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CHAPTER I

INTRODUCTION



THTRODUCTION

The atomization of a liquid by an air stream has been an item of
mueh concern in the past, and there have been numerous experimental
studies of the process made in an effort to correlate liquid and ajr-
strean physical properties into a zeneral model which will predict the
degree of and the time requirsd for atomization for a given physical
situation, The breakup of ligquid drops, a major portion of the atomization
process, Sinds application in the field of meteorology, where the formation,
brezinp, and shape of raindrons is an item of mueh concern; in the field
of internal combustion engines, where the carburization of a fuel is of
major importance; in the industrial field, where the atomization of paint
and plant insecticides and spray drying processes are oft-mentionad objects
of concern; in the chemical industries, where the emulsification of liquid-
liquid systems, the formation of froths, the production of aerosols, and
dispersion processes in general are most important considerations; and in
the science of rheology, wherein the motion and dispeérsion of liquids,
gases, and solids must take into consideration various bdreakup mechanis.s.
Dzspite the oft-mentioned inportance of such liquid atomization pfocesses,
thsre has been little theoretical work done in.an effort to mathematically
correlate the important variables and parameters comron to all breakup and
dispersion processes in sensral,

“With the advent of the importance of the rocket engine and the
sucersonic aireraft, the applications of the subject of 1liquid droplet
brealup have been greatly multiplied, The study of rocket combustion
instability, the sustaining of a detonation.wave in a gas stream, the

2
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impingement of liquid particles on a supersonic aircraft, and the erosion
and ablation of materials used in the construction of rockets and aircraft
are but a few of the most important fields of application of droplet breakup
in our modern technology., Again it should be noted that there exists an
alarming dearth of available theoretical information on droplet shattering
processes in general,

With the importance of the interaction of solids-gas, liquids-gas, and
liquidls-ligquids systems in mind, a study has been undertaken to review
the existing literature on the general subject and on the droplet shattering
mechanisms in particular, and to attempt to discover the correlations and/or

the discrepancies in the existent theories of droplet shattering.
Objectives

The objectives of this study were to throroughly research and review
the existing literature on droplet breakup processes in general, attempt to
discover the correlation and/or discrepancies existing between the theories
described in the literature, and then attempt to modify and/or use these
theories to investiéate the phenomeﬁa associated with the specific case of
a ‘1liquid aluminum particle passing through a normal shock wave at a Mach
number of 2,5, This thesis presents a portion of the results of a larger
body of research that was done under contract between the Naval Ordinance
Test Station, China Lake, California and Brigham Young University, 1964-1965,

An attempt was made to develop computer programs that would adequately
desscribe the various breakup models that were found in the literature, This
was done because there appear in the literature very few actual plots of
the data representing the various equations describing mathematical models
cf droplet breakup, In the development of these programs, the data used in

calculation applied specifically to the above-mentioned case of a liquid
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alunimm droplet passin~ throuch a nor1al shock wave at a Mach number
of 2.5,

By a comparison of the various outputs from the computer programs,
the various breakup theories were modified and examined over a wide range
of variables in an attempl to correlate the theories into a general model
for the breakup of a liquid dronlet of given physical properties subjected
to a given combination of flow parameters,

The various brezkup theories are also discussed in some detail in this
thesis, This was done so that this body of research might provide a logical
beginning for further original research into the droplet breakup process and

mechanisn,
Genaral Discussion of Droplet Breakup

The brealup of a liquid droplet is an extremely complex process,
Because of the complexity and irregularity 6f the shape of a liquid drop
undegoing a given breakup process, it is very difficult to adequately
describe the surface configuration by means of a mathematical expression,
3ince many of the paramzeters upon which the breakup process is dependent
are themselves function of the shape of the dronlet, the mathematical
complexity of the proble:n of adequately describing breakup criteria is
manifoldly increased,

tYhen a droplet falls through a stagnant medium under the influence
only of gravity, the shape of the droplet is significantly influenced by
tﬁe surface tension forcss, the hydrostatic forces within the droplet, the
shape-dependsnt aerodynaiic forces, the offects of internal and surface
eirculation of the fluid dronlet, the natural and induced internal droplet
vibrations, the csntrifugal effects of the radial outflow and inflow of

liquid, the viscosities of the 1liquid and-the medium through which is is falling,



boundars Iarvor socaretion at sous point and under sosme complex conditions,

the shelllag of wrorticnas fron the i T the droplet as it falls,

To atterpt to corrslats the

Qo

single nathenatical expression
arova o faoriidable 1 not impossible task with the present

- rq+S E o
raticn lLoart

(WSS ETEI N 294 *

o merely be falling throuzh

to horizontal flows, the sffacis

o

a norrnl shoek wavs, the turbulence effects of the fres

strea~, U2 Interactlon uwith other particles mndergoing breakup, the
relociiy lan bhetween the particle ond the free strean, w1l
erfacte, =7 weertain piysical porancters of the gas strean and the droplet

itsalf, 11 %o go0a thalt tie prodblam of providing an adequate mathematicel
deserintion of Tin Lraalm» Hrocsss is presently insurmountabla, To add to

he complamity, for the narticular sitnation assumed, the zlwminum particls

is also buraing, which salzs the Jetesraination of certain physical parametsrs
mich morz Aifficalt and undermines some of the asswptions underlying the
basic brealmp proeass ltszlf,

There exists o entire speetrmzt of modes of Aroplet braalmp, 4t the
extremes of Uiic gicatry: ~mizt the oles of broskup knowm raspectively as
bag and chaar breaimp, The orocess of bag Lrealtm of a Yiguid droplst can
be emplalized in the Tollowint sanner, s a liguid droplat is subjectad to
a gas flown, the
Elie major axis The

il

e dsseribsd as a gensral flattenin:a

and radial outifloir of tho Aroplet in the directions perpendicular to the

5

direction of f£lov, Ths rasulting deforuation at this point has wesn called
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at various times by various authors disk.shaped, saucsr-shaped, an? roughly
toroidalashaped, Ais the deformation of the droplet continues, the canter
portion of the dronlet bzagins further deformation in the direction of the
relative flow velocity, which process has hsen variously called inflation,
opening of the bag, and opening lile a parachute, At this point the droplet
appears as a thin film of liquid, anchored to a heavier rim of liquid around
the circumference of the droplet and stretched in the flow direction until
the bag is several times larger than either the original droplet or the
existing circumferential ring of liguid, then some critical condition occurs,
the bag breaks up into a shower of fine droplets and rim disintegrates

into several larger droplets,

4 desceription of shear brzakup is as follows, .4s in the case of baz
breakup, tie droplet deforms, but in the case of shear breakup the deformation
has been most generally describad as lenticular, with the major axis of the
lens perpendicular to the direction of the relative velocity between the
droplet and the air strear, As the radial ouvitflow of liquid proecceds, 2
ligquid £ilm is stripped from the extreme circumfarential edge of the Jroplst,
Tnis film is rapidly broken up into ligaments or segments, which in Turn
form urdzr the action of surface tension into drops much smaller than tho
original drop, “hen the relative velocity is high enough, the siripping
action frox the parent drop appears zs a shower of droplets beinz torn
from the edge of the drop,

The two extreme breakup wmechanisms have many times been observed in
the photographic record of experimental programs of droplet brealup, The
two breakup mechanisms have besn called oxtreme becavse thers a2lso sxists
ample photographic evidence to substantiate the claims that droplet hrzaliup

cccurs by a combined hag and shear mechanism, Thus it is seen that an

adeguate rathematical model would have to take into consideration and also he
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ahle to predict the “ro diflferent modes breaiup vwhich mizht occur due

to some combination of the nhysical pararmeters of the gas stream and the
liguid droplet,

Although the kroad spectrum of droplet brealmp mechanisms, running
from shear breakuz at one exireme of ths spectrun to baz hrealtun at the
other end, has many times been photographieally observed, there yet exists

in the literature no definite crilteria *to predict which brealup mode will
cecur for 2 given combination of liguid and gas stream physical paraveters,
Tt also seems apparent that no all-inclusive parameters have y=t been
discovered to determine for a2 ziven phyeical situation the droplet breaiun
tire, the critical dronlet diameter Tor a given relative velocity, or the
eritical relative velocilty for a2 siven droplet diameter,

Eth rege to dropls’ brealnn criteria, Pond and Newton (b)¢ predicted
that a droplet would breal up wfhien the Zond mrber of the given droplet-

zas stream flow situation reached a critical value, experirentally found to

te froam eicht to twelve, Tordon (%3) atiemied %o Jefine a metheratical

¥

model wherein a cylindrical plusg -ras extruded froin the dronlet underzoing

breakup, and he stated that brealtyn occurred tfien the length of the niurs
extrusion reached a ceriain critical valus, Do {10) asswmed that
breakup of a liquld droplet occurred whion 2 sphere of ninimum diameter was

inscribed inside the bhag of the 2roplet undergoing hos brealup, e assuned

the diameter of this sphere to be approrimatsly tidee the original undistorted

diaveter of the drop. Hinze (17), in the first classical wathenatical treata

|._J
.
N
s

ment of droplet breakun, postulatsd the existence of 2 eritica
to determine the conditions heraldinc the onset of droplet brzalmn, This
eritical ‘leber number was different for dropns subjected to either rapic step

changes in relative velocity or for slow, steadilveircreasing values of the

*Hombers in parentheses refer to Cited Teferences,
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relative velocity betwsen the gas stream and the drop, The value of the
eritical Yeher mumber also varied depending on whether the drop had either
small or larce viscosity, e did not consider cases of intermediate
droplet viscosity,

Morrell (30) stated that the breakup of a jet and the breakup of a
liquid droplet occurred in approximately the same manner and under the
influence of approxinmately the same mechanism, Applying the results of
sone of his previous uork in the field of jet breakup (31), hé stated that
for shear breakup, the critical condition was a given constant value of
panUzavg over the surface of the droplet, In an experimental work, Lane
(21) theorized that bLrealwm of a liquid droplet in a flowing airstream would
occur at U%ritD = gonstant = 612, TFrom this criteria he deduced that drops
as larze as five microns can withstand a sonic relative velocity without
breaking up, In hils experimental work he also found that there was a
lower critical velocity for what he termed the transient flow case (a step
chanze in relative velocity) than for the flow case of a constantly
increasing veloeity.

Fanson, ct al,, (16) found in their experimental work that they could
deduce ro ceritical Veber mumber value to correlate their experimental droplet
brealtm results, Their major contribution was that the critical relative
veloclity depended upon tﬁe ore-third power of the surface tension of the
liguid droplet, Tngel (12), in an extremely impressive piece of experimental
worls, discovered riany facts that are important to the field of droplet brealtup,
8he found that it was the flow duration behind a shock wave that had the
eritical effect in determining breakup time and other critical breakup.
parancters, DBy exazination of the photozraphic record of the experimental
progran, she was also able to conclude that shear breakup was not due to the

vaporization of the liquid droplet, the mechanism which had been earlier
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suggested though never formally presented in the literature, but that shear
breatup was "of mechanical origin," She also found plausibility for the
statements that shear breakup was due to the rupture of crests of surface
waves on the droplet, the s»illinz off into the gas stream of the moving
boundary laver of the liquid dron, and the action of vortices on the dowme

trean face of the droplet, These vortices stripped fluid from the surface

w
<

ol the drop as they were shed into the flow stream,
Teiss and Torsham (42), in an effort to empirically correlate the
variables affecting dronlet breskup, discovered that the relative velocity
between the droplet and the air stream had the greatest effect in determining
the critical breakup parameters, Magarvey and Taylor (27) attempted to
correlate droplet breakup parameters by formulating a droplet deformation
index, Their only conclusion, however, was that the droplet broke up when
the hydrostatic pressure on the windward face of the drop at the stagnation
point was greater than M0 dynes/cm®, Tlzinga (11) postulated the existence
of a brealtup mechanism which stated that droplet brealup may occur when the
natural period of vibration of the liquid drop corresponds to the freguency
of tie snedding of vortices froz the leeirard face of the droplet,

Towever with resards to the drop vibration breakup criteria postulated
v Tlzinga and also by Peskin and Lawler (32), Macarvey and Taylor (27)
stateld that in the free-fall of liquid drops the brealup process was not
trigcered by the internal vibration of the droplet, Ilane (24) and Hanson
(16) also stated that internal droplet vibration did not trigger breakup.
Rabin, et al,, (34) concluded from their experimental work that neither the
baz nor shear breakup mechanism could be explained on the basis of the drop
vibrational period,

In a more recent work, Rabin and Lawhead (34), and Rabin, Schallenmuller,

ard Tasthead (35), have, as had been done nrior to this work, postulated the
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existence of a critical breakup velocity strongly dependent upon the flow
duration behind the shock wave intersecting the plane of the droplet, Flow
duration is defined as the time that the flow or velocity insresse behind the
shock wave nersists at a point after the shock wave has passed that given
point, They also suggested, but never attempted to verify, that droplet
breaknp micht correlate on the basis of the total impulse acting on the
rindward face of the droplet, They a2lso concluded after attempting te
corrzlate their cxperinental results on the basis of a constant ¥eber mumber,
trat the theorv of a constant critical '/eber number for deteormining breakup
conditions wmas inacdequate, The best “lebsr number criterion that they could
infer was that droplet bhreakup occurred at a critical walue of a ‘eber number
waich was a function of the droplet diameter, They also refuted
the work of lane, whio postnlated that the shear breakup of a2 drop was
cynonymous to transient flow conditions. They accomplished this by discovering
that transien® breakup was a time-controlled process but that shear breakup
was time-independent,

In the lastast available -rork on the mechanist and prozess of dronlet
interson (13) have shed new licht on the subject by

insisting that droplet wreakup cannot be correlated on the

dimensionless parameters, Hut that droplet breakup is a rates nrocsss and

-

L o

Eharefore the theory of absolutzs reaction rates fron Y“instic theory must be
anplied to the physical variables affectinz the brealup of 2 droplet, They
have stated that the classical method of egquating the surface tension forces

to ths aerodynamic forces in an attempt to dstermine eritical breakup

w

parametsrs is not valid for systems wherein the varietion of gas stream
parameters is of the order of that variation which occurs in a shock wave,
There has also besn sczz sxperimental and theoretical work done in an

cffort to delineate betwsen the conditions which lead to bag breakup and theosce



which lead to shear brealtup, [anson (76) found that the only criteria he
could determine vhich would differentiate bzstween the two modes of breakup
was that shear breakup always oceurred for velocities zreatly in excess of

the critical velocity for a given droplet diameter, Morrell (20) arguved

(_’-
sy
)
ct
oy

a2 breakup ocenrred if the time to which the droplet was subjected to
a relative velocity change was in excess of the natural period of oscillaticn
of the liquid droplet, and that shear brecakup occurred if the action time

was less than the natural period of the droplet, Hanson, et al., (16)
however, found bag breakup to occur even if the action time was less than

the natural period, Rabin, et al,, (34) stated that the mode of breakup was
strongly dependent upon the flow duration behind the shock wave, shesar
breakup occcuring for longer flow durations and bag breakup for shorter flow
durations, They 2also discovered in their experimental work that for
velocities rmuch in excess of the critical velocity for a given drop, shear
breakup aluays occurred, This finding supported that of Hanson, Another

of their general conclusions was, that for all ranges of variables considersad,
shear breakup and shori brealiup times occurred rore freguently with the
larger drops tested and that the smaller drops more frequently exhibited

baz breakup,

In their expsrimental work 'olfe and Anderson (43) indicated that for
low relative velocities, bag breakup usually occurred, whereas for high
relative velocities shear breakuo -mas usually the mode of breakup observed,
They also noticed that there existed a smooth transition from one type of
breakup to another as the flow variables were varied and that the transiticn
was equally smooth from bag breakup to shear breakup as it was for shear
breakup to bag breakup, One point of interest of their report regarding
the criteria of flow duration behind a shock wave was that the drop could
not know -that the flow duration was to be and thus what frontal shape it was

to assune before brealup,
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Thus it appears that for the general case of a given droplet subjectecd tc
a given set of physical parameters describing a flow situation there exists
no tried and proven method of determining which mode of droplet breakup--
bae, shear, or some combination of the two--will ocecur, Since, however,

a mixture of modes can and does appcar, perhaps the item of concern is not
in describing the mode or mixture of modes that will occur for a given
situation, hut in deseribing instead the interplay of physical parameters
which lead to a certain breakup time and thus a certain mode of breakup,

The time required for a droplet subjected to given physieal conditions
and the conditions which determine this time are also subjects of ruch
debate in the literature, Hinze's classical work (17) stated that the
breakup times were different depending upon whether the droplet was of very
high or very low viscosity., IFngel (12) concluded that the breakup time was
inversely proportional to the strength of the shock intersecting the droplet,
directly proportional to the initial diameter of the droplet, and that the
change in Mach number, indicative of the change in the strength of the
shock wave, is of greater effect in reducing the brealmp time than is a
change in the initial diameter of the droplet,

Gordon (15) found that for droplets of low viscosity, the breakup time
was directly proportional to the initial diameter of the drop and inversely
aroportional to the relative velocity between the drop and gas strean,

For drops of high viscosity, the brealup time was found to be incdependent ef
the initial diameter and inversely »roporticnal to the relative velocity,

The experimental results of “blfe and Anderson (43) agreed most closely with
those of Gordon, This result might infer that the breakup time is very much
dependent upon the viscosity and the relative velocity and not so critically
dependent upon the other physical variables, This result can only be inferred,

hewever, since it is not exactly knovm the range of variables other than
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viscosity and relative velocity that wers tested during the experimental
efforts of the two authors,

Since this thesis is concerned nrimerily -rith liquid droplet breakup
as it interacts with a normal shocz wave, it is of interest and concern to
note the effect of a shock front on a liquid droplet., Upon examination of
the photographic record of their exnerimental efforts, “nsel (12), Rabin
and Lawhead (34), and 'olfe and Anderson (43) have all conecluded that a
liquid droplet is not broken up by the presence or interaction of the sheock
front itself but hy the flow regime hehind the shock front or the change in
flow properties brouvght about by the passage of the gas throusgh the shock
front,

The physical propertiez which have been ziven the most attention
regarding the basic breakup procssses are the viscosity of the liquid, the
surface tension of the liguid droplet confizuration, and the drag coefficient
of the particle moving in the zas stream,

Vlolfe and Andercon {42) have found that the effect of viscosity is
to retard the deformation process as the viscosity increases, and that the
resultant droplet sizes after breakup were increased as the viscosity of
the tested fluids increascd, Iigher breakup tives were also measured at
higher viscosities, Gordon (!5) likewise found that an increase in fluid
viscosity tended to retard dronlet breakup processes, As previously
mentioned in this thesis, he also concluded that viscous effects within
the droplet tended to dominate the other physical parameters,

Lane (24) found that i-e viscosity affected the breakup process only
if it was very nigh, that is, on the order of glycerol, Ianson, et al,,
(16) stated that the viscosity of the liquid dronlet affected breakup time

only if the viscosity was hich and the diameter of the dronlet undergoing
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Hughes and Gilliand (2!) pcstulated that the drag coefficient was a
function of the Reynolds! number, a surface tension parameter, an acceleraticn
paraneter, a gravity parameter, the ratio of the liquid and gas densities,
and the ratio of the liquid and gas velocities, Ingebe (22) showed that for
the Reymolds' nmumber range of one to one hundred the drag cocefficient was
less than one for clouds of solid spheres, clouds of evaporating spheres, and
clouds of non-evaporating spheres, Rabin, et al., (35) verified this value
in their experimental procram, Tolfe and Anderson (43) expressed concern
over the uncertainty of the drag ccefficient in their work,

Carlson (7), in deriving an empirical expression for the drag
coefficient, found that for flow regimes "sush as occur in solid propellant

A ]

rocket exhausts," the drag coefficient approached one as the Reynolds'! number
exeeeded one hundred, Way and Nicholls (41) found that there was a general
decrease in drag coefficient for a burning particle, but their work wmas
primarily for a spherical, undeformed particle for a Reynolds' number range
of one hundred to one thousand, The drag coefficient did decrease as the
Reynolds' number increased,

Regarding the effect of surlace tension on the breakup process and
parameters, Adam (1) stated that an increase in pressure surrcunding a
1iquid drop caused a decrease in surface tension, and that, lczically, the
surface tension increased as the radius of the liquid drop decreased,
Semenchenko (36) wrote that there was a general decrease in surface tension
of the liquid metals as there was a2 corresnonding increase in temperature
of the surroundings and the liguid,

Rabin, et al,, (35) concluded that the surface tension value was lower
for burning droplets than it was for non-burning ones and that this mizht be
due to the vapor-phase burning of the droplet, Hinze (17) theorized that the

eritical brealup velocity for a given droplet diameter was proportional to
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the one-half power of the surface tension of the droplet, but Hanson, et
al,, (16) stated that this dependence was surface tension raised to the one.
third power, Rabin and Tawhead (3%4) could make no differentiation between
the powers upon examination of their data,

It is concluded, then, that the difficulty in determining the exact
effect of physical parameters upon the breakup conditions is a major
obstacle in the attempts made to define an adequate mathematical model of
droplet breakup, It is alse difficult tc definitely ascertain just when
the cdroplet has broken up when a sequence ¢f photographs of the breakup

process is examined,
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LITCRATURE SEARCH AND REVIEYW

An extensive and comprehensive review of the existing literature was
made in an effort to discover the existing work that had been done on
droplet breakup theories and meschanisms, Several significant works,
possibly milestones in the field of droplet breakup, were found and
thoroughly researched with regards to content and applicability to the
ma jor problem of this thesis, Since it is hoped that this thesis may
sorneday prove to be a beginning point for further basic research into the
field of droplet breakup, it has been decided to include in this thesis
a summary of the significant points of each of the major works. Emphasis
will be placed ﬁpon the mode of attack on the droplet breakup problem,
and the results of the major applicable theories will be presented in a

later section of this thesis,
Triebnigg's Estimate of Critical Size

Triebnigg (40) estimated the critical size at which a droplet would break
up at a given relative velocity by merely equating the average air pressure
on the face of the droplet, assuming that this pressure constituted the
total flow resistance of the droplet, to the surface tension pressure of

the spherical droplet, or

2
cD%ng =2g |
Fp

Hence,

RDcrit - '—Lw—i" ‘
CEPgU
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This formula assumed a spherical shape for the droplet falling at a
terminal velocity through the air with no pressure variation around the
perimeter of the droplet. This equation is possibly the first attempt to

estimate the critical parameters of droplet breakup,

Free Fall Breakup of large Drops: Magarvey and Taylor

The authors of this paper (27) describing an experimental study of
the free fall breakup of drops of ths size order of magnitude of raindrops
have dealt heavily with the mechanism of breakup and the resultant droplet
size distribution after breakup,

In an experimental effort designed to discover a reliable breakup
criterion, the authors used an index of deformation and a hydrostatic
pressure determination on the lower surface of the falling drop., The index
of deformation was a plot of the ratio of minor axis diameter over majer
axis diameter, (assuming a spheroidal drop shape) versus an equivalent
droplet diameter, and the hydrostatic pressure at the lower surface of the
droplet was determined by a measurement of terminal droplet veleccity.

This attempt to discover a reliable breakup criterion, however, resulted
only in the conclusion that when the hydrostatic pressure reached 440
dynes/cm2 and the deformation index was less than 0,3, the droplet would
break up, Severe difficulty in accurately measuring the terminal velocity
(and thus the hydrostatic pressure) because of droplet instabilities led teo
the failure to establish a reliable criterion.

The photographic evidence of the authors distinctly showed a bag
breakup occurring in the free-fall conditions, The photographic evidence
was interpreted on the basis of a force equilibrium situation, In this
force balance the hydrostatic force in the droplet just inside the lower

surface of the deformed droplet was equated to the sum of surface tensicn
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pressure and the aerodynanic force at the stagnation point of the draplefo
The lower deforme? surface of the droplet was assumed to be a plane surface,
The variation of the respective magnitudes of these forcces as the drep
deformed due to a force imbalance gave only a qualitative renresentation
of the bag breakup situation,
Symbolically represented, the above situation is:

(1) hydrostatic pressure within the drop:

P = hpy(g + 2)

where h = distance between the approximately parallel surfaces of
the drop (top and bottom)
a = an acceleration vector

(2) pressure increment due to surface tension:

AP = o(1/24 +1/35)
vhere Ry and R, = principal radii of curvature at a given point
(3) stagnation pressure at lower surface of droplet: |

AP3 = '}bgUz .

Hence combining (1), (2), and (3),

() boy(g + a) = o(1/R, + 1/Dp) + $p,0°
or, for a plane surface,

} o
(5) hp1(g + a) = o(LfBRyFT/R;) + %pSU“ s

For an increasing velocity and decreasing h as the drop flattens,
the equilibrium conditions of equation (5) camnot be satisfied and the drop
breaks up., This arzument was used by fhe authors in their previous
attempts to correlate the breakup parameters, /n examinaticn of the equations
and the logic underlying each foree effect gives a qualitative depiction
of the bag breakup process, As the aerodynamic pressure ircreases so as
to overcome the effects of the hydrostatic pressure, a bulge would form on
the falling droplet, As the bulge inereased, the surface tension effects

would again become significant and the hydrostatic pressure would be of
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less effect as the droplet began to "inflate," Finally, the aerodynamic
forces for a liguid droplet of sufficiently low viscosity and surface tension
travelling sufficiently fast would cause the droplet to inflate and ultimately
break up,

The zuthors also discussed the pessibility of droplet vibration as a
means of breaitup since this phenomenon had been theorized by other researchers
in this field, The experimental evidencs showed that the droplet vibrations
were confined to a plane perpendicular to the direction of motion and that
these vibrations were not a major factor in the droplet breakup mechanism,

As far as the resultant droplet size distribution is concerned,
photographic evidence showed that the number of fragments inereased with
an increase in parent droplet diameter, Actual photographic counts showed
that several hundred smaller droplets are often produced from the breakup
of a larger drop, and that the bursting of the "eanopy" of the inflated
droplet produced the smallest droplets while the larger fragments were a
result of the breakup of the "rim" of the inflated droplet., Ths vibration
nodes, or "lobes," around the rim of the droplet, never more than four in
rumber according to the photographic evidencs, seemed to account for the
number of large fragmeAts into which the rim broke up, the number of lobecs
being equal to the mumber of large fragments of the rim existing after
breakup,

The study concluded that drops as larcze as twenty millimeters
diameter exhibited the characteristics of bag breakup and that smaller
droplets exhibited the same breakup mode but only after a greater fall
distance, The authors also stated that a droplet of less than ten
millimeters diameter cannot be broken vp in a free fall, and that droplet

breakup cannot he triggered by internal vibrations of the droplst,
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Raindrop Size, Shape, and Falling Speed: Spilhaus

For the situation of a water raindrop falling at a constant terminal
velocity the author (37) derived expressions relating the surface tensicn
pressure to the aerodynamic pressure on a drop (assuming an ellipsoidal
drop shape), the terminal velocity of the falling droplet, and the variation
of the drag coefficient of the droplet due to droplet deformation, The
item of primary interest in this work is the Vardation of the drag coefficient
with droplet shape, An expression derived by the author gave this wvariaticn
as
(6) Ch = CoX - h(X - 1)]
where

CO = the coefficient of resistance for a sphere (0,21 to 0,3
for the range of Renolds! numbers concerned)

Cpn, = drag coefficient for a flat plate

h = b/a = ratio of major axis to minor axis of the assumed
ellipsoidal shape (fineness ratio of the ellipse),

In the derivation of this equation the author of the paper did make
a rather significant error, 'lhen he calculated the pressure difference
due to surface tension pressure for the ellipsoidal cross sectional shape,
he assuned that Ap = 20/2, whereas the correct expression should have been
ap = o{i/a + 1/b), This mistake was also noticed by MacDonald (26), Hence
the derived expression for the drag coefficient would not cerrespond to the
described physical situation although it might still be useful since the
droplet shape was approximated anyway.

Calculations using equation (6), however, for extreme values of the
parareters Gy, Cfp, and h give values of Cp for the assumed ellipsoidal
drop shape that are much lower (e,=,, 30-50%) than the values of Cp

presently being used by authors in the iﬁiculation of droplet critical
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velocities, diameters, and breakur times, This variation from experimental
values of Cp may have been due to the mistake made in the derivation,
Rabin and Iawhead (34) in their experimental work have measured drag
coefficients for inert and burning droplets that were not in agreement

with the values suggested by Spilhaus,
The Shape and Aerodyﬁaqécs of large Raindrops: MacDonald

The author (26) of this paper postulated that the equilibrium shape
of a large raindrop falling at terminal velocity through an infinite
medium is due to surface tension of the droplet, the hydrostatic pressure
zradients within the drop, the external aerodynarmic pressures on the drop
surfaces, the elecirostatic charges on the drop surfaces, and the internal
circulation of the drop. 3y means of an order-of-magnitude argument, he
concluded that only the first three effects are significant for large
falling raindrops.

The equilibrium shape of a falling raindrop is that shape for which the
aerodynamic pressure plus the surface tension »ressure just equals the
internal hydrostatic pressure at all points on the droplet surface., Since
the theoretical determination of these quantities would be very difficult,
if not impossible with the present state of the mathematical art, the
pressures mentioned above iere decduced from observation and measurement of
photozraphs of falling liquid drops. The author also concluded that the
study of photozraphic evidence clearly indicated that boundary layer
separation existed at a point along the droplet surface, and that hence
this separation did not favor the production of strong internal vorticular
circulation, thus minimizing the effect of dronlet internal, centrifugal

effects,
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The major contribution of this paper was the argument by which all
nressuras on the drop except the external aercdynamic pressure, the surface
tension pressure, and the hydrostatic pressure of the drop could be

neglected in calculating the shape of the falling droplet, It should b

mentioned, however, that 211 of the effects nasglected in inferring ths sha

j4
=

e

of a falling raindrop could play significant roles in determining the shape

i

o ts subjected to physical conditions other than those of merely

falling throuczh a staznant medium,

d.q
Critical Speeds and Sizes of Tiguid Globules: [Hinze

In his classical worl;, the first mathematical effort to explain dreplet
breakup, Tinze (17) stated that a droplet is brolen up if the translatory spesd
of the dronlet relative to the gas stream exceedsd a certain critical value,
or, inversely, if at a given speed the size of the moving droplet is
creater than some critical size, the droplet will break up, The theory
stated that the relative magnitudes of the dynamic pressure force and the
surface tension force are the criteria for determining droplet brealap,
Cortbininzg the dynmamic pressure force and surfacs tension pressure into a
dimensionless variable led to the definition of the Weber munber, It is
thus the relevant value of the ileber number that is used as the breakup
criterion in Hinze's theory, The critical valus of this Veber nunber must
be experimentally determined,

Hinze assumed that the tangential forees causcd by the viscous
aerodynamic effects of the airstream acting on o Jdroplet surface can be
neglected in comparison to the normal commonent of forees caused by the
velocity pressures of the ambient fluid when the Reynolds! number is

greater than cne thousand,
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In Tinze's original paper (17) two different flow situations leading
to droplet brealup iwere considered: (a) the droplet is suddenly being

exposed to a zas siream of constant speed, and (b) the droplet is being

exvposed to a zas flow uniformly increasing in speed from zero to a constant

value,

Tinze, in a previous paper (18), linearized the hydrodynanic eguation

of the rotion of the drop and derived formulae for the slisht deformations

of a dropnlet caused only by the normal forces acting on the droplet surface,

However, the critical deformation necessary for droplet brealcup was much
larger than the slight value of deformations permitted by his theory;
hence the deformation theory provided only a theoretical model for the
breakus process, Actually, photozranhic evidence (2, 43) has shown that
defornmation of the droplet underszoing breakup nay deviate substantially
from the theoretical value predicted by iHinze,

The actual nressure distributicn around the surface of the droplet

for a Reymolds' number rance of 1000 to 200,000 vas approzimated by

(7) Py = %p:?’-z(_ﬂi.t + 9/lhicos @) for 0 < ¢ = /3
Py = -11/32p.0° for n/3s @sx

assuming an irrotational potential flow, Expanding the above eguation

into zonal harmonics gives

(2) Py=% U =050 40,1915 P, (cos @) + 0,553 Pp(cos
+ 5,415 P.{cos @) + 0,178 Pu(cos ¢) -
O,GZO PS ?COS (p) T e e e °

D
iy
hes

Hinze remarked that the first term within the bhraces weould caus
expansion of the droplet; it zust be coneluded that this term was to be

ignored due to the assumed imcompressibility of the droplet, The scoond

term would cause a bodily displacement of the droplet without deformation;

this term was also neglected.

N\

v
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Since the formulae for the pressure distribution have their maxima
at @= 0, the stagnation point of the droplet, and since the maxirum
deformation was considered to be decisive for droplet breakup, the follocwing
derived expressions were restricted to the maximum deformations which would
occur at the stagnation point of the droplet,

Let the pressure distribution over the droplet surface be
(9) P = %ngz E?nPncos P
where C, stands for the values in the preceeding formula and U is an
arbitrary function of time, The viscous deformation formulae derived in
dinze's previous paper (18) are restricted to cases of only slight viscosity
effect (i,e., ui/clee<< 1) or of a very great viscosity effect (i.e,
ui/o lee>> 1) for the internal flow of the droplet., According to these

formulae the deviation of the droplet shape from the spherical at the

stagnation point was:

; t :
(10) 8 -_ So n J 2 [ e p=n(n=1uq(t=ts)\) ..
] anf S D bU {e‘.p ( o17p )} sin "’n(t"tl) dty
where whz = (n-1)(n)(n+2) for slight viscosity effect
1 BB
t

and 5 = =C n§2n+12 e§ f_ lf%xn { n(n+2)(2n+1) o(tmt.ll
R L(n-1)(2n%+4n¥t3 1 s TR .2(2n‘+4n+3)u13Dr / dtl

for great viscosity effect,
For a droplet exposed to a step change in velocity and with coefficients
Cp as given in (8), the evaluation of the integral (10) gave:
] 2 i
(12) % = _0egUsBp [0,069(1- ; exp (-2 t/lez)} cos W?t) + 0,021

1- {gxp(-6plt/p132) teos wst) + 0.005(1- {exp (-12p1t/p132)}
cos wnt) + 0 e '

for slight viscosity effect,
The absolute maximum of 6/R was reached roughly for wzt = 0,8, and

. 2
since Pq /ole <<1,

2
(12 “n
(22) (%)m&x = -0,17 Qggﬂ-;
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for slight viscasity offect,
Now if We = pg”i »/o reached its critical value (as determined by
experiment), the critical value of 8/R can be computed,
For great viscosity effects (“1?/0913 >>1) the evaluation of (11)

with C, as determined by (8) gave:

sz fare - C Y
(14) 8 . _pulnT 0.069(5.-{9}(9(-,:2% o )} + 0-021(1‘{“‘-’(‘ %ﬁfr{d)}‘

R o i 3 iR 1
+0,005(1- exxp( - %?—;%t )]:+ o . J
or for the maximmm value (corresponding to t approaching infinity),
(15) (2) = -0.095 PgUER
R max G

for great viscosity effect,

Fer the case of a droplet exposed to a gas flow uniformly increasing
in speed from zero velocity (such a situation would cccur in a falling drap),
the forces initially acting on the droplet were assumed to be primarily
viscous tangential forces, Hawever, if the droplet was largs enouch,

(i.e,, larger than a few millimeters) the normal pressure forces would

ct
[y
o]

dominate as the velocity increased (RD becomes larger), TFor this case

equation of the motion of the droplet was:

(6) WL oo, R,

Hinze assumed that this equation was applicable during the entire
pericd of fallinz (continual veloeity increase), A solution to (%)
satisfying the boundary conditions of the problem (U = 0 at t = 0),
substitution of this result into (10) and (i1), and assuming a slight
viscosity effect gave for the maximum deformation:

(17)

o) — 7
(§)max = 0,095 emax .

lere it is seen that for the same (8/R),,.i4 the corresponding critical

cri

tleber number is much greater for case (b) than case (a),
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For a great viscosity effect, a similar solution also gave:

(18) 5 _ -
(R)mx = 20,095 Vemax

In an attempt to estimate the breakup time for a droplet suddenly
exposed to a constant velocity air stream, some authors proposed to ccnsider
the natural vibratiocnal period of the droplet as a rouzh measure of the
brezkup time, This could be correct, however, if the air veleocity was just
equal tec the critical speed and if viscosity effects were igneored, In this
instance, the breakup time was calculated as:

(19) t_ = 0.5« =

o
For most breakup time considerations, however, the gas velocity was
very much greater than the critical speed, so that the breakup time was
much less than that predicted by (19). Hinze, neglecting viscosity,

derived:

R o]
@)l [ e

{

crit

The above expression and the deformation expression (12) were based
cn an external pressure distribution for actual turbulent flow at high
Reynolds' numbers, a state which might not be present at t = 0 (i.e., the
flow requires a certain time T to become fully developed). Since only in
the case that the breakup time is very ruch greater than T may (20) hold
true, the time T was estimated from the time needed for the generation of
vortices behind the droplet after the inception of flow, This led to a

relation of the form:

(1)t ';/E
T )

and hence T~ R/U which is quite large,
For a large viscous effect, small values of the breakup time were

estimated by developing the exponential function in (14) into a series
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and disregarding all terms but those linear in time, This led to:

(22) t 20, /5,
ng*z ‘Rlerit

which is independent of droplet size, This result holds only for small

breakup times at large 'Teber numbers and for great viscous effects,

On the Disintegration of Drops in an Airstream: Dodd

Dodd (10) developed a theory to predict the distoriion and disintegration
of a water drop which was exposed to an airstream of continucusly increasing
relative velocity, Assuming that a spherical droplet was distorted roughly
into a lenticular whape by the aerodynamic forces of a moving airstrean,

Dodd assumed a relative velecity between the droplet and the airstream low
enough in magnitude to assure a bag-brealup mechanism, He alsc assumed the
existence of a non-uniform pressure distribution around the surface of the

sphere that is described by the experimental work of Hinze to be:

(23) p p"UZ(9cc>s2 ®- 5)/9 for 0S @ s 1/3;-:

p = 1% U?/32 for 1/3n S ¢ s x
where
¢ = angular Cdistance from the stagnation point of the sphere,
Dodd examined the work of lane, whose efforts led to the following
ceritical condition for droplet disintegration:
(24) d(U)? = constant .
Dodd postulated the following breakup theory, As the relative

velocity was increased, the drop deformed into the shape showm (Fig., 1)

for bag-breakup conditions,.

Figure 1!
Drop deformation as postnlated by Dodd
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Drawing a deotted sphere through the forming '"bag," he contended that
the critical velocity for bursting is that velocity which makes the radiuc

of this cirele a minirum, e assumed that the equation:
]
-

(?.':\ 2 - = Ce« Y
WAy pi po ,08

X«l

where »: = pressure inside the bag an

-

p. = pressure just outside the bag

held for all stages of bag breakup, By egquating the pressure difference

«©
batwsen the inside and ocutside surfaces of the bag to the surface tension
prassure, he obtained:

(26) Py - Do =ha/r .

(27) rI? = lw/c1pg .
If r_ is the minimum radiusz of the bag (inscribed eircle),
(28) rmUzcrit = L.'U/C:pg

which gives an expression for the critical breakup velocity, .[ssuming
from photographic evidence that the minirum radius wes approximately twice
the radius of the original dron, he could theoretically calculate the
magnitudes of the critical relativs veloeities,

The constant c, was approximated from the given assumed pressurs

1

2istribution over a s5lid sphere, TFor the given distribution the pressurs
is positive for 0< 8 =43° and is negative and practically constant for
° < g £180°, If ?, is talen as this constant value and p; is taken as
the average pressure over the positive region of the sphere, we obtain
c, = 0,238 - (-,344) = 0,582,

Tsually the relative velocity 7 is nol a knowm quantity, but rather
V, the air veloecity, is 'moim as a function of position 5,3 1, the droplet

velocity, is knowm from the equations of motion for the drep but is relate?

to V due to the aesrodynamic dras on the drop, TFor one regime of droplet
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breakup, the relative velocity 1ill increase to the critical velocity (28)
and there will then be a rapid increase in the droplet size, Hence the
critical velocity eriteria divides the droplet into two phases,
Consider the motion vherein the bar exists as a part of the moving
droplet, Let m be the rass of the entire dron, Dodd supposed that a

Eal

fraction T of the mass was contained in the hollow sphere he chose to
represent the bag; the rest of the liquid was contained in the rim to which
the bag was anchored, MNoir the squations of motion for the sphere were

(assuming rectilinear wotion):

(29) ds _
aE "
(30) mdu = mg + $Ogrdp  (Vou)?
dt ‘ S
where r = radius of the hollow sphere,

For vertical motion, the nositive directions of s, v, and V were all
dovmwards,
Iet A be a small area on the surface of the bubble, and let 6r be the

thickness of the shell, The mass of this volume is A% (taking p to
r water

e unity); its acceleration (radially) is dzr/dtz. Now, the relation

hetween acceleration and the acting fores is:

24\ A o ?’ - 3 T 2
(\:.’ .‘;ar >z d,',_r = A [pi - pO - l!,o’ = _'1. [c‘p rp(\f - u) - ij 1 .
e S =
Lo r . r

Totr the total volume of the shell is:

2
32 gy~ =7
(22) L
fsnce
2
(33) d°r _ bar? 2 s
BT 0:Pg (v-w)? - Lo ] .

Tquation (33) zave the drop behavior after the passing of the eritical

velocity condition,
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The Mechanics of Drops: Hughes and Gilliand

The authors of this paper considered a force balance for the vertical
motion of a drop falling through a stagnant continuous medium of infinite

extent (21), whereby, from F = ma,

2
(34) A xdd au _x aJg (pg - p,) - Cpxt a2 p U
% dat 6 - 8 L 2

where d = droplet diameter,

The definition of a drag coefficient is given by:

(35) Cq = Drag Force .
(Frontal Area) (p _U</2g)

The geometrical shape of the droplet is usually an unknown quantity
for a falling droplet, For a falling droplet the value of Cj in equation
(34) was allowed to vary in order to adjust the drag coefficient basad on a
solid spherical drop, which was assumed in equation (34), to the drag
coefficient of the actual but usually unknowm geometrical configuraticn
for the falling droplet,

In an attempt to determine the drag ccefficient as a funetisn of the
variables affecting the geometrical configuration and physical state of the
drop, the authors resorted to a dimensional analysis techniqus, This

dimensional analysis yielded the following results;

(36) Cd = f(Re, Su, Wt, Ac, Pgo Py ”‘g/”’l)
where
(37) Re = dUpg/pg = the Reynolds' number
(33) Su = g dpc/u.g2 = the surface tension group
(39) Wt = d[{g ggg_lg&_z_gé] 3 = the gravity group
3 B .
g
(40) Ac = d_ dU = the acceleration group

V& dt

are all dimensionless parameters,
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Equation (36) did not take ints account the effect of the walls
containing the breakup process, the possibility of a continuous phase mction,
or freestream turbulence effects, The effects of these parameters on the
drag coefficient are a major source of disagreeement among researchers in
this field,
Hughes and Gilliand remarked that since the drag coefficient was a
function of the shape of the particle, distortions of the droplet had a
marked effect on the motion of the distorted fluid droplet, It had been
observed by other researchers in this field that droplet distortions are of
two types: (1) those of an equilibrium nature, and (2) those of an
oscillating nature resulting from dronlet wibration,
It is well-known that the fluid pressure on the surface of a moving
sphere is not uniform over the surface of the droplet, However, withir
the dreop, except for small amounts of internal circulation due to the
distortion of the droplet and a small gravitaticnal head, the pressure is
uniform, Thus there exists a pressure difference across the droplet surface
which mast be balanced by the surface tension force in an equilibrium
situation according te the equation:
(£1) Pa = Psurface = (1/Ty + 1/rp)
whare r+ and r, are the perpendiculariy-intersecting radii of curvaturs
of the drop (usually parallel it~ or coincident with the major and miner
axes of the drop), Thus *he shape of the drop is deseribed by the variation
of r4+ and r, ever the drop surface,
i Since pg .rane depends itself on the shape of the drop (and is not i
know exactly even for a sphere) a thesretical calculation of the dreplet
?urface aerodynamis pressure or, inversely, the droplet shape,. is yst to
ée solved, Hence the inverse problem is usuzlly the item of concern; i
that iz, given a disterted shape the task will be to zaleulate p

“surfare

fer given values or ry and Tso
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Hughes and 7111ian? stata? that the usual method of obtaining pgyrfacs
was te assume that the spherical dreoplet is distorted into a sphercid

with its minor axis in the direction of motion, The equation <f thz surface

is the
2 n
LL? \ v2 R &
o / - - L] «L - —
22 e Lo

The distertien frem the spherical shape can be measured in terms of
the fineness ratio, h = h/a, or the eccentricity, TFor an ecblate sphercid,
e = (1 . hz)%, Given tha volume of the spheroid as 4/3 azb, in terms of the
equivalent spherical diameter,
(43) 2= an 3,y o 1an2/3
Using elliptic functions, the surface area of this ellipseid can be

expressed as:

(L;L") S s ":- [l h + i
Seer = 2 o 't 3 =
Varop 4 20 { 71"'?{2 T4 h - \/ n }

According to the authors, this equation showed that the correction of
the drag doefficient from the spherical case is not savere as long as h is
greater than 0,2, For a prolate sphercid a similar Sd/vd relationship
was derived,

Hughes and Gilliand attempted to determine whether a spheroidal shape
corraspendad to the actual shape definsd by equatien (21), L derivation

using standard geometriczl theorems led io

(45) gb__,_;j,ﬁf + W2+ (1-h2) (z/b J
: + (1-he)(z/bh)" v

o).
o).
.
N

.+

From equation (41) it is seen that the left hand side of (12) is

proporticnal - Since is essenti ifor:
prop nal to pdrop ine pdrop is ntially uniform,
neglecting internal circulation and gravitational effects, the wvariaticon of

albh (L, + iﬁpz) should earrespond to the variation of p The

surface’
authors plotted this data, and the resulting plot showed the reascnable

appearance of the graph of p, on the assumption of a szhercidal shape for

the falling dreplet,
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Theoretical Studies of Mechanisms in the Atomization of Liquids:
Peskin and lawler

In the authors' discussion (32) of the mechanism of droplet breakup
the * mentioned a theory advanced by Elzinga (11) in an effort to explain
droplet breakup in liquid-liquid systems, This theory is essentially that
vortices are pericdically shed from a moving droplet into the contimucus
mefium behind the drop, and that the vortex-shedding induces an alternate
acceleration-deceleration of the droplet which thus causes the droplet to
oscillate at some frequency, When the frequency of the coscillation induced
by the vortex shedding becomes equal to the lowest natural frequency of
the liguid drop, breakup of the drop occurs, Such a matching of oseillation
frequencies is theoretically possible at some drop size since the lowest
natural frequency of the drop decreases as its diameter increases while
the vortex shedding frequency increases as the particle diameter increases,
Elzinga did plot a dimensionless vortex discharge frequency (Strouhal
number) versus Reynolds! number for some of his data and found a pesitive
correlation which thus brought credance teo his theory, |

Peskin and Lawler extended this theory to account for rescnant
cenditions cccurring at the frequency of vortex shedding at higher (than
the lowest) natural frequencies of the droplet, In considering only
primary modes cf vibration for a droplet, the breakup criteria is limited
to only a minimum diameter, that is, that diameter which corresponds to the
frequency of vortex sheddding, However, if one considered the droplet as
being capable of excitation at modes higher than its lowest natural
frequency, the frequency of vortex shedding corresponding to a larger
diameter drop than the one being considered could be applied tc the given
drop at higher natural vibration frequencies,

Given a situation where the frequency of vortex shedding is equal

to the nth natural frequency of oscillation of the liquid droplet, the
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authors postnlated that the number of droplets irto which the initial dron
shattered was egqual tc n, and upsn examination of the existing da*a, faand
that this approximated the brezkup conditons, The autbors did nat apply
this theory to a liguid particle.flowing gas situation becauss of a lack

of availahle oxperimental data given the frequency of vortex shedding for

The diamster, D, at which rescnance will ocnur for any such system

o

previcusly dezcribed is:

0,765 (.3..2 0,235 o7
4 n = 2050 lu U0 , (n”4n~-2n) Re< 2000,
(I‘«.)) Dn ﬁz —%— X a; | 4

Hence the drop dlameter D, which will be excited to a mode of vibration
n that «ill tend to break it up is given by equation (46); it is observed

rith the

;.,u

that D, varies dirently with surface tension and inversely w
kinstic energy per unit volume at the moment of brealkup, This might land
suppart to the formulation (46), sinee surface tension would retard
breakup wherszas asrodynamie forcss would tend to assizt in the breaknp,

Alse, for any given system of drsplets of knoim initial ~lamet-r,
it would be pos to caleulate the resvltunt droplet size distribution
after brealtup assuming the nth natural frequsney at which breakap of tha
drops ocours rezulted in n droplets per initial drop, FKnown variables
would have to include the relative velscity betwran the drcoplet and the
airstream, the physical properties g, p,, @1, and p1 and the minimom
stable droplet diameter, given by the authers to be
(47) Dopit = 90/9,02 .

g
Tha work of Hu and Kintner (20) =me alss rsferenced, wharein they

determined the critical diameter akove which 2 droplet mus® brazk v by

i
(48) Ders = {1,452 x 10-2 [ g }}é
P1-Pg

The authors stated that the theories presented in this paper have been

applied to relatively lovr speed processes (c,g,, dronlet velarities on
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the order of those relevant to spinning disk atomization, ultrasonic
stomization, and electrostatic atomization), However, for high speed
shock processes, it was postulated that since the time to which the droplet
is svbmitted to velocity changes (the action time) is much less than the
natural period of oscillation of the droplet, other droplet breakup
mechanisms would prevail and hecome most important; that is, the process
causing breakup would occur before the drop could possibly undergo even

one complete oscillation at the lowest natural droplet frequency.
Atomization in High Velocity ‘dirstreams: Weiss and Worsham

Weiss and VYorsham conducted an extensive experimental study of the
resultant droplet sizes obtained upon injecting liquids into airstreams
of constant, moderate (200-300 fps) velocity, They found that the relative
velocity between the droplet and the airstream was the flow parameter having
by far the largest effect on resultant droplet size distributions, The
variation of other flow parameters and physical proprties of the liquid
drop did have an effect on the resultant droplet size distribution, but
the net effect was negligible (upon examination of their experimental
rezults) when compared to the effect of relative velocity variance,

’n cunirical correlation was made of their resultis, The equation is:

1
{ Iy Y T2 T 2/3 4 103 ¥ 2
ATy WP = 0,61 [hu ] 1+ 107p,, ngc P
—E% pi s

Solving the empirical equation of Weiss and *forsham for the relative velocity

09

ave:

| " 3/1'.
50) V=061 |pox 1+ 00 oo | [ Pyuc

)

This empirical result was examined in an effort to discover correlations
between the extensive experimental work of VWeiss and “Worsham and the data

of other researchers in this field, See Cited Reference (42),
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Mechanism and Speed of Breakup of Drops: Gordon

Gordeon investigated the droplet bag breakup mechanism, a process
which he described as ", . ,a process where the drops flatten, become bowl-
shaped, inflate 1like a parachute, and finally burst," He postulated that
drops smaller than a certain critical initial size were stable and would
rnot break up (15),

Gordon's work is essentially a supplement to the investigations of
Minze, Hinze predicted, considering both small and large viscosity effects,
the critical speed, size, and the brealkup time for the bag breakup of a
droplet, Gordor, in addition to the cases considered by Hinze, obtained the
brezlup times for the cases of intermediate droplet viscosity and surfacs
tension effects, Gorden stated that an exact mathematical solution would
require a complete knowledge of the aerodynamic pressures on the drop as a
function of space and time. This pressure distribution depends upon drop
shape, which shape is in turn governed in part by the external pressure
distribution, Within the drop the effects of hydrestatic pressure, inertia
(internal circumlation effects), and the viscosity must be balanced 2t every
coint, and the shape of the surface of the drop is influenced by the surface
tension forces, Gorden nade ne attempt to analyze thesz effects in detail,

e did, hewever, attempt to analyze the effects by considering thelr respective
orders of magnitude and to furthsr the understanding of the physiczal processes
invalving the effect of the breakup parameters,

Gordon assumed that in the bag breakup process a cylindrical plug was
extruded from the drop in the direction of flow, This extrusion was cauvsed by
the dynamic air pressure on the front stagnation point of the drop and wes
retarded by the surface tension, viscosity, and internal inertial circulaticn
effects of the droplet, The air stagnation pressure, 3 ngZ, is ultimately

the disturbing force which causes the breakup, Gordon alsc stated witheut
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explanation that actually the average pressure cn the front of the droplet
is less than the stagnation pressure, but that this effect is somewhat
counteracted by the low pressure due to the separation behind the cylinder,
This frontal pressure reduction could possibly be accounted for on the basis
2f surface circulation effects,

The surface tension forces tend to keep the drop spheriecal in the
absence of other forces, The presence of external forces (e,g,, pressurs,
frictional aerodynamic shear, ete.) tends to cause the drop to deviate
from the spherical shape, TFor the bag breakup phenomena, the front of the
drop is flattened, and the radius of curvature of the back side of the drop
is increased, Because of this change from the spherical geometry, the
surface tension will vary from point to point om the drop surface. A4lseo,
during the breakup prccess, the surface area of the dreplet will be
increased (due to the inflation of the bag), and this process requires
an expenditure of enercy, According to Gordon's mathematical model of
a cylinder extrusion, twe new surfaces are formed, one at each end of the
cylinder, The energy required to form each new surface is equal to the
area of the surface times the surface tension, Hence the resisting foree
is equal to the surface tension multiplied by the cylinder ecircumference
2qr for each area, or 2 x 2xr = lgr for the total force, Dividing this
force by the cylinder area grz gives the resisting surface tension pressure,
Further assuming that the cylinder radius is of the order of magnitude of
half the dreplet diameter and svbstitution into the above equation gives
the equation for the resisting pressure, 8¢g/D,

Viscous effects sometimes tend to retard breakup, Gorden assumed that
the viscous retarding pressure is proportional to the speed »f the breakup.
The back pressure for liquid flowing through a tube is 16Lpg/D, where L
is the tube length, Assuming that this case is analagous to the mathematical

medel, the magnitude of the retarding viscous pressure is 16u1U/D.
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Combining the dynamie, surface tension, and viscous pressures, the
acceleration of the cylindrical plug can he calenlated, if it is assumed

that the rest of the drop remains motionless,

(51) dv._p_-_1t_ |%,0%_30_ 16wy
dt Py D PD n D
where L = cross-sectional area of the extruded plug.

Solving (51) for the instantaneous velocity of the plug and the
resulting equation for the instantanecus displacement of the cylinder as
a function of time, and setting the displacement of the cylindrical plug
equal to the droplet diameter D, the total breaup time of the droplet is
expressed by:

@l ot

This equation, even if it were analytically sclvable for the hraalup
time, might yield a breakup time thalt is too low, since the experimental
evidence of other researchers in this field indicated that the cylinder
Aisplacement may be five times the diameter, Gordon, however, postulatzd

that the drop became thinner as it blew up so that the retarding forces

breakup,

Equation (52) is non-dimensionalized by the transformations:

E = (tp,0%/320 Yo fpy)?
D= Dp U2/160

& 1
= (/) oy ley)

and becomes:

25° - 2nt

-1 4 2%t )
m) ? . 1 exp( Zut/D ie
This non-dimensionalized equation con be used in estimatinz brea':up
times for a range of droplet and gas stream parameters, A plot shewsd that

the viscosity parameter tended to dominate the other physical parameters,
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since for high viscosity the breakup time beccomes independent of dreplet
diameter,
The critical diameter predicted by the theory is:
(53 D = 160/p_U?
(equation (52) has a singnlarity at this value as t approaches infinity),
For a droplet larger than critical size and negligible viscosity,
(5b) t, = (2D/0)(p1/pg)?
which shows that the breakup time is directly nroportional to the initial
droplet diameter, and inversely proportional to the relative velocity,
For large viscosity and small surface tension,
(55) ty = 32u1/ng2
which shows that the breakup time is independent of the initial droplet
diameter and is inversely proportional to ths relative velocity. This
independence of breakup time and initial velocity is rather surprising
since all other calculations show a pronounced effect of droplet diameter
on breakup time,
Since (52) is rnot analytically solvable, a useful approximation is:
1

(56) t = 20012, 3211 .
( gUﬁ-‘;Bc/D)'e' Pg “.260/D

Gordon stated without verification that this approxiration is never too

small and is at most 37% too large.
Critical Conditions for Drop and Jet Shattering: Morrell

Hinze's 2nalysis applied to a non-viscous liquid suddenly exposed teo
o constant velocity gas stream has given the criteria for drop brezkur,

that is:

(57) B/R __ _ _ pim
) . H ]
ngc Rfo

Lssuming the critical displacement to be minuc 2, Morrell (30)

assumed the critical lleber nurber for brealup to be avout six, (I:=-
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equation (57)). lorrell, in another paper (31), analyzed the case for a
liguid jet and found that for a constant velocity flow the critical
condition for jet breakup was

(58) _B/R_ = _0.20
pgU°R]G

ence he assumed that a drop and a jet should behave in approximately the
same way with regard to breakup criteria, It was also shown that for an

02 =p_U,2e=?t) the ratio of

exponential decay of dynamic pressure (i,e.,
displacement to Weber number decreases as the action time, t, = 1/a,
decreases, The maximum values of this ratio were plotted by Morrell as a
function of T/Zﬁta, where T is the natural period of oscillation of the

Jet:
(59) u

2% (pqR2/60 )?

where pl = liquid density,

This expression was assumed to be approximately correct for a sphere if
the corresponding natural period of a liquid sphere was used:

(€0) v =2x (o380 )F

Morrell defined a function f( 1/2xt) as follows:

oo

(6) £l /emty) = _g/n /| t _
] TELE, = =

He then assumed that the critical condition for drop breakup with a finite

action time should be

(62) £ = )gﬂ%{=k
2 xt, ]

assuming that &/R is not a function of t,. This function was plotted by
Yorrell, For a droplet, assuming that the critical value of &/R is unity,

K equals 6, In seneral K is approximately equal to 6(&/R) for a

crit
sphere,

Morrell also discussed the brealtup of a liquid drop by what he

\

termed a stripping action or shear breakup., He quoted the work of Taylor
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(39) who calculated the liquid boundary layer thickness and the stripping
rate from the boundary layer, Taylor concluded, however, that the caleculated
breakup time and the experimental breakup time were significantly different,

Taylor's theoretical study was based on the assumption that the liquid
sheet stripped from the circumference of the drop undergoing shear breakup
separated from the drop surface when the frictional force on the shect
equaled or exceeded the liquid surface tension force, Using this assumptisn,

he derived an expression

(63) —QEHE—— = constant
t Ty
B
where Po = the average value of p over the droplet surface

Uo = the average value of U over the droplet surface

£ = the ratio of the actual tensile strength of the drop
to the ideal value of the tensile strength

T = the absolute temperature of the liquid sheet
@ = the thermal expansicn coefficient of the liguid
B = the compressibility of the liguid,

Hence for shear breakup, a critical value of poUoz (rather than a
critical Weber number as was the case for bag breakup) should be the
criterion for breakup,

As a corpletion of his analysis, Mprrell set forth the conditions
under which each type of breakup shoulé occur, For the model he assumed,
if t, is greater than the natural period of oscillation of the drop, the
ligquid drop should experience bag breakup, If t, is less than the natural

period of oscillation, the droplet will experience shear breakup,
Shatter of Drops in Streams of Air: lLane

lane (24) stated that a relationship of the form U2d = constant would

be expected to adequately express critical breakup veloecities for liquid
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drops on the assumption that a liquid sphere placed in a steady stream of
air would break up when the force due to the variation of the aerodynamic
pressure over the .drop surface exceeded the surface tension pressure of
the droplet, This relationship naturally resulted from the expression
equating the drag force on the droplet to the surface tension pressure for
a sphere, or

¥
(64) cD“Z’ngZ = Lll'c/d.

Lane also stated that observations from his experimental work indicated
that the viscosity of the droplet affected the breakup process only when
the viscosity was very high (e.g,, of the order of the viscosity of
glycerol),

From the experimental evidence examined by lLane, it appeared that the
expression U2d = 612 was true for breakup over a wide range of droplet diameters.
If this relation held true over & wide range of droplet diameters, water
droplets five microns in diameter would remain intact at a sonic relative
velocity, Results of further experimental work of Lane indicated that drops
even larger than five microns are able to withstand such large relative
velocities without breakup.

An increase in the relative velocity between the droplet and the
gas stream resulted in the production of increasingly finer droplets
resulting from the breakup process only up to a certain point, At relative
velocities beyond this point, even well above sonic velocities, onexhalf
of the mass of the resulting spray of fine droplets had diameters greater
than 15 microns for wide ranges of initial droplet diameters,

lane also found that the velocities required to insure droplet breakup
in the transient (step change in velocity) air blasts were lower than in
the steady (steadily increasing velocity) air stream, For smaller drops

the divergence between the critical steady and the critical transient
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velocities increased, Also it was noticed that the resultant droplet
mass mean diameter decreased with an increase in relative velocity,

It should be noted at this point that the r?sults of: Lane's experimental
work has since been opposed by the theories and experimental results of
Hanson and Domich,

Shock' Tube Investigation of the Breakup of Drops by Air Blasts:
Hanson, Domich, and Adams

The droplet breakup investigation of Hanson, Domich, and Adams (16)
considered two situations which cause a droplet to shatter, The first
case was termed by them the "steady" case, or that situation in which a
droplet was subjected to a steadily increasing relative velocity, The
second case, or "transient" case, was the situation that existed when a
droplet was suddenly exposed to a change in relative velocity, Building
upon the work of Hinze (17), lane (24), and Merrington and Richardson (28),
in considering these two cases, the authors prceeeded to investigate the
breakup mechanisms and the effect of physical parameters (e.g., surface
tension and viscosity of the drop) upon droplet breakup for droplets in
the 100 to 1000 micron size range,

The underlying philosophy of their experimental program was that it
was reasonable to assume the existence of a critical velocity for a given
droplet diameter, This critical velocity was defined as the relative
velocity between the gas stream and the droplet just necessary to induce
the droplet to break up, In an effort to discover a verifiable U, versus
d curve, droplets of fluids of differing physical properties were suspended
in an acoustic field and subjected to an air blast produced in a shock tube,
High speed motion pictures were taken of the droplets of different sizes
as they were being deformed and broken up by and after the passage of the

shock wave,
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An examination of the resulting photographic evidence brought forth
many interesting points, First, bag breakup was observed even with the
"transient" case, This finding was in opposition to the work of Lane (24)
who stated that bag breakup occurred only in the "steady" case, The
findings of the authors, though, showed that bag breakup would occur in
the transient case except for those velocities which are greatly in excess
of the critical velocity for a given droplet diameter, The work of Rabin
and Lawhead (34) supported this conclusion, Second, it was noticed that for
the more viscous droplets the bag breakup mechanism was more "complicated,™
that is, the shape of the bag deviated considerably from the spherical
shape of the bag of less viscous fluids subjected to the same mode of
breakup, and the rupture of the bag resulted in the formation of fluid
ligaments rather than the small spherical droplets commen to the bag
breakup of less wviscous liquids, Third, the breakup curves of eritical
veloeity versus diameter were plotted for drop diameters in the range of
90 to 700 microns, For this range of drop diameters, U, was between Lo
and 250 feet per second, A least squares data fit brought forth the
following equation correlating critical velocity and diameter,

6,21 x 106 (water)

(65) U,2D
2,71 x 10° (alcohol)

This equation is analogous to the empirical relation of Lane (24), that is,
UczD = constant,

The authors reviewed Hinze's theory (17) which stated that breakup
occurred when the dynamic pressure of the gas stream at the stagnation
point of the droplet exceeded the surface tension pressure by a certain
factor, Forming the ratio of the dynamic pressure of the air and the
surface tension pressure, it is found that:

(66) dynamic pressure of air _ p.U%/2 _ @gUzr

surface tension pressure 2a/r Tlg °
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Defining the ‘leber number as
(67) We = ngZr/o
and defining, as did Hinze, for a drop deviating but slightly from the
spherical shape,
(68) ngczr/o = Wegpit

we find that

(69) UGED = 20Vecpit/pg
which is justification for the empirical equation (65),

A plot of equation (65) yields the We for various surface tensions

crit

and densities, A summary of this information can be found in Table i,

Table 1
CRITICAL WEBER NUMBERS

Tdguid Un.. ft/sec D, We naes 4

Water 84,3 600 3,60

Water 109,5 410 4,23

Water 157.3 274 6,00

Water 238.,5 120 6.55
Methyl Alcohol 60,0 625 5,98
Methyl Alcohol 84,3 330 6,34
Methyl Alcohol 109.5 230 7,62
Methyl Alechol 157.3 118 8,41

Table 1, Critical Weber Numbers as
Determined by Hanson, Domich, and Adams

Considering the effects of surface tension, equation (69) would give

for identical diameters

. L
(70) (Un)unten = C’x-\za.igj_ PR

(Uelale Cale
Equation (70), however, did not ccrrolate the experimental data of the
authors, Had the exponent had bee: { /7 instead of 1/2, the correlation
would have been much better, This resvlt seemed to indicate a more
complicated surface tensicn effect tha; had been predicted in Hinze's

theory,
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The authors also attempted to correlate the effect of liquid viscosity
on droplet breakup, Using the theory of Hinze in which he predicted that
(71) Wegpit = 6 (slight viscosity, i.e. 2p.2/p101)<<1)
(72) We,nit = 10 (great viscosity, i.e, 2u2/pldﬂ>>1)
as a basis of comparison, they found that their experimental data did nct
fit the above relationships, In fact, they found that the critical Weber
number was not constant for liquids of approximately the same viscosity,
but that it increased with decreasing diameter for each of the experimental
liquids and that for very high viscosity, the divergence between Hinze's
theory and their experimental data was considerable,

The authors attempted a simple correlation of data on the basis of
YleRe = constant, or

(73) (W) apit = L (U T2)
v
g

which led to, under the conditions that (WR)gpsts Pgr Os and v, are constant
(74) U, @ 01/3

for a given droplet diameter, This simple correlation gave some justification
to their previocus i/3 power of viscosity versus critical velocity data fit,

1/3

Assuming that U o0 , the authors, by means of further data plots, showed
that for v,< 10 cstk viscosity had only a small effect on the range of
drop sizes studied, When vg = 50 ecstk, then U, was increased about 25%
for all droplet diameters, and for v_, = 100 cstk, the effect of viscosity
was even more pronounced with a decrease in droplet diameter,
Fragmentation of Waterdrops in the Zone Behind an Air Shock:
Engel

In an extensive and elaborate experimental program conducted by the

author (12), a wealth of photographic evidence showing the minute details

of the breakup of a water droplet due to the passage of a shock wave was
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accumlated, For Mach numbers of 1,3, 1,5, and 1,7 and drop diameters
1 to 3 millimeters a very definite shear breakup mechanism due to the
interaction of the sheck wave and the droplet was shown, In general, the
times required to induce the different stages of shear breakup and to totally
shatter the droplet were inversely proportional to the strength of the
shock wave and directly proportional to the initial droplet diameter, It
appeared, however, that a change in the Mach number of the shock was more
effective in increasing the rate of droplet breakup than was a change in
initial droplet diameter,

The experimental data taken considered only the variation of breakup
time with critical droplet size and shock strength, The effects of liquid
viscesity, surface tension, and liquid density were not taken intc consider.-
ation in the experimental program, One conclusion that could very definitely
be made was that the passage of the shock itself did not induce breakup,
but that the strength and duration of flow behind the shock were the
contrclling breakup parameters, The author theorized that the reaction time
of the liquid droplet should decrease as the mass of water that is involved
decreased and the shock strength increased,

With regards to the mechanism of shear breakup, it was concluded that
the characteristic streaming mist emitting from the outer periphery of a
drop undergoing shear breakup was not due to vaporization of the liquid
but instead was due to "mechanical origins,” The mechaniecal origins
considered were a mist produced by sound waves, the stripping off of surface
layers cf water by the tangential aerodynamic forces existing around the
periphery of the drop, and the breaking off of the crests of surface waves,
An examination of the above postulations resulted in the acceptance of those
mechanisms which took into account the action of the rapid airstream on the

surface of the droplet, that is, the breaking off of wave crests, the
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spilling off of the moving boundary layers at the equator of the drop,
and the stripping of water from the dovmstream face of the droplet by
vortex actions,

After the examination of data from similar experiments by other
researchers in the field of droplet breakup, Engel concluded that the
fragmentaticn mechanism is dependent upon drop diameter, relative zir flow
veleocity, and the density, surface tension, and visecsity of the liquid
drop, Generalizing the results cf the present study might result in spuricus
inferences since it appears that not only the rate of breakup but alsec the
mechanism by which it occurs is very strongly dependent upon the variables
mentioned above, and all of these variables were not included in the
investigation,

The lotion and Shattering of Burning and MNon~burning Propellant Droplets:
Rabin and Lawhead

Rabin and Lavhead conducted a shock tube study of the effect of shock
waves on the breakup of burning and non-burning liquid fuel droplets., They
cbserved beth the bag and the shear-type breakup mechanisms for both the
burning and non-burning droplets, They alsc discovered that the type of
breakup mechanism and the critical velocity required to induce breakup
were correlated in some mamner with the duration of the "flow plateau™
following the shock front, No general correlation of these two quantities,
however, was formulated, The critical velocity for burning droplets was
reported by the authors to be slightly lower than the critical veloccity
for the non-burning droplets of the liguid fuel they were examining, This
difference, they postulated, was due to the difference in the surface
tension for the two cases, the surface tension for the burning droplet

being lower than for the non-burning droplet,
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A general conclusion obtained frem an examination of the photographic
experimental results showed that for flow velocities which are considerably
greater than the critical velocity required to induce drop breakup, the
shear-type breakup mechanism will always occur, Another conclusion of the
experimental program was that the drops are broken up by the flow behind
the shock wave and not by the shock front itself,

Since Rabin and Lawhead discovered that the critical velocity for
breakup is reduced with an increase in duration of the flow plateau behind
the shock front, it was postulated that the drop breakup could be proporticnal
to the impulse (i,e., force multiplied by the time which the force acts)
acting on the droplet, Their line of reasoning, however, was nct verified
in their repcrt,

The authors peinted out that the theory of Hinze (17) predicted that
the eritical velocity should be directly proportional to the surface tension
raised to the 1/2 power, Experimentally, other authors (e.g., Hanson (16))
have found a /3 power dependence, However, the data scatter of the
experimental work of the authors made it impossible to confirm either the
1/2 or the :/3 power dependence,

A further attempt to correlate experimental data in terms of leber
number also proved unfruitful, Rabin and Lawhead concluded that nc sirple
relationship existed between the critical dropiet diameter and a critical
Weber number for either burning or non-burning droplets,

Perhaps the major contribution of the first report (34) of the
experimental work of the authors was the data gathered on the drag cocefficients
of the liquid droplets, Upon examining the photographic record of the dreplet
breakup process, they were able to measure the droplet position as a function
of time, From this data the drag coefficients were computed, For smaller
droplets (less than 100 microns) the drag coefficients appeared to agree

rith those previcusly revorted by Ingebo (22), However, for larger droplets,
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there is considerable departure from his data, This effect is possibly due
to the fact that for droplets less than 100 microns diameter, the photc-
graphic record showed that the dronlets deforned only slightly from the
spherical shape (for velocities less than the critical velocity) while fer
drops greater than 100 microns, the droplet deformed into the usual disk
shape even for velocities less than the critical velocity for the given
drop diameter, Another significant result of the authors' work was that
the drag coefficients for burning droplets are slightly lower than for
nen-burning droplets, This change may be due to the reduced pressure field
around the burning droplet due to the vapor phase burning which in turn
deereases the pressure drag of the droplet,

Displacenment and Shattering of Pronellant Droplets--Final Surmary Report:
Rabin, Cchallenruller, and Iavhead

B

The report by the above authors (35) surmarized an extensive
experimental program investigating the shattering of burning and non-burning
droplets by a normal shock wave at both atmospheric and elevated pressures
(i,e., in general, pressures above the critical pressures of the test
liquid), In this program, liquid propellant droplets were suspended by
means of a solenoidal retraction of a wire in shock tubes of cross sections
1M x 1" and 23" x 23", Within the shock tubes, the duration of gas flow
behind the shock wave was varied by using different lengths of pressure
section within the shock tube, This wvariance of flow duration or "flow
plateaun,” was used to vary physical conditions to which the droplet was
subjected during the experimental program, The solenoidal retraction of
the wire upon which a propellant droplet was suspended resulted in the
formation of two droplets within the test section, o '"primary" droplet of
500-1600 micron size and a "satellite" droplet of 50-300 micron size, In

its entirety, the test program investigated the effects of flow velocity,
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flow duration, chamber pressure, and surface tension on the shattering
of burning and non-burning liquid droplets, The general and specific
findings of the experimental investigation will be summarized in the
following paragraphs,

The photographic evidence indicated hoth bag and shear metheds of
brealup, In general, the larger droplets exhibited shear breakup and
shorter breakup times and the smaller droplets exhibited bag breakup for
a given velocity and duration of flow, There were also instances in which
the droplet appeared to begin the type of deformation leading to shear
breakup but then only vielently oscillated with no fragments being torn
from the droplet,

A major finding of the experimental work was a verificaticn of an
earlier postulation, namely, that the passage of the shock front does not
shatter the droplet, It is the flow that follcws the shock front that
causes the dreoplet to break up, The actual experimental procedure was
confined to weak shocks because the authors theorized that the critical
flow velseities were in the low velccity ranges, and the previous experi.
mental work of the authors (34) clearly indicated the existence of a
critical velocity for a given droplet diameter.,

Regarding critical velocities, it wms stated that there presently
exists no satisfactory explanation to account for the selection of either
bag or shear breakup near the critical velocity and the author of this
thesis presently supports this view, It was discovered, however, that a
flow velocity much greater than the critical velocity for a particular
droplet diameter always causes the shear type breakup to occur, The
typical eritisal velocities of this experimental procedure were rather

lew (e.g., V 60-100 ft/sez for the propellants RP-1, DECH (diethyl-

wit™

chlorchexane) at one atmespherie pressurs; Vopit™ 10.15 ft/sec, DECH,
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3L atmospheres pressure), Tlow durations for both cases were 1.0 to 2.5
milliseconds,

There was a rather substantial ducrease in“the critical velccity for
a droplet of given size as the flow duration was increased, This fact led
to the postulation of a critical droplet diameter for a given flow duration,
The time required for a dreplet to deform sufficiently from its original
spherical shape to a shape inducing breakup (the deformation time) was
found to be inversely proportional to the droplet diameter, Therefore,
droplets below the critical diametsr can deform as the gas wvelczity decays
in magnitude, but droplets above the critical size do not have time to
deform and shatter, The deformation time was assumed to be inversely
propertional to the gas flow velocity; it appeared that a greatsr flow
velocity would be required to shatter a droplet above the critiszzl size
than would be reguired for a droplet smaller than critical size,

"Steady'" and "transient" flow conditions were detined based ¢n the
natural period of vibration of a liquid drep, "Steady" flow conditions
existed if the flow plateau follewing the shock persisted longer than
one-half the natural pericd of cscillation of the liquid drsop oseillating
in its lowest mede, '"Transient!" flow conditions existed if the flow plateau
was less than one~half the natural periocd of the drsp. These eonzlusisns
were reached by considering the droplet as an idealized spring-mass system
with a step.up and decaying forecing function and then sclving the resulting
differential equation of motion of the system,

By solving the equation of motion, the deformation of the dreplet was
found to be:

75) =) = Ho [y(0) - (e8]

where Fo = magnitude of the applied force

i1

e} duraticn of gas flow
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®, = angular frequency of oscillation
§(t) = sin? ot , t 20
0 t <0,

From equation (75) the effect of the flow duraticn can be seen, For

a given mass and deformation (x = constant), as & is increased, the value of
[E}t) - V(t-éil increased until it reaches a maximm of unity at

5 = xﬁmo; therefore, Fo rust decrease for the given x, Thus, for a

greater gas flow duration, a smaller force is required to defcrm the

droplet, If the droplet breakup is considered to result from the deformation

of the droplet beyond some critical valus, a longer gas flew duration behind

a shock wave would require a smaller force to shatter a given droplet size,

In an effort to find the criteria for determining the occurrance of
either bag or shear breakup, the authors computed the natural pericd of
vibration of the drop and compared this value with the flow duration and
the observed type of breakup, The attempts to correlate the experimental
data on the basis of the steady and transient flow designations defined on
the basis of the natural pericd wers unsuccessful, and to date, nc
satisfactory correlation is available,

At elevated pressures, only shear breakup was found to occcur, but at
atmospheric pressure, both types of breakup cccurred, Alsc, after
calculation of the critical gressures of the liguids tested and corparison
of the characteristics of the shear breakup at pressures both abcve and
below the critical pressures of the liquids, no significant influence
of critical pressure was cbserved, The only cbserved effect of the higher
pressure was a lower critical flow velocity,

Several ccrrelations were attempted in an effort to determine the
effect of test section pressure on the critical breakup velocity. These
attempted correlations were: (a) shattering occurs at a constant Reynolds!

number, or Vi/vz = P,/Pas (b) shattering occurs at a constant Weber number,
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or Vi/VZ = (PZ/Pl)%; (c) shattering occurs at ReMle™ = constant, or
Ve /Up = (PE/PZ)X+1/K+2, x = nfm, The first two attempts did not
satisfactorily fit the data while the third attempt led to an unexplained
widely-varying n and m for different liquids, Hence it appearsd that none
of these attempts provided a satisfactory data correlation of test section
pressure and critical velocity.

From the studies made at both atmospheric and elevated pressures, it
did not appear that there wasyany significant difference in the breakup
characteristics between burning and nen-burning droplets, There appeared
to be a slightly lower critical velecity for burning droplets thanlf?r noh=
burning droplets due to the lower surface tension of the burning droplets,

Concerning surface tension, nc differentiation could be inferred from
the test data between the critical velocity's being proportional to either
the surface tension raised to the one-half power or raised to the one~third
power, This correlation had been previously postulated by other researchers
in this field,

These authors alsd adtempted to correlate the test results in terms of
the droplet 'leber number, Ve = pU:r/c. The general plot of results is

illustrated in Figure 2,

Breakup
We

]
L I No Breakup
|

I
l 9o
Drop Diameter, D

Figure 2
Rabin, et al,, Constant We Correlaticn Attempt
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For D less than d,, 'le = constant = a, For D greater than d,, Ve
increased with increasing droplet diameter at some constant slopey: For
various test conditions, however, lleher number did not give an adequate
general correlation,
Tn a further attempt at correlation, the authors plotted We versus the
ratic of the flow duration divided by natural period, The general shape of

this plot is illustrated in Figure 3,

-

We

8/T
Figure 3
Rabin, et al,, We vrs, 8/t Correlation Attempt
The break in the curve cccurred in the general vicinity of 5/7:0,5, or
symbolically, a brealk betireen the stecady and the transient flows.

These authors recognized the inadequacy of a constant We theory and
thus attempted a new data correlation, The bhasic concept of their hypcthesis
of data correlation is that transient breakup and shear breakup are not
synonyrous, DLxamination of their data showed that transient breakup must
be a time-controlled phenomena whereas shear breakup is rather time-
independent, Rabin, et al,, postulated that shear breakup occurs when
the tangential compcnent of the aerodynamic forces on the droplet is

greater than the surface tension forces, Since

(76) Tp = %CngUZA, and
(77) Fg =l (g) » then

r
(78) Cp = pU%r =k, but

¢)
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(79) Cp ~ Re~% (Appendix B, Rabin, et al,)
and therefore
(80)  VeRe™¥ =k; .,

The constant 1~:3 was experimentally determined, and the equation (80)
gave excellent agreement for all flow cases of a non-burning droplet if
kg = %, For a burning droplet the correlation did not give such a good
result, but this may have been due to the difficulty in determining the
surface tension for the burning droplets,

A secondary result of the experimental process was that the droplet
drag coefficient for high pressures and for either burning or non-burning

droplets was approximately equal to one,

L2

wineties, ¥Moohapis:y, and Resuliant JSizes of th
Aerodynamie Breakup of Liguid Drops: Wolfe and ‘nderson
The authors of this report (43), after giving a short review of other
classical theories of breakup mechanisms, have postulated that droplet
breakup (which is a flow process) is a rate process, Eyring, in his
book The Theory of Rate Processes ("1 ), has stated that any "rearrangement

of matter™ can be considered to be a rate process, and hence the theory of
absolute reaction rates can be applied, theoretically, to the breakup of
liquid droplets, Wolfe and Anderson stated that the oft-used classical
equation which - equates the maximum force tending to break up the droplet
to the surface tension force is valid only for small rates of stress
loading and hence not for shock processes, They also theorized that in
any situation in which the stress tending to break up the liquid undergoes
a change in time less than that required to break up the liquid, the abovew
mentioned classical equation will not be true,

The unique approach of Volfe and Anderson applied kinetic theory to

the breakup process, whereas all work previous to theirs had considered
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the breakup process only from the hydrodynamic and mechanical appreach,
However, the authors stated that this does not mean that the hydrodynamics
and mechanics of the problem should be ignored but only that they should
be incorporated into the proper kinetic expression of the system,

The authors considered that the aerodynamic pressure drag and the
aerodynamic friction drag logically were the two variables that were
responsible for the two extreme types of liquid droplet breakup, that is
bag breakup and shear brealup respectively, A qualitative theoretical
derivation using rate process theory to relate droplet deformation to the
above-nentioned aerodynaiiic forces resulted in an equation relating the
droplet breakup times to the flow parameters of the gas stream and the
physical properties of the liquid droplet, or

(81) t = d
(A¢ + BP)z . A

vhere A= 16u/dpl
B =2/py
p = %ﬁgUZCD - ko/d

k = constant reflecting drop curvature during breakup
(determines effective surface tension pressure),

For flow and/sr liquid conditions in which viscous and surface tension

forces are negligible, equation {8i) becomes

(82) t=d (p\*
U P, ’

For extremely viscous liquids and negligible surface tension,
(83) t = 32u/p 0%

It was interesting to note at this point the similarity that existed
between equations (82) and (83) and the expressions of Hinze and Gordon
for similar breakup conditions,

Equation (81) can be regarded as a generalized equation for the

breakup time of a liquid drop of given physical properties subjected to
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an aerodynamic flow of known conditions, The authors stated that it was
possible to use (81) to predict the breakup time of a liquid without regard
to the mechanism of breakup if we could choose a suitable value for k,
After examination of available experimental data, (81) can be used if Cp = 1
and k¥ = 2, Tor the use of (81), the experimental breakup time is defined
as the time from the inception of the aerodynamic flow around the droplet
to the instant in which the droplet begins to break up, Thus the theoretical
total time required to break up the droplet will be slightly larger than
the experimental values since the theoretical breakup time assumes that a
complete disintegration of the droplet (complete rearrangement of matter)
has occurred,

If equation (81) is to provide an adequate model of the breakup
process, then it should, in the opinion of the authors, provide an
explanation of both bag and shear breakup, Since the criteria that bag
breakup results from pressure drag and shear breakup from frietion drag
have been invoked, two individual forms of equation (81) may be written,
one expression containing the pressure drag stress in the pressure expression
and one containing the friction drag stress in the pressure expression, It
was postulated that for a liquid drop of given properties and an air stream
of given properties breakup would occur by the mechanism that required the
least breakup time, If the two rates were comparable, the drop shculd
exhibit both bag and shear breakup characteristics,

Equation (81) can be made to fit both breakup cases if one assumes
that the frictional drag is twice the pressure drag, an opinion which comes
from many workers in this field, If the total drag stress acting on a drop
during breakup is %anZCD, then for bag and shear breakup the pressure

(=]

expression becomes

(84) P, = (1/3)(3p,0°)Cp - Kyofd

(85)  Pg = (2/3)(30,U°)Cp - Kg0/d
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where Ky, and K are constants that reflect the effect of surface tension
tending to hold the drop together during, respectively, bag and shear
breakup, By a best fit of experimental data, Xy = 4 and Kg = 2;
these values may be used to predict breakup times for drops undergoing
either bag or shear breakup, Experimental evidence has showmn that for
low velocities, bag breakup prevails and that for high velocities, shear
breakup prevails,

It is also very desireable to be able to predict the mean drop size
produced. by the breakup of the original drop, although the droplet sizes
produced by the primary breakup of the original drop may vary due to the
secondary breakup of drops produced by the primary breakup, vaporization of
primary and secondary droplets, coalescence of primary and secondary
droplets, and settling or removal of the droplets by the gas streamn,

This report considered only the mean droplet size distribution resulting
from the primary breakup, and the magnitudes of the other mentioned effects
were estimated from existing knowledge, The experimental results of this
study showed that the drop sizes produced by the two different brealkup
modes were essentially the same, a result that is intuitively somewhat
surprising, However, since one postulated mechanism (shearing of a liquid
film from the drop) and one equation (equation (81)) theoretically govern
both types of breakup, this suggested result is not surprising from a
theoretical standpoint,

The results of this study did not provide a theory that would provide
a resultant droplet size distribution as a function of the liguid droplet
and the gas stream parameters, However, by assuming that the mean drop size
results from the breakup into optirmum unstable wave lengths of the liquid
boundary layer being stripped from the surface of the droplet, it has been

found that the mean diameter is
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Y
2

(86) D = (6WbA/x)
where 8 = boundary layer thickness

)= QEO/prUZ (ref: Squires (38))

W = width of strips of liquid streaming from the droplet

e 1
B =y [U(p £q)°
1 1/3

(87) D= 136u1gdd? .

P P20
Equation (87) was derived for the case in which the aerodynamic
forces are much larger than either the viscous or surface tension forces,
It is theorized that this case is valid for shock processes,
It is interesting to note that equation (87) predicts both the same
:l/Uu'/3 dependence of D and the same initial diameter to the 1/6 power

dependence of D as does the empirical work of Weiss and Worsham,
Analysis of Normal Shock Waves in a Particle Laden Gas: Kriebel

In this paper the author mentioned a theoretical shock wave thickness
of "several inches™ for a particle laden gas flowing in a duct; however,
this statement resulted merely from a matter of definition of shock wave
thickness (i,e,, the definition of shock wave thickness is the distance
corresponding to the time required for a particle and a gas stream in which
it is flowing to reach velocity equilibrium after passing through a shock
wave), Hence this definition is effectively a measure of the velocity
lag of the particle after it passes through a shock front,

Results of theoretical calculations show that after particles of the
size range 0,5 to 5,0 microns pass through a shock wave there is a considerable
velocity lag of the particles compared to the velocity of the gas, This
result indicated the existence of a relative velocity between the particle

and the gas stream sufficiently large to initiate particle breakup,
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It was also significant to observe that as the size of the particles
passing through the shock wave increased, the relative velocity between
the gas stream and the particles increased at even a proportionately
higher rate, For a particle of only a three micron radius the ratio
of the particle velocity to the gas velocity was approximately three
directly dovmstream from the shock, and this ratio did not significantly
decrease until a distance of !,2 inches dowmstream from the shock, For
higher Mach numbers and particle sizes, the ratio increased at a rapid
rate, thus insuring the existence of a significant particle relative
velocity for a significant downstream distance; these two conditions are

necessary though not sufficient to induce liquid particle breakup,
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RESULTS

As was previously mentioned in this thesis, the various equations
resulting from the theories presented in the literature to account for
the droplet critical diameter, the droplet critical velocity, and the
droplet breakup time were programmed for the IBM 7040 digital computer,
In these programs the particle and gas stream physical prop+.cies were
varied over an extreme range of values in an attempt to discover the
effects of differing values of these properties on the eritical breakup
parameters and also to attempt to discover that correlations and/or
discrepancies that might exist between the various theories as the physical
property values were varied, The results of these calculations have been
plotted where practical on the following pages. In other cases where a
data plot would not provide a convenient representation of results,
respresentative values from the outputs have been vabulated., These cal-
culations are identified by the name(s) of the author(s), and specific
reference is made to the equations presented under the name(s) of the

author(s) as presented in Chapter II of this thesis,
Plots, Tables, and Explanatory Notes of Computer Outputs

Triebnigg's estimate of the critical velocity for a liquid droplet
falling through a stagnant medium is presented in Figure 4, This plot is
also indicative of Lane's work, Here plots of critical veloecity versus
droplet diameter are given for varying values of the drag coefficient,
This was done because the drag coefficient for a burning croplet which is

deformed from the spherical shape due to its motion is yet a matter of
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some argument, It is seen from this plet, which is intended to serve purely
as a means of comparing other more complex breakup theories to this simple
case, that the critical relative velccity required to induce breakup is a
rather larse value even for larse values of the drag coefficient, It is
alss seen that the drag coefficient, indicative of the magnitude of the
aeradynanic forces on the droplet, exerts a rather pronounced effect ¢n the
critical velocity fer a given size droplet,

The eritical brealmp velocities as predicted by Hinze are next
summarized in Figures 5 and £, The values of §/R correspond respectively
to different expsrimental walucs of the critical deformation of the
droplet, A value of 8/R equal to one would mean that the droplet would
break up if the 'Mags" was pushed cut of it a length equal tc the radius
of the original undeforred droplet, Tt is seen upon compariscn of the
two plots that the viscosity of the droplet plays a very impcrtant rcle
in the determination of the critical breakup parameters, The critical
velocity for a given diameter ic much greater (on the corder of 700 tc 800
feet per second greater) for a highly viscous droplet than for a slightly
viscous one, In either case, for a droplet smaller than 50 microns radius,
the eritical veloecity as predicted by Hinze is rather high (ocn the crder of
3000 to 400 feet per second for a twenty-five micron radius particle) in
cenparison teo other thesriass,

Dodd's minimum inscribed sphere breakup eriteria for bag breakup is

)

illustrated in Figure 7, Tt should be noted that the eritical velceity as

A

predicted by Dodd is considerably lower than that predicted by any of the
previous plots, This ray be dues to the fact that Dodd's thecry assumes
no direct viscosity effect in determining breakup parameters,

The empirical data correlation of Weiss and Versham (Figure 8) was

solved for U in an effort to determine a critical velocity that would give
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a certain resultant mean droplet size after breakup, The mass injection
rate, W, must be above 90 to 100 1bm/hr befere a significant critieal
velocity even occurs, It is noticed that this plot indicated a very low
eritical velocity necessary %o produse a rather large (40 to 60 wmi~ren
diameter) resuliant mean size Jdistribution, The reasen for this is not
apparent uvpen examination of the available work of Teiss and Werzham,

The sugeested data correlaticn of Rabin, Schallenmuller, and Tawhead
is pletted for varicus values of surfacze tensicn in Fizure @, This was
done because of the authors?! expressed concern that the surface tension
of a burning aluminum dronlet micht he a rather difficult physical gquantity
to determine due to the assumed vapor phase burning of the dreoplet, The
plot shows that there is a pronounced effect of different surface tension
on the critical brezlup pararweters, However, since the critical velocity
for a given droplet diameter decrsases with a decrease in surface tensior,
and there is a recognized decrease in surface tension for a burning droplet
as opposed to a non-burninc eze, this result is a significant pnroint in the
censideration of the breakup paramsters of 2 buwrning aluminem droplet, Tt

shenld alss he noted that even for a surface tension similar to that used

10

in the previcus plots ( o= 0,048}, the cerrelaticn suggested by Rabin, et al,,

which fits their dats indicates a much lowsr critical velceity for a given
Initial droplet dioreter than any of the provicus theorics applied to this
snecifie case,

L tabulation of critical veloeities, hreakup times for large dreplet
viseous effects, breakup times for small droplst viscous effect, and
breakup times for nominal droplet viscous and surface tension effects for
a range of droplet dianeters as predicted by Gerdon is presented in Table
2, Herein is noted a relatively high reguired eritical velseity, bt tha

curprising result is that the hreakun tines for hich viscosity are mush
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Table 2
Gordon's Theory

Diameter, U, t,y seconds t,» seconds t,, seconds
microns £ t?sec high viscosity low viscosity nom, viscosity

1 10,000 <0,000000 <0,000000 < 0,000000

5 10,000 <0,000000 <0,000000 0,000004

10 7,900 <0,000000 < 0,000000 0,0000%1
20 5,600 <0,000000 <0,000000 0.000032
25 5,000 <0,000000 < 0,000000 0,000045
30 Iy, 500 <0,000000 < 0,000000 0,000060
35 1,200 < 0,000000 < 0,000000 0,000075
Lo 3,900 < 0,000000 < 0,000000 0,000092
50 3,500 < 0,000000 < 0,000000 0,000128
60 3,200 < 0,000000 < 0,000000 0.000168
75 2,900 < 0,000000 0,000001 0,00024%
100 2,500 < (0,000000 0,000001 0,000363
150 2,000 < 0,000000 0,000002 0,000666
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lover than those for either low viscosity or nominal viscosity iwith
surface tension effects also considered, It is seen that the surface
tension criteria is important in the determination of critiecal breakup
parameters, since the case considering nominal viscosity and surface
tension effects results in a rmch higher required breakup time for a
given dkoplet diameter and critical veleocity than do the cases for cither
high or low viscosity, However, the breakup time even for tue case
requiring the longest time interval between flcw inception and droplet
breakup is still on the order of less than a2 millisecond,

The rate process theory of droplet breakup as proposed by Wolfe and
Anderson was the subject of a very lengthy compubter calenlation, Due to
the range of parameters encountered, the representative results of this
calculation are presented in Table 3, From these data it is seen that
the breakup times for given initial droplet diameters and assumed critical
velocities are indeed very low, that is, within the microsecond range for
the small diameters (less than 40 micron diameters) considered, Using
the tabulated results of theory in conjuction with the critical
velocities predicted by other theories, it is possible to determine the
eritical breakup velocity and brezkup time for droplsts of nominal, lovw,
or high visceosity, It is interesting tc note that the breakup times for the
high viscosity case are again much smaller than those times indi@aéed for
either the nominal or low viscosity cases, Another interesting result is
that the breakup times for low and for nominal visceosity are essentially
the same just beyond the critical velocity as predicted by this calculation,
It was interesting to note in the computer output that the value of the
eritical velocity remained an imaginary number until a certain point,
beyond which the critical velocity was purely real, Perhaps this is an

indication that below this first real value breakup will nct occur, and
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that the first real value can therefore be considered to be the lowest
critical velocity for a given diameter,

At this point, it is of worth to indicate that th®e breakup times
of liquid droplet as predicted by Hinze for both the high and the low
viscosity cases were also in the microsecond range for small droplet
diameter, and that again the cases of large droplet viscosity resulted
in predicting lower breakup times than those predicted for the low
Viscosity consideration, The brealtup time data were not convenient for

plotting, but a short tabulation of representative values is presented in

Table &,
Egbi;—gi 7
HINZE'S THRORY

5/R = ,902

Drop Diameter, tb’ seconds Ty seconds
microns low viscosity high viscecsity

5 .00000001 < ,00000000
10 .00000002 < ,00000000
20 .00000007 < ,00000000
25 ,00000010 <, 00000000
30 .00000013 < 00000000
Lo ,00000020 < ,00000000
50 .00000028 < ,00000000
60 ,00000037 < ,00000000
80 .00000057 < .00000000
100 ,00000079 < ,00000000

Table 4
Breakup times aecording to Hinze
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Tabhle 33 Thlfe~inderson Tatz Process Theory

Diamecter, U, ft/sec t,, seconds t,» seconds Ty seconds
microns non, viscosity  low viscosity  high viscosity
1 3750% 25-07 3E-08 3E-10
1000 oL-08 3E-08 3B-10
5000 35.08 2E=08 2E=10
7500 2E-08 1E-08 8E=11
10000 1E.08 1E-08 5B=11
5 1650 1E-06 3E-07 2E=09
2000 5E-07 3E-07 1E-09
2500 3E-07 270=07 7E=10
4000 2E-07 1707 - 3E.10
5000 1E.07 1E-07 2E.10
7500 8E-08 7E=08 8E-11
10000 6E.-08 6E-08 5E-11
10 1150 3E-06 1E-06 3E-09
1500 1E-06 7E-07 2E-09
2000 7E-.07 6E-07 1B=09
2500 5E-07 LE-07 7E=10
1000 3E-07 3E-07 3E=10
5000 25-07 2E-07 2E=10
7500 1E.07 1E-07 8E-.11
10000 1E-07 1E-07 5E-11
20 800 8E-06 3E-06 7509
1000 LE-06 2E-06 E=09
1500 2E=06 1E-06 2E-09
2000 1E-06 1E-06 1E-.09
2500 9E-07 9E-~07 7E-10
4000 6E-07 6E-07 3210
5000 LE.07 LE~07 28210
7500 3E-07 3E-07 8E=11
10000 2E-07 2E-07 5E-11
30 700 E-05 5E-06 9E=09
1000 5506 3E=06 5E=C9
1500 E.06 2806 2E=09
2000 2E-06 2E-06 1E=09
2500 E-06 1E=06 72=10
Looo 8E-07 8E-07 3E=10
5000 =07 E.07 2E=10
7500 LE-07 4E.07 8E=11
10000 35«07 3E-07 5E-11
40 550 2E-05 8E-06 2E=08
1000 6E-06 L4E-06 5B.09
2000 2E-06 2E-06 1E-09
4000 1E.06 1E-06 3E=10

*The first value of U for each D was the first value of U for
which U was a purely real number,
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Correlations~Discrepancies Between Variocus Thesries

The results presented in the previcus section of this chapter of those
theories which lend themselves to numerical caleculation shew a wids range
of critical breakup parameters. The best that can be expected with the
present state of the art is an crder of magnitude quantitative desecription
of droplet breakup parameters and a2 Mworst case" argument concerning a
given physical situvation, This will be done in the next secticn of this
chapter,

The earlier attempts of Triebnigg would most probably not be applicable
in the present case of a burning aluminum droplet passing through a shocl
wave, His data can best be used as a worst case argument for the present
physieal situation,

Hinze's results clearly show that a more viseous droplet tends to
required a larger critical velocity to induce breakup at a given droplet
diameter, but that at this critical velocity, the breakup time is less than
that required to break up a less viscous droplet of the same size, Heowever,
if the less viscous droplet were to be subjected to the higher critical
velocity required by the more viscous droplet, the breakup times would be
of the same order of magnitude although it has been shoun that the more
viscous droplet still requires a slightly sheorter time to break up than the
less viscous drop, This view somewhat contradicts the view that viscosity
acts purely as a damping forece in determining critical breakup parameters,

It wvas interesting to note that both the thecries of Gordon and of
Yolfe and ‘nderson also predicted the behavier mentioned in the preceding
paragraph, Some concern is expressed by the author of the present thesis
that, since the cases of high viscosity breakup and low viscosity brealkup
were derived by means of simplifying assumptions from the same general

equations in the brealup theeories previously discussed, perhaps the basi
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of the simplifying assurptions should be subjected to a rigorous mathematical
treatment to assure that the disregarded pertions of the general equation do
not contain important terms,

Hence, despite the differences in critical velocities as predicted by
the different theories (Tigure 10), differences vhich can qualitatively be
reconciled by the different assumptions inherent in the treatment of the
force balances on the droplets, the primary item of concern seems to be the
effect of the physical properties, especially viscosity, on the brsakup -
parameters, It was previcusly mentioned in this thesis that viscesity,
in the opinion of many researchers in this field, plays a retarding rcle in
the droplet brealup processes, Hecwever, the results of numerical calculaticns
over a wide range of variables have shown that even though the critical
velocity for a viscous droplet is greater tlun that for a less visccous cns,
the breakup time for the less viscous droplet is greater than for the more

viscous one, This intuitively seems to be inconsrucus,

Specific Application of Results to Burning Aluminum Droplict

The case to be considered is that of a burning aluminun droplet passing
throush a shock wave at a Machumumber of 2.5, The rest of the assured
physical properties can be found in Appendix B of this thesi~, T:ofire the
direct results of the afcrementioned corputer caleulaticns are applied
to this physical situation, a short review of applicable material found
in the literature will be made in order to substantiate some of the ¢laims
that will need to be considered in this situation,

Before the aluminum particle, assumed tc he liquid and burning,
intersects the plane of the shock wave, there will exist a considerable

velocity lag between the flowihg particle and the gas strean, cr, in other

words, it cannct be assumed that upstream froem the sheck wave there is re



relative veloeiiy hetween the particle an) the ras strear, Toglund (19)
has stated that for particles of less than two microns dianeter there will

te ne appreciable particle velscity laz, but for particlec larger than

tuo mierons diameter, the velocity laz will be significant, Gilbert,

3
e

Daviz, and Mltman (13) have shocwm that 2 one micron diameter particle

follows the gas velccity clesely, tul that 2 ten micron diameter partice
cxhibits a siznificant veleceity lac, Kriebelts work (23) implied that there

existed a signifiecant particle velocity lag even for particles of the

0.5 to 5,0 mieron diameter range, !le alsoc stated that as the size of the

particles increased, the relative welocity increased at even a proporticnately
nigher rate, cr, equivalently, that the velocity lag increased with 2n
inerease in the Mach number,

This fact weuld tend to foster the deformation of the particle to some
extent even upstrean from the shock front, and thus it can be theorized that
this deformation of the particle before it intersects the shock front will

horten the breakup tine

Since it has been shown that the particle draz coefficient exhibits
seme effects in the determination of the critical relative velsecity, the
nmaenitude of this eonefficient is of some interest, Carlson and Heglund
(7) have presented an emniriczl expression fitting their experimental
Jata which indicates that the drag ccefficient for a spherical particle
in "flow recimes such 2 occur in solid propellant rocket exhaust"
approaches one as the Reynolds! number exceeds cne hundred, Tngebo's (22)
ata shows that for the Reymolds! number range applicable to the present
physical sitvation the draz coefficient is anprovimately one, It should
be noted that his data considered the drag coefficient for clouds of solid
spheres, clouds of evaperatirne liguid dronlet, and cleouds of non-evaporating

- >

tiguid Adronlets accelersting in an air stream, The physical situwations

@
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that he considered could easily approximate in magnitude of effect the
case presently being considered in this thesis, Uay and Nicholls (41)
have stated that drag coefficient of 0,5 toc 1.0 has been apparent in the
Reynolds! number range of 10 to 100, and that generally, a decrease in drag
coefficient due to burning has been established. The work cr Rabin,
Schallenmuller, and Iawhead (35) showed an appreciably higher drag
coefficient of 0,5, and W&y and Nichclls attributed this difference to
the deformation of the droplet from the spherical shape to the disk shape,

It is felt that the decrease in drag coefficient due to burning and
the increase due to deformation of the disk shape after the droplet passes
through the shock wave are effects that tend to at least compensate ecach
other, if not actually cancel each other, Hence a drag ccefficient cof one
will be assumed for the above.menticned physical situation,

A value of the surface tension of 0,043 lbf/ft will be used, It is
felt that this would represent the highest value of the surface tension that
could be uced, and since it has been reported that the surface tension value
decreases with a burning droplet as compared to a non-burning one, with cother
physical conditions held constant, this is a good assumption, Another theory
that leads to the justification of the above assurpticn is that the surface
tension decreased with an increase in terpsrature, and the droplet temperature
riay be considerably higher, and certainly no lower, than the droplet temper-
ature assumed for this case, gowaver, since there may exist an oxide coating,
either liquid or solid, on the surface of the particle, the surfacs tensicn
nay show an increase due to this ccating, The surface tension values for
either a liquid or a solid aluminum oxids coating are presently an unknoun
quantity to the author, IHence there is scuv unger“:inty regarding this
particular liquid property, Neverthecless, taking into econsideration the

e

high relative velocity between tie narticls and the“gas stronn ator

PR,
[
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particle has passed throuch a Mach 2.5 shock wave and even considering the
possible velocity lag of the particle upstrean frer: the shock, it is
thecorized that this uncertainty of surface tension will be compensated by
the high relative velocity existent dewmstream from the shock,

Hence it is postulated that for a Mach 2,5 shock, with a ratic cf
Hx/'b.equal “0 2,5/0,512, considering even a 20 percent particle velocity
lag upstrean of the shock front, that there will exist a sufficiently high
relative velscity dowmstream from the shock front for a 30 to L0 micron
diameter particle to shatter, be it by bag or shear mode, in a time
certainly less than one millisecond after passing through the shock,

Regarding the resultant particle mean diameter or particle size
distribution after brealup, loglund (19) stated that there is yet nc
theory capable of predicting a particle size distribution after breakup,

If the data of 'oiss and tlorsham can be applied to this specific case, a
mean diameter of less than one micron seems plausible, PBrown and McArty

(5) have stated that for an aluminzed propellant, data has showm a one
micron diameter oxide particle exists in the exhaust, but the initial sclid
aluminum particle was only 2 to 3 microns diameter, Wolfe and Anderson (43)
have stated that the same size distribution resulted from their obssrvations
of bag and shear breakup, but they were unable to completely theorize an
exact restultant mean diameter, However, photographic records of both
shear and droplet breakup have shoim that the resulting droplet size after
breakup appears as a mist compared with the parent droplet,

The theory of Rabin, =t al,, quite similar to the situation theorized
in this thesis, and the theory of Wolfe and Anderson, substantiated with
data for a situation similar to this one, have showm the existence of a
critical velocity approximately one-fifth of that assumed to exist in this

given physical situation, Hence it is postulated that there will exist
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sufficient relatives velocity in spite of an uncertainty in surface tension
values to be used, to break up the aluminum droplet in a very short time

duration following its passage through the shock front,
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

It is concluded that there exists a wide spectrum of theories which
have been developed in an attempt to provide a mathematical model for
droplet breakup,

The equations resulting from these theoriss, when examined over a
wide range of droplet and gas variables, show a substantial divergence
in predicted critical relative velocities, critical diameters, and
breakup times,

There also exist discrepancies which seem to be a function of the
original assumptions made in fashioning a mathematical model and in
the method of simplifying the resulting general equation into an
analytically solvable form for the special cases of high, low, and

intermediate viscosity and surface tension,

There seems to be in existence no reliable model to predict the occurrence

of either bag or shear breakup for given physical parameters,

For the specific case of a burning aluminum droplet passing through

a shock wave at a Mach number of 2,5, and assuming the physical
parameters given in the appendix to this thesis, it is theorized that
a particle 30 to 40 microns in diameter will shatter after passing
through a shock wave at or above Mach 2,5 in a matter of less than a
millisecond,

Those breakup theories correlating experimental resultic,indicats,
however, that the breakup time will be in the 0,01 to 10,0 microsecond
range,

85
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Recommendations
Since there exists such a mass of material, both applicable and noi,
in the field of droplet breakup, it is hoped that further work in this
field will continue where this thesis has concluded (i,e,, attemting
to correlate and explain the available information),
Further research is needed to accurately and confidently determine the
property values pertinent to this droplet shattering problem,
Research should be done to determine an accurate and reliable theory
to predict the occurrence of either bag or shear breakup under given
physical conditions,
The assumptiong inherent in the general equations and the simplifying
assumptions made to render the general equation analytically useable
need to be critically examined from a physical-mathematical standpoint
to asses their validity,
The rate process theory of 'lblfe and Anderson shows particular promise
since a force balance on the droplet is not an absolute nzcessity in
deriving an equation for critical breakup parameters, This theory
should be further investigated as to applicability to the droplet

shattering problem,
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APPENDIY L

SURFACE TENSION, VISCOSITY, AND DENSITY OF LIQUID ALUMINUM



Surface Tension, Viscosity, and Density of Liquid Alumnum

‘., DPef: ILyon, Richard ¥, (ed,) Liguid-Mctals Handbook. (Offics of

Naval Research: Second Edition-Revised) ‘'lashington, D.C.: U.3.

Covernment Printing Office, 1954, pp, BO-Ul4,

Viscosity = 2,9 centipoises x 10% 2 700° ¢
Surface Tension = 520 dynes/emCC 2@ 750° €

Density = 2,380 g/emd 2 AA0° C

2, Semenchenko, V, K, Surface Phenomena in Metals and Alloys. Ienden:

Pergamon Press, Ltd., 1962, p. 398.

The surface tension of liquid aluminuw::

T, °c Surface Tension, dynes/cm
700 - 820 520
712 502
706 Lol
660 o1k
700 900
820 865
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APPENDIX B

PHYSICAL PARAMETERS OF SPLCIFIC CASE EXAMINED



Physical Parameters of Specific Case Maentioned

o = 700 dynes/em = 0,048 1bp/ft
Ry = 2.33 gfemd = 148,583 Ih,/ft
M=2,5
by = 2,9 x 10~2cp = 0,186173 x 10~ 1b,/ftsec

P, = 600 1bp/in?
T, = 5000° R
W = 32 (with aluminum particles)

7 = 20 (without alumimm particles)

Tor ¥ = 2,5:

pP.=p_ = 1 (]
y g sX
(’x) (’sx) '

p =—Eﬁ_= 6003(322(1[1'1!'
RT, 1545 x 6000

L3 = 3,3333
Px

-Bx = 0,13149
Pax

and therefore:

p,. = (3.33)(0.13169) [600 x 32 x il
© \ 1545 x 6000

102

)= 0.131 1b,/ft



APTENDIX C

COMPUTER PROGRAMS



QOO0

*0
200
a/ma

CHINA IAKE RESEARCH PROJECT
VIC FORSNES

TRIZBNIGGS ESTIMATE OF CRITICAL VELOCITY
U.= VELOCITY FOR BREAKUP

DEFINE VARIABLES

STGMA =0,048

RHOA=0, 131

CD=0,4

R=0,000001

0 10 I=1,9

YRITE (6,400) CD

™ 20 J=1,500
U=STRT((128,8%3,28%3TGML ) / (T*CD*RINA) )
TmITT (A,0nY M,

Derl 7, AN0508

eI

P=0,20200"

uuuuu

CN=CTy. 5 °

~ e
coNTIIIT
™™ —m 1~ 77'4 F
'.‘O._._.,.. R ‘g S g
WD e ) T T
P e ey = .2.5, ll-_, ;'.-.2.6)
™I



C .

20

100

105

CHINA LAKE PROJECT
VIC FORSNES THESIS CALCULATION
LANES ANALYSIS

RHOA=0,131

SIGMA=0,0L48

CSUBB=0, 5

D=0,000001

DO 10 I=1,6

DO 20 J=1,500
VC=5QRT((844,93*SIGMA) / (CSUBB*RHOA*D) )
VWRITE(6,100) CSUBB, D, VC

D=D+0, 000001

D=0,000001

CSUBB=CSUBB+0, 1

CONTINUE
FORMAT(2Y,F6,2,4%,F10,6,4%,F13,2)
END



VIC FOR3ITES  CHINA TAXT RESTARCH PROJECT
CALCUZATION TO DNETEMTIT MATURAL PERIOD OF DROPLET
DEFTHS VARIABLES
PHOL = 143,5834
SIGL = 8993,74
T = 3,14
100 T R:ﬂu‘ (57,F10,7)
101 ’“Of{““T (10711,7)
’)M,NSTON TAU(20), FINVAL (10)

O.O
T.. = 0,00010
N0 10 I=1,1000
e 20 J=2 s 20

TAU(J)=(2. 0% T)*3QnT( (RIOL#R**3) / (8, 0*STGMA) )
FINVAL(J)=TiU(J)/(2,0%PI*T.)
20 R=R+0,00010
- IRITT (4,100) T4
TRITT (5,101) (TAU(J), J=%,%0)
MITE (5,101) (FIUVAL(J), J=!,10)
2=0,0
TA=TA+0,00040
‘0 CONTTIUT
ol



QOO 7N

(@]

20

20
200

LNl

VIC PORSMIS  CUTTY TAXE RESTARCIH PROJTCT
HIN?T DROPIAT PRTAT BLG DTTORLLTION MICHANISIH
CATOUTATICN TN DUTERMIMG CRITICAT, VITOCITY, RADTI
FOR SIIGTT VISCOUS IFFTCTS
DETINT ViRTABITS
TTMAY =4, 0
R=0,0020005
RHOA= 0,058
RHOL= 143, 533%
STERMA= 0,048
YNUT— ‘00001 62743
" 10 T=1,8
DO 20 u_.,3o
DELTAR=.0,095% T A
UC=2L, 93 MT( (~DIZTAR®STGL) / (VI0ALR))
TP=0,3537%(2/U0)x " MT((RINT/RIC L) 4 -DTLTAR)
TRITI(4, L00)DFTTAR, UC, TB
R=1+0,002005
CONTTIII™
2=0,000005

v'r'\-\'\r_- —‘r\rq"l' O 5

RO N S AT

CONTINU™®

TMX=6,0

PAR GRIAT VISCRUS TRINOTS
030 I=+,8
MLy J=1,720
DI AN R—_:_ﬂ 005*|F"'M Y
Uc=33, “Z*Jﬁnm((hﬁvm*w*o*u:;)/( ~RI0NR))
TR=( (20, 0+MUL) / (RHOLAUCAUC) )= IBLTAR
TRTITT(A, 100)DTI TR, 2, UC, T8
R=R+0, 220005
CONTTMIZ
R=0,000005
WIMAY = "LUT40, 5

CONTTT™
PORITAT 107,77, 3,17, 70, 4,107,740 L 17 72 e B)
CONTTITIT

D



C
C

9
90

20
30

100
102

108

CHINA LAKE RESEARCH PROJWCT
DROPLET PRESSURE DISTRIBUTION  SPHEROIDAL CROSS SECTION
SIGMA=0,0L8

H=0,100

2=0,00

D0 30 I=1,10

DO 20 J=1,10

I7(Z.N%,0,0) GO TO 9

A=B/H

R=( (A#A%B)#x(1,0/3.0))0,3048

WRITE(6,100) H,3,A

H2=IIxH

ZB2=(2/B}x(2/B)

SOLUT=( (H**(5,0/6,0))/2,0)*(1,0+H2+((1,0-H2)*7ZB2))/

$((H2+((1,0-H2)%ZB2) )xx(3,0/2,0))

RHO=(S0LUT/(R/2,0))»SIGMA

WRITE(6,101) Z,30LUT,RHO

2=7+,000020

IP(Z.L%,B) GO TO 90

7=0,0

B=B+,000020

B=,000001

H=H+, 10

CONTINUE

FORMAT( {HO,F6,2,L% F12,6,4X,F12,6)

FORMAT(2Y, F12,6,4Y, 12,6,4%,F12,6)

END



a0

10
100

109

CHINA IAKE RESEARCH PROJECT
VIC FORSNES
GORDON THEORY FOR DROPLET BREAKUP

SIGMA=,048
RHOA=.131
RHOL=148,583
MU=, 00001862
D=,000001
DO 10 I=1,200
CRITICAL DIAMETER
VCRIT=41, 113+SQRT(SIGMA/ (RHOAxD))
FOR 10V VISCOSITY
TBL=( (, 6096+D) /VCRTIT )*SQRT(RHOL/RHOA)
FOR HIGH VISCOSITY
TBII=(32,0%X21U) / (RHOA#VCRIT*VCRIT)
FOR INFLUENCE OF SURFACE TE<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>