAMPLiNG DISTANCE (IN.) 27

RELATIVE VELOCITY (FT, SEC) -:4

FILMNO.
8 6 7 MAm(A() 24

SAMPLING DISTANCE (IN.) 30

1. 7 7 391. 14.b .

3 1 7 . 1 2 .6 6

TEST NO. 14 DROP SIZE (MM) 2. 7

RELATIVE VELOCITY (FT ,SEC, 394

FILMNO.R
75 MMD(p) 2-4

SAMPL'NG DISTANCE (IN.) 30

iL O* *° ",. P * P* •" .-," -

i5,7: •*g•) 23.?1 lgq' 1 *85 : " . "

,)"3. 22 6 8*• 7 = 5 .7 . • i ,I • "

- 2.06 -
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TEST#40 2 Z DROPSIZE(MM) 1.6
RELATIVE VELOCITY (FT/SEC) 131
rFaLmN.879 NW.IIA 94
SAMpLNG DISTANCE (IN.) 12

L& P. M. P. u. P* FO PFO SFO SPFO DMO SPMO

0.00 1.01 6.02 0, 0.00 0. 3.00 0.00 0.00

6.02 8*70 11.39 261. 41.89 261. 41.89 .99 .98

11.39 14.08 16.77 162. 26.00 423- 67.89 2.23 2.22

16.77 1909q 23.22 89, 14#28 512# 62.18 ".41 6.,63

23.22 25.58 27.95 26. 4.17 538, 86*15 1.98 8.62

21.95 30.63 33.32 31. 5.29 571. 91.65 4.32 12.95

33 32 36.01 38.70 12. 1.92 583. 93.57 2.53 15.'6

39.70 41.49 44.29 9. 1.44 592. 9O502 2 .'0 16.19

44.29 47.08 49.88 60 .96 598. 95.98 2.81 214?1

49.88 52.56 55.25 4. .64 602* 96.62 2.60 Z3.91

55.25 57+94 60.63 5. 80 607* 97.43 4.36 28.17

60.63 63.42 66.22 4, -.48 610. 97.91 3.42 31.60

66*2Z 68.58 70.95 3. .4q 613. 98.39 4.32 33Q I
70.95 73.63 76.32 1. .16 614. 98.55 1.78 37.12

768.2 7e.58 80.84 0. 0.00 614. 98.55 0.00 37.72

80.84 81.63 86.43 o. 1.00 614. 98.55 0.00 37.72

e6.43 85.5A 90.73 3. .'41 617. 99.03 9.30 47.02 I
9'.73 93.11 95*89 1. .16 618. 99.1Q 3.62 50.65

95.89 98.04 100.19 1* if- 619. 49935 4.20 !4.a

100.19 101.69 103.20 1. *16 620- 99.5! -. 68 p*t

103.20 18#.89 114.5 DO ).U0. 623. 99.51 "..00 59.54

114.59 117.28 119.97 %. 1.00 620. 99.5! 0.00 59,•

119.97 121.19 1 126-42 1. .16 621. 91.67 6.3' 67.88

126.42 128.78 131.15 1. .16 622. 99.5' 9.52 77.40

131.15 133.83 136.52 n. 0.00 622. 99.83 0,00 77.40

136.52 139.21 141.90 0. 0o•0 622. 9-.8 0.00 77.40

141*90 144.69 147.49 0. .100 622. 19.83 1.00 77.40

147.49 150.28 15?.08 0. 0.00 622. 99.83 0.00 77*1'0

153.09 1•°76 158.45 0. 0.00 622. 99*83 0.00 77. -

158.45 161.14 163.83 O0 0.00 622. 99.83 0.30 77.40

163.83 166.62 169.42 o0 0.00 622. 99.83 0.00 77.4•

169.42 171,78 174.15 1. .16 623. 14n.00 22.59 100.000

-Cl4-
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TEST NO. Z I DROP SIZE (MM) 1. 6
RELATIVE VELOCITY (FT SECm 130
FILMNO. 878 MmD (p) T7
SAMPLING DISTANCE (IN.) 18

L* Po m. P. U. P. FO PFO SFO $PFO PM "

i.01 3.01 6.12 0^. 'ro 0. *.01 0.00 0.00

6.o2 8.70 11.39 61. 23.82 61. 23.82 .21 .2o

11.39 14.08 16.77 s'C, 19*53 111* 43.15 .71j 1.04

16.77 19.99 23.22 41. 16.01 152. 4.197 1.76 Z0$2

23.22 25*58 27.95 13. 50C7 165. 6-.45 1.12 3*95

27.95 30.63 ?2.32 19. 7.03 183. 71.4 2.67 6.62

33.32 36.01 38.70 18. 7.03 201. 18.51 4.31 0.3

38.70 41.49 44.29 s. 3.12 209. 61.64 2.92 13.05

44.29 47.08 49.88 13. 5.07 222. o6.71 6.41 20.70

49.88 52*56 55.25 10. 3.90 232. 10.62 7.38 Z8015

55.25 57.94 60.63 2. '.78 234. 91.40 1.97 30.12

6!.63 63.42 66*22 50 1.95 239. 13.35 6.47 36.59

66.22 68.a5 70.95 5. 1.95 244. 95.31 8.16 44•76

710.95 73.63 76.32 30 1.17 247. ;6.o4 6.06 50.82

76.32 78.58 80.84 2. .76 249. 97.26 4.90 t).73

60.84 83.63 86.43 0. 0.00 249. v7.26 C.co 55.73

86.#43 88.58 90.73 2. .78 251. 98.04 7.02 62.75

9n*73 93.11 95.89 1* .39 252. -t.4• 4 4-10 tb.tb

9589 98.04 100.19 1. .39 255. Y0602 4.7'ý '1..12

100.19 131.69 101*20 0o 0.00 253. 98.82 0.00 ri.4l

103.20 108.89 114.59 0. I.00 253. 98.82 0.00 1.,52

114.59 117.28 119.97 1* .39 254. 99.21 0.14 1,.70

119.97 123.19 126.42 1. .39 255. 99.60 9*44 t,21

126*42 128.78 131.15 1. 139 256. 10.00 10.76 130.000

j -C15-
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TEST NO. 23 DROP SIZE () 1. 6
RELATIVE VELOCITY (FT/SEC) 136
FILIANO.880 KYDO() 93
SMPLING DISTANCE (IN.) 24

L. P* M. P. U. Po FO PFO SFO SPFO PMO SPMo

0.00 1.01 6.02 0. 0.00 0. 0.00 .0.00 0.00

6 .,2 8.70 11.09 21. 19.09 21- 19.09 .08 .08
11.39 14.08 16.77 15. 13.63 36. 32.72 .23 *.1
16.77 0.09Q 23.?? 74* 21.81 61. 54.54 1.02 1.34
23.22 25.58 ?7.95 4. 1.63 64. 58.18 .34 1.68
27.95 30.63 * 33.32 lo 9.09 714 67.27 1.45 3.14
33.32 36.01 38.70 4. 3.63 78. 70.90 .94 4.08
38.73 41.4S 44.29 1. .90 790 71.81 .35 4.44
44.29 47.08 49.88 7. 6.36 86. f8.18 3.66 8.10
49.88 52.56 5S.7' 2. 1.81 88. 80.00 1.45 9.55
55.25 57.94 60.63 1. .90 89. 80.90 .97 10.52
60.63 63.42 66.22 1. .90 90. d1.Al 1.27 11.!9
66.22 66.58 70.95 3. 2.72 93. 04.54 4.01 16.61
7r.95 73.63 76.32 2. 1.81 95. 06.36 3.97 20.5n
76.ý2 78.58 80.84 4. 3.63 99. 90.00 9.o4 30.21
80.84 83.63 86.43 2. 1.81 101. 91.81 5.81 36.05
86.43 88.58 90.73 3. 2.72 104. 94.54 10.35 46.40
91.73 93.11 95.89 0. 0.00 104. 94.54 0.00 46.4C
95.69 98.04 103.19 2. 1.81 106. 96.36 9.35 ;5.76

10C,.19 101.69 103.20 1. .90 107. 97.27 '.21 tiO.97
103.20 108.89 114.59 0. 0.00 107. 97.27 0.00 60.97
114.59 117.28 119.97 0. 3.00 107. 97.27 0.00 b0.97
11q.97 123.19 126.42 0. 0.00 107. 97.27 0.00 60.97
126.#42 128.78 131.15 1. .90 108. 96.18 10.59 11.57
131.15 133.83 136.52 3. 0.30 108. 98.18 0.00 71.57
136.52 139.21 141.90 1. .90 109. 99.09 13.38 'o4.96
141.90 144.69 147.49 1. .91 110. C10.00 15.03 100.00

-C16-
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TEST NO. 10 DROP SIZE (MM) 1. 6
RELATIVE VELOCITY (FT/SEC) 201
FILM NO. 859 MMD (p) 45
SAMPLING DISTANCE (IN.) 24

L. - 1. p. U. P. j,, 00 -r P0 SP ,C omo sp,

.~') 3.f* e.c2 -. 0.JC3. 0. 0.00 0.(0 0.00

6.le 8.73 11.3? 2I; 39.89 239. 3 -49 2.32 2.02
'' 03D 16,.7 137. 22.87 376. 62.77 4.22 6.25

16.77 19.9q 23.o2 90. 15.02 466. 77.79 7.73 13.E
2 3.2? 25.58 27.95 4,. 8.01 514. 85.80 8.21 22.19
27.95 30.63 33.32 36. 6.01 550. 91.81 10.*55 32.75
33.o2 36.01 38.7C 12. 2.030 562. 93.82 5.67 38.43
3. 41.49 -41.29 1i. 2.50 577. 96.32 iv.6i "';-2o
"/,•..9 -.# .o? 49.8t' 7. 1.16 5'.,1 97.49 7.15 56fz
49*6A 52.56 4 4. .66 588. 98.16 5.83 62.45
55.25 57*04 60.63 4. .66 592. 98.83 l.oO 10.26
ý,).63 69.42 66.22 2. .&33 594. 99.16 5.11 75.37
66.2z s 2 •.5q 71.9 9 . ".16 595. 99.33 3.22 78.60

*. 74*I . f*41 3•. .00 -95. 99.33 0.00 78.60
76. z 75.58 83.894 2. .33 597. 9Q9.66 9069 iioO0
8n*.4 83.63 SA.•43 2. .33 599. Ui0.00 11.70 iO0.CO

TESTNO. 24 DROP SIZE (AM) 1.6
"RELATIVE VELOCITY (FT/SEC) 206
FILM NO. 882 MMD (p) 74
SAMPLING DISTANCE (IN.) 30

. P. v. -,. fU. ". l PFO SF0• 5FJ " SPpm

,.zJ 3.81 6.02 0. 3J.0 O. C.00 0.00 0.OC
60;2 3070, 110.9 47. 25.82 47. 25.82 .1.1 .41
1 i-.419 1] - 7. 41. 22.52 88. :.o 2 .37 1.75

16o77 10099 2.2! " 22. 12*08 110. 60.43 1.99 3.74
;', 2..; 27.95 I7. 9634 127. 69.78 3.06 6.803
27. . * 0." .43 . 12 17. .4 *34 144. 79.12 5.?' 12.C'
S• +•• •*..3 1. 6.04 155. o5.16 5.*45 3 7.5-
-9 - 44.2 ?. 4.44 164. 90.10 1,064 ý4038

. 0* .54 112. '14. 5'

f " & '.22 2. 1.0 9 174*. '15060, .. ,r
- . -.-- ,., 0. 3.00 174. o 5.5 C.50 9-.

+. "• 7.63 ',2 ý. A .64 177. 47.25 12.52 '

= 8+3.6- 86.4 00. 1.00 177. '7.25 0."'0

j . *~' v~- 2. 1.9 80. 1890 7.39 I ,
.3 0 -, .. 0 .0. )o 3.00 17.7(

.. - .. .. - 2. 1 54.' 8 12.0

J -GI7.-

I
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TEST NO. 9 DROP SIZE oMM)l. 6
RELATIVE VELOCITY (FT,'SEC)ZC -
FILM 4NO.858 MwD(p) 53
SAMPLING DISTANLE (IN.) 36

L- '. •, *. go P. gO PFO SFO SPFO pqO sPmO

t.00 3.01 6.02 0. 0.00 0. 0.00 0.00 0.00
6.12 8.70 11.39 38. 27.94 38. 27.94 .50 -50

11.39 14.08 16.77 22. 16.17 60. 44.11 1.06 1.56

16.77 19.99 23.?2 20. 14*70 80. 58.82 2.69 4.25

23.22 25.58 27.95 s. 3.67 85. 62.50 1.34 5-60
27.95 30.63 33.32 10. 7.35 95. 69.85 4.59 10.19
33.32 36.01 38.70 7. 5.14 102. 75.00 5.19 15.38
38.70 41.49 44.29 5. 3.67 107. 78.67 5.65 Z1.04
44.29 47.08 49.88 8. 5.88 115. 84.55 13.18 34.21

49.88 52.56 55.25 11. 8.08 126. 92.64 25.15 59.37

55.25 57.94 60.63 4. 2.94 130. 95.58 12.23 71.60
60.63 63.42 66.22 3. 2.20 133. 97*.9 12.02 d3.62
66.22 68.58 70.95 2. 1.47 335. 99.26 10.11 93.73

71.95 73.63 16.32 1. .73 136. IC0.00 6.26 100.00

"EST NO. 26 DROP SIZE 00) 1.6
RELATIVE VELOCITY (FT/SEC) 3 16
RW ,.O.885 N (P)2 1
SAMPILING mSTxM4E (IN.) 24

L. P .P. U. P. FO PFO SFO SFO Pm.O ,PMu

0.00 3.01 6.02 o. o,)0 C. 0.00 0.00 0.00

6.12 8W70 11.30 118. 52.53 1138. 52.5? 11.0h 10.08
11.039 14.08 16.77 528. 24.37 1666. 76.91 17.0$ 21.17
1f.77 19.99 23.22 335. 15.46 2001. 92.0 30.14 ,7.32

.23.22 25.58 27.95 88. 4.06 2089. 96.44 15.7d 3.10

27.95 30.63 Y1.32 64. 2.95 2153. 99.39 19.66 ÷2.77
33.32 36.01 38.70 10. .46 2163- 99.86 4.95 i7.73
35.70 41.49 44.29 3. .13 2166. 1ý0.00 2.26 130.00

-CS-
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TEST NO. 27 DROP SIZE &W) I
RELATIVE VELOCITY (FT/SEC) 'Q20jFILNO. 886taeW 30
•AMPLING DISTANCE (IN.) 30

i L. o, M. p. U. P. FO PFO SFO spFO P1O sPmO

0.00 3.01 6.12 0. t'.00 0. 0.00 C- C C.'6.02 6.70 11.19 170. 37.44 170. 37.44 3-19 3.19j11 .i9 14.08 16.77 95. 20.92 265. 58.37 6.51 9.7116.77 19.99 23,22 f9. 19.60 354. 77.97 16.97 e.b8
21.22 25.58 27.95 i4. 7.48 388. 1;. ý 19.1!27.95 30.61 33.32 19. 8.59 427. 94°05 2.40 5033.32 ý6.01 38.70 20. 4.40 447. 18*45 •.u .38.70 41.49 44.29 6. 1.32 453. 99.77 9.61 95.66
44*.29 47.08 49.88 3. 0.00 453. 99.77 0.00 95.66
49.88 52.56 55.25 0. 0.00 453* 99.77 0.00 95.66
55.25 57.94 6).63 1* *22 454. 100.00 4.33 100.00

TESTNO. 30 DIOPSIZEOM) 1.6
RELATIVE VELOCITY (FT/SEC) 395
FILMNO.891 WWM(i ) 18
SAMPLING DISTANCE (N.) 24

S* -. • . U. P. FO OFO SF0 5PFo PMo sPmJ

1. 1.01 6.C2 0. 0.0o 0. 1.Oc 0.00 0.006.12 8.70 11.34 895. 45.92 895. 45.92 13.0. 1C.0ci1,:• 14.06 16.71 659. 33.76 1553. 79.68 27.05 37.1416.77 19.99 23.22 311. 15.95 1064. 95.63 ?4.57 72.7123.22 )•.58 27.95 52. 2*66 1916. 98.30 11.85 t4*5f27.95 30.63 3?*12 27. 1.38 1943. Y9*69 10.54 95.113A.32 16.01 38.70 4. .20 1947. 99.L9 2.5) 97.6338*70 41.49 44.29 1. .05 1946. 99.94 .96 'j.6OI 44.29 47*08 40.88 1. .05 1949. IJO.00 1.40 100*OC

j TEST NO. DROP $;ZE (MM)
RELA'TVE VELOCITY (FT/SEC)

FILM NO. WAD (p)
SAMPLING DISTANCE (IN.)

L•-. O .u. FO OFO

5 0^2 P. 7n 1! 3. 9 '487 * 59.17 18. :9 " 6 .20 ; , 7li* l 14.• j iý 6 77 155. 23 *70 542, •. • 23.68 ',Q C•
!6.77 19.99 23.22 91. 13.91 -33. 6.78 J3e.68 78.-,.I 23.22 25.58 27.95 15. 2.29 .48. 9',0p 12.71 1,?ia
27,95 30.63 33*32 6, .91 4, l•O.Oc oo.n(

S~-C19-



TEST NO. 32 DROP SIZE W)W 1.6
RELATIVE VELOCITY (FT/SEC) 394
FiLMNO.913 wAD(p) 15
SAMPL.NG DISTANCE (IN.) 36

1. P. M. P. Us P. FO PFO SFO .•PFO Pmo SPMO

1..)1•.').t 6.12 0. 0.20 - 2.00 0.0o 0.00

6.12 8.70 1. 39 ?99. 60.77 299. 61.77 2&.15 21.95
11.3') 14.08 16.77 141. d8.65 440. 69.43 31.7• 59.74

16.77 19.99 23.2 50o. 10.16 490. -9.59 31.27 97.01

23.22 25.58 27.95 2. .40 492. t.•X*0O 2.97 100.00

-czO-
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TESTNO. 55 DROP SZE WW)0 6
mLATiVE VELOITY (FT/SEC) 69

PILMNO). 930mw(A 100
SAMPLW4GVsTANCE (Im.) 4-3/8

L. ti P* u. P. FO PFO SFO 5PFO PIAQ SP'4u

0.' .1 i." . 0.0) 1. 0.00 0.00 0.000

4*•2 8.70 11.!3; li. 31.80 I111 31 065 .65

11.19 14.08 16.77 9•. 26*.93 205. 58.73 2.02 o

16.17 1:)*4 23.?? 57. 1•3.3 762. 75.07 3.41 b6o.

23.22 25.05 27.05 21. 6.01 8g 3. 81.08 2.51 v.61

o 0 .6• 33.3? 26. 7.44 309. 98.53 5.32 1

8. 7 41-.4Q A1,?7 90 3.57 138. 96.84 4.53 et.07

44.29 47.14 49P.6 30 .85 341. J7.70 2.20 2?12b

Wap 52ý.56 5S*;'5 2. .57 ^343. -jB.2e 2.03 eq.31

55o" 57*94 60.13 O 1. i. 303. 08.28 0.00 29.31

61.L 61.4' 66.'2 '1.00') 343. 94' 0.00 29. 1

44o), 68.5p 70.95 2. .57 345. 98.85 4.50 33.82

7 ' 7*4.6' 7A.1
2  0. N..00 3450 98*13" 0."0 33.82

76. 1? 7a.5A 6dno14 0 1. 0.0 i4S. )8.e5 0.00 33.2

8.41 81.63 bf-.4' 1* .28 346. V'.1
4  4.08 17#90

86.1 6.5 ?r•90.7 . 0.000 346. 99.14 0.00 ''7.0

~7 3 T1.11 44.F4 1. .28 li47. 99.4.2 5.66 -3.5?

9% ~ ~ f')1 0 .00 347o 99.42 0.0r, 43-57

to".1; 101.6 1?'-. f . .28 '48. 90971 7.32 O.'i

IAsS10'. , 114.5, 0 o. ') 8 o 99.71 0.00 t)O.8"

11 4. ~ 12 1 '; *.' 1 . 1400 348. 99.71 On)' -0

)1~ 12 ;,-1, 1'4 ¼ '.CO 346. v9.71 0.30 :0 .e,

14'.'.' 1!3*4 %SS" .10.00 1480 'i9o 71 . '.) . 1! v

p'3.'N 123.7., f54 0. .300 114* -)q.71 0.00 0).t-y

16 142 1-61. 147.4 1 46. j,9. 71 0.00 ~0.' e

195~ 78 i* 15 1.4 3. n.00 lt48. 19. 71 (2.00 :3.8

1 7 1 17#',01 17?*22 1.0.03) i48. 99.71 3-30~

S139.,)z 181.18 1~~' b4,1 n.28 146. 1O.?! 4.1 10.0k ;)

-cazl-
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TEsT No. 56 DROPsizE ow) 0. 6
RELATIVE VELOCIT (FT/SIC) 66
FLmIo. 931 NND 140
SAdLNGa DISTANCE (IN.) 4-3/8

L.. A. P. U. Po FO '3FO 5"' SPIF. pv) SP.Itj

-01 A.')0.0

807C. t'i'2.1 '!A. 4q.32' 7It '40#69 .46, .4

l..tA*" 3Q*7'1 74. * tb 9 W*2 3~A 7 1.14 7.00

1'*7 11.9-1 442 13. .277i 212o Z'2.11 48 3.14

?1.) 71 ." ;1 .S 2 2.32 744 .4. .3. z.

16.? 1;- 5 " ̂  6, 4 2.? .& ! ".0 72-1. 8*e.4 ttiic 5 2.02
j'.-A- 11 It .~ " . 1,7 . 1.00 2 54.' 8. &.7 1.08 7.0

18.-. 4 * 94- 4.79 2* ~.77 229. 9Z.2- .00 72. 7:

44. ~ ~ ~ ~ ~ ~ ~ ~ 00 c 7
I. tl' 99 23 4* 457 jt;; II Z.

CIA.~ Al;.A . I6. p* 1.77 2ri . Vi9.61 ? 0.0 16.91

;'. !7'.' 447,S- 10 , -4 ?"8. 4I fl.P 101 O6.ý

-c1. 11.1 ?-1 t .8 21o vi.4 ?ti 20

76. t 56 6,' .ff no 1030 254 1844 0It 3 C 22.
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I No. 57 mwsztug) 0.6
RELATIVE VELOOTY (FT/&EC) 66 approx.
FI"No. 93Z2 no(m) 115

•SApLING I STMta (ON.) 4-3/u

Lo P. M, P. U. P. FO PFO SFO SPFO PMO 5PM'

1.10 3.01 6.^2 0. 0.00 C. 0.00 0.00 0.00
6.02 8.70 11.39 26. 30.95 26. 30.95 ,15 .16

11.39 14.OF 16.77 11. 13.09 37. 44.04 R4 .40
16.77 19.99 23.?? 10. 11.90 47. 55.95 .61 1.02
21.22 25.SC 27.95 7. 1.33 54. 64.28 .86 1.88
27.95 30.63 33.32 84 9.52 62. 73.80 1*68 3.,7
33.32 36.01 38.70 1. 1.19 63. 75.00 .34 3.91
38.70 '1.49 44.79 2. 2.38 65. 77.38 1.03 0.95
44.29 47.08 49.88 1. 1.19 66. 78.57 .75 5.70
49.86 52.56 55.25 2. 2%38 68. 60.95 2.10 7.80
55.25 57.94 60*f,3 3. 3.57 71. 84.52 4&21 12.02
61l.61 63.42 64.*2 7. 2.38 73. 86.90 3*68 15.70
66:22 68.58 70:95 : 000 73. t6,90 0.00 15#7C
711#95 73*63 76.12 3. 3.7 76* 90.47 d.62 e4*33

76*?2 78*58 8C.84 2. 2.38 78. 92.85 6.97 ').31
80.84 83*63 86.4?k 1. 1.19 79* 94.04 4.21 35.52
86.41 88.58 90.71 i. 1.19 eO. 95.23 4.99 40.51
W'.73 93.31 95.89 0. ".00 80* 95.23 0.00 40.51
95.89 96.04 100.19 3. 1.30 80. 95.23 0.00 %0.51

100.19 101.69 103-.0 0. 0.00 80. 95.23 0.00 40.51
10G.20 1.08.89 114.59 C. 1.00 80. 95.23 0.00 40.51
114.59 117.28 119.97 1. 1.19 81. 96.42 11.59 5261C
119,97 123.19 126.4? Ge n.00 81. 96.42 0.00 52.10
126.42 128.74 131.15 2. 2.38 83. 98.80. 30.67 82.78
131.15 133.83 136.52 1. 1.19 84. 100.00i 17.2l 100.00

i -C23-
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