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FOREWORD

This ressaxrch was accomplished under Project 7058, Task 08, during
the period from December 1969 to May 1972, It was conducted under
the jurisdiction of the Ligquid Rockst and Technology Divisions of
the Air Force Rocket Propulsion Laboratory, The program was co=
ordinated with the University of California at Los ingeles and, in
addition to satisfying Air Force needs, served as the resesrch fir
the dissertation of Daweel George., Tachnical diraction for the
project was provided by Professor Frank W, Spaid,

This technical report has been reviewed and is approved,

Paul J, Daily, Lt Col, USAF
Chlef, Technology Division
Alr Force Rocket Propulsion Laboratory
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escent, atmospheric air, The holograms were recorded in the off-axis, Fresnel, trena-
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The =uariables ¢ interest wers wind tunnel total pressure, liquid typa, orifice
digmeter and liquid injection velocity, Twenty-five holograms were taken of flow
finlda resulting Toom the different test conditions, Varlation in jet amplitude and
wavelongth as th. liquid progresszed from the injection point were clearly visibie, and
these data were qu:ntit'led, For ths test conditions of this investigation, ths effect
of fluid physical properties (viscosity and surface tension) was negligidble, Ampli-
tude and wavelength growth was due to inertial forces,

Radial diztribution of the droplet number and masa for a jJet injected into still
air vas found to incresse wonotonicelly, then dacrease with increase in radial poai~
tion, Droplet size distribution variation was observed to exist at two different
axisl regions of the jet, The mode became smallar with increase in axial distance
from the injection point,

The analytical method for processing three-dimensional droplet data consisted of a
systen of computer programs which operated on the droplet size and spatisl coordinatss
to deternine sigs, mass, number and spatial distribution. Two methods for retrieving
holographic data were daviser,
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ABSTRACT

The 8¢ of holograghy in studying cartain fluid mechemics pro-
vlems was investigated, The holographlc technigque can record = flow
fisld in three dimsnsions by one pilse of a laser, This effoxt spaci-
fically exszined the application of holograghy tos {1) high speed
(superuonic) flow fields by injacting dif event 1liquid jets verpondi-
cularly into a Mach 3 gas streaz to chserve how Jet breakup ccours, and
(2) the atomisation characteristics (droplet size and spatial distribu-
tion) of a liquid jet injected into guisacent, atmospheric ale, The
holograns were recorded in the ff-axls, Fresnel, transmigsion arrangee
rent, The holographic recording system consisted of a 3 Joule, mulsed
ruby laser, whose pulse width was 50 nanosecoads, and a holocamers,

Five 1iquids (water, trichlorcethylens, Prson 113; methanol ard
water/photoflo solution) wers injscted individusily through differeant
sige orifices (,042, ,050, .062 inches in dieneter), The varinblies of

! interest were wind tummel total pressure, liquid ¢ype, orifice diae
reter and liquid 4injection velocity, Tuenty~five holograus waps taken
of flow fields vesuliing from the different fagt conditions, Variation
in jet amplitude and vavelength as the liguid wogresssd frem the ine
Joction point were clearly visible, and these dats were guantified, It
was found that an equation of the fora
Amplitude, Wavelength = C(injection distance)’(aynamtc mressurs patio)®
aodeled the data wsll, For ths test conditions of this investigation,
the effect of fluid physical properties (viscosity and surface temsion)

i wes negli, ble, Amplitude snd wavolength growth was due to ineriial

forces Droylet data in the rapsraonic siresn was not discercinle,
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=
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This was attributed to the droplet sizes being less than the resclution
capability of the holographic system (approximately 15 microns) and the
velogity of the droplets, which moved approximately 10~-25 microns within
the 50 nancsecond pulse, causing 2 smesr o the droplet image.

Radial distribution of the droplet number and mass for a jet in-
jected into still air was found to increase monotonicaily, then decrease
with increass in radial position, The droplet field spreading increased
with increase in distance from the injection point, Droplest sise dis-
tribution variation was observed to exist at two different axial re-
glons of the jet, The mode bocams smaller with increase in axial dis-
tance from the injection point, Drop siz. distribution for the duta
from this investigation was modeled wsll by either a log-probability
or modified general exponential funci¢icn, Excellent results were ob-
tained with the cumulative volume models, but poor cormelation was ob-
tained uith the droplet volume derivative, This was attributed to the
wide scatter in the dala when it was arranged in the volume derivative
form,

Two methods for vetrieving holographic data were deviseds (1)
direct -~ auta 1s taken directly from the scene volume and input on
magnetic tepe, and (2) alternate -- photographs are taksn at discrete
planes within the scene volume, processed through a film readirz ama~
¢vine and the data punched on cards, The analytical method for pro-
cessing three-dinensional droplet data consisted of a system of compu-
ter programs which operated on the droplet size and spatial coordinates
to deternine slze, mass, number and spatial distribution, Information
is output in tabulated and plotted form, The date can be characterised
by selected distribution functions and calculated mean dianeters,
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NOMENCLATURE

ymbol Description Units
a Scnic velocity, scaling factor ft/sec
(equation 1}
a? Rectangular strip half width in ft
expression for R -a*(P v 2a*/tr)
page 11,
A Area, dimensionless amplitude in2

(equation 31)

b,B Coefflcient
¢ Wave velocity ft/sen
Cd Discharge coefficient
:D Drag coefficient
Cf Skin friction
D*,D Constant coefficlents
(equations 16 and 17)
D Diameter microns,
inchas
I Force lvs,
g,G Cravitational constant ft/sec2
k Specific hea* ratio
L Length in,
m Mass lbs,
M Mach number, V_/a, momentum
N Number
) Coefficient
b Pressuvre lb/in2
q Coefficlent
q Dynamic pressure ratio, QIV%/RPHZ

Vil

b Y
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K

Re

We
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XyY2

ML

AN oV

NOMENCLATURE, continued
Description
Volume flow rate
Mean radius

Scaling factor (equation 1),
initial drop radius (eguation 2)

Reynolds number, QngD o/“'g

Dimensionless distance

S./Cd%bo along trajectory

Time

Temperature

Mean lineal velocity

Yelocity, volume

Welizht flow rate

Weber number, QgV;DO/tT

Jot bireakup distance from injection
point in di-ection of wave travel
Spetial ccordinates

Ohnesorge number,

}Ll (7}310

Sheltering parameter (equation 1)
Specific weight

Boundary layer thickness (equation

1), displacement in radial direction

Units
ft3/sec

microns,
inches

in,

sec,
ft/sec
ft/sec,in3

1b/sec

in,

in,

in,

(equation 2), coefficient (equation 16)

Initial dimensionless amplitudse,
amplitude/wavelength

Injection angle

Dimensionless wavelength,

A /cdéno



NOMENCLATJRE, continued

Symbol Description Units
Q Volume flow rate ft3/sec
# T Mean radius microns,
¥ inches

R Scaling factor (equation 1), in
initial drop radius (equation 2) .

Re Reynolds number, QngD o/IJ"g

S Dimensionless disiance
S'/Cd-%Do along trajectoxy

t Time sec,

T Terjperature

U Mean 1inesl velocity £t /sec

v Velocity, volume ft/sec,in3

W Weight flow rate 1b/sec

We Weber number, QEVEDO/ET

X Jet breakup distance from injection in,
point in direction of wave travel

XY Z Spatial coordinates in,

2 Ohnesorge number,
Ha/ANOPLD

Sheltering parameter (equatici 1)

Specific weight

N

Boundary layer thickness (equation  in,
1), displacement in radial Cirection
(equation 2), coefficient (equation 16)

&;4

£ C Initial diment.ionless amplitude,
%,5 o anplitude/wavolength

Ay

e

f%%% 69 Injection angle

%3 Dimensionless wavelength,

XO /cd %D o
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vk R g
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Symbol

4 q -o

Subscripts

aw

NOMENCLATURE, continued
Bessription
Absnlute viscosity
Kinematic viscosity
Density
Svrface tension

Shesr stress

Description

Adiabatic wall
Gas

Liquid

Mean

Orifice, total
Relative

Hall

F.ee strean

X

Units
1b/ft,sec,
ftszgc
1b/ft3

1b/ft

oy
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CHAPTER I

INTRODUCTION



1, Background

The interest in liquid jet behavior dates back to Loxd Rayleigh(i)*.
Since his original paper of 1878, many people have attempted to deter-
mine, both analytically and experimentally, the mechanisms and physical
processes by which a liquid jet disintegrates into droplets, The atomi-
zation process occurs in stages and generally begins with a disturbance
of the liquid jet surface, then the formation of ligaments as the per-
turbed surface becomes more unstable, and finally the ligaments break up
further into droplets, Limited success has been achieved in theoreti~
cally predicting the form of disturbance that most rapidly leads to jet
instability, Jet behavior and structure vary signifiicantly in the dif-
ferent flow regimes; laminar, transitlon and turbulent, This lndicates
that the breakup mechanism is different for each regime. Surface ten-
sion, capillary, viscous, lnertial and combinations of these forces domi-
At In certain regimes and under cexrtain flow conditions, and influen+:s
tiie jet behavior accordingly, Although it ls known that the jet brozkup
mec:.anism depends on the flow regime, the ultimate problem of thaoccii-
cally predicting drop size distribution, given a set of flow ~orditicus,
fluid propertles and injection geometry, has not been sulved, lowever,
empirical relationships have been developed by various in-estigators
studylng liquld jet behavior under various flow conditions and geometries,
They, Harmon(z), Ingebo and Foster(B), Nukiyama and Tanasawa(a),

Volynskiy(S) (6)

, and Weiss and Worsham » to name a few, have correlated
various flow parameters with some characteristic mear droplet diameter,

Liquid jets were injected into air whose velocity ranged from zero to

*Superscripts ir parenthesls indicate the veferences listed
at the end of the report,



supersonic apeeds, These and other investlgators save established that
the most impertant factors which influence drop size are nozzle geometry,
operating conditions and fluid (liquid and gas) properties, The relative
volocity between the liguid jut and the gas into which the liquid is in-
jected plays a major role in the resulting drop size over the total

range of gas conditions considered, Needless to say, a problem which
has defied theoretical analysis for nearly a hundred years is & very
complex one,

The interest in liquid jet behavior is as keen tcday as it has
been througn the years, This is due to the many practical applications
which employ a liquid jet., Some of these uses are:s chemical processes,
aerosols, atomization of liquid fuels in automcbile, jet and rocket en-
gines, agricultural for spraying of crops , meteorological (c) md seeding),
acrospace~-thrust vector control, supersonic combustion, external burning,
hydroguenching of solid rocket motors; fixe fighting, pollution control,
ete,

Adequate general theory and scaling laws which cha.acterize the
resulting spray from breakup of a liquid jet has been and i being sought,
Spray information, drop size and mass distiibution has, in the past,
tsen primarily obtained by photograpnic and collection methods, but
these have their limitations, More rerently, the hologranhic technique
has evolved to a state of development such that it can be applied in the
investigation of certain engineering problems, With one polze of a la. -,
the holographic technigne can record a flow field in three dimcusions
without disturbing it, Due to the extremely short pulse w»idtl of a ruby
laser (on the order of tens of nanoseconds ), a hi ci~_paed {lew {is’d can

be "frozen” and data about the liguid jet structuxe and tharacteristics,



heratafara unattalanbla, can bs anqnlred,

Thiz tneatigation avplieg the hnlographic technigue 4o 1iquid
jot. tnjartinn Ynte » supersonic gas stream and into 3till alr, Lot 1,
azmmine Lthe usafulnass of the technique in cartaia fluld mechanicz oro-
blens, and (2) arcnuire jet. strunture and dreplet data previnusly mat-

tainabl) o,

2. Iurposs

Thin invastipstion was a multi-purpose one, The firat objective was
to Ynreatigate 1194011 jet hreakup and droplet formatlon resulting there-
from using the holographic techninque, OCf courme, the purpose i& to zaln
A battor vnderstanding of the mechaniza by which the liquid jet breaks
un and diaintersaten intn droplets, The holograpnic techalque can pro-
vide, with ane pulse of a laser, an instantaneous, full-s‘ze, three-
Mmennional raproduction of a flow finld withount disturbing it, This
offort esarined ‘ha ap;lication of holography in two flow regimes: (1)
hikh spred (supersonic) flow fields by injectine a 1iynid perpendicu-
1arly into a Mach 3 gas stream to ohserve how jebt oreakup occurs, and
(2) 1%qnid jat injection Into quiescent, atmnspheric air,

Having taken the holograms, ths next objsctive was to devise an
aceurate and rapld method for retrieving quantitative hrlographic data,
Of particular interast was the structure oi he jJet, droplet size distri-
hution and mass sptial 1istributien,

Once roplet datia was vetrieved from the hologram, it had to be
reduced,  Honce, another oblective was to cdevelop an anaiytical methoed
to reduce throe~dimensional droplet data, size and spatial coordinatus,

and oparate on it statistinally fer subiequent eorrelation with flow

I
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parameters,

Ultimately, the endeavor was to contribuie to the formulation of
a general theory and scaling laws which govern jet breakup and atoniza=~
tion into droplets, so that, given a set of conditicns, the resulting

flow field can accurately be characterized,

3. Method of Investigation

A general description of the manaer in which the objectives were pur=~
sued is herein presented, After defining the problem, the next step was
to conduct a review of the literature to determine what 1is known, how
accurately the jet breakup is described and predicted, and what addi-
tional information is needed to better understand the atomization mechan=-
ism of liquid jets, Since one of the regimes of interest was liquid jet
breakup in a supersonic stizam, experiments were conducted in a Mach 3,
blowdown wind tunnel, Holograms were taken of the flow filelds resultiag
from the interaction of a liquid jet and the supersonic gas stream undexr
various flow conditions, A hologram was also taken of a liquid jet in-
jected into still air. Two methods w- re devised for retrieving holo-
graphic data from the holocrams, In oxder to retrieve data from a holo-
gram, one must first be able to view the hologram, This is accomplished
by 1lluminating the hologram with a light source of the same or similax
wavelength to that which was used in recording the hologram, Both me-
thods reconstructed the hologram with a helium-neon laser, but differed
in that the first method would retrieve data directly from the hologranms
and input the iInformation on magnetic tape, while the socond method in-
volved taking a serles of photographs through the scene volume, and used

& film readins machine to retrieve the datc which was then punched on



conputer cards, These methods were specifically oriented for the retrie-
val of droplet data; however, they can also be used for retrieval of
other types of holographic data, An analytical method to reduce holo-
graphic droplet data was develuped, A system of computer programs com-
prised the analytical method, These programs operated on the droplét
size and spatial coordinate data to obtains (1) the drop size distri-
bution, (2) the various mean diameters, and (3) mass spatial distribu~
tion, The raw data was also mcdeled by known distribution functions to
determine if these functions could be used to characterize the resulting
spray from the jet breakup, The data obtained from liquid jet injection
into a supersonic stream and into still air was analyzed and organized
for presentation in the most meaningful manner,

Presented in the subsequent chapters is a discussion of the
literature survey, a description of the test apparztus and experiments,
an explanation of the holographic retrieval methods, an explanation of
the holographlc tata reduction method, a tabulation of the test results,

and the analyses,
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1. General Discussion

A comprehensive search of the literature concerning liquid jet break-
up into droplets was conductied, Both analytical and experimental Works
were reviewed, Jet breakup in a cross-stream, elther supersonic or sub-
sonic, parallel gas stream and in still alr are discussed below 1in
Section 2, Accompanying jet breakup is droplet brsakup, Hence, litera-
ture on droplet breakup was also amassed, but will not be discussed in
detail here. Those interested in droplet breakup are referred to a re-
port by Luna and Klikoff(7) on the aerodynamic breakup of liquid drops,
It comprises a critical survey of droplet breakup literature, The work
appears to be quite thorough and contains discussions on practically all
of the accspted droplet breakup investigations, including those by
Hinze(s). Morrell(g) and Wolfe and Andersen(lo). Lura and Klikoff found
that the threshold conditions fcr breakup were determined by the critical
veber and Ohnesorgze numbers, In Section 3 equations which were developed,
oither analytically or experimentally, to relate turtulent jet breaxvp
under various flow conditions to some mean droplet diameter, are compared
and discnssed, Varlous droplet measurement techniques are discussed in
Section 4, A qualitative discussion on holography is presentei in Ssc-
tion 5, since this was the technique chosen to measure and spatially
locate the droplets obtained from this investigation, A discussion as to
how droplet data is characterized by varioua investigators is presenteq

in Section 6,

2, Turbulent Jet Preakup and Droplet Formation

a, In a Supersonic Cross Stream: Dowdy and Newton(ll) investigated

liquid and gas jet injection into a supersonic stream, Liquid and gaseous

nitrogen jets were injected perpendicularly into 5 streams whose



Mach numbers ranged from 2,01 to 4,54, A large number of tests was con-
ducted which provided information about the effects of free strsam Mach
and Reynolds numbers, injection pressure on the shock structure and the
pressure d°'stribution induced on the plate by the injection process,
In addition to pressure distribution data, schlierens, shadowgraphs and
motion pictures were taken of the jet interaction phenomena,

McRae(iz) conducted an experimental investigation to study the
breakup characteristics of a liquid jet injected perpendicularly into a
Mach 4 supersonic gas stream, The variables of interest were gas stream
total pressure, injection velocity and flow rate, injector internal con-
Tiguration, injection angle and injectant thysical properties, A total
of 269 tests were conducted to provide data to characterize jet penetra=-
tion ard spreading, Shadowgraphs or still photos were presented for
each test, Penetration and spreading plots were also presented, MNcRae
found that the jet-gas stream interaction phenomena was unsteady,

(13)

Harvey conducted an analytical investigation on longitudi-
nal waves on a liquid jet injected at right angles to a high velocity
gas stream, The analysis consisted of a linearized energy balance for
surface waves moving along the jet, The motivation for the study was to
gain a better understanding ci' the jet wave behavlor, so drop size dis-
tribution resulting from 3et breakup could be predicted, He found that
long waves grow most rapidly under a laminar boundary layer, while xt

waves grow most raridly under a turbulent boundary layer, He derived an

expression for distance to jet breakups

;=QI (o] 1/3 0’8(6] 1/6
Q 52 g (1)
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He compared the values for x predicted by his theory with neasured val~
ues obtained from NMcRae's experimental data and only obtained fair cor-
relation, The lack of good correlalion is contributed to the approxi-
mations of linearization and deep water thecry, and experimental mea-
surement and interpretation difficulties, GCraphs showing distance to
Jet breakup for different injection veloclities are presented, There

are irregularities in both the predicted and measured values, In general,
the predicted values are lower than the measured values, The trends are
similar, That is, as injection velocity increases, so does the jet
breakup distance. This was also observed ia the presont investigation.
idarvey acknowledges that transverse waves around the jet also occur and
a true analysis should take both longitudin. . and transverse waves into
account, A more recent paper by Harvey(lu) concerns itself with lateral
capillary waves which occur when a liquid jet injected perpendiculariy
into a supersonic stream is aerodynamically broken up by the gas stream,
It is an analytical investigation and uses an approach similar to that
of Mayer(15) and Adelberg(ié). The analysis is conducted in the stand-
of f remion between the normal shock and the windward si'e of the Jet and
sonic lines, The analysis differs from those of Mayer and Adelberg, who
used Jeffrey's sheltering theory. The basis for the analysis is an
equation developed by Chang and Russell for subsonic gas flow, Chang
and Russell provided a formulation for Kelvin-Helmholtz instability that
includes the effects of compressibility, Harvey's analysis includes

Kelvin-Helmholt¢z and Rayleigh-Taylor instabilities, both of which hs

10



claims are appropriate on the windward side of the liquid jet, He
develops an exoression for the size distribution of drops produced over
the whole windward face of the jet, Some approximations are made to
facilitate integration of the distribution expression, He further sim-
plifies by considering only capillary waves, He then relates the number

distribution to R32 (Sautier mean radius) and finally arrives ot the ex-

n-1

pression R,, = a*We , which is the Weber number to some power, He com-

32
pared his results with the experimental data of Bitron(17), Volynskiy(S)

(18) and found his theory relates best with Bitron data,

(19)

and Gooderunm
Sherman and 3chetz Investigated breakup of liquid sheets and
Jets in a supersonic gas stream, Review of this river was limited to the
sections concerning the jets., Liquid jets were studied with spark shadow-
graphs, high speed movies (7,000 frames/second) and photomicrographs
(0,4 microsecond spark source), Four different liquids were in_>cted in-
to a Mach 2,1 gas stream, Their high speed movies show that Jet breakup
is characterized by gross fracture of the Jet, initiated at the troughs
of waves which span the jet circumference and move axially along the jet,
Their droplet data ohtained fronm photomicrographs is not considered good
data, since toc few drops were measured, Also, droplet size could be in
error fror approximately 7 to 240 microns, depending on the droplet
velocity (injection to free stream) at the time the spark was flashed.
They conclude that mean droplet diameter for the same liquid varies in=-

versely to the 1,3 power with liquid injection velocity. Dmo(v '1'3.

3
Only 2 of 3 water injection tests substantiate this conclusion,

Yates(ZO)

investigated penetration and spreading of liquid jets
transversely injected into supersonic air streams, re cites works of

other investigators such as Catton(21’ et, al,, ?orde(zz) et, al, and

11



Horn and Relchenbach(ZB). Since jet penetration and spreading were not
areas of investigation in the study being presented here, evaluation of
Yates' work will not be made, The penetration trajectories for the pre-
sent investigation were calculated by the method developed by C&tton(21).
Close agreement was found between the calculated and actual trajectories,

L(24) (25)

Two papers by Gooderum and Bashnel were reviewed, The
purpose of the first investigation was to define the boundaries of aero=
dymanic breakup of a liquid jet, They found there 1s good agreement be-
tween theory and experiment ror liquid jet breakup in the continuum flow
regime, relative to critical Weber numbery that is, the number below
which no further breakup will occur,

In addition to reviewing data by other investigators in the con-
tinuun regime, they ccaducted "flight" tests in the slip flow regime
(Xnudsen nunber 10 -- 10"2). Cool water (40-46°F) was injected perpen-
dicularly into a Mach 5.5 gas stream, Orifice diameters were 0,01, 0,02,
0,04 and 0,08 inches, Injection temperature, pressure and velocity were
essentially constant (approximately QBOF, 13 psia, 30fps), Hence, Waber
number varied as did orifice diameter, and was found to be 3,9, 8,3,

15,7 and 31,4 for the respective orifices, As expected, all four jets
were bent or deflected downstream and the breakup process was found to
be a function of jet dlameter, By observing photographs of the jet, the
critical diameter was seen to he approximately 0,02 inches, and the

W 6. Knudsen numbers for the tests were on tae order of 1,0,

Cerit ~
Although thelr data is insufficient to describe with certainty the

varlation of critical Weber number betweern continuum and free molecular

flow, there appears to be no effect of Knudsen no, or high local static

temperature (162008) on the critical Weber number for primary atomization

12



of liquid jets injected into a gaseous crossflow,

The second investigation was conducted to obtain mean drop size in
a low gas density environment (3.74x10'4-2.62x10‘31b/ft3).

Anbient water was injected perpendiculaxly into the alr stream
fror & circular orifice mounted flush i a flat plate, Orifice diameters
were 0,020, 0,052 and 0.120 inches with length/diameter ratios of 12.5,
5 and 2.45 respectively. Measurements were taken at 4,25 inches downe
stream from the point of injection and at various heights within the
spray, Injection velocities ranged from 82 to 200 feet/second into a
3,970 feet/second air stream, The Dobbins(59) light scattering technique
was used to determine the mean érop size, DBZ’ (mean diameters are de~
fined by equation 28 on page 122) in the spray,

D32 was found to be independent of liquid injection velocity,

They observed that for the smaller orifice diameter, the 13iquid remained
a coherent jet forr a distance before being atomized, whereas atomization
occurred at the nozzle exit for the larger diameter, This is probably
due to the difference in L/Do among the nozzles,

There was too much scatter in the data to determine a definite
relationship between D32 and orifice diamecter and gas density, However,
the trends appear to be in the proper direction, That is, 032 vari.es
directly with orifice diameter and inversely with gas density,

¥1111ans(26)

reviewed papers pertinent to supersonic combustion.
The papers concerning atomization and disintegration of liquid jets have
all been reviewed in the course of this present investigation, He con=-
cludes, as did the author of this investigation, that a good amount of
data on jet breakup mechanisms and resulting drop size distributions have

been accumulated for liquid jets in subsonic gas streams, but very limited

13
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asperimoutal results are avallable for acan drop size and droviet 4la-
tributtons tn supersonic streass, Thoories presented by various invea-
tigators for ligquid jet breskup in elther subsonic or superscric

otreams di1ffer greatly in their physical assumptions, U8ince thecrles
Aitrar uldely and experimantal data 18 scarce, cstimates of disinte-
gration characteristics of liquid jots in suporsonic gas atreams ars
highly uncertain, W1llliaas cited three disintegration mechanissmss (1)
oteady-shear, (2) capillary-wave, and (3) acceleration-wuve breaku, He
restricts his attention to the acceleration-wavse breakup amschaniem,
stnce atomigation of a liquid jet in a supersonlic marjet combustor

ssoms to bo explained hest by this thsory, although he acknowledges it
ts imprecise, Ho rocommends improving the acceleration wave theory by
accounting for jJet deformation and by calculating droplet sise distribu-
tions, Catton and Harvey 27) conducted an analysis on deformation of a
tiquid Jet injecled across s high velooity gas stream. A recent pri-
vate communication with these gentlemen revealed they have conducted a
nots accurate analysis since their report was publishad,

(9) (28) (29)

Morrell tnvestigated 1iquid jet breakup and the cri-
tical conditions tor drop and jet shattering, Droeakup of a single

mter fot by a transverse shock wave was studied, He found that bhreak-
up tims decroased with increase {n gas velocity and increased with jet
radius, Tho extent of deformation was a linear function of the ratio of
Yober number to the square root of Reynolds number based on initlal jet
radius. He postulates two theorotical modelss (1) atomization by

stripping of & liquid boundary layer, and (2) deformation of che liquid

sans, and discusses them, Ho tound that for constant gas velocity the

critical comtition for !'tquid et treakup s plven by
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5543 = 0,2 (2)

?ész/tT

The study "Measurement of Droplet Sizes in Liquid Jets Atomized
in Low-Density Supersonic Streams" by Kurzious and Raab(jo) provided the
first experimental data on droplet sizes and size distributions from the
disintegration of liquid jets in lew-density (free molecular regime)
supersonic gas streams, Stop-motion vhotographs were taken of water and
ethanol jets atomized by perpendicular injection into Mach 3 argon and
helium stceams, Gas stream static pressures and stagnation temperatures
Wwere, respectively, from approximately ,015 to ,155 psia and from 530 to
1680°R. Weber numbers, based on orifice dizmeter and free stream flow
properties, varied from 8,4 to 130, They attempted to extrapolate, or
determine the applicability of, continuum regime atomization correlations
into the free molecular regime, The observed mean droplet sizes were
all larger than those predicted by the continuum regime correlation, and
large metastable droplets persisted for unexpectedly long intervals,
Hence, they concluded that a fundamental difference exists between atomi-
zation mechanisms and time scales in the low and high density gas environ-
ments, Also, aerodynamic breakup of cross injected liquid jets is not
expected to occur at low gas stream dynamic pressure.

The relevancy of Kurzlous and Raab's work to this effort is the
correlation of Im:;e‘bo(3 ), Bitron(17) and Volynskiy's(S) data, which spans

the subsonic and supersonic regimas, by one equation:

20 = 48 (3)
Do [Wey| 7" [re|*Z

o
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where Wel - l‘l ZDO Re = Q v Do

The equation 1s a modification of Volynskiy's expression, Also, the form
of the equation is similar to that of Ingebo and Foster's, but contains

a Mach number term, and the definitions of the Weber and Reynolds numbers
are different, Figure 1 shows that Ingebo's subsonic equation over-
predicts drop size when used in the supersonic region where Bitron and
Yolynskly obtained their data, PFigure 2  shows how equation (3 ) cor-
relates the data, Kurzious and Raub discuss subjectively that the data
would lie closer to the correlation line if proper correc:ions are made
to the data to account for data acquisition errors,

Bitron(17) conducted a number of liquid jet atomization tests by
transverse injection into a supersonic alr stream, Mach numbers ranged
from 1,37 to 2, The purpose of his work was tc determine the applicabi-
1ity of the classic Nukiyama-Tanasawa equation,

4

4
10 D32 = 5,85 10

’

g 05 4 sgpfpty O 103%‘\1'5 ()
et | P NoPy | )
which was developed for subsonic gas velocities and parallel liquid-gas
flow, 1. supersonic gas streams, He injected dibutyl phthalate at room
temporature in all tests and kejt the volume flow rate constant at
Ql/Qg - 1.2x10~6. Hence, the variation of D, ! uation (4 ) then ba-
cones a function of the relative velocity, Vrel’ only,

The air streams were accelerated through venturl “ubes, Throat
diameters did not exceed 3mm; the liquid jet tubte was ,32mm,

DProplet data was collected by impaction on silicon-coated glass

slides, Corrections were made for the contact angle between the dibutyl

16
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phthalate and the coated glass, The glass plate was placed at a point in
the air stream where the Mach number of the spray jet, as determined by

e Pitot tube, was 0,35 (corresponding to a velocity of about 120 meters/
second), Sampling time for each test was 0,01 seconds controlled by a

shutter placed hetween the air stream and glass plate, The Mach numbex

choice was a compromise between high impaction efficiency of the small
drops, which requires a high velocity at the glass plate, and avoidance
of large droplet breakup upon impact, which requires a lew velocity at
the plate, Samples were collected from within a imm diameter circle on

the plate whose center was on the axis of the air stream,

Bitron conducted 10 tests at =ach of 5 gas velocities and col-
lected droplet data for each run, The collective drop size distribu-
tions for the different gas velocities are presented in Taule III of his

paper, 3Bitron claims that the Nukiyama-Tanasawa equation can be exten-

ded into the supersonic region, This conclusion is not warranted by his

data, and Tigure 3 shows why. Variation of n32 is inversely propor-

tional to gas velocity according to the Nukiyama-Tanasawa equation, How~

ever, 032 calculated from Bitron's raw data shows that the Sauter mean

diameter varies as V =39,

The flow conditions and fluid properties fer %itron's tests were

inserted into Ingebo and Foster's()) eqguatlion

230 -
B, VeRaY +25 where We = e v ?EQ and Re = V.D_ (5)
o V

1
Ingebe's equation is an empirical relation obtained by injecting various

liquids perpendicularly into a subsonic gas stream, This equation, if it

could be extended into the supersonic rerion, would be more apropos than

the Nuklyama-Tanasawa equation, whizh enmerged from data obtained from a

)
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parallel liquid jet-;as stream arrangement, lgure 4  shows how the
volume mean diametecr, DBO’ varies with gas velocity accoxrding to Ingebeo's

equation, The DBO calculated from 2itron‘z data by the definition

D3y u 2@3\1/3 (6)
§jn

4

shows that the trend of D,, with change in gas velocity is substantially

30
different from that indicated by Ingebo's equation, and that the actual

data D30 1s approximately 5 times smaller than thit given by Ingebo's
equation, Also shown in FTigure 4 is the variation of DBO with gas

0
velocity according to a correlation equation by Kurszious and Raab(3 )

vhich accounts for change in Mach nunber,

o=

Dy - 48
0 1

This equation spans the -ubscnic and supersonic reeions, It has a form
similar to the infebo equation but the ieber and teynolds numbers are
defined differently, The variation of D}G will. ras velocity 1s the same

in both equations (3 ) and (5), That is, b30047”“‘75. The D, pre-

30
dicted with the Kurzious and Raab equation is closer to that calculated
from the data than the 930 predicted with the Ingebo and Toster equation,
Bitron made histoprams of relative drop volume az a function of
nominal drop diameter, (n these he superiaposed the distribution function
of the upper limit equation developed by Mugele ani Evans(31>. Compari-
son of the curves with the histograms showed that the upper limit equn-

tion mave the proper trend in all cases, However, a Chi-square ~oodness

of {it test applied tn the data and upper limit distributior ~urves -ave

21
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poor results,

3itron also showed that droplet evaporation during injec.lon
could be neglected even for the highest stagnation temperature (4?3°F)
in his experiments,

The work conducted by Volynsk1y<5) is similar, in many respects,
to that conducted in the present investigation, The main differences
are in the geometric configurations, stream conditions and liquid injec-
iion pressure, Based on his experiments, Volynskiy correlated flow con-
ditlions and fluil plysical properties to obtain expressions for the maxi-

mum and median droplet diameters,

Dpax « 8 )
D, (we)3/8(ae/u iﬂ‘l?l 3811 4 .Y}.Z -3/8 (7)
Pe s
Oned = o 1 45 - (8)
D (We) ')(Re/H) /h_\ﬁ 381y, 2 27 -3/8
%) L \%

As can be seen in the equations, the gas stream velocity and orifice
dlameter exert the greatest influence on the size of the drops and the
effect of Mach number is weak, Volynskly did not attempt to derive a
drop size distribution expression or determine characteristic diameters,
such as D30 and D32. His data 1s presented in Table T, The various
geometric arrangements referred to in the table are shown in “igure 5,
In all cases, injection of the liquid was from a cylindrical aperture at

an angle of 90° to the s stream., By closely scrutinizinsg the data in

Table I, one can make the followine observations and conzlusienst
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ircup 1 (Aleohol)
For a given liquid injection velocity (pressure drop), droplet
nedian and maximum diameters vary directly with orifice diameter with one

exception,

tiroup 11 (Alcohol)
For constant orifice dlameter, droplet dlameter increases with

increase in injection pressure drop, This is also observed in Group I.

Group ITT (Water)
For constant orifice diameter, droplet median diameter remained
constant with increase in injection pressure drop, This was not the case

in Groups 1 and II,

“iroup 1V (Alcohol)
No conclusion about droplet diameter variation with orifice
¢ meter ant nressure drop could be drawn with any derree of certainty,

There appears to be a trend nul scatter in the data negates it,

firoup vV (Alcohol)

a) “ame conclusion as in "roup II

b) fomparin~ the resulte with those of “roup IV for the same
orifice diameter, draplet dlameters decreased with decrease in Mach num=
ber and gas siream total pressure, which is contrary to what one might

expact,

Group /I {Water)

sdame observntions as those for Groups 1 and IT,

27



Group VII (Water)

Results contradict observations for Groups II and VI,

Group VIII (Alcohol)

Results substantiate conclusion for Group II,

Group IX (Alcohol)

Results substantiate cenclusion for Group II,

Comparing Groups II and VIII, no conclusion can be made with con~
fidence about the variation in droplet dilamecter with flow condition
changes, although there appears to be a slight increase in droplet dia-
meter at the lower Mach number and total pressure,

Comparing Croups II and IV, droplet diameter increases with in=-
crease in orifice diameter, all other conditions the same,

Comparing Groups I, V and IX at the same orifice diameter and
injectlon rressure, the droplet dlameter decreases with increase in Mach
number and total pressure,

Comparing Groups II and III, the Hzo droplets ares larger than
those of alcohol at the same conditions, A similar conclusion can be
made for Groups VII and VIII,

It appvars that the method of injecting the liquid into the gas
stream has no effect on droplet diameter, at least among the seven
schemes used by Volynskiy., This may not necessarily be true, Volynskly
collected his droplet datx at some distance downstream of the injection
point, where the gas velocity was 200 to 260fps, By the time the drop-
lets reached that location, it is quite possible that the method of

injection could nct be discerned from the droplet data,

28



The droplets were collected on a layer of carbon covered by the
vapors of burnt magnesium (Mg0), at a distance from the point of injec=
tion where the speed of the gas flow was 60 to 80 m/sec, The layer was
applied to the flat of a special rod (closed cylindrical case with a
slot) placed along the cross-sectional diameter of the gas fiow, Volynskiy
claims that since the carbon layer thickiess was 0,5 to 0,6mm, the dif-
ference between imprints of che drops and their actual size could be
ignored, That is, he did not apply a correction factor (impression
coefficient = imprint diameter/droplet diameter) to his measurements,

The imprint diametors were measured with a microscope. The average error
of measurements was + 2 to + 4 microms,

Volynskily criticizes Bitron for attempting to use the Nukiyama-
Tanasawa equation to describe drop size in the supersonic regime,

Also in his paper, Volynskiy investigates jet penetration ana-
lytically and experimentally using the photographic spark method to make
his observations,

b, Liguid Jet in Subsonic Gas Streams Hrubecky(Bz) conducted ex-

periments in liquid atomization by air streams, Water was injected both
parallel and normal to subsonic air streams, although 4 tests were con~
ducted at Mach 1, He found that the Sauter mean diameter, D32, decreased
with increase in air velocity, and that parallel liquid injection gave a
better degree of atomization than did perpendicular injection. Good
agreement was found for 032 between his experiments and the Nukiyama-
Tanasawa correlation for ng>10? meters/second and 1,000<ZQ8/Q1<:5,000.
For ng>140 meters/second and Qg/Q1:>10,000 his experiments produced con=
sistently lower values of D32 than those predicted by Nukiyama-Tanasawa,
(33)

Clark studied the breakup of a water jet injected at right

29



angles to a subsonic gas stream, He produced an expression for relative
cross-sactional area remaining at any point in the jJets

A, = [0.00392(7.68 €-1) (€ -1)2'31‘&1]’1 (9)

where E=E& Xmﬁ)zre .Y..E.‘i.]-:)z
P1 1% é %

He found liguid jet breakup to increase with (1) increase in gas velocity,
gas density and action distance and with (2) decrease in liquid jet dla-
mote> and velocity, Also, he Tound that liquid jet spreading takes place
transversely to the gas flow, A look at the spreading parameter, €,
reveals that spreading of the jet is an inertial effect,

Limper(ju) injected two different liquids, water and oil, para~
llel in a gas stream (235 to 900fps), A tube through which the liquid
was injected was placed in the throat of a venturi tube, He compared

the observed D, with ithose predicted by the Nukiyama-Tanasawa equation,

32

In all cagses the observed D as substantially larger than predicted,

32 "
even though the Nukiyama~Tanasawa enuation was developed from a parallel,
subsonic gas flow arrangement,

Welss and Horsham(6) conducted an experimental study to determine
the drop sizes obtained when a liquid (molten synthetic wax) was injocted
contra or costream to high velocity airstreams, They developed the cor-
relation equation

i(fﬁf - 0.61[VL, 2/3 (1 + 103?5 (wpldp, )1/12 10

o o 01 Hy

vhere X =« D and V = vrel

mass median
One can see that the terms on the left side of the equation form a Weber

number, They found that (1) relative velocity between the liguid and air-

streams is of primary importance; (2) physical properties of the fluids

30



affect spray fineness but thelr influence is not donminating; and (3) the
way in which the liquid is introduced is laast important, The drop dia-
meters >bhserved in thoir study were 35 to 100% l.:.vger than those pre-
dicted by the Nukiyama-Tanasawa equation,

Mayer(is) (35) conducted a theoretical analysis to determine
drop sige distribution obtained by atomization of a ligquid jet in a
high-velocity gas stream, The analysis was based on the sheltering
theory of Jeffreys, He postulates that drop size distributlon is a

function of wavelength, Ultimately, he derives an expression for mean

dronlet diameter

D = 9 ~J16 B TVCTIN 2/3 (11)

—— A ey s .

2
?SVG

He claims the thecretical result for D is in satisfactory agrespent with
the data of Weiss and Horsham(é).

Adelberg(lé) (39) conducted an gnalytlcal study to determine
drop size resulting from liquid 32t breakup in a high velocity gas stream,
His approach was similar to that of Mayer(ls) but oriented for a liquid
Jet rather than an infinite liquid surface, He divides the flow field
into two regimes accoxding to 1elative dynamic pressures (.) capillary
wave and (2) acceleration wave regimes, Adelberg's analysis in the ac~
celeralion regime has bsen shown by Harvey(lu) to be incorrect, An

equation for mean drep size Ls derived for each regime:

3




Capillaxy Wave Regime

- .o 1/2 g\ 1/241/3~ ,
21 = 2,4D H]_(Ql) [1~K1[5(W/2)1/293/2]
2 k
BRv 5 (12)
Acceleratiocn wavelﬂegime
2% = 65,3 | My 0’/91) t/z\ 2/ (13)

Qv?
[z g8
He snggests [3 =1, o= ,06, Ky = 1

jcr = gheltering parauweter for caplllary regine

Critical ¥Havelength
r 3 2 ~ -2 1/2 .
1= r, o'D/CDo(Bin @)/z ngg } (14)
If 1< 1cr’ capillary waves dominate

if1 :>1cr' accelesration waves dominate

The report by Ingebo and Foster(3) is one of the inost referenced
works relative to drop~size distribution resulting from transverse in-
jection ot a liquid jet into a high velocity gas stream, Various liquids
(iso~octana, JP-5 fuel, water, benzene, carbon tatrachloride) were in-
jected through simple orifices (,010, .020, ,030 and ,040 inches in dia-~
neter) at right angies to a subsonic gas stream, Alr velocitias ranged
from 100 to 700 feet/second while the air temperature range was from 80
to 900°F, Maximum Mach nuuber was less than 0.4, Liquid injection
velocities were varied from 35,5 to 204 feet/second, The length-to~dia~

meter ratios for ths crificss were short, being 1,00 ard 4,65, Ingeto
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and Foster concluded that liquid jet veloclity and length-diameter ratio
had little efrect on mean droplet diameter, Thirteen of 43 tests were
conducted at elevated temperatures (temperatures above 90°F), No consi-
deration was given to droplet evaporation at the elevated temperatures,
By means of dimensional analysis, the investigators were able to
correlate the volume mean dlameter, D30, and orifice diameter, Do, with

the Weber and Reynolds numbers in the following manner:

0.25

= 3,9/(WeRe) (5)

D
30/Dc
where We = PngZDo/o’ and Re = DoVg/ vy
A simllar expression was obtained for the maximum drop dilameter, Dmax.
029 (15)

The ranges for Dmax, DBO’ We and Ra were respectively 60 to 375 microns,

Dmax/Do = 22,3/(WeRe)

M to 103 microns, 7x1073=~13 and 11,100 to 366,000,
Three distritatlon funcrions: log-probabllity, Rosin-Rammler and
Nukiyama-Tanasawa, were used to determine the volume mean diameter, Djo’

for the experimental iita, These expressions are respectivelys

O

o ( .

' \'2 "S-? 2

ERN-IASN »
/T’ oo

vhere R = volume fymction of drops having diameters greater than D

and y = In(D/,)
R = e"(D/—ﬁ)q (Rosin-Rammlor) (17)
and
@ = 507%™ (18)
dd 120
Fest results were obtained with expression (18, U:ing the ompirical



relations (5) and (15) and Do = 3,915/b, equation (18) becomes

+0, 04

3

G 10525 (weae)+o.aue-2z.3(w¢ene) D/ ppax (19

dab Dmax
This is the drop size distribution expression which best fits the data,
Droplet data was obtained by using a high speed caresa, capable

of taking phot~microgzphs, in conjunction with a sampling probe from
which liquid conzentration data was cbtained, Photographs and sanpling
data were obtained by making vertical transverses along the spray center-

ine normal to the alrstream and at a distance of 1 inch downstream from
the injector, They discovered that vertical transverses made at dis-
tances of 1 inch on either side of the spray centerline showed nc¢ mea-
surable effect of horizontal displacement on drop size distribution,
"hey also noted that the larger drops tended to move farther out into the
alrsiraam than did the smaller drops " a2c se of the greater momentum of

Lthe larger drops., Further, they ocbser. that D., decreased as alrstreanm

30
velocity increased, D30 is affected very little when both liquid and air
temperature are increased, The effect of air viscosity was found to be
negligible, hence liquid-film resistance, surface tension, appeared to

control the breakup process,

¢. Liquid Jet in Still Air: The purpose of Popov's paper(37> was

to determine the similarity laws for the atomization of liquids with con-
stant properties and verify them by comparison with model experinments,

He wrote the mass and momentum conservation equations for the liquid
stream and gas into which the liquid was injected. He also wrote the
laplace equation for the pressure difference betweern the liquid and gas
due to surface teusion, These five equations were then nondimensionali-

zed and various dimensionless parameters were identified, Those which

Y



Wwere significant for a liquid jet injected into still alr were Reynolds
number, Ohnesorge number,}ii/dffgﬁ, density and viscosity ratios. He
found that gas viscosity effect on atomizati~n was negligible, Hence, the
gas-1iquid viscosity ratio need not be considered in the modeling experi~
ments, The liguids he modeled, and to which he applied che scaling laws,
were water and carbon tetrachloride., He obtained very close results te-
tueen the "full scale" and model liquid data, Correlation was excellent,
Drop size distribution and variation of mean diameter as a function of the
dimensionless parameters are presented,

Eisenhlam and Hooper<38) studied the flow characteristics of
laminar and turbulent liquid jets injected into still aix, but no drop
size measurements were taken,

Harmon(z) presents a review cf many of the early works on the
breakup mechanism, disintegration ard atomization of liquid jeis in his
dissertation, The works of Schweitzer, Haenlein, Merrington and
Richardson, Baron, Balje and Larson, Castlemzn and Lee and Spencer are
discussed, The regimes in which these investigations were cenducted are
outside that of interest In this investigation, A comprehensive review
of the early (up to 1954) theories and investigaticns on liquid jets is
also presented by Pilcher and Miesse in the first chapter of the rep:at
by Putnam(39) et, al, It would be superfluous to reiterate a discussion
on these works here, since they are gv adequataly discussed b, Harmon and
Pilcher, Harmon developed an equation for the prediction of iie Seuter
nean (volume to surface) drop diameter resulting from injectirg a liquid
Jet into still air. The devrivatinn of the scuation was Initlated by an
energy balance on the jJet~spray system, The equation was nondinensionali-

zed and correlated with available data tn obtain

RN



b, _3.00107") [ _He 0'3(&1 t3® (20)
B oAb
) . 0.052

o\ ) 5

o \ Ve |

In a latter publication(uo), Harmon revised the form of the equation to

m 2 15
(21)
D3 . 1,33(10°) ‘TDg91 =
D . 9
0 Q.30 R P
Pg }Ll

The term in the numerator can be identiiled as a mixed Ohnesorge number
while those in the denomirator are mixed Reynolds numbers, Harmon con-
cludes that drag on the jet 1s the most important drop forming mechanism
tn a high speed spray issuing from a short nozzle.

Chen and Davisan') studied the disintegration of a turbulent water
jet Injected into still alr, They investigated the characteristics of
the jet surface disturbance, length oi the continuous Jet and the initial
drop size, These were formulated by dimensionel analysis and expressed
in terms of the Weber and Reynolds numbters, Pipe diameters were 1/4,
3/8, 1/2 and 3/% inches, Length/diameter ratio was 100, The ranges for
Injection velocity, We and Re were respectively 16 to &0fps, 50 tec 250,
20x103~500x103. They found that turbulence and suxface tension forces
were the predominant factors affecting disintegration. Amplitude and
wavelength increased along the axis of the jet, Breakup distance and
initial drop size increased with We, Unfortunatsly, no mean drop size

data or drop size distritution infermation was presented,
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Two Russian reports which investigate the atomization of liquids
and jets are those by Borodin(uz) et, al, and Sitkei(uB), The report
(book) by Borodin mainly discusses atomizers, while Sitkei is interested
in fuel atomization for diesel engines,

d, Closure:s The papers discusced above comprise virtually all the
pertinent investigations which attempted to correlate mean droplet dia-
meter resulting from a turbulent liquid jet with flow conditions and
fluid properties, Only one paper was fcund that attempted to correlate
droplet data for a jet injected into still air, that of Harmon(z).

Much of the early work on liquid jets dealt with laminar flow because

it was more amenable to analysis, Practically all papers in recent
years were motivated more by application than by primary interest in
1iquitl jet breakup., Many reports were found regarding atomization de-
vices; howover, since the soray resuliing from these devices i¢ not that

of a true liquid jot, discussion of these reports was not included,

3. Comparison of Droplet Equations

Table IT presents the exponent values for the varlables which appear
in the various droplet correlation equations, The slash mark shown for
some varlables indicates that two values for those variasbles resulted
from the particular equations, The correlatlon equations span the
supersonic, subsonic and qulescent gas environments, The manner in
whick the liqu’d was injocted was elther transverse or parallel to the
gas streams, Althouzh the method of injection and the rangs of gas
conditions were quite different, some simllarities exlist among the equa-
tions, By scrutinizing Table II one can make the following observa-

tionst
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1) The most prevalent variables, regardless of gas enviren-
nent, are jet orifice diameter, gaz and liquid densitles, gas velocity
and surface tension

2) The effect different variables have on droplet diameter
(directly or inversely proportiw.al) is consistent, regardless of gas
environment, Two exceptions to this are liquid velocity and surface
tension in the Harmcn equation, which was the only correlation equation
found for a jet injecting intc still air; and

3) The significance of a given variable, i.e,, strong or weak
influence on droplet diameter, varies wlthin and among the flow regimes,
Bitron attempted to extend the Nuklyama-~Tanasawa =2quation, which was de-
veloped for subsonic parallel flow, to supersonic transverse flow,
Although he concluded this could be done, his data does not sutstantiate
his conclusion, This was discussed in Section 2, The Kurzious and Raab
equation resulted from the correlation of Bitron, Ingebo and Fostexr and
Volynskiy data. There is an incongruity in the Kurzious and Raab cor-
relation in that Bitron, Ingebo and Foster and Volynskiy each corsrelated

to a different mean droplet diameter, these being D and D

32* D30 nedian’
respectively, It would be extremely fortultous if all these coincided.

A lcok at the Mayer and Adelberg acceleration wave equations will reveal
that these have the same form and the same exponent value for each vari-
able, However, Mayer's equation was developed for the capillary wave
regime, A review of all the equations in Section 2 will also reveal that
Reynolds and Weber numbers are prevalent, but mixed in that the variables
in some of the dimensionless groups belong in part to the liquid and in

vart to the gasy that is, the dimensionless groups are no. defined in their
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conventional manner,

L, Drrolet Measurement Techniques

The analysis of a spray in terms of drop size distrlbution is pro-
bably the most imvortant single problem in the study of atomization of
liquids, Research on the mechanism o atomization would be greatly en-
hanced by a simple, accurate and rapld method for determining the drop
size distribution of the spray, The fact that such a zethod is lacking
i< tho main obstacle in atomization studies, Lewis(ab) established a
1ist of criteria for the ideal droplet measurement and recording systea,
The system shouvlds

1) not disturb the spray pattern or atomization mechanismg

2) be able to sample at various times and at various points

in a given suray;

3) not be restrictive as to the choice of liquids employed;

4) not be restricted to ambient test conditions;

5) apply to all ranges of flow, velocity and dispersion;

6) provide a permanent record, and

7) Dbe inexpensive to purchase and operate,

Twe investigators, Hatthews(QS) et,al, and Putnam(Bg) oet,al,,
have conducted extensive surveys on the various droplet measurement

techniques and categorized them as shown belowt




TABLE IIIs CROPLET MEASUREMENT TECHNIQUES

Matthews, et,al, Putnam, et.al.
1, Electrical and Elect—onic Electronic and Radioautographic
2, Deposition and Colliection S1ide or Cell Collection
3, Light Scattering Light Scattering or absorption
L, Fluorescent Photography Direct Photographic
5. Streak Photography Cascade~Impactor
6, Spark Photography Freezing and Sieving (Wax)

7. Pulsed Lasor Holography

Each method has its advantages and disadvantages, but none is entirely
satisfactory, All of the techniques may be criticized for one or more
reasonst questionable accuracy and assumptions, undesirable physical dis-
turbance of the spray, complicated equipment, etc, The most common ob-
jection to any method is that it is too tedious and time-consuming.

A1l of the drop size investigators used one or more of the
techniques listed in the Table, Nukiyama and Tanasawa(u) used the glass
slide method f'rom which photomicrographs were made to size the dropletas,
Bitron(17) used the same technique as did Volynskiy(S). Ingebo and

(3)

Foster used a high speed camera to obtain photomicrographs, Weiss
and Horsham(é) in their investigation used the frozen wax method, The
data produced by these investigators is considered good and is generally
accepted,

A brief description, along with advantages and disadvantages,

of some of the droplet measurement techniques listed in Table III is

given belows

L1
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The techniques listed in the Table above are the type i ivesti-
gators might consider in selecting a means for measuring droplet size
in a high speed flow field, The Table is by no means complete, since
a number of tec niques such as electrical and electronics systems,
fluorascent photography (which uses fluorescent light emitted by the
drops in an exciting radiation sheet, Rice(ué)) and the Cascade~impac-
tor have not been discussed,

The holographic technique was chosen for this work because of
its many advantages. U'hlle not devoid of disadvantages, it satisfies
many of the criteria as set forth by Lewis, Assuming the recording
and reconstruction systems are operational, acquisition and reduction
of the droplet data is quite simple and, relatively speaking, more rapid
than any of the other techniques, The characterization of the spray is
more comprehensive in that a three~dimensional record %s obtained in
one exposure, but temporal variations are not recorded, This short-
coming can be eliminated by taking a number of holograms at the same
test conditions to obtain a time average of the size and spatial distri-
bution of the droplets, Although holography does alleviate some of the
tediousness of acqulring a large amount of dats, the ultimate goal of
automatically retrieving the droplet data from the holograms has not

yet been achleved,

5. Holography
The intent of this sectlon .5 to famillarize the reader with holo-~

graphy, A qualitatl discussion follows which describes holograpay,
how to make and viev hologram, and the particulars one must consider

and tasks he mus:- yperform in order to produce znd properly view a




high-quality hologram, A discussion on the pulsed ruby laser is also
included,

"Holography* is the technique of rocording an image of an object
using the entire content of the light reflected or transmitted by that
object"(u7). The entire content of light includes its intensity, wave-
length and phase, Only the first two are used in conventional photo-
graphy. In holography, the phase content of the light is also used,
For a light wave to have phase content, ths light source must emit waves
with a well-defined phase relationship. A laser provides the light
source which satisfies the phase content requirement, Holography is a
two-step process by which images can be formed, In the first step, a
complex interference pattern is recoxrded and becomes a hologram, In
the second step, the hologram is illuminated in such a way that part
of the transmitted light is an exact replica of the original object
wave, This is czlled reconstruction of the wave front. The concept of
the two~step method of optical imagecy was first concelved in 1947 by
Dennis Gabor, a British research scientist, Holography as is known
todasy had to wait until the advent of the laser (1962) which provides
a light source with the necessary temporal and spatial coherence re-
quired to produce good holograms,

The holographic method differs significantly fiom the conventional
photographic process in several bzsic respects, and has distinct advan-

tages in many areas, The basic difference between conventional photo-

®¥'holo" is derived from the Greek word "holos" which means com=-
plets, entire or total; "gram" means writing, drawing oc recox ing;
when the two are combined, they produce the werd "hologrwm" whic* means
the complete or total record of a scene,

TR ek, Bt pnsotss
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gravhy ard holography is that in holography the object wave itself is
recorded rather than an image of the object. Thls wave is recorded in
such a4 way that a subsecuent illumination of this record serves to re-
construct the originas wave object even in the absence of the original
object, The most obv.idyus advantage of holography is the ability to
store enough information about the object in the hologram to produce a
direct tnree-dimensionzl image complete with parallax and large depth
of focus, The quality of the holographic image is less sensitive to
the characteristics of the recording medium than 1s the quality of a
photograrh, In addition to the three-dimensional capatility, holograms
possess other properties:

a) the hologram has a field of view that ls limited in general
only by the resolution of the recording mediumg

b) the s pth of fleld recorded in a holosram is limited only
by source bLandwithy

¢) every small part of ths photographic material on which a
hologram is recordea contains all ~lements of the image. The hologram
nay be cut into small pleces and it still will e possible to reconstruct
the entlire imare from each plecey

4) 17 the lignht source used for wave front reconstruction is
menochromati., tue imare is alsgo monochromaticy and

e) the imire 1s :ecconstructed only as a result of the diffrac-
tion of Lre light and rot because of the actual irtensity,

There a~c many types of holograms, some of which ares Fresnel

‘near=Ffieln), *ramhofer (far-field), in-line, off-axis, tranamissica,

“hoeg oand Coae o canuforr; o name o few, The paper by lLelt

Al e gt ot ttee they o vactow tavie ot oaloee o, The
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original Gabor type hologram was in-line, With thls type of hologram,
the source beam is not split into two components, The beam 18 directed
toward the object, USome of the light 1s scatt.red by the object and
some impinges on the pholographic plate witheut first encountering the
object, This type of holography has some disadvantages which can be
eliminated with an off-axis arrangement which spliivs the source beam
into two components, the ecene and reference beams, The idea of off-
ax)is holugraphy is credited to E, Leith and J, Upatnieks of the Univer-
sity of Michig&n(hg). The component beam that is directed toward the
object is scattered or diffracted by the object, The beam that proceecds
directly to the recording media is the reference heam, Since the scene
and reference beams are mutnally coherent, both having originated from
the same monochromatic light source, they willl form a suitable inter-
ference pattern when they meet at the holographic plate, 3Some advan-
tages of the off-axis (sideband) reference beam method are:

a) ellminalion of critical film processing;

b) elimination of the effects of self-interference between
different points of the ob ect;

c) 1t makes reconstruction possible for objects that do not
transmit a large portion of the incident wave, Any transmitting or
reflecting objuct can be photographed;

d) the real and virtual images are separated; and

¢) the Image quality is relatively insensitive to recording

nonlinearities,

The disadvantares ares  high requirement: on coherence and stability of

the system and necessity for higzh resolution tilms,

in 1964 with the :ivent of the gas laser, lelth ard Umtnieks intro-



duced the concept of diffuse illumination holography(so). By placing

a diffuser such as an opal glass behind the object, a hologram is formed
of both the diffuser and the object, In this way, it is possible to
view the image formed frum the hologram by merely looking through the
hologram as through a window, which was not the case prior to this time.
This type of hologram has other advantages:

a) the information about any single object point is recorded
over the whole photographic plate insteaud of a 1:l correspondence be-
tween a portion of the hologram and a reglon of the object, Therefore,
only a small part of the hologram is required tc form an image of the
whole objects and

b) another advantage is that dirt or scratches on mirrors, beam
splitters and/or lenses used in making the holograms no longer repre~
sent the problem they did in the earlier types. Most of these imper-
fections are, to a great extent, smeered out over the whole plate and
thus have a negligbiy 3mall effect on the reconstruction,

Perhaps the single most important aspect of this technique is the ability
to record holograms of diffusely reflecting three~dimensjonal objects.
The type of hologram which was produced in this investig ’ion war an
off-axis, Fresnel, diffuse 1llumination hologram, vhich explains why
the detailed discussion of this type of hologram was presented above,
In the following paragraphs, the recording, reconstruction and considera-~
tions involved with the off-axis type hologram will be presented,

A holographic system consi.ts of three major components

1) a laser illuminator (a coherent 1light source);

2) a hologram camera (a system of mirrors, lenses and beanm

splitters), and

48



3) a reconstructor (a means of duplicating the reference beam
to reconstruct the wave front),

By far the most common and important light source for holography is
the laser-gas or solid state (pulsed ruby laser), Of primary interests
are the temporal and spatial properties of the light, All light waves
emitted by a laser start together and therefore are in phase, This is
called coherent light, Coherence can only be obtained with monochro-
matic light that is consisting of a single or a few wavelengths, The
Wavelength is characteristic of the type of laser, such as helium-neon,
ruby, etc, The pulsed ruby laser is the most often used solid state
laser for holographic application, emitting light at a wavelength of
6,943 angstroms, This wavelength is approximately at the limit of the
long wavelength cut-off for red sensitized photographic emulsions, but
is nevertheless still quite usable. The ruby iaser has a mach smaller
coherence lengsth (a few centimeters) than the gas laser, so that one
must be careful that the path length differences between the scene and
reference beams do not excecd this length, Because a ruby laser is
pulsed, it has some very definite advantages over a continuous source
such as a gas laser for some holographic applications, Because of this
short pulse duration, some objezt movement can bc tolerated during .
exposure, Fulsed laser holography has an advantage of circui e .ag the
depth of focus problem associated with small objects in motle., Short
pulse duration is accomplished by Q-switching the laser oscillator. It
is the .echnique of 1solating one of the end mirrers cf the laser caviuy,
J-switching is accomplished with a Xerr cell which contains nitrobenzene

or a dye cell which contains a dye sach as chlorophyl D or cryptocyanins,

A detalled description of Q-awitching and cells which accemplish it can

R



be found in Huerker(si).

The major drawback in making a hologram with a pulsed laser is the
limited coherence length, Another drawback to the use of a pulsed ruby
laser as a source for holography is that the wave front of the output is
not simply defined, However, holograms can be successfully produced
using a pulsed ruby laser without mode control by careful cholce of the
optical arrangement to minimize the effects of the relatively low tem-
poral and spatial coherence of the ruby laser light, This is accomplished
by arranging the holographic system for zero path difference between
object and reference beams and also by matching as closely as possible
the relative operational positions of the two wave fronts, When these
two conditions are met, the two waves y¥ill be coherent with each other
and a good hologram will be recorded, If there is a path mis-match,
the reconstructed hologram appears dim and hazy instead of bright and
clear with good contrast and high resolution., Spatlal coherence is the
consistency of phase across the output of tne laser as a function of
time, The desired situeatlion is where phase is constant across the full
output of the beam independent of time, In recording the hologram,
both reference object beams must have well-defined wave fronts which
are constant in time, Temporal coherence (coherence length) is the
distance two beams from the same source can be mis-matched and still
interfere, Teamporal coherence limits the size of the object that can
ve photographed holosraphlcally, In this investigation, 2 pulsed ruby
laser was used because of its high snsrgy and ability to make hologranms
of moviag obJacts, In the paper Wuerker and Heflinger(sz) describe how

coherence length of a ruby laser can te improved,

Tu obtain a hologram, oace must have a light source with sufficient
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temporal and spatial coherence, The optical system must be stable and
one must have high resolution film to record the fine interference pat-
tern, The following <omponents are required for constructing holograns
of three-dimensional objects:

1) a gas or pulsed laser;

2) a stable platform for maintaining all componens except the
laser (not necessary for pulsed lasers)s

3) front surface mirrors 1/4 wavelength flat;

L) beam splitters 1/4 wavelength flat;

5) lenses for diverging and collimatinz laser beanmsj

6) photographic plate or film holder; and

7) high resolution photographic nlates,

Figure 6 shows the arrangement for racording an off-axis Fresnel
hologram, One starts with a single monochromatic beam of light which
has originated from a very small source., This single beam of .ight is
diverged and collimated and then split into two components, one of which
is diresctod toward the object or the scene; the other is directed to a
suitable reccrding medium, usually a photographic emulsion, The com-
ponent beam that is directed towaxd the object is scattered or dif-
fracted by the object, This scattered wave constitutes the object
wave which 18 now allowed to fall on the recording medium, The wave
that proceeds directly to the recording medium is termed the "reference"
wave or bsam, Of fundamental importance in making holograms is the
relative stren.th or intensity ratio of the object and reference beams,
An object reference heam ratlo of unity at the hologram is recommended

for reconctruction with maximum contrast, All investigatcrs are not in

agreement with this, [he intensity ratio of the beams, for best results,

(Xl
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varies with the application and the object of which a hologram is being
made, Since the object and reference vwaves are mutually coherent, they
will form a suitable interference pattern when thoy meet ut the recording
medium, This interfersnce pattern 1s a complex system of fringes in
statial variations of irradiance which are recorded in detail on the
photographic emulsion, The emulsion will be exposed only in areas where
the beams reinforce ard not where they cancel, The microscopic details
of the interference pattern are unique to the object wave, Different
object waves will produce different interference patterns, Holograms
may be recorded with diverging,collimated or converging reference beams,
If care is taken to maintain the recording geometry during reconstruc-
tion, it is possible to form holograms with an arbitrary reference Leam,
The only requirement is that it be coherent witli the object beanm,

As mentloned earlier in this Section, holography is a two-step pro-
cess, recording and reconstruction, After recording the scene on the
hologram, the holographic plate is then developrd in a manner similar to
a photograph, See Chapter III, Section 2.,¢, The hologram can ncw be
reconétructed; that 1s, the t. 1e scene image is made visible by suitable

i1lumination even though the object is not present during the reconstruc-

tion process, Reconstruction of the hologram wavefront is required so

the data can be retrieved from the hologram, Reconstruction is accom-
plished by i1lluminating the hologram with a light source whose wave-

length is the same as or similar to that of the reference beam used in

A

&
Y

[

recording, In other words, one reconstructs the hologram by simulating
the recording reference beam, The holographic plate is oriented to the

rzeonstyuction light source similar to the way 1t was oriented to the

!7

recoming light source, That s, the emulsion cide of the plate faces



the 1lluminator and the angle the plate makes with the reconstruction
beam 18 approximately the same as it was during recording. If the re-
cording reference beam wa: -~ollimated, the reconstruction beam should be
collimated, otherwise some aberrations are intrcduced and the image will
be distorted, Coherence requirements are much lower for viewing than
for constructing 2 hologram, In the reconstruction process, twou images
can be recovered; a virtual image which forms behind the hologram plate,
and a conjugate or real image which forms in front of the hologram, The
virtual or real image of the scene can be viewed depending on how the
plate is oriented to the light source, If one of the images is being
viewed, the other can be viewed by rotating the plate 180° keeping the
emulsior side of the plate facing the 1)lluminator., The virtual image is
usually viewed for qualitative information, since it can be readily seen
with the naked eye, while the real image is used in the retrieval of
quantitative data, The real image is difficult to view without the aid
of a lens or bvackirop.
There are several factors that can limit Lhe resolution of holo-

grapvhic image:

1) the size and bandwith of the source providing the reference
and reconstruction beams;

2) the resolution capability cf the recording medium; and

3) the geometric aberrations that can arise,
High quality holographic images require a narrow band light source both
for recoxrding and reconstructing the hologram, Every recording medium
will have an upper 1imit on the spatial frequencies it is capable of

recording, The five Seidel aberrations, spherical, coma, astigmatism,

field curvaturc and distortion,are all pesent in a general holographic

[
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system, All of these primaxry aberrations will disappear simultanecusly
by using plane wave (collimated) reference and reconstruction beams of
equal tut opposite off-set angles and by scaling the hologram in the
ratio of the wavelengths, Champagne and Massey(53) have found that the
1imiting factor in the resolution of lmages was the angular aligiment
of the reconstruction wavefront, In their paper, they also present the
equations for spherical aberration, coma, astigmatism and the correction
needed to compensate for change in wavelength by the recording reference
and reconstruction beanms, Latta(Su) (55) has analyzed hologram imagery
and aberrations peculiar to the type of hologram and those introduced

by a wavelength shift, He developed a technique for aberration balancing
to reduce aberraticns in off-axis holograms, Meier(sé) concludes that
all aberrations can be made to disappear simultaneously from an image by
using parallel reference and i1lluminating beams, by glving the latter an
off-axis position proportional to that of the reference bteawm and by
scaling up the hologram according to the wavelength ratio. A change in
wavelength between the recording and reconstruction reference beanms
causes a shift in the position of the object by a ratlo of the wave-
lengthe of the two beams, If the reconstruction light source has a
wavelength different from the recording light source, the angle at

which the hologram is placed relative to the reconstruction light source
has to be different from that used in recording in order to properly
illuminate the holegran, Smith(57) shows the sensitivity of & hologram
to orientation and wavelength, His book and that of DeVelis and
Reynolds(sa) are cxcellent treaties on thes principles and theory of

holograrphy.
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6, Droplet Statistics and Distribution Functions

It has already been stated that accurate knowledge of the droplet
size distribution as a function of system pa_ameters, flow conditions
and physical properties of the spray, is fundamental to determining the
mechanism by which the jet is atomized, “nis is why an accurate method
for measuring drop size is needed, Cnce the droplet data is obtalned,
then a means of handling and reducing it into a form which can be used
to describe the spray is necessary for mathematlcal analysis and corre-
lation purposes, This is where the concept of the various mean droplet
diameters and size distributlon functions come into play, They provide
a mathematical means for characterizing the spray in ovder to make
analysis more tractable, so a better understanding of the atomization
mechanism can be obtained, In .als Section, a discussion of the mean
diameter concept and some of the distribution functions used in droplet
and particle size investigations will be presented,

a, Mean Diameter Concepts A spray may be characterized by an ap~

propriate mean diameter, In some cases, it is desirable to work with an
average diameter rather than the complete drop size distribution, How-
ever, a given mean diameter only describes a single point of a distri-
bution and there are many possible distributiors which have the sane
mean diameter, Hence, in order to use the muan diameters properly and
effectively, they must be used in conjunction with a given distribution
function, The number mean or linear average diameter is ohtained using
the equation

D10 = 2048,

I/
= (22)
LN




where Di = mid-diameter of a given size class

N1 = number of droplets in a glven size class

For a smooth distribution, the equation can be expressed in integral

form:

o nax

'}Dmin
Dmax

///Dmin

where dN/dD represents a number distribution function; rate of change of

e

o

10

gl
&

(23)

Bl&
=

number of droplets with change in diameter, If dropiLet surface area is

of interest, one would choose the surface mean diameter

D
nax
( 0* ¥ 4p
D dD
nin (24)

-2 /
Do = =%
nax
dN
/SD db i
min

The general equation for mean diameters in terms of number distribution

is

D
max .q
D* dN
q~p f i dD
D = 7 Dnin
ap 5

(25)
mex op an D
D dD
min
In terms of volume distribution the equation becomes
D
max  pa-3 gy
q-p O dD
P« / Pnin (26)
Q=P D
max  pP-3qy
D dD
Drnin
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since the number and volume distributions are related by

aN = 6 av (27)
d 3 @

Equations (25) and (26) relate the various mean diameters to a given
distribution function,
Mugele and Evans(jl) presented the following table of mean diameters

and their fields of application:

TABLE V: MEAN DIAMETERS

P+ q NAME OF MEAN
p q (Oxder) DIAMETER FIELD OF APPLICATION
0 1 1 Linear Comparisons, evapora~
tion
0 2 2 Surface Surface controlling -
e.&., absorption
0 3 3 Yolume Volume controlling -
e.8.y hydrclogy
1 2 3 Surface Adsorption
diameter
1 3 L Volume Evaporation, molecular
diameter diffusion
2 3 5 Sauter (Volume~ Efficiency studies,
surface) mass transfer,
reaction
3 L 7 DeBrouckere Combustion equilibrium

Another mean diameter which is often of interest but not listed in the
Table is the number (volume, mass, etc,) median di~meter, It is the
size above and below which the total number (volume, mass, etc.) is the
same, irrespective of their size, Tt is the 50% point. One can see that
a spray has four characteristice: the number of droplets, their dia-
meters, surface area and volune,

The mean diameters are not all indeperde,: “vi. each other and
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certain relationships exist among them, By using equation (25) one can

show that

In general

where ¢ is an uncommon index, For a relaticnship to exist between two
diameters, one of the indices, either the p or q, of one diameter must be
common (the same as) witi one of the indices of the second diameter, For
example, Du3 and D30 or D32 and D31 can be related, but not D20 and D31.
Two different distributions of drop sizes may have the same value for

one of tha mean dlameters and yet entirely different values for the other
mean dlameters, This 1s 1llustrated in Table II of Mugele and Evans(Bl).

b, Distribution Functionsi The real task of droplet data proces-

sing i1s to replace the actual droplet point distribntionm with a represen-
tative curve distributioa, Distribution expres.ions are used to mathe~
matically describe the drop~size distribution in a spray, According to
Miesse and Putnam(Bg) a suitable expression would:

1) fit the data adequately;

2) allow for extrapolation;

3) permit easy calculation of mean sizes and other parameters
of intersst:

L) furnish a means of consolidating large amounts of data; and

5) give an insight into the fundamental mechanism of dreplet

production,

Size distributions can be expressed in terms of any of the ollowing

four quantities:



15 the incremental omber N, of droplets within a size

range (D - AD) <~ L < (0 _AD)
2 2

2) the increnental volume (mass), AV, of droplets in the size
rarce ADy

1) 4ue cumulvt tve numder of dvoplerz, N, less than a given size,
Dy and

4) the cumu.iitive velum. ef dAvoplets, V, less than a given
size, D,

The type of curves obtained from i%ms 1) or 2) when di and ¢V are
daD dar

plotted versus diameter, D, 15 a skowed "bell" shape, in general, When

dd and dV are integrated and piotted versus D, the cumulative distri-
dD aD

rution »f items ) and 4) are obtained, and the curve shapes are usually
strevched out "3's"., The aumber and volume distributlonz are related by
equation (27), A convenient way of using these distribution functlions
15 to normalize tlie number ard volume with the total number and volume,
gurh that N oand V are the number snd volume fractions of droplets having
if2meter less (or creaver) than a given incrementali diameter, D, Data
sevresenting voiume fraction instead of num' 3 fraction will yield a
~irve showed toward the larper diametars on a dV/AaD versus D plot because
pach rlars ~4ze is new welghted In proportion to Dq. One large drop
caalt o orafadow he effect of pany small Crops,

Ideally, the covrelitlon coc “ficients or parameters of a distri-

AYor Fanccdon car ve eefated 4y, (e Yundamental me chanisms of the coeray
“ L T i 0 iyt fimetione to che cacterdse the droplet
e e e ape b ers ol vined Crom the vaw data with

vt eyt i, s - H vyt e oy



o
5%

v
Tt 2x
e

-

e

o

&

T g
3y

Rt
g

LS
-5 ,m‘ s

.“,{;\‘

. FE
2 -

.
N
e
.

X

2
N

[EANN

e

G
<

W

well a given curve represents the actual spray, Certain statistical
tests such as Chi-square goodness of fit, F-ratio and T-distribution,
are applled to determine how well a given distribution function models
the data and at what confidence level, The manner in which the droplet
data is grouped into intervals or class sizes plays an important part in
confidence level, The more diameter class sizes there are, the more
dropiet counts need to be made in order to maintain a given confidence

60)

level, The monograph by Herdan( glves a comprehensive treatment to
small particle (droplet) statistics,

Four unimodal distribution functions were selected to model the
droplet data resulting frow this investigation, They weie Log~Probabil-
ity, Upper-Limit, General Exponential and Nukiyama-Tanasawa., The
equations for these fuur distribution functions and tre'r corresponding

mean dlameters will be discussed in detail in Chapter V., The Upper-

Limit funciion is a modificatieon of the Log-Frobibility function and was

( {
developed by Mugele and Evans(31). The NukiyamaJFanasawa‘u’ function is
a modification of the General Exponentlal function, Other distribution

functions are discussed in Hiroyasu(Gl) (Chi-square distributior) and

(62)

Brown and Leonard {Weibull), Multimodal distribution functiens

were not considered in this investigation. Cther reports of interest in

(63)

the area of droplet statistice and distrihation functions are Cauter

~ . ’11\(}\
and Gary, U+ .u and Harrie /.
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1, Test System Description and Operating Procedure

The test system was located on Test Stand 1-46A at the Air Force
Rocket Propulsion Lzboratory, A schematic of this system is shown in
Figure 7. The major suhsystems which comprise the total test system
are: high pressure gas supply, supersonic wind tunnel, liquid supply,
instrumentation, electrical and laser-holocamera, The wind tunnel was

located on T,3, 1-46A 8o connection to existing fluid supply systems

could be made, thus reducing the cost and tlme required to render the
test system operational, Since the test stand was designed for -sting
rocket thrust chamber assemblies, =il systems could be operated remotely
“rom a blockhouse. Aalihough remote operation of the wind tunnel was not
required, it was expedient to make use of this capability to facilitate
test system buildup, Rach of the subsystems will now be discussed in
deta1l,

a, liigh Fressure Gas System: The high pressure, gascous nitrogen

system consinted of two, 270 cuble foot, 5,000 psig rated vessels and

four, 310 cubic foot, 2,400 psig rated vessels, These more than adequately
provided sufficlent gas to flow the wind tunnel, pressurize the liquid
system and control pneumztically operated remote valves, 411 ithe vessels
were connected to one maln gas surply line to the tesv stand, The two
5,000 psig vessels were 1:1inly used, The lower pressure vessels were
isolated from the higher pressure vessels by rheck valves to avoid over~

pressurization, Also, relief valves were Installed on the lower vressure

e vessels in the event the cieck valves failled, The 2,000 psie vessels
S would automatically come on Iine in the evert ras presoure went helow
e

.ﬁ(v/ -

G Syl iy, This never ocovered during the coarse 8 Lhe o U trovram,
i 2

?;{‘ e hogeh s nany as tonr, 1O seceand rests wore conducred on te t o day,

5
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The gas could be regulated in the main line to an cperating pressure
vhich was selected as 3,000 psig, The gas was then branched and regula-
ted again for use in the varlous systems: wind tunnel plenum pressurs,
liquid tank pressurization and remote, pneumatic valve operation,

The feed line tc the wind tunnel upstream of the remote isola-
tion valve (GN ~ 47 on the schematic of Figure 7) was made of 300
series stainless steel tubing 3000 psig rated, Located dowrstream of
the isolation valve, was the high pressure Grove regulator which was used
to set the gas pressure in the plenum chamber of the wind tunnel at the
desired test conditions, The dome pressure for the regulator was set by
& remote operated, varlable dore iozder, The exit line from the regula-
tor to the plenum chamber was made larger (2") than the inlet line to
accommodate the gas flow rate without excessive pressure drop, since the
¢as was expand: 1 to a pressure range of 100-300 psig downstream of the
regulator,

The liquid tank pressurization system consisted of a 13" Grove
regulator which was remotely set by a variable dome loader, The regula-
tor was set to maintain a given liquid tanl pressure to provide a steady
liquid flow rate at the desirea test condition,

b, Supersonic Wind Tunnel: The experimental apparatus was an inter-

mittant, blowdown, supersonic wind tunnel, 1\ photorraph of the wind tun-
nel s shown in Figure 8 (sidewalls removed on oue side, plenum chamber
not shown), The wind tunnel consists of four main partss the plenum
(stilling) chamber, nozzle blocks, test section and diffuser, Design

of the wind tunrel was accomplished with the aid of Porpe ani Goin(éi)
(66)

and Liegmann and Roshko The wind tunnel has the foilowine operaiing

eharacteristing:
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a. Mach No, 3
b, Plenum Chamber Total Pressure Range 100-400 psia

¢, Plenum Chamber Temperature ambient

The operating yas was nitrogen, although other gases couid be used, The
test section nominal dimensions were 3" x 3" cros3 section and 12" long,
The centerline of the wind tunnel is 40 inches above the floor., It's
external dimensions are 10 feet long, 14 inches in diameter at the
plenun chamter and 4% inches wide in the nozzle block and test section
regions, Silicon rubber O-ring seals were used throughout the system,
The tunnel support stand was an I-beam arrangement,

The plenum chamber provides a large-area, low-velocity section
immediately upstream of the nozzle, Such a chamber, sometimes called a
sti1liing chambev, greatly improves the uniformity of flow in the wind
tunnel, The plenum ic usvally cyllndrical and one or more diameters
long., OGcreens are installed in ihe plenum to promcte uniformivy of gas
fiw and +» reduce curbuience 1ln the gas stream before the gas is ex-
panded through the supersonic nozzles, The plenum chamber was fabricated
from schedule 40, 12 inch, 300 series stainless sterl pipe. Bell type
reducers uvere used at the gas entrance section for smooth transition of
the gas into the plenum chambter, A rlate was alsc inslniled at the gas
entrance section so the gar wwld diffuse around iv and not tunnel its
way through the plenum chamber, thus praducing an undesirable veloclitiy
rradient. Flaced i1nside the pipe scctior of the plenum chamder are tun
sets of fine mesh (“00) stainless steel tcreer and gold backing network,
The velocity int vhe (hanabay varied froum aroroximatel, 5 to 12 feet per

second Tor the 15w as? ndob "lou rater, rcapectively, The insirumentating



for the plenum chamhber and rest of the wind tunnel will be discussed in
the instrumentation section, The exit sectlon of the plenum chamber
consists of a reducer which goes from circular to rectangular in cross-~
section at the entrance of the sapersonic nozzle blocks, since the wind
tunnel proper is two-dimensional,

The nozzle, test section and diffuser regions are two-dimen-
sional and are installed witnin o carbon steel frame referred to as the
test bed., The cpening between the top and bottom ralls of the test bed
is sufficlently large to allow installation of the nozzle blocks et the

k4

proper throat height., The opening s actually larger than necessary to
allow ad justment of the throat by using shims, The side walls are flat,
parallel carbon steel plates which are holted to the test bed and press
against O~rlng seals placed in grooves along the sides of the nozzle and
test section blocks., There 1s a forward and aft plate for each side
with a window in each forward plate for viewing the test section,

The two-dimensional nozzle blocks, through which the gas accel-
erates from the plenum chamber velocity to Mach 3 at the test section
entrance, are made from tool and jig aluminum, Design of the nozzle
blocks was patterned after those used in *ue UCLA supersonic wind tunnel,
Since the blowdown system operates at higher total pressure conditions
than does the UCLA indraft, continuous system, boundary layer correc-
tions had to he made to the nozzle block design, Appendix I explains
how the correction was made, The nozzle block contours were machined by
means of a comouter-controlled milling machine, The method is explained
i~ Spaid(57>. I a differant Mach number is desired, the presenrt blocks

can easily bs rew~vad and & 1ifferent set installed,

£,



The test section blocks are made of 6061T aluminum and are
mated flush with the nozzle blocks to lnsure smooth, uniform flow into
the test section, The blocks have a slight outward taper in the flow
direction to account for the increase in boundary layer thickness through
the test section, Length of the test section blocks is approuximately 12
inches, The bottom test section block is tapped such that different
1iquid injection orifices (see Figure 9) could be screwed flush into it,
Flow of the gas stream through the test section must be as undisturbed
as possible when not obstructed by a model or liquid jet, as is the case
in this study, so test results will not have an external blas which
could cause one to make erroneous conclusions, Mach number variations
through the test section and across it were less than 0,74 and 0,5%,
respectively, The test section has two windows, one in each side plate,
Each window was 3/4 inches thick, optical auality, tempered glass,
through which a 12-inch lenyth and complete cross-section of the test
section could be seen,

The exit sectlion or supersonic diffuser was about 30 inches long
and had two flexible walls (top and bottom) which could be adjusted as
desired to provide a second throat,

c¢. Liquid Supply System: The liquid supply system was used to pro-

vide the desired liquid flow rate and injection velocity through the ori-
fice mounied in the test sectlon block, This system can be seen in
Figure 7. Liquid injection into the test section was supplied from a
1¢ gallon, 1,500 psig operating prassure rated, stainless tank,
Tank pressurizatlion was provided by the requlator system described

above, Installed downstresm of the tanik are isolation, bleed and injec~-

tion valves, A *~inch stainiess #tesl line connecis the valves witly the



Liquid Injection Orifices,
20

Filgure 9,
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tank and orifice, Prior to a test, liquid is tled through the bleed
valve to insure that the line is full of liquid up to the injection
valve, This is done to expel any gas which might bve trapped in the line,
that could overspin the flowmeter and damage it when the injection valve
ovened after the system has been pressurized, The Viquid injection

valie is a % inch, remote, solenoid valve which is opened on demand after
tank pressure has been set,

d, Instrumentation: Twenty-one channels of instrumentation were

used to recori pressures, temperatures and liquid flowrate, The various
perameters ware recorded on three different types of recorderxs; stirip
charis, oscillographs and masnelic tape, The manufacturer and model for
each of these recordins systems is reupectively as follows: Leeds
Horthrup Model "G", Consolidated Klectrodynamics Corp, Medel 5-123, and
3ystem Zngineerias Laboratory Model 600 Digital Data Acquisition Systen,
These provided the necessary {requency response ranges to adequately
monitor the flow conditions during a test, 'The Instrumentation specifi-
cation sheet, Table VI , presents the partlculars for each instrumenta-
tion item, The test system schematic, Figure 7, shows ihe physical
location of each instrument in the system,

A pressure transducer «as placed a. the top of the ligquld tank
and was used to set the pressure required to provide the dosired flowrate
and injection velncltv., A teaperature proue was placed in the liquid
line near the flowmeter and wies used alone with the tank pressure to
drtermine the 11a.1d density, [{he flowmeter measures the volumetric
flaowrate of the liquit, Thisc s converiel to mass flowrate by nulti-
plying the calibration ~enstant and the cveleo 1er weoond,  Ja.! anstrean

of the Tlandd tnoectloy ~rifice, toamoral.oe ant o0 sore ace ree pded,
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These indicate the liquid condition just prior to injection,

In the gzas system, iwc pressure transducers and one temperature
probe were located in the plenum chamber to determine the total pressure
and temperature there, These were placed downstream of the screens,

The pressure taps were placed opposite each other in order to detect
any pressure variation from one side of the chamber to the other, These
pressure transducers were used to set plenum chamber pressure as well as

record pressure during a test, The temperature probe was an open-end

thermoccuple which protruded through the chamber wall close to the cen-
terline of the plenum to insure a good temperature reading, Six pressure
taps were spaced along the lower nozzle block length on the centerline,
These were used mainly during checkout testis to determine if the proper
pressure profile was belng oblained through tha nozzle blucks, Seven
pressure taps were iulaced in the lower test sectlon block: two upstream
ana three downstream of the orifice on the longitudinal centerline and
two off~axis, See Migure 7,

All instruments were calibrated at the AFIPL Precision Measure-
ment Fquipment Laboratory prior to installatlicn into the test system,
The absolute pressure transducers were also calinrated in place by drawing
a vacuunm on them at increment.. over the operating range, recording the
results and commaring them with secondary standanls, Kkach parameler was
sense~stepped prior to and afier cach rest to insire each was fur-¢ioning

properly and that a zerc shift had not ocourred,

e, Rlectrical System:  An electricral system was required to

signal operation of the vemote wvalves int pas revultor Jdome loaders,

These components were operated from a cor<ole in the blockhouse,

.
ie

Flrurs 10, Along with the sWirepes for e mectoon o) sy e
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Ition are two switches for the laser and holocamera operaticn, The use of
these two switches will be &iscussad in the section describing the laser
and holocamera.; Switch SW-7 oyperates a solenoid valve which is an emer-~
gency shutoff for the oferating gas pressure, Sone spare switches are

also on the console,

f, Injector Orifices: The orifices were designed wiih a2 large
enough length/diameter ratio to feel confident that fully developed tur-
bulent flow had been established prior to liguid injection inty the super-
sonic stream, [Figure 11 shows a cross-section of the orifices, .dle
Figure 9 shows the actual orifices, A 3/8" stainless steel AN union
was modified by truncating oﬁe end slightly and inserting a steel rod
part way into the union, The rod was then welded to the union, The
unioﬁ threads were chased after welding to eliminate any warping which

‘ may have occurred, The desired orifice diameter was then drilled and
reamed through the rod insuring that the drill-through and union center-
lings were true with each other, The injector was then screwed into the
test section block to determine the exact length the rod should be to fit
flush in @he block, Then the excess metal was removed, Table VII pre-
sents some yertinent information about the three orifices used,

TABLE VII: LIQUID INJECTOR ORIFICE INFORMATION

Actual Dia, Length/Dia, Discharge
(in,) Soott,
LO42 24,95 . 685
050 23,68 .785
062 19,02 2719

Liquid flow in all three orifices was turbulent in all tests; Re O(iOa),
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g. Test System Operating Procedures After insuring that all %he ;

valves were in their normal positions, the electrical console in the
blockhouse was activated, Operating pressure for the pneumatic remote
valves was set, The valves were then functionally checked for proper
operation,

Instrumentation items such as pressure transducers and thermo=-
couples were physically checked to insure that they were properly ine-
stalled and electrically connected. These items were pre-sensed before
each test and post-sensed after a day's testing to insure that no zeg;
shift occurred, The date recorders were prepared for test,

The 1iquid tank was filled with fluid, The fluid was then bled
through the system to insure liquid was at the injection valve, The
liquid tank was pressurized to approximately 30 psig, and the liquid was
allowed to flow through the bleed valve which was positioned very close
to the injection valve, Flcwmeter spin was then monitored on an oscil-
lograph to insure it was functioning properly, The liguid system was
flow-calibrated to determine flow rate vs, pressure drop through the
system, so that tank pressure could be set for the desired injection
velocity of the liquid into the wind tunnel,

After the system set-up was completed, final test preparations
were made, The liquid tank was pressurized to the proper pressure, The
gas flow through the wind tunnel was started and plenum chambor pressure
was set for the deslired test condition, The 1liguid injection valve was
then opened and a hologram of the resulting flow field; that is, liquid
Jet breakup in a supersonic stream, was taken, The liquid injection valve
was then closed and the gas flow to the wind tunnel was turned off, This

completed the test procedure, and the systems were then secured, A
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description anud operating procedure for the holographic system follows

in the next portion of this chapter,

2. Hologram Recording Sysitem and Operaiting Procedure

a, Pulsed Ruby Lasers A schematic of the pulsed ruby laser which

was designed and built by TRW for use with the holocanera is shown in
Figure 12 . The system consists of a Kexr cell Q~switched oscillator
and a power amplifier, When operated in the @-switched mode, the com-
plete system emits a single pulse of 1 to 3 joules power, 50 nanoseconds
duratlon, al. a wavelen,th of ,6943 microns, The output from the oscilla-
tor is intensified by the amplifier, whose capacitor bank discharges ,25
milliseconds after that of the oscillator, The beam is then diverged and
collimated to a 5-inch diameter before it is output into the input port
of the holocamera, The design is such that the coherence, spacial and
temporal, allows recording of high quality transmission holograms in the
holocanera, A detailed description of this laser system can be found in
uuerke;;"lﬁ) A condensed description is given below,

e ruby oscillator consists of a S=inch diameter by 3 3/4=~inch
long r."y rod, a plane 99 percent dlelectric end reflector, a nitroben-
zene Ker— cell, a calcite Glan polarizing prism, and a sapphire resonant
reflector, An inner-cavity aperture has been included to select the
most homogeneous part of the rod for good spacial coherence,

Th2 laser rod is mounted in a watertight housing which also con-
tains the helical zenon flash lamp and a surrounding cylindrical silver
reflector, The lanmp is connected via an ignitron to an external high

voltage (5,000 volts maximum) 375 capacitor bank,

The Kerr cell 1s an electro~optical device which is used for
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Q~switching the oscillator, It isolates the 99 percent dielectric end
reflector from the rest of the system, then opens for an extremely short
duraiion tn permit a single extremely short pulse {5C nanoseconds) to be
emitted from the solid state ruby laser, The Kerr cell is biased by an
independent “igh voltage supply, A hydrogen thyratron is used to dis-
charge the Kerr cell, removing the quarter wave bias, Timing clreuits
are used to time the discharse of the Kerr cell relative to the imltiation
of current through the oscillator flash lamp, Delay is typically 0,85
milliseconds after initiation of lamp curxrent,

A sapphire resonant rzflector functions as the output mirror
of the oscillator and is 1 meler away from the dielectric reflector,

The amplifier consists of a rod identical in sizne to the one in
the oscillator, but of slightly greater chromiuvm zoncentation, The
oscillator rod has a concentration of 0,03 percent chromium dioxide,

The amplifier rod has a concentration of 0,05 percent. The initial inw-
tensity gein of this rod is ~3, Th2 amnplifier rod is mounted within a
housing identical to that of the oscillator. The rod and flash lamp are
also wacer-immersed, The lamp is also connected via an lgnitron to a
second ldentical 5,000 volt maximum, 375LLF capacitor bank,

The actual layont of the components for the ruby lassr system
i1s shown schematically in Figure 13, The Tigure is a top view looking
down into the laser, The .aser system is folded, Two prisms jog the
beam from the Q-switched oscillator and turn it through 180 degrees,

The beam then passes through the amplifier and on inte the beam expending
lens, Figure 14 1is a photograph of the actual system, Folding ths laser
about the output of the oscillator sectior acts to make the system w-we

compact, A dark field autoccllimator and e 1 millivoit helium-naon gas
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laser, whose beam is used to align the optics for ruby beam, are mounted

PRV

on the same base a8 the ruby laser optics, All components are mounted on

a2 G, 4~inch thisk by 15-inchk wide aluminum channel, whicrh functions as the
main mounting base for the enti~e laser, The sapphire resonant reflector
and 99 percent end mirror are mounted on an indepeadent cexriage made
from B/R-inch diameter invar spacers, to decrease thermal nisalignment
of the end mirrors caused by climatic temperature changes,

The channel and all the laser components are mounted within alu~
ninum covers, the iaside of which are covered with polypropylene olefin
fiber insulation, The external covers are indirectly mounted to the
channel by phenolic insulators, These are vsed to minimize the flow of
heat tv the internal components, The external covers serve also to
shield the optics from dust, solar heating and pro*ent the operator from
accidental explosion of either the lamp or the two high voltage lamp
insulators,

The auvtocollimator inside the laser illuminator housing is for
the purpose of aligning th: 99 percent dielectric end mirror and the re-
sonant reflector parallel to one another, It is also ugsed to measure and
check the quarter wave retardation voltage of the Kerr ceil, It can also
by used as a sight by depressing mirror ME' The autocollimator is basi~
cally a high power telsscope with a point light source at the focal plane
of the collimating lens, An lnternal veaw zplitter and the eye plece are
arronged to enable one to obsarve light reirleeted by external surfaces,
This autocollimator is classified as i dark freid autocollimator, to dis~
tingulish 1t from the more common brignt field versions used in metrology
anu machine shops., The dark field variety is particularly valusble for

aligning and digtinguishing the various surfecer wiihin vhne solid-stiate
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ruby laser descrived here, No mwans of abaolute measurement is needed
once alignment is achieved by superposition,

The most favorable transition in ruby is the one in which the
eleciric vector of the emitted light vibrates perpendicular to the optic
axii, Por thic reason, the beam from the ruby laser is plane polarized,
In addition, the sapphire host is birefringent, The rudby thus must be
properly orientsed with respect to the Kerr cell, -alcite Glan polarizer,
and the sapuhire resonani. reflector, Tae latter, since it is also bire-
{ringent, must bo yroperly oriented with respect to tha ruby. The pro~
wor orientation of the iaser components is explained in detall in
Wuerker(ﬁ' 1 .

The system is intended to operate with the electric vector of

the emitted light polarized vertically. owever, by rotation of the ruby
and Glan polariver, it can also be ~- r.,ed 1o emit a horizonitally polari-
zed output beam, Tf the plane nf —olarization of the os:.illator is
changed, the amplifier musi alsc .e changed, or else its gain will be
greatly degraded,

The iwo flash lamps and the Kerr cell are electrically excited.
Passage of a h!gh current pulse of ~1500 amps tlirough each lamp, pro-
duces the extrem¢ thermal fluxes which populate the two flourescent levels
in ruby rod, Atom population inversion is via the absorption by the ru-
bies of the green and blue components of the white thermal (-.5000°K)
light from the flash iamps, The lamp current surge is viz the electrical
energy stored in high ysltage capacitors, An electronic timing circuit is
used to open the Xerr -911 at the optimum time, A second timing circuit
is sed to retard the -umping of the amplifier relative to the initiation

of pumping in the oscillaior, Tests have showa that maximum amplification

gh




in the second rol is not achieved when both Jamps are started simultane- 3
ously,

A block diagram of the electronic equipment for the opsration of

the laser is shown in Figure 15,

The amplifier lamp and oscillator are connecteu individually to

PN

thelr separate 375+LF ignitron fired capacitor banks, The two capaci-
tor banks are charged from a single high voltage power supply (220 vac,
1~-phase), The charging of the banks is controlled by an API controller,

The Kerr csll is biased by a ¢ to 30,000 volt supply which is
connected across a high voltage hydrogen thyratron (type KU=27), The
pulse from the thyratron is coupled to the Kerr cell by a coupling net-
work inside the laser chest,

A firing circuit fires the ignitron in the oscillator bank, The
signal is fed to the two delay circuits which, after appropriate delays,
fire the amplifier's ignitron through its firing cirecuit, and the thyra=-
tron which fires the Kerr cell,

The electronics are contained in two floor-standing consoles,
shown in Figure 16, The writ seen on the left contalns the charging
power supply, the oscillator capacitoxr bank, ihe amplifier capacitor
bank, the safety crowbars, and some of the control relays, The console
on the right contains the charging logic, the oscillator and amplifier
firing circuits, the delay circuits, the Kerr cell high voltage bias sup-
ply, and ti:c Kerr cell pulser, The charging logic panel can be removed
from the console so that the function of charging and discharging the

laser can be done remotely,
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in the second rod is not achieved when both lamps are started simultane-
ously,

A block diagram of the electronic equipment for the operation of
the laser is shown in Figure 15,

The amplifier lamp and oscillator are sonnected individually to
thelr separate 375FLF ignitron fired capacitor banks, The two capaci-
tor banks are charged from a single hipi voltage power supply (220 VAC,
1-phase), The charging of the I nks is controlled by an API controller,

The Kerr cell is biased by 2 0 to 30,000 volt supply which is
connected across a high voltage hydrogen thyratron (type KU-27), The
pulse from the thyratron is coupled to the Kerr cell by a coupling net-
Wwork inside the laser chest,

A firing circuit fires the ignitron in the oscillator bank, The
5ignal is fed to the two delay circuits which, after appropriate delays,
fire the amplifier's ignitron through its firing circuit, and the thyra-
tron which fires the Kerr cell,

The electronics are contained in two floor-standing consoles,
shown in Flgure 16, The urit seen on the left contains the charging
power supply, the oscillator capacitor bank, the amplifier capacitor
bank, the safety crowbars, and some of the ccntrol relays, The console
on the right contairs the charging iogic, the oscillator and amplifier
firing circuits, the delay circuits, the Kerr cell high voltage oias sup-
ply, and ti:r Kerr cell pulser, The charging logic panel can be removed
from the console so that the function of charging and discharging the

laser can be done remotely,
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b, Holecamernt The RPL ?75° transmisskon holocamera was developed,
by TRW Systems under contract to the United States Alr Férce. See
Huerker(éa) . The 75 degrees refers to thé angle between the scene and ,
refersnce beums, This angle was selected for the following réasonss °
1) to give a very wide viewing angle to the reconstructed hologram; 2)
to have a reference beam which did not interfere with the scene, and 3)
to permit more efficient use of the Agfa BE?5 high resolution film emul-
sion, The major components in the holocamera are the quadruple lens set,
beam splitter, prism plate, ground glass diffuser and mirrors, |

A schematic of the holocamera is shown in Figure 17 , Figure 18

is a side elevation of the holocamera, and Figur: 19 1é an actual
photograph of the device along with the laser, Referring to Figure 17,
the collimated, laser input beam enters the holocamera thfough the large
dinmeter port in the side of the holocamera, The beam’then‘impfnges on a
507 beam splitter, which divides the beam into a scene aqd reference
beam, The scene beam passes through the splitter and is reflected by
mirrors numbers i1 and 2 irranged as a roof prism, Mirror numb;r 3 di-
rects the scene beam onto the pism plate by bending the beam 1050. The
bear is thea scattered isotropically by a ground glass diffuser (noé
shown) attached to the far side of the prism plate, Light scattered by
the diffuser is fccused by the quadruple lens set onto the hologrém;
The quadruple lens set provides a very large aperture, short workigg dige
tance system, which minimizes spherical aterration, The hologram and
prism plate are at 131 conjugate image locations, and their separation is
determined by the focal distance (16 inches) of the quadruple lens set,
The portion of the incident laser ieam which is reflected by ihe bean

splitter comprises the reference beam, which is further reflected by
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mirrors 4 and 5, before reaching the hologram, These mirrors are located
so the scene-reference beam angle is at the desired value of 75 degrees,

The two beams recombine at the plane of the hologram after each
component has traveled the same optical patn, Path equality is deter~
mined by accurate placing of the mirrors, beam splitter and prism plate
in the holocamera, All the components in the helocamera are oriented
and positioned to maintain a temporal and spatial match of the scene and
reference beaas, The scene beam must be incident on the back side of
the ground glass diffuser at the same angle that the reference beam is
incident on the hologram, This insures that all scené-reference ray
components travel approximately the same optical path length from the
beam splitter to the hologram, The condition for equal scene and refer-
ence beam path match is explained in Wuerker(68) . Mirrors i and 2,
the roof prism, are mounted on an adjustable base piate which has a screw
drive, The screw is connected to a ten-turn potintiometer dial on the
side of the holocamera, This arrangement makes it possible to contrel
the scene beam path length, thereby compensating for increases in the
scene beam path, perhaps due to the addition of thick windows, It also
makes possible the exrerimental discovery and verification of the path
match condition,

The film plane is located so that its normal bisects the scene-
reference beam included angle. The 4 x 5 inch film plate 4s orlented such
that it projects a nearly square format in the direction of the axis of
the quadruple lens set, The plane of the hologram plate is 523 degrees
with respect to the directicn of propagation of the reference bean,

The scene volume, the region between the lens set and the struc-

ture enclosing the film holder, will accommodate an object approximately
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13 inches in diameter. Total viewing angle of the reconstruction is 56
degrees,

The holocamera is properly operated %ith scene zad reference
beans polarized horizontally at the plans of the phetographic plate when
the holocamera is Btanding as showm in Fignre {9 on the botton fset.
Thus, the vibrating elsctric vector cf the itwo beams at the plate are
horizontal, This gives the best interference of the combining »ays at
the plane of the hologram, For horlzontal scene and reference teans at
the photographic nlate, the ianput laser beam must be polarized so that
the plane of vibtration of the electric vector is canted at 15 degrees
with respeet to the vertical, Thls correct orisentation is showa in
Figure 19 ., This seemingly strange cant of the polarization ig a2 re-
sult of the cholce of the 7% degree scene~reference ream sngle, The
beam splitter is canted at 15 degrees aleong with mirrors 1, 2 and 3,

The holocamera 1s fitted with a mechanical focal plane shutter,
Speed is approximately 60 millisecounds, The combinstion of shmtier and
red filters protects the plate from overexposure, The mechanical shutier
is wound by hand and can be released either manuzlly or remotely by an
electric solencid, Relesasing the shutivr trips & microswitch shich fires
the laser when the shuiter is in the open position, Firing the laser by
the shutter is accomplishad by intercomnecting a coaxisl cabla bteiween
the connectors on the holocamera and laser control console,

The holocamera normally accommodates horizontzl scenes, Ilowever,
it can be placed on its side,; in which case vertical scenes can be

holograrphed,
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c. Holographic Platess The holograms were recorded on Agla

Gevaert Scientia 8E75 glass plates, The plates are 4" x 5" and possess
red-sensitized, high resolution (capable of resolving 3000 lines/im)
emulsion on one side, The reason for selecting the 8E75 plates was ex~
plained in the previous section,

After taking the hologram, irsuring thet the emulsion side of
the plate was facing the scene 2t the time of recording, the viate had
to be developed so the image on it could be reconstructed and viewed,

A darkroom having a green safelight was uee@, since the plates wers red-
sensitized,

The development procedurs was as follows:

a) the holographic plate was placed in a tray containing a
solution of 1 part Kodak HRP developer and 4 parts water, ideally at
58°F, for approximately 40 seconds, or until the plate was 50% truns-
parent as determined by looking at the safelight through the developing
plate, The solution may be agitated by tipping the plate forwand end
back to aid the development process, The development process was then
stopped

b) stopping was accomplished by putting the plate in a photo-
graphic acetic acid stop bath for one minuteg

c) the plate was then placed in the hypo (Kodak Rapid Fix) for
two minutes;

d) next, the plate was rinsed in cool running water for at
least five minutes; and

e) finally, the plate was dipped in Photoflo solution, placed

in a rack and hung uv to dry,
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After the plate was dry, it was zeady for imsge reconstruction amd

viewing,

1, Hologram Recording System Operating Frocedurs: The hioiocaw.ra is

first orlented relative to the scene of which & holograz is to bu taken,
The ruby laser i1s then orisnzed propsrly to the holocamera such vhat

the output collimating lems of the lazer races the input port of the
holocamera, The protective covers frsm the varicus lenses ave then re-
moved, Electrical connections are made to all the components: 1laser,
holocamexra, capacitor banks, loglc contxol, autocollimator, alignment
laser, cooling unit and oseilloscope, After the electrical connections
were made, power was turnad on to each compunent, The ruby laser and
holocamera were then aligned with each other, This was accomplizhed
with a Helium-Neon (He-Ne) alignment laser, The holocamera and ruby
laser are aligned when the alignment laser heam, which is split into
scene znd reference beams in ths holcoamera, are superimposed at the
center of the holographic film plate, The ruby laser internal alignment
was accomplished next, This is done when the red dot reflection from
the 99% dielsctric reflaector is superimposad on the white dot reflection
fror thy sapphire resonator when the two dots are viewed in the eyeplece
of the autocollimator, These dots are also superimposed on the He~Ne
aliynment laser reflection in the autocollimator eyepicce, which forces
the ruby laser beam to follow the alignment laser besiny hence, alignment
of the ruby laser with the holocamera, The potentisensisr dial on the
holocamera is then set for the propsr optical pata mateh, Fiitsrs are
inatalled in the scene or refersnce bheam for the proper intensity

ratios between the teams, The Kerr cell voliage is thu+ set, the film

plate holder 1s loaded and placed in the holocamer ., ‘he holocamera
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shutter is cocked and the slids is pulled from the fila holder, The

capacitor banks are then charged. A signal is obtained when both tanks,
oscillator and amplifier, are fully charged, 4 switch on the maln con-
sole in the blockhouse activates the solenoid which releases the hols~
camera shutter, When the shutter is full open, a micro-switch 1is trip-
ped which fires the laser, The film holder slide is then returmed to
its closed position and the f£ilm holdei retrisved so the film plats can
be developed,

The holographic syster ana taest system oper.tions were coordi-
nated when tests were conducted, After the dzy’'s testing was compuleled,
electrical power to the components was turned off and the lenses covers
riinstalled, The electrical lines were not disconnected unless the

laser and holocamera were to be moved elsewhere,

3. Description of Experiwents,

The high-speed flow field experimants consisted of injecting various
liquids (water, methyl alcohol, trichloroethylene,Freon 113 and a watez-
photoflo solution) normally into a Mach 3, gaseovs nitrogen stream
through different sized orifices (,042, ,050, ,062 inches in diameter),
which could be flush~mounted int.s one of the test section blocks of the
wind tunnel, Liquid injection velocities were varied from 190 to 450
feet/second, The wind tunnel was operated over a total pressure range
from 100 to 300 psia, The paramsters of interest were liquid type, in-
jection velocity, orifice dlameter, and wind tunnel total pressure, The
penetraiion trajectories of the liquid into the gzas siream were calcu-~
lated according to a method developed by Catton, HA11 and McRae'Zl),

The dynamic pressures of the liguid and tue supersonic gas stream had to
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be btalanced to insure that the liguid would penetrate the gas stream,
yet not impinge on the opposite side of the wind tunnel from the injec-
tion point, Holograms were taken during each test, Filgure 2C shows
the actusl orientation of the laser and holocamera relative to each
other and the winé tunnel, Typlcally, the flow field resulting from
injection of the liquid into the supersonic gas stream is shown in
Figure 21, The liguid jet disturbs the gas stream and a bow shock wave
results, As the liquid jJet penetrates the gas stream, it is aarody-
namically broken up and spreads laterally, The envelope of the spray
resembies a section of an ellipsoid. A combustion reglon is also shown
in the Figure, This would be applicable if combustible liguids were
burned in an alr streamj howsver, this was not the case with the ex~
periments conducted in this investigation,

The experiment of the llguid jet injecting into still air was con~
ducted by Lr, R, Wuerker, TRW Systems Group, Itk corresponding holv~
gram was given to the Air Force Rocket Propulsion Laboratory for rec-n-
struction and analysis,

Actual test conditions, results and analyses of the exjeriwsnts are

presented and discussed in Chapters VI and VI,
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1. Holoeram Information Frocessor QPrimagz Holographic Data Retrieval

Hethod)

e oA R Y ATIFAY T A S NSRS YA g

a., Systen Descriptions Holngram reconstruction and §ata retrieval
is accorplished by a system called the Hologram Information .<wocessor.
A schematic of the system is shown in Figure 22 , The actual system is
shown in Figures 23 and 2& , The system con;ists of 2 lasér, spatial
filter and diverging lens arrangement, collimator, holograp suppoit
stage, reticle wheel, magnification len; systen, TV camera and set, co=-
oxdinate positicn carriage, magnetic tape deck and a control console,
The laser 1s used to simulate the recording reference beam and to illu~
minate the hologram, thereby making the real image of the scene visible
on a 1:1 basis so the data can be retrieved, The TV camera and lenses
mounte} on the scanning carriage allow the observer to view the magnified
scene on a TV monitor as the carriage ic noved through the scene voiume.
A detalled description of the system operating procedurs will be pre-
sented in a subsequent sectio: :

The original laser for the system was a Siemens pulsed ruby laser

(SIR 1P1), It was a quasicontinucus wave laser, since it pulsed at 60 Hz
and had a maximum rated mean power output of 1 watt, Operational diffi~|
culties with this laser made it imperative to obtain another laser so data
from the holograms could be retrieved., The system was then fitted witp a
Spactra Physics 125A, continuous wave, Helium-Neon gas laser, 80mw mean
pover output, This laser facilitated the dats ietr;eval. The laser has
“ts own spatial filter, 6 microns, diverging and collimating lenses.’ The
output beam can be collimated to a 50mm diameter, Thg collimating lens |
renders the diverging beam rays parallel, The collimated beam 3llumi-

nates the hologram which is mounted on its support stage., The hologram
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Hologram Information Processor Components -
laser, collimating iens, hologram stage,
T.V., camera and movealtle carriage,

Figure 23,
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Hologram Information Processor
T.V. monitor, control console and magnetic

tape unit,

Figure 24,
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support stage is a Jodon Model PH-454, The stage has 6 degrees of free~ i
dom which allows proper hologram orientation relative to the laser, for
maximum brightness and resolution, and minimunm distozticn and aberrstion
of the image, Once the hologram and laser are properly oriented to each
other, they must be arranged such that their optical axis passes through
the center of the imaging lenses and TV camera mounted on the scanning
carriage,

Mounted on the spatial coordinate (scanning) carriage are the
TV camera, imaging lenses and reticle wheel, This arrangement is used to
scan the scene volume to determine the droplet size and position coordi-
nates, The glass reticle wheel has 50 circles photoetched on it, on a
6=-inch diameter bolt circle. These represent 5C sizing intervels ranging
from 20 microns to 1,000 in 20 micron increments, The imaging lens ar~
rangement consists of two Nikon lenses (50mm, f/1,4) mounted in a manner
to give magnifications of 4:1, 111, and 134, The resolution range and
field of view for each magnification are respectively 10-1,000 microns,
2.5 x 3,3mm3 20-1,000 microns, 10 x 13.2mm; 100-1,000 microns, 3.8 x 5.1cm,
The lenses are placed between the TV camera and reticle wheel such that
they focus on the reticle wheel, The TV camera *s a Telemation TMC-2100,
The carriage can move t 6,000 inches in each direction (x,y,2) or a total
of 12 inches in any one direction depending on where the origin is placed,
The carriage 1s moved by drive motors whose switches arc mounted on the
control console, Encoders placed along side the carriage provide posi-
tion accuracy of 0,0005 inches,

The TV camera and monitor (23-inch, Conrac RVB) comprise a closed
circult video system which is used to display the reconstructed scene

volume, ., The system has the standard 525 scan line raster with resolution
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aiong the acan Airectimm of ZL0 T7 lines at 4ae center of toe field,

Tue droplet 42tz wndch consiste of gize and position coordinates
iz recoried mn 2 Zamnedy incremental maznetic tape recorder, Medel 1600,

The emtro) console coutains the swliches which reset the systea
and overates the scanning carriage and reticle wheel, A foot switeh is
prorided 4o input tne dreplet size and sratial coordinate data on the
magnetic tape, The console displays thé position coordinates and number
count in each drop zize interval on Nixie tuves, The memory systerm which
providas the number count storagze is a inited Teiecontrol Zlectric Hxdel
5950, The reset awitch clears the menory co%e and establishes the zero
reference for the spatial cooriinates by moving the carriage to the de-~
aired polnt prior to a»pressing the reset button, A lock-on feature was
proviied which restricts the scanning area in th; transverse and vertical
directionsz, With this, the nperator can subsection the hologram for
veinning in a systematic manner,

Although the systen 13 oriented to retrieve holographic droplet
data, it can also be used to retrieve other holographic data,

b, Operating Procedure: After all the electrical connections to the

various components were made, the master switch on the control console
wa3 turned on, This turned on the TV set and camera and maghetic tape
recorder and rendered the scanning carriage and sizing reticle wheel
operable, The laser was then turned on and its beam diverged and colli-
mated according to the procedures in its cyperating manual, The hologram
wa3 mounted In its support stage and oriented relative to the laser and
imaging lenses as described above, The lenses and TV camera were aligned
such that they focused on the reticle wheel, The operator set the de-

sired imaging lens magnifiration and moved the carriage to the desired
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ton wae then depressed and the system was ready to retrieve data,

The carriage was moved in the x,y,2 positions until a droplet
in the scene volume came into focus at the center of the TV screen, The
droplet was sized by rotating the reticle wheel, via a console switch,
until one of the 50 circles on the wheel best circumscribed the droplet,
A foot pedal switch was then depressed and the spatial coordinates and
size interval which appear on the console Nixie tubes were recoxrded on
the magnetic tape, The operator proceeded in this manner until all or
a statistically sufficient number of droplets in the scene volume were
recorded,

After the droplet data was recorded on the magnestic tape, the
tape was then processed through a system of computer programs to obtain
the varlous mean droplet diameters, spatial mass distributicn and other

information of interest,

2, Altermative Holographic Data Retrieval Method

a, System Description: The Hologram Information Processor was a

new system and operational difficulties were encountered with it, After
the laser problem was resolved, electronic preblems developed, At one
time or another all the components functioned properly, out all did not
work at the same time, In order to retrieve the holographic data, an
alternative method was devised,

At the time the alternative method was devised, all parts of the
Processor system were functioning properly with the exception of the

sizing reticle wheel, The alternative method uses part of the Processor
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systen as shown in the upper part of the schematic in Figure 25 . 1In

place of the TV camera, a lens (58mm, £/1.5) and 35mm camera were installed

on the scanning carriage. The lers »»s used in conjunction with the

111 lens arrangement for the Processor, The new lens was placed between
the imaging lenses and 35mm camera and magnified the scene 1,6X at the
film plane, The lens system was still focused on the reticle wheel and
gave a very narrow depth of field, 300 microns, This allowed photo-
graphs to be taken at discrete planes in the scene volume as the car-
riage was moved, Each frame represented one of the spatial coordinates;
vwhile the other two coordinates were on a given frame,

In addition to using the Processor and 35mm camera to produce
photographs through the scene volume, the alternative method used a
fiim reading system, schematically shown in the lower part of Figuxre 25.
liegatives of the franes obtained from developing the film roll were
nounted on a Telereadex film reading machine, Model 29A, The machine
can magnify the negatives 5%, 10X, 20X and 50X, The film can be indexed
forward or backward, frame by frame, and at variable sveeds, The film
is imaged on a board with moveable crosshairs, The moveable crosshairs
allow a two-coordinate "fix"” c¢u a droplet in a given frame, Hence, the
spatial cooxdinates of a droplet can be obtained from a given reference
point, The reference point is established by setting the crosshairs
where desired and then depressing a reset button, As the crosshzirs are

moved, counts are observed on the Nixie tubes of the Telecordex Analog-

digital converter, This is similar to the Processor positional coordinate

gsystem, but different in that the Processor reads out actual coordinates,
to the nearest ,001 inch, rather than counts, The counts need to be con=-

verted to actual coordinates, Additional information, such as droplet
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size, can be punched on the 12-digit keyboard (Type 56B) of the film
reader, When a foot pedal 1s depressed, information on the keyboard and
on the A=D converter Nixie tubes is punched on computer cards lcaded in
an IBM 523 Summary Punch, Figure 26 shows the actual film reading sys-
ten,

b, Operating Procedure: The operating procedure for the Processor

was the sume as was described above with the exception of statements re-
lating to the TV camera and reticle wheel, After lens system and camera
(35mm) alignment were accomplished, the camera was loaded with GAF black
and white, 125ASA film, The scanning carriage was moved through the
scene volume and photographs were taken at depth increments of ,050
inches through the liguid jet, Exposure time for each photograph was
one second, Care was taken to collate the film frame with the depth
positional coordinate for data reduction purposes, The film roll was
then developed using microdol X developer and Kodak fixer to obtain the
negatives., The film roll was then mounted on the film readiag machine.
The 20X magnification lens (105mm, £/3.7) was used, since this gave the
best image on the viewing board, Actual magnification was 32X, A cali-
bration scale was used to determine the number of counts per inch as the
crosshairs were moved, The reference point was selected at the base of
the image for one coordinate and at the center of the jet for the second
coordinate, The thixd spatizl coordinate was represented by the frame,
ané this Information was input directly to the A-D converter, As the
frame was changed, so was the corresponding information, After estab-
lishing the reference point for a given frame, data then could be re-
trieved, Droplet sizing was accomplished by takinz the difference be-

tween the counts given by one of the crosshairs zs it was placed on each
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Figure 26a, Film Reading System ~ film reader, analog~
digital converter and summary punch,

FPigure 26b, Film Reader Close-up.
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side of the droplet, This number was then punched on the f£ilm reader key-
board, the crosshairs were then centered on the particular droplet and
when the fool pedal switch was depressed, drop size and spetial coordi~
nates were punched on a computer card, The procedure was continued drop
by drop and frame by frame until all the data was retrieved, The cards
vere then input to the system of computer programs, to te deseribed in

the next chapter, for date reduction.
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CHAPTER V

ANALYTICAL METHOD FOP REDUCING HOLOGRAPHIC DROPLET DATA
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1, Deseription of System of Computer Prograns

After retrleving the droplet data from the holograms, by either thes
primary or alternative retrieval method, the data has to be reduced,
analyzed and presented in a meaningful manner, A method for reducing
the droplet data, drop size and corresponding spatial ccordinates, was
developed as part of this invastigation, The manner in which the drop-
let data was operated on is described below, A system of computer pro-
grans was used to handle the droplet data, A schematic dlagram of how
these programs were combined to reduce and analyze the droplet data is
showr. in Figure 27, The programs were written for use on the IBM 7040
computer, since this was the type of computer available at the Air Force
Rocket Propulsion Laboratory, where the investigation was conducted, A
dascription of each program is presented below,

a. PR-470 Holograph Tape Unpack Program: This program performs

the preliminary processing on the digital inlformation, droplet size and
positional coordinates (x,y,z) on the magnetic tape, The obJective of
this program was to provide a FORTRAN compatible magnetic tape for sub~
sequent processing of the data, The program provides the opportunity to
view the raw data, if desired, before it is processed, The program con-
sists of a FORTRAN main with one FORTRAN subroutine and three MAP sub-
routines, Also, the program has the facility to process a variable num-
ber of input tr 28, This program is used only when the primary hologra-
rhic data retrieval method is used, The output from the alternative re-
trieval methoed 1s on punched cards; hence, the PR-470 program is by-passed,
b, PR=471, $IBSRT Edit-Sort Programs The PR-471 mrogram, along with

the standaxrd IBM $IBSRT program, begin the operation on the raw data,
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Th;ée prograns perfofm‘a multitude of functions:

1) Organize and sort the randonm droplet dataj

2) Elirinate redurndant droplets

3) Determine the minimum and maximum positional coordinates
for the volume occupied by the unique dropleis;

L) ﬂetermine the number of droplets in each class sixe;

5) ‘Set up the graph slice for the drop size-positicnal

"ccordinate plotss

6) Sgb~v$1ume the total volume occupied by the unique drop~
letss gnd

7) Determine the number and class size of thec droplets in
each sub=volume,

Pasically, the data reduction process deals with two problemss 1) that

concernedlwith droplet position coordinates, and 2) that concerned with

tﬂe droplet sizgs and thelr frequency of occurrence,

» The flrst step in the operation was to order the random data,
This was accomplished by the system libravy program, $IBSRT. Ordering
was done on one of the position coordinates, preferably the one on which
the éraph slice was to be taken, The cooxdinate on which the ordering
was performed was pfinted out monotonically increasing, while its cor-
r?sponding other two coordirates and droplet size were printed out in an
unpatte¥ned manner, ' Ordering can be done on any one of the coordinates
or on droplet size, The orderling sets up the editing process by which
the droplets are scrutinized to determine if they are unique or redundant.

Editing of a droplet to determine if it is unique; that is, 2
given droplet has not been counted more than once, was accomplished by

applying & tolerance band to each of its position coordinates, The
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tolerance bands on the coordinates are input items and can be varied as
desired, The theory behind determining uniqueness by interrogating the
positional coordinates is based on the fact that no more than one drop-
let can occupy the same position at a given time, The tolerance band
applied to the spatial coordinates is an indication of how closely a
reader of the hologram volume can focus on a droplet at its true position,
Each droplet may undergo two editing cycles to determine if it 1is
unique, The first edit interrogates the droplet data on the ordered
coordinate, Those droplets which have the same ordered coordinate are
subjected to a second interrogation on the othex two coordinates, The
editing process for determining uniqueness is biased by the first droplet
of the set which has the same ordered coordinate, The two~-edit method
speeds up the scrutinizing process, since those droplets which passed
the unlqueness test on the first edit are not interrogated during the
second edit, The unique and redundant droplets are separated into two
groups, the total of which must agree with the total droplet population,
Subsequent droplet processing then is confined to the unique droplets,

The PR-471 program next determines the minimum and maximum drop
size classes and positional coordinates for the wolume occupled by the
unique droplets, FEach minimum and maximum positional coordinate does
not necessarily belong to the same droplet,

The number of droplets in each class size is the next block of
information output, This is frequency distribution information, Each

class size number represents a droplst size interval, For examples
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Class No, Droplet Size (Microns)

Hin,  Max.
i 0 20
2 20 40

The size interval used in this investigation was nominally 20 microns,
since this was the expected resolution capability of the holographic re-
cording svstem, and the circles on the Processor reticle wheel were sized
accordingly,

Next, the program prepared the data to be used in the positional
coordinate-droplet size plots, This is referred to as graph slice and
can be performed on any one of the three positional cocrdinates, A
spatial band width was applied to one of the positional coordinates, pre-
ferably to the ordered coordinate, since this facilitates operating on
the data, The droplet data contained within the graph slice band, which
1s now assumed to be infinitely thin, is treated as two-dimensional data,
Graphs plotting the other two coordinates as dependent and independent
variables with drop size as the parameter can now be made using the
PR-U72 progrem, Coordinate slicing and the vesulting plot are pictori-
ally illustrated i.: Figure 28,

In order to organize the unique droplets so that one may analyze
droplet distribution, areas of droplet concentration and trends of drop
size and position, a method of subvolume griding was devised, The total
volume occupled by the unique droplets, as determined by the minimum and

maximum positional coordinates previously identified, is subsectloned
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into a number of smaller volumes, If the number of grids in each coor-
dinate is not specified, the program uses a default of 2 on the ordered
cooxrdinate (sometimes referred to as the pure variable), 5 and 4 on the
independent and dependent variables, respectively, This gives 40 sub-
volumes, The number of grids along each axis is limited by the input
format to 99 or a maximum number of subvolumes of 970,299, The progran
deternines the number of droplets of each class size in sech subvolume
so that mass distribution can be calculated, The friaquency distribution
in each subvolume is output.

PR-4471 has a number of options, One can elect whether or not
to edit the data, prepare for a graph slice plot or subvolume the data,
Another feature 1s that the total volume occupied by the unique droplets
can be reduced, by so specifying the coordinates, and then perform the

other operations on the reduced volume as if it were the total volume,

¢, FR-472 Plot Programs This program is used to plot droplet posi

tional data or droplet diamster distributions, That is, the program can
supply two types of plocs o> abtain a visual representation of the drop~
let positional data and the distribution function data for the droplet
diameters, The plots are made with a CalComp Plotter, The positional
data to be plotted is obtalned from FR-471, while the distribution func-
tion data is provided by the MM~203 program, which will be discussed be-
low,

The positional data is plot:ed using two coordinates for a given
drop size as shown in Figure 28, Up to 5 droplet class sizes can be
plotted on each graph, with any number of droplets in each class size,
As many graphs as desired can be made for a given set of data, The posi-

tional plots enable one to observe if the droplets are segregating
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spatially according to sige, such that contour lines can be drawn,

The data obtained from the MH-203 program is frequency informa-

tion involving only the drcnlet diameters, The ordinate for the distri-
oution plots can be any of these fours cumulative volume fraction,
voluze fraction derivative, droplet number {for frequency distribution)
or number fraction derivative, The abscissa is droplst diameter, The
raw droplet data along with the four distribution functions (Log -Pro-
bability, Upper-Limi*, Nukiyama-Tanasawa and General Exponential) used to
model the data are plotted on a given graph, That is, one curve will be
the observed distribution of the droplet data versus diameter and the
other four curves will be the rredicted distributions from the various
models versus diameter,

The program is designed to process data sorted in ascending order,
The values must be sorted as follows: Each in ascending order, indepen-
dent variable first, dependent variable second and class size or distri-
bution function numbor thixd, Symbol or line plots can be made, Along
with the main program are 15 subroutines, 9 of which are needed in the
subutttal deck, since the othexs are part of the computer system,

d. PR-473 Drop Size Tape Program: This prograr provides the input

data, in the form of number of droplets in each class sige, for the
PR-429 program, The sorted (ordered) unique droplet data, size and po-
sitional coordinates, is accepted from the $IBSRT and PR-471 progranms,
The positional coordinate data is eliminated and number count for each
class size, up to 48 classes, is rstained, Any number of droplets can
be read intc any of the 48 classes, This frequency distribntion data is

output on a magnetic tape which is then available for future use,
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e, PR-420 Spray Analysis Program: This program calculates the

various mean droplet diameters used in characterisging sprays and in
correlating with the physical and fluid parameters, These diameters
are average diameter (Dlo)’ surface mean (DZO)’ volume mean (DBO)’
Sauter mean (D32), mass mean (QuB) and mass median (the diameter atove
or below which 50% of the spray mass lies), The gensral equation usaed
in calculating the diamevers, with the exception of the mass median

diameter, is
P
A q
ZniD1
where n, = number count in each class size interval
D1 = mnid~diameter in each size interval

The class size number (1 through 48 in ascending order), the correspon-
ding minimum, nid and maximum droplet dlameters for each class size and
the number of droplete in sach class slze are output, Other distribu-
tion data, droplet number fraction below a given class size, volume
fraction and cumulative volume fraction are also output,

Two dlstribution functions, Log~Probability and Upper-Limit, are
caleulated using a linear regression analysis, The linear regression
analysis approach to modeling the data was found to be inadequate, How-
ever, the correlation cosfficients which the program calculates for the
two distribution functions are used as initial estimates {or the non-
linear regression analysis approach, which was adopted and will be dis=-
cussed below. In addition to the correlation coefficients, the program

also outputs DBO’ D,, and the observed and predicted volume fraction de-

32
rivative and cumulative volume fraction for each distribution function,

This information, though, is no longer used,
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The total program consists of 3 main and six FORTRAN subrou-
tines, The program can accapt either taps froz PR-473, or punched
caxd input, Two tapes are cutput by this yrogram: one which contains
the droplet count, mid-diamster and interval width for sech class alze
to be used as inpt to the MM~203 Ronlinear Regression Analysis Pro<
gram, and one which contains mid-Giameter, volume fraction derivative
for each class size and tiw distribution function number (for identi-
fication) to be used as input to the FR-472 Plot Progra=z,

f. MM~203 Ronlinear Regression Analysis Program: This program is

used to model the data obtained from PR-42G with various, selected dis-
tribution functions, The modeling 3s accomplished by estimating the
correlation coefficients of the models, A nonlineay regressfon ana-
lysis method developed by Ma1que.1ﬁ1;(69) is used to iteratively obtain
the least squares estimstes for the coefficlents, Initial estimates
are required for the coefficients,

Any number of models may be used, and operations on them can be
performed sequentially, Fouz distribution functions were selected to
nodel the data from this investigations Log-Probability, Upper-Limit,
Nukiyama~Tanasawa and General Exponential, Two types of models, 1)
volume derivative, and 2) cumulative volume were used for each dlstri-
bution function., Hence, zach data set could be compared with as many
as 8 models, The equations For all the models are presented in Appen-
dix II according to their distribution functions., Included in each
set are the equations for volume derivative, cumulative volume (which
as obtained for

2
eack dietribution function and the partial derivative for each model

is the integral of the pmevious equation), D:,'0 and I)3

with respect to its coetPicients,
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The MM-203 progranm not only models the data and provides sta-
tistical information concerning the curve fits zs printed output, but
also produces output tapes for use in the PR-472 plot program, These
tapes contain droplet size interval mid-diameter and observed and pro=
dicted volume fraction derivatives, and interval maximuz di:aeter and
observed and predicted cumnlative volume fractions for each distribu-
tion,

The total rogram consists of a FORTRAN main program with
thirteen FORTRAN subroutines and one MAP subroutine, The user nust
supply nine of the subroutines for each models volume derivative and
cumlative volume, The other subroutines are system-supplied, The
loglc for each model is the same, This program is a very strong tool
for analyzing the droplet data, It has the capability of modeling
the data with any number of axpressions and provides the user with
statistical infoxmation (F-ratio, per cent varistion explained, calcu-
lated t-statistlcs, residuals and percentage of points exceeding 1,

2 or 3 sigma) so he can assess the relative merits of each mcdel,
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CHAPTER VI
EXPERIMENTAL RESULTS
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1, Liguid Injection into a Supersonic Stream

As mentioned earlier, various liquids were injected perpendicularly
through different orifices into a Mach 3 gaseous nitrogen stream,

Liguid jet breakup data was soughts drorlet size and distribution, jet
wavelength and amplitude change. Droplet data was not retrievable in the
high Mach number gas stream with the holographic recording equipment
used, T.e reasons for this will be explained in the next chapter, The
gas stream conditions, ligquid type, liquid injection conditions and cer-
tain calculated parameters of interest zre tabulated in Table VIII, The
equations used to calculate the various parameters are presented in
Appendix III, The physical properties of the injectants are presented

in Table IX, These propertlies were obtazined from Strobridge(7°). Intexr~
national Critical Tatles(’!) and 4u Pont Techaical Bulletins(?2),

Jet amplitude and wavelength data were obtalned from the holograms,
This was accomplished by taking photcgraphs of the flow fields which
wore obsevrved when the holograms were reccmstructed, Thsse photographs
are presented in Figures 29 to 41 ., One inch measured = 0,77 inches
actual for all photographs. The photographs were enlarged to 8 x 10
inches to facilitate retricval of the amplitude and wavelength informa-
tion. Accuracy of measurement was also improved with photo enlargement.
The mamner in which the measvisments were taken is shown in Figure 42,
The Figure shows the jot as a straight line for explanation purposes,
Actually the measurements were made along the natural curvature of the
jet trajsctory., The measurement procedure was as follows:

1) a line was drawn from the injection point outward along the

Jet trajectory such that the wave troughs were connected by this linej

2) a line was drawn through the crest of each wave and
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TARLE VIIIa: LIQUID INJWCTION INTO A SUPERSONIC STREAM

LIQUID PARAMETERS !
DIS- 11Q, '

ORIF, CHARGE N, INJ, FLOW Re
TEST LIQUID SIZE  COEFF, 3 PRESS, VEL. (IB Q,v oy
o, TYPR (1x8,) Cy  C3D, (Ps1G) (FPsS) SEC 11

Hy

IR-2  HO0 050 785 044 980 300 ,275 137,830
DR-3 K0 .050 ,785 044 980 300 .27h 177,739
R4 H,0 .050 ,785 04k 967 300 ,275 155,240
DR-5 H,0 .050 ,785 044 48y 215 ,198 114,521
DR-8  H,0 050 785 044 1450 365 ,333 210,955
DR-10 H,0 O82 685 ,035 1510 319 L1591 121,466
DR-11 H,0 082,685 ,035 1472 318  ,190 121,598
DR-12 H,0 042 685 ,035 1426 313,188 118,198
DR-13 4,0 062 ,719 ,053 1166 299 ,396 490,024
DR-14 H,0 062 ,719 ,053 1135 298 ,493 220,051
DR~15 H,0 062 719 ,053 1212 307 406 226,183
DR-17 H,0 062 719 053 567 209 ,277 130,811
DR-19  H,0 082,685 ,035 1482 330 ,197 146,250
DR-20 H,0 042,685,035 735 233 139 102,369
DR-22 H,0 082,685  ,035 M7 237 k2 105,896
DR=-23 TRICH .050 845 046 506 164 ,238 2,117
DR=24 TRICH 050 845 046 739 232 .28 2,507
DR=25 TRICH 050 845 046 1476 326 ,398 3,600
DR~26 TRICH 050 845 ,046 735 232 2% 2,552

DR=27 FREON 113 ,050 .83 046 473 310 415  31t,77%
DR-28 FREON 11> ,050 ,83 046 978 2% ,337 250,093
DR-29 MHETHANOL 050 (85 JOU6 1433 b5 297 272,429
DR=-30 METHANOL 050 .85 046 267 36 242 227,640

DR-31 H,0/ 050 8 046 959 324,276 149,050
DR-32 §§97°FL°*' 050 L8 056 147 398 .339 182,819
PHOTOFLO

*HZO/?hotoflo ratio 20:1 by volume,
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TABLE VIITbs LIQUID INJECTION INTO A SUPERSONIC STREAM

GAS_PARAMETERS
GAS We,
TOTAL STAT., TOTAL STAT. CAS  FLOW 0¥ 2,
TEST PRESS, PRESS, TEMP, TEMP, MACH  VEL, (LB{ Sezlo
No. (ps1a) (PSIA) (°R) (%u)a k ¥o. (FPS) sEC o

R~z 216 5,95 504 171 1,431 3,00 1982 10,77 9,587
DR-3 126 3,47 515 179 1,417 3,00 2012 6,18 5,645
DR-4 305 8,36 509 169 1.W43 3,02 1982 15,1 13,973
DR-5 108 3,00 511 179 1,417 2,99 2006 5.3 4,835
DR-8 128 3,53 520 181 1,416 3,00 2022 6,23 5,740
DR-10 121 3,33 505 176 1,417 3,00 1992 5,97 4,37
M-11 230 6,32 508 171 1,433 3,00 1986 11,4 8,451
DR-12 25% 6,97 518 174 1,435 3,01 2005 12,5 9y W7
DR-13 119 3,28 519 181 1,416 3,00 2021 5.8 6125
DR~1% 212 5,8 513  17% 1,430 3,00 1998 10,5 11,578
DR-15 309 8,48 523 174 1,442 3,02 2010 15,1 17,072
DR-17 120 3.31 516 180 1,416 3,00 2015 5,9 6,436
DR-19 111 3,08 526 184 1,414 3,00 2035 5.4 4,018
DR-20 126  3.49 502 174 1,418 3,00 1985 6,25 4,576
DR-22 312 8,57 515 170 1,443 3,02 1993 15,4 11,588
DR-23 119 3,31 508 177 1,417 3,00 1998 5,9 13,295
DR-24 123 3,43 485 168 1,420 3,00 1947 6,2 13,671
DR-25 111 3,10 527 185 1,414 2,99 2035 5.4 12,384
DR-26 118 3,30 526  i84% 1,4152,99 2033 5.7 13,164
DR-27 128 3,52 521 181 1,417 3,00 2025 6,3 22,39
DR=28 120  3.33 515 179 1,416 3,00 2012 5.2 20,911
DR-29 125 344 520 i8t 1,416 3,00 2022 6,4 17,819
DR-30 110 3,07 520 182 1,044 2,99 2023 5.4 15,950
DR-31 113 3,11 512 179 1,4153,00 2008 5,5 11,350
DR-32 114 3,15 499 174 1,417 3,00 1980 5,7 11,471
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TABLE VIIIc: LIQUID INJECTION INTO A SUPERSONIC STREAM
LIQUID-GAS PARAMEI'ERS

VEL, MOM, o
TEST RATIO RATIO 2 22‘ -
NO, v !g/v]L LA g/wlv1 1 Vy/kPH(14)
DR=2 6.6 258 15,7
DR~3 6,72 151 , 27.2
DR-4 6.6 364 11,0
DR=-5 9.3 250 . 16,4
DR-8 5.5 103 ' 39,6
DR-10 6.25 195 32,0
DR-11 624 37 L 16,6
DR-12 6.4 425 ‘ 14,5
DR-13 6.8 100 28,6
DR~14 6.7 179 15.7
DR-15 6.5 243 11,4
DR-17 9.6 203 Al,0
DR-19 6.2 168 37.3
DR~20 8.5 384 16,4 ‘
DR-22 8.4 9t | 6.7
DR-23 10,3 255 174
DR~24 8.4 184 23,9
DR=25 6.3 8 5245
DR-26 8.7 175 25.0
DR=27 €,5 98 k5.5
DR~28 7.9 139 32,0
DR=29 b.5 3 47,7
DR=30 5.6 124 35.9
Dit=31 6.2 124 35,8
DR=32 5.0 83 53.2
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THIECTANT
H0

TRICH
FREON 113
METHANOL

H,,0/ PHOTOFL.,

. TABLE IXg¢

DENSITY
In/ero)

62,2
89.6
97.6
48,9

624

INJECTANT PHYSICA® PROPERTIES

ABSOLUTE
VISCOSITY

(LB/FT-SEC)

Sxiﬁaﬁ

7.1x10‘3

&xidi‘

3. 320"

5,7x107
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KINEMATI(
VISCOSITY

(FT2[s%C)

8,1x10°8

3x10™

b 13107
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9.1:;10"6

SURFACE
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.0019
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oriented to perpendicularly intersect the wave trough connecting line;
3) distance from the injection point to the intersection of

each crest and trough connecting lines wsre measured with a map tracing

instrument accurate to 0,01 inches, These distances were designated

Si’ Sz, * .’ Sn. The correspording amplitudes Ai' A, " *° An were

2’
obtained by measuring the line drawn from the crest of each wave to the
intersection point with the trough lines
4) the true measurements were determined by dividing the S's
and A's by the magnification factor (2.6), The resulting values were
then nondimensionalized by the appropriate Cdl/zDo for a given test; and
5) the wavelengths were obtained by taking the difference be~

tween two ad jacent S's

>‘n.n-i = Sy " Sha

(29)
The distance from the injection point at which the wavelength was as~

sumed to "occur" was the mid-distance between the corresronding S's,

n-1 + >\n, n-1 (30)
2

Sn,n-l = 5

The nondimensionalized amplitude and wavelength data are presented in
Tables X and XI, respectively. Their corresponding dimensionless dis-~
tance from the injection point, dynamic pressure ratio, test number and

injectant type are alsc presented,

2. Liquid Injection into Still Air

Droplet data, size and spatial coordinates, was obtained from a
liquid (water) jet injected into quiescent, atmospheric air, The dats
was taken at two axlal regions in the spray, These regions waere nomi-
ually 3.0 = 3.5 and 3,5 ~ 4,0 inches from iae injection plane, The
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DATA
POIKT

TEST
NO.

O @~ W Fwh -

z gg
2 22 23 23 83 % 33

DR-10

s 2 2

DR-11

4]

DR«12
4]

TABLE X: LIQUID JET AMPLITUDE DATA

LIQUID
TYPE

xzo

AMPLITUDE

A/'cdi/zn°

1,32
1.93
3.23

-’*3

.80
1.05
1.57
2,98
6,02

e

.89
2.27
2,36
1.23
1.84

146

DISTANCE DYN, FPRESS.
3.93 15.7
10,50 15.7
21,07 15.7
6.11 27.2
10. 32 2702
13,98 27.2
19,23 27.2
26,23 27.2
Se,11 27.2
4,21 11,0
8.05 1.0
15,05 11,0
26,75 11.0
8.75 16,4
21,16 16,4
2,46 39,6
525 39.6
7.52 39.6
12,16 39,6
17.66 39.¢
22,64 39,6
30,07 39.6
bl 66 39.6
3.51 32,9
10,11 32,0
16,26 32,0
39.57 32,0
72,31 32.0
2.20 16,6
8,26 16,6
16,26 16,6
25,49 16,6
5429 %,.5
12,09 14,5
25.17 14,5
3.85 28,6
9,43 28,6
13.79 28,6
19.23 28,6
25,62 28,6
.83 28,6
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' TABLE Xt LIC'JID JET AMPLITODE DATA, continued
Be DATA  TEST LIQUID  AMPLITUDE DISTANCE  DYN, PRESS,
POINT NO. TYPE A /cd"‘/zn s/c /2, RATIO, q
0 d 0

b2 DR-i4 B,0 .51 1,81 15.7

. 43 " 59 k51 15.7

4k " 1.53 12,3 15.7

45 " 8. 58.92 15,7

46 DR=15 .Y 2,32 11,5

47 " 1,02 5.83 114

48 " 5.23 32,00 1.4

= 49 DR-17 .51 3.49 14,0

50 " 66 10,17 14,0

51 " 1,23 19,145 14,0

. 52 " 3,06 31,21 14,0

53 DR-19 . 4,63 37.3

g Lis " 1,00 14,51 37.3

55 " 2,31 26,37 37.3

57 DR=20 .77 2.51 16,4

g 58 " .66 5,83 16,4

i 59 " 2.63 12,63 16,4

x 60 DR-22 77 1,31 6.7

5! " 1,66 5483 6.7

62 " v k,06 28,14 6.7

63 DR-23 TRICH 33 4,35 17,4

. 6h " 76 6.61 17.4

. .; 65 b 1'17 9-.61 170“

s 66 " 1,50 13,46 17.4

: 67 " 2,26 19,57 17,k

68 " k.85 31.9% 17.%

69 DR=-24 33 1,50 23.9

70 " 59 6,70 23.9

7 " 1,09 12,04 23.9

72 " 1,00 16,57 23,9

73 DR~-25 .33 8.37 52.5

T " .50 12,87 52,5

75 " .85 18,30 52,5

, 76 " 1.35 24,91 52,5

77 " 3426 33,61 52¢5

78 " 4,35 48,33 52,5

79 DR~26 .85 4,02 25,0

80 " .85 9,87 25,0

81 " 1.85 13,72 25.0

82 " \P 2,50 20,83 25,0

83 “ 3.67 30,70 25,0
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TABLE Xs LIQUID JET AMPLITUDE DATA, continued

- DATA TEST LIQUID  AMPLITUDE DISTANCE  DYN, PRESS,
e POINT Ko, TYPE A /cdi/zn s/c 1/2IJ RATIO, g
. 0 a 0 -

-4 8l DR~-27  FREOK 113 .17 4,35 ks,s
85 " .33 7.37 45,5
ke 86 " .76 12,04 4s,5
87 " .67 18,07 bs,s

88 d 091 2307}# “5'5
89 " 1.85 31,14 45,5
90 " 3.85 41,80 45,5
91 DR~28 59 b,13 32,0
92 w .91 8.37 32,0

. 93 @ 1,26 13,54 32,0

% " 1.85 17.39 32,0
2N 95 " 2,00 23. 74 32,0
E 96 ® ‘l 2,9% 28,43 32,0

97 " / 3.67 39.98 32,0
99 » 67 9,61 47,9
100 " 2,67 21,50 47.9
101 " 2,54 35,11 47,9
102 " 6,28 63,54 47.9
103 DR-30 .26 6,61 35.9
104 " .50 18,98 35,9
105 “ 1,76 32,28 35,9
106 " Vv 5,70 60.87 35.9
107 DR-31 Pnorrono/uzo A 4,02 35.8
108 " 1,35 10,87 35.8
109 u 1.59 15,13 35.8
110 " 2,00 20,07 35,8
111 " 2,26 25,00 35,8
112 DR-32 50 3.85 53.2
113 " .59 10,28 53.2
114 " .33 14,63 53.2
115 " .85 20,33 53.2
116 " \F 2,17 30,44 53.2
117 " 3.17 44,98 53,2
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DATA TEST
POINT Xo.
1 IR-2
2 ;)
3 IR=3
u L]
5 ]
6 L]
7 [
8 DR+
9 *
10 "
11 DR=-5
12 DR-8
13 “
14 "
15 "
16 @
17 "
i8 "
19 DR=10
20 “
21 "
22 ;]
23 DR~-11
z[‘, (]
25 "
26 DR-12
27 “
28 DR-13
29 "
30 "
3 N
32 "
33 DR~14
3[‘_ '}
35 "
36 DR=15
37 "
38 DR-17
39 "
Lo "
Iy DR-19
42 "
43 "
4l DR~20
Is "
L6 DR-22
47

TABLE XIs LIQUID JET WAVELENGTH DATA

LIQUID vimm/mn DIST;!!GE DYN, FRESS.
TYPR 1 i RATIO, g
/e, /%, sfe, o
H,0 6,57 7.22 15,7
10,57 15,79 15.7
.21 8,22 27.2
3,66 12,15 27.2
5¢25 16,61 27.2
7.00 22,73 27.2
27.88 40,17 27.2
3,84 6,13 11,0
7.00 11,55 11,0
11,70 20,90 11,0
12,41 14,96 16,4
2,79 3.86 39,6
2,27 6439 29.6
L, 64 9.84 39,6
5450 14,91 39,6
k.98 20,15 39,6
7.43 26,36 39.6
i4,59 37.37 39.6
6,60 6,81 32,0
6.15 13,19 32,0
23,31 27.92 32,0
32,74 55.5% 32,0
6,06 5.23 16,6
8,00 12,26 16,6
9.23 20,88 16,6
6080 8069 15"'05
13,08 18,63 14,5
5.58 6,64 28,6
4,36 11,61 28,6
LR 16,51 28,6
6,39 22,L3 28,6
9.21 30,23 28,6
2,70 3.16 15,7
7.83 8,43 15,7
46,58 35,63 15.7
L,51 4,58 11,4
25.17 19,42 1.4
6.68 6.83 14,0
.28 14,81 4.0
11,76 25.33 i%,0
9,88 9.57 37.3
11,86 20,44 37.3
17,03 34,89 37.3
3,32 4,17 16,4
5,80 9.23 16,4
\/ ll-, 52 305? 607
22,31 16,99 6.7
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TABLE XIs LIQUID JET WAVELEXGTH DATA, continued

DATA TEST LIQUID WAVELENCTH DISTANCE  DYN, PRESS,
POINT NO. TYPE )\/C 1/2, s/c 1/2, RATIO, q
d 0 d [}

48 DR=23 TRICH 2,26 5,48 17.4

49 " 3,00 8.11 17.4

50 " 3.85 11,54 17.4

51 " 6.11 16,52 17,6

52 v 12,37 25,76 17.4

53 DR-2} 5420 4,10 23.9

4 " 5.3 9.37 23,9

55 " 4,53 14,31 23,9

56 IR-25 5,02 5.86 52,5

3 58 " 5.43 15,59 52,5
59 " 6,61 21,61 52.5
60 » 8,70 29,26 5245
€ 61 " 14,72 40,97 52.5
62 DR~26 5.85 6,95 25,¢,
k- 63 " 3.85 11,80 25,9
o " \ 7.11 17,28 25.0

65 " 9.87 25,77 25,0

66 DR-27 FREON 113 3,02 5.86 hg,5

6? " 4067 90‘171 4.‘)-5

68 " 6,03 15,06 45,5

69 ” 5.67 20,91 k5.5

70 " 7.37 27.43 k3,5

71 . 10,69 36,46 hs.5

72 DR-28 4,26 6424 32,0

73 " 5.17 10,96 32,0

7 " 3.85 15.47 32,0

75 - 6.35 20,57 32,0

76 " V/ 4,69 26,09 32,0

77 " 11,55 P21 32,0

78 DR-29  METHANOL 6,67 6,28 47,9

79 " 14,89 17,06 47,9

80 “ 10,61 29,81 47,9

8t " 28,43 k9,33 47,9

83 " 13,30 25,63 35,9

8 " v 28,59 146,58 35,9

85 DR-31 mcrom/uzo 6.85 7.45 35.8

86 " 4,26 13,00 35,8

87 " L, o4 17,60 35.8

88 " 4,93 22,54 35.8

89 DR-32 6,43 7.07 53.2

90 " ks 35 12,46 53.2

9 Y 5.70 17,48 33.2

92 " N ©10,18 25,39 53.2

93 " 14, 54 37.71 53.2
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injection conditions and daca slice locations are shown in Figure 43,
A photograph of the actual syray is shown in Figure 44, The size and

spatial coordinates for each droplet in the two axial regions are pre=-

DR R

sented in Tables XII and XIII, The true longitudinal positions of the
droplets in the 3,0 - 3,5 inch slice are obtained by adding 3 inches to
the y-coordinate, since this was not done in the computer program. The
numders in the slge columns ideatify the sige intervals in which the
droplets belong, For exasple, 3 indicates the nominal class sige 40-
60 microus, & indicates class size 60-80 microns, etc, The correspon-
ding physical siges for all the class numbers are given in Table X3V
along with the interval mid-diameters and droplet count in each inter-
val (class size) for both axial slices, The droplet number fyaction,
cumulatise volume fraction (below a given class size) and volume frac~
tion for the two axial reglons are presented in Tables XV amd XVI, Thé
various mean diameters and total droplet count for both axial regions
are givan in Table XVII, These data were operated on to characterize
the spray in terms of droplet smtilal and size distribution, How this
characterization was accomplished and a discussion of the results are

presented in the next Chapter,
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Figure 4%, Liquid Jet Injected into Quiescent, Atmospheric Air,
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AXTAL Sl

X
-0.21222
-0.3342C
-0.30187
-0.,20912
-002969§
-0.26800
-0.26058
‘0.21990
-0.15163

0.16964
-0.32980
~0.31549
-0.25627

0.21533

0.27179

0.33575
-0.35109
-0.29765
'0026981
-0.26739
-0.23274

*0.18352
-0.12413

0.41824
-0.35385
~0.32730
-0.32601
~0.307438
-0.30334
~0.28480
’0025765
~0.22533
‘Oo21757

0.12490

0419938

0.20223
~0.36756
‘0034256
~0.,321285
~0.30156
-0.30420
~0.+29437
~-0,27972
~0,17938

TABLE XII: DROPLET SIZE AND SPATTA
o [TCE 3.0-3.5 INCHES

0.04926
0.14278
0.25647
0.37610
0.13146
0.48412
0.17260
’0.00549
0.27669
0.17634
0.27452
0.15564
0.19593
0.12307
0.32592
-0.02804
0.37062
0.54132
0.31790
0.17534
0.08880
0.24428
0.56107
0.51885
0.22836
0.39911
0.60509
0.24823
0.28096
0.46318
0.25880
0.06508
0.18295
0.20983
0.29276
0.08994
0.41354
0.21238
0.40484
0.33304
0.39459
0.30482
0.42028
0.23189

COCRDINATES, SLICE 1

”0017901
‘0017134
-0.23056
0.44009
~0.16545
0.27107
-0.18687
-0.15C50
‘0.01557
-0.18883
-0.23996
-0.06528
“0014264
-0.49937
-0.091759
-0.13875
0.16104
0.29766
0.41402
°0.24469
~-0.14323
0.00132
0.00546
036574
’0004678
D.62811
0.20811
-0.,11351
-0.13055
0.33836
0.44481
-0.18726
0.03326
-0.20627
0.03245
~-C.14382
0.30783
-0.03845
-0.08231
-0.04492
-0.07698
~0.08660
0.36C70
0.00177

SIZE
3.
4.
44
4,
5.
Se
Se
Se
5.
5
6.
6.
6.
6.
6.
6e
Te
7.
1.
T
7.
7.
7.
Te
8.

[ ]
Ue

8.
8.
8.
8.
8Q
8.
8.
8.
8.
8.
9,
9.
e
9.
9.
9.
90
9.
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TABLE XTY: DROPLET SIZE AND SPATIAL COGRDIRATES, SLIGE 4, contimued
I AXIAL SLICE 3:0-3.5 INCHES

X Y z SIZE
0,16352 0.32915 ~0.04289 9,
0029567 0.40032 0.31472 S,
0.31472 0.12867 0.06153 9.
0.41462 0.53461 0.35750 9.
~0.35523 0.39158 0.20650 10.
~0.33394 0.45653 0.00197 10.
~0.33066 0.32393 -~0.15293 10.
~0.31032 0.44294 0.01C61 10.
-0.30217 0.65622 0.12505 10.
~0426€79 0.41335 0.02602 10.
-0.25869 0.43712 «013563 10,
~0.24610 0.64834 012915 10.
-0.21791 0.62259 0.25532 10.
~-0.20128 0.410617 0.02741 10.
-0,18343 0.50570 0.37253 10.
-0.17481 0.62680 0.25313 10.
~-0.170932 0.28373 -0.01923 10.

0,16068 0.13188 0.05986 10.

0.21257 0.06062 0.09638 10,

0.22472 0.06303 ~-0.12981 10.
0.26558 0.27590 -0.18430 10.

0.30739 0,49033 0.38060 10.

0.3¢997 =0.07159 -0.39798 10.

0041876 0.00991 ‘0.44043 10.
-0.32101 0.58779 0.16069 11.
~0.31179 0.29688 =-0.02608 11.
~0.30541 0,43773 =-0.04300 11.
‘0030l01 0.44760 0000818 11.
-0.28980 0.21761 0.12797 11.
-{.28291 0.40951 0.42269 11.
~-0.28158 0.32127 0.41227 11.
~0.27324 0.34238 0.45706 il.
-0.263%1 0.23723 0.39966 11.
-0,26205 0.00072 =-0.0973% 11.
-N.25429 0.23880 0.17332 11.
~u«21334 0.16719 -0.07129 11.
~0,2120% 0.16047 -0.01141 11,
~0.20748 0.14601 ~-0.06026 11.
-0.20128 0.31594 0.07676 11.
~0.19817 0.15793 -".06647 11.
-0.14102 0.61438 0.03408 11.
=0.13913 0,58761 -0.00836 11.
0.13258 0.16555 =-0.23959 11.
Ceo3844 0.19162 =-0.19(79 1.,
0.14982 -0.06226 =~0.34646 11.
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0.17240
0.17593
0.18128
0.19111
0.22309
0.23903
0.32213
0.34006
0.398756
-0.38135
-0.33971
-0.33540
~0.31247
“0029998
-0.29799
-0029161
‘0026291
-0.26C67
-0.25851
~0.25377
~0.25343
-0.25343
-0.24610
‘0022214
-0.16869
-0.13576
0.25282
0.27679
0.31239
0.32842
0439626
0.40221
-0.32937
-0.30765
-0.28093
0.21429
0.45781
~0433497
-0031713
‘0031170
-0.30765
-0.30239
-0.29351
-0.17688
-0.17671

TABLR XII: DROPLET SIZE AND SPATTAL C
AXTAL SLIGE 3.0-3.5 INCHES

0.20097
-0.09620
0.34132
0.27048
0.31317
0.14329
0.56602
0.51127
0.19384
0.25153
0.18699
0.37479
0.42785
0.51768
0.32945
0.25908
0.67522
0.26222
0.66868
0.43115
0.33532
0.61690
0.25015
0.37280
0.32885
0.70105
0.,44017
0.37338
0.48867
0.52935
0.4187!}
0.35474
0.30602
0.25763
0.14295
0.10361
0.31969
0.48431
0.47956
0.47275
0.56214
0.21326
0.44484
0.4184.

0.65036

156

THATES, SLICE £, cs2tinued

”0014527
-0.27240
0.06353
0.32596
0.02181
0.,16668
0.34117
~0.13775
=0.25432
-0.05884
-0.08161
-0.06666
~0.09430
0.25358
-C.04305
0.27552
0.16111
0.33026
0.11855
~0.03864
0.29219
0.03276
0.39293
0.38543
0.01365
0.27C84
0.40672
0.15960
0.04317
0.07836
0.07961
5,28207
0.25106
0.27627
-0.05867
0.18735
-0.31987
0.04544
'0000847
-0.06130
-0.05148
0.18662
‘0.04676
0.13415
0.297¢24

11.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12,
12.
12.
12.
12.
12.
13.
13.
13.
13.
13.
l4.
l4.
l4.
1".
14.
14.
14.
14.




X
~0.15542
0.18223
0.21C07
0,22196
0.25213
0.25265
0.29808
0.31204
0433247
V34695
0.34997
-0.35376
‘0033894
~0.32006
~0.31592
-0.31515
‘0.23696
0.26119
0.37100
0,40161
-0.26808
-0025843
-0.25532
-0.22636
-0.22136

© =~0.20826

-0.17843
‘0016809
~-0.16¢€80
0.19369
0.19878
0,.,20933
0.24774
025446
0.25869
0.29420
0.36437
'0030601
“0.30411
-0.28480
~0.,22446
0.22196
0.25782
O.4l1117
‘0.35273

Y

0.37168
0.40717
0.19973
0.34734
0.34390
0.28818
0.03720
0.03790
0.34780
0.35423
0.26827
0.379638
0.33098
0.28149
0.27721
0.22629
0.52416
0.50730
0.11595
0.61883
0.35911
0.24004
0.35039
0.44973
0.21738
0.45661
0444590
0.39914
0.31783
0.31150
0.32536
0.32157
0.25817
0436940
0436691
0.53488
0.23016
0.13849
0454513
0.39407
0.33408
0.09143
0.51792

0.23271

157

~0.18875
0.04772
0.14200
0.19367
-0.05237
'0005057
0.09121
-0.0G359
~0.45501

~0.05260.

0.45148
0.38349
0.38164
-0.04384
-0.13083
0.32246
-0.10208
0.13745
~0.13568
-0.10099
014452
0.33618
0.28543
0.34072
0.40174
0.12809
0.39816
0.34736
0.14618
0.41406
0.07907
C.18461
-0.09532
0.33237
0.16167
~0.11894
0.18825
0.17782
~0.22549
0.23929
0.43C73
~0.,27098
0.08C93
0.3098¢4
-0.,10542

TABLE XITs DROPLEY STZE AHD SPATTAL COCRDINATES, SLICE 1, contimmed
AXTAL SLICE 3.0-3.5 INCHES

15.
16,
16.
16.
164
16.
16,
16.
160
1.60
164
16,
16,
16,
i6.
16,
15,
16,
17.
17.
17.
17.
17.
17.
17,
18.
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AXTAL: SLICE 3.0-3.5 INCHES

Ca

-0.35911
-0.32678
-0.31722
-0.30765
"0 .30049
-0.24972
-0.24265
-0.23050

~0.18197

0.15188
0.15861
0.24377
0.26731
0.30549
0.32C066
0.3269¢
0.34825
0.42428
"0 030049

- -0.23558

~-0.14102
0420395
0.23576
0.25748
0.32066
0.42798
-0 036859
-0.22593
",00174610
-0.14283
0.18395
0.21153
0.24222
0,25€19
0.26756
0.28549
0.29834
0.29972
037566
-0.26438
-0.19507
-0.1932¢6
0.,20128

0.20770
0.45088
0.29808
0.52712
0.44964
0.10530
0.46645
0.41506
0.24372
0.60545
0.08729
0.22618
0.27557
0.29686
0.,25677
0.45421
0.04921)
0.43741
0.39345
0.55700
0.47330
0.20548
0.54986
0.28057
0.38109
0.,09678
0.49535
0.35502
0.39604
0.22238
0.64742

'0-42287

0.22437
0.34953
0.43264
0.38647
0.43870
0.43441
0.17466
0.19807
0.46815
0.59030
0.53431
0.54953

0.40534,

158

-0.14878

-0.04991"

0.31158
-0.03324
-0.16203
-0.20821

0.28C27

0.19428

0.33990

0.15149
-0.02968

0.,17989

0.15416
-0.13884

0.16396

0.23026
~-0.00984

0.35178

0.43105

0.34587

0.05117

0.30343

0.18044

0.32C70

0.09920

0.02176
~0.24222
-0.33827

0.31€95

0.29463

0.07325

0.30297

0.29360

0.22840

0.18512
~-0.18551

0.29472

0.24C58
-0.18795
-0.14376

0.33577

0.10300

0.01%40

C.01147

0.14296

- o - -

20.

20.
20.
20.
20.
20,
20.
20.
21l.
2l.
21.
21,




AXTAL

P

0.20619
0.24627
0.34575
0.35351
-0.23€96
-0020947
C.18654
0.22593
0.29403
0.32213
0.33678
~-0.32023
0.25808
0.26722
0.32230
-0.14C25
0.16688
0.18481
0.19490
0.23912
0.25800
0.26541
0.34290
-0.35101
0.211%3
0.22843
0.31325
0.21541
-0.24257
~0.23653
-0.18516
-0.17395
-0.15257
0.16602
0.20972
0.,22576
0.20213
0.32989
-0.36825
~0.30360C
~0,20C33
~0.19878
0.21102
0.29929
0.30067

- > w0 - -

0.62230
0.52226
0.04867
0.07055
0.43964
0.12961
0.29244
0.19672
0.36429
~-0.13627
0.12818
0.37610
0.4%1614
0.56975
0.08019
0.52248
0.43772
-0.05705
‘U;O?qgl
0.24623
0.15966
0.42262
0.15251
0.,29008
0.32907
0.32085
0.52726
0.55629
0.4899¢C
0.22358
0.63349
0.21767
0.38913
0.53956
0.%0056
0.36690
0.35564
0.54621
0.25847
0.223G7
0.58078
0.50651
0.57082
0.41309
0.41687
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0,21186
0.19482
-0.00857
0.03542
"'0.04406
0.23012
0.42728
0.02606
~0.23C34
~0.30791
~0.101735
"0.0{096
0.25C09
0.22646
0,08678
0.13832
0.35162
~0.29279
-0.25C88
“0022523
0.21453
0.19033
0.03384
0.40821
-0.26402
0.36136
317710
0.09891
0.18124
0.02412
0.01518
0.15140
0.29857
-0.08C08
0.27574
0.16884
~0.15595
~0.17522
-0.15¢78
0.33348
6.20302
0.22591
’0014299
U08CRT

PATLE XI¥s DECFLET SIZE AND SPATTAL COURDINATES, SLICE 1, eontinued
SLICE 3.0-3.5 INCHES

- n s esn o o

27,

27.
27.
AR
284
28,
28.
28.
28¢
33.
37.
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TABLY XII: DROPLET SIZE AND SPATTAL COORDINATES, SLICE 1, centinued
AXTAL SLICE 3.0-3.5 INCHES

X Y z SIZE
0.27136 0.42938 0.13C17 39.
0.23567 0.39718 -0.13471 42,
0.18981 0.35024 -0.11026 46.

160
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-0.36265
-0.18752
-0.12321
0.25¢€11
0.29¢€68
~0.30515
-0 028560
-0.23796
-0.19772
-0 013229
~0.08482
0.40951
-0.38482
~0.36C50
~0.341014
-0.34C05
-0.30375
~0.30244
-0.29389
-0.27C42
-0.26981
"0 023647
-0.20558
~-0,20070
'O clgq‘7q
-0.18412
-0.16387
=0.13499
-0 011684
-0.07897
0.23822
0.25436
0.2667%
0.27880
0.27923
0.27976
0.31126
0.31658
0.32871
0.34415
0.36152
0.36702
0.38255
0.38709

4,11906
4.19544
3.97063
4,03476
4,00264
4.43663
3.91855
4.3L,738
4.,41084
4,29465
4,30626
3.96541
4,24684
4,09739
3.,97884
4,19931
4,41190
4,38548
3.92435
4,49088
4,12129
4,440,63
4.36754
4,43649
4.09285
4,17096
4,06861
4,41978
4.38402
4,09611
4,18C32
4,26154
4,46321
4,10957
4,06692
4,18894
4,04829
4410467
4,07512
4,22098
4.10779
4,10496
4,06061
3.95880
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0.03€35
0.22409
~-0.10686
-0.19665
-0.18292
-0.01429
~-0.30827
~-0.04481
0.22461
~0.10°49
-0.11553
-0.161353
0.19732
0.04964
-0.22690
0.22208
-0.05180
0.40702
~0.19852
~0.04255
"0024472
0.26241
0.07807
0.26769
~0.28¢€29
-0.49€14
=0.,16C90
0.16263
0.18225
~-0.40075
-~0.44461
0.186617
-0.03C74
-0.29500
~0.27278
-0.39272
0.01883
-0.40518
-0.38682
0.21C79
-0.29407
0.27122
-0.21211
-0.32623

TAELE XIIT: Dﬂdﬂmﬂ?SIZEJMH)SEMHAL(KKBEUHE!g‘SLﬂﬂlz
AXTAL SLICE 3.5-4.0 INCHES
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TABLE XIITs DROPLET SIZE AND SR&EUU&GOGHEHUHEB: SLICE 2, continuad
AXIAL SLICE 3.5<4.0 INCHES

X Y Z SIZE
0.43010 4.40372 0.11561 5.
0.45052 4,10572 -0.12385 5e
0.46579 3.98321 -0.17280 Se
0.46806 4,15332 -~0.03587 5.
0.48569 4,09207 -0.28588 5e
-0.38674 4.21816 0.15588 6.
-0.37199 2,95961 <-0.27327 6.
~-0.35297 4.35104 0.31219 6.
-0.34485 4.05022 0.01782 6.
-0.30506 4.38633 -0.10086 6.
~-0.30279 3.89596 -0.40526 6.
-0.29677 4,20741 -0.45872 6.
-0.28106 4,16574 0.01404 6.
=0.26466 4,140¢0 =0.14191 6.
-0.23901 4.55166 0.20770 6.
-0,21946 4,05454 -0,37610 6.
-0.20716 4,23384 0.09133 6.
~Q.17469 3.91031 ~0.36C36 6.
-0.17269 4,51619 -0,05574 6.
~0.14145 4.36673 0.13488 6.
-0.13935 4£.39730 0.11895 6.
~C.13517 4,00363 0.04209 6.
~0.13C37 4.31891 -0.06574 6.
~-0.12496 4.31761 0.21€84 6.
~0.07845 4,21355 =~0.29277 6.

0.2454¢6 4,2385%0 0.48358 6.

0.24660 4,16155 =~0.,49122 6.

0.26632 44.15714 0.01851 6.

0.28825 4,40957 0.05€13 6.

0.31361 4.36529 0.19201 6.

0.32426 4,20867 =-0.1T7747 6.

0.35846 4,01583 -0.1324} 6.

0.36178 4.,15964 =~-0.2083) 6.

0.37155 442746 . 0.46475 6.

0.38665 3.88984 -0.29231 &
~-0.34358 4.06461 =-0.38434 Te
~-0,32836 4.22651 0.26429 Te
~0.31719 4e36682 0.41€74 Te
~-0.31108 4.15551 0.13213 Te
-0.29529 4.,531722 0.27160 Te
~0.23805 4.04630 -~0.43119 T
~0.27714 4.22778 -0.18742 Te
-0.27522 4,30835 -0,11¢62 Ts
-0.23927 4435970 -0.08€99 Te
-0.20550 4432193 =0.06731 Te
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TABLE XIII3s

DROPLET SIZE AND SPATTAL COORDINATES, SLICE 2, ceatinusd
AXTAL SLICE 3.5-4.0 INCHES

-0.20122
-0.15€72
-001‘?913
-0.14729
-0.14442
-0.,09223
0.24860
0.27373
0.29267
0.30.05
0.35175
0.35401
0435602
0.38455
0.38¢€13
0.45384
0.48045
~0.34921
=0.34494
~0.32845
“0 032635
-0.30916
-0.29551
~0.,28C63
-0 027q58
-0 '27818
-0.25384
-0.22661
-0.,20489
-0.17452
"'Oe 1‘?232
~0.07740
~0.04825
0.24145
0.24729
0.25C70
0.25183
0.27941
(284647
0.31562
0.33281
0.33622
0.33839
0.35227
0.35750

Y
4.41955
4.34798
4.46672
4.22717
4.52617
4,05238
4,06010
4.23592
4,42296
3.98163
4.29040
2.98909
4.23546
3,87721
4.36873
4.03471
4.11572
4.09382
4.15280
4.,08064
4.10211
3,8700C
3.77193
4.17555
4.19749
4.,07032
4,30919
3.97291
4.34797
4.19394
4,47318
4,14889
4,18832
4.12877
4,28875
4,30805
4413760
4,16817
4.46953
4,33941
4.07075
4.04904
4.09663
4,26444
4.13290
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0.16275
~-0.13726
0.19556
~0.29987
0.05183
-0.49C74
~0.15€47
-0430442
0.04921
-0.22836
0.28740
-0.17586
0.20325
-0.17297
0.35937
~0.03C48
-0.24182
~0.343217
0.13354
0.00198
0.04718
-O 045212
-0.40104
-0.27298
~-0.22802
-0038732
-0.00430
'0016744
-0.02450
~0.45170
0.24858
-0.42824
=-0.27963
0.08G667
0.11611
~0.34200
-0.53512
~0.43828
-0.14419
0.14911
-0.21839
‘0.263"7
-0.17550
0.2445¢
-0.25C77
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0.361702
0.37138
0.37260
0.46448
0.51126
-0.34872
-0.31370
-0.29250
-0.27818
-0.23045
-0.21710
-0. 19965
-0.19668
~0.18202
-0.17382
~0. 17024
-0.16466
-0.,15183
-0.13185
-0.12487
-0.12373
0.25%32
0.28298
0.31326
C.35262
0.37155
0.37478
0.40C09
0.,47T173
0.51562
-0 37‘!43
-0.36606
~-0.33028
-0.31763
-0.26876
-0.26279
-0.25899
-0.22243
-0.21675
-0.21588
-0.19C23
-0.16876
-0.16€40
-0.15240

4.44936
4,42626
4,28425
4.,05506
4,14296
4,27068
3.81481
3.81140
4,27975
4,02920
4,25153
4,44847
4,21682
4,23560
4,12619
4,17711
4,44461
4,36980
4,12533
14022470
4,10864
4,33123
4.43329
4,3928¢C
4,25466
4,24907
4,38153
4,27455
4,12828
4.,16923
4,15079
4,17474
3.90210
4,19831
4,19808
4,0388C
4.22226
4,24451
4,25316
4,13023
¢.15318
4,40044
4,39895
4,42375
4,49253

164

z
-0.07731
-0.12166

0.34€698
-0.04108
-0.25€01

0.07214
~-0.,42338
~0.42160
‘0015811
-0.42228

0.02574
-0.02C46
-0.01257
-0.15150
-0.07813

0.00811
-0.13121
‘0.14863
-0.47235
‘0 .07308
-0.01261
-0.29769

0.10021

0.23406
~0.42695

0.42169
-0.21112
-0.43731
~0.07622
-0.21331
-0.37285
-0.32894
-0.24332

0.10983
~-0.39748
~0.421728
-0.35369
-0.30890
~-0.081788
-0.30576
-0.26133

0.06C94
-0.,22C19
-0.17¢73
.0.23850

TABLE XIIT: DROPLET SIZE AKD SPATIAL COCRDINATES, SLICE 2,
AXTAL SLICE 3.5-4.0 INCHES

10.
10.
10.
10.
10,
10.
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TABLE XIII:

DROPLET SIZE AND SPATTAL COCRDINATES, SUICE 2, centirmed
AXIAL SLICE 3.5~4.0 INCHES

X Y z SIZE
-0.12565 4.19601 -0.11449 10.
-0.12487 4.33379 0.20842 10.
-0.,10532 4,19454 -~0.22649 i0.
-0.10401 4.16793 -0,32539 10.
-0.05611 4.31546 -0.00756 10.

0.18857 4.13499 -0.25185 10.
0.25349 4,28573 -~0.38€75 10.
0.27696 4.,21166 -0,34817 10.
-0.29389 4.05634 C.CL464 11.
-0.29127 4.07959 0.05891 11.
-0.27557 4.36173 0.19386 1.
-0.25375 4.35663 0.08276 11.
-0.,17190 4,15386 ~0.03616 11.
-0.17147 4.35337 -0.30922 11.
'0.1‘61’6 4049862 ‘0004658 110
-0.15035 4.,30961 0,05186 11,
-0.14895 4.51470 0.28333 11.
-0.14€51 4,25058 -0,25568 11.
-0.13272 4.49702 0.23¢€16 li.
-0.12531 4.54585 0.32349 11.
-0.11527 4.,20098 0.16483 11.
0.20384 4.48285 0.35631 11,
0.21C73 4.08012 =0.33¢€04 11.
0.26527 4.33729 -0.01893 11.
0.26911 4.28590 -0.10493 11.
0.28386 4,31158 0.10722 11.
0.28735 4.38423 0.013200 11.
0.29005 4.4T7117 0.13¢€86 11,
0.31161 4.33513 ~0.13C57 11.
0.34852 4,27985 =-0.38369 11,
0.37653 4.23255 0.26115 11.
0.38080 4,00872 =~-0.24247 11,
0.44485 4.55321 0.20C€89 11.
0.46291 4.,05805 -0.21178 11,
0.47339 4433944 0.20%47 11.
0.47€00 4.31441 0.16213 11.
C.47852 4.,04606 -0.31830 11.
0.47880 4,29146 0.11770 11,
-0.33752 4.,30525 -0.11501 12,
-0.31¢58 4,14337 6.02569 12.
-0.29511 4,45473  0.08504 12.
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TABLE XIIIs

DROPLE? SIZE AND SPATIAL COCEDINATES, SLICE 2, centinned
AXTIAL SLICE 3.5-4.0 INCHES

"0028586
-0.27312
-0.23438
-0.1¢_ 1
-0.11134
0.19267
0.19564
0.20366
0.21553
0.26867
0.32€44
0.321792
0.35401
0.37513
0.40270
0.409Q5
-0.29782
-0.29302
~0.22131
~0.22461
~0.22347
~0.2112¢
~0.19904
~0.16082
0.24869
0.26222
0.26396
0+34311
0.38508
0.41571
0.43918
0.45864
-0.37487
-0.36859
~0.34782
-0.31710
~-0.28909
-0.28717
'0026850
=0.25646
-0.24520
-0.22714
-0 121178
-0.19127
~-0.12827

e

4.26069
3.95817
4.,26820
4,09209
4.14119
4.11181
4.08763
4.45890
4.51960
4.31318
4.04994
4.03188
4.23341
4.26006
4.25122
4£.26197
4.03140
4,33459.
3.,97208
4.02308
4,22550
4,29420
4.42498
4,04521
4.05541
4,44453
4.39879
3,87447
3.98414
4,24366
4,59639
4438919
4.05777
4.06861
4.37461
3.97759
4.21209
4.23302
4,21949
4433562
4,28929
2.77371
4.55553
3.855%27
4,1¢050
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0.19C11
-0.10337

0.18¢20
~0.00399
~0.36785
-0.29€16
~-0.33995

0.31240
-0.05751
~0.06276
-0.43208

0.02738
-0.47227

0.30320
-0.48154
~0.37437
-0.36705
-0.13C2¢9
-0.39253
-0.30€33
-0.12685

0.17265
"0 006461
-0.20509
-0.49283
-0.13117
-0.22C11
-0.22892
-0.286€05

0.15898

0.29717
-0.10235
-0 05‘0992
-0.04813

0.35€30
~0.11349

0.10266

0.14814
~0,07C34

0.03€32
-0.38860
-0.40197

0.20568
~0.21893
<0.01¢€78

SIZE

12.
12.
12.
12.
12.
1i2.
12,
12.
}.2.
12.
12,
12.
12.
12-
12.
12,
13,
13,
13.
13.
13.
13.
13,
13.
13.
13.
13.
13,
13.
13,
13.
13.
14,
14,
14,
14.
14,
JEN
14,
14,
14,
14.
14,
l4.
14,

\,
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TARLE XIIIs

nmnmxrs:zzAnnsnuinu;canﬂxxﬂs,:nzczzu coatinued
AXTAL SLICE 3.5-4.0 INCHCS

-0.12007
-0.11335

0.41274
-0.34520
-0.33455
-0.29852
-0.28211
-0.27845
-0.25986
-0.25166
-0.21195
-0.18848
-0.16466
-0014721
-0.11771

0.21361

0.,36161

0.37129
"’0339171
-0.37103
-0.29773
-0.28054
-0.22391
-0.22382
-0.20244
-0.16213
-0.15576
-0.1544%
-0.11789
-0.11675

0.20628

0.21806

0.24188

0.25183

0.25611

0.61422

0.41597

0.41780
-0.313290
-0.30035
-0.+24494
”0021824
-0.18970
-0.15201

4,27512
4434504
4.38546
4.40119
4.32626
4.09739
4,28903
4,33794
4.,09096
4.26634
4.26723
4,479617
3.85380
4,12063
4.15501
4,23994
4.29329

4,21382

4432462
4,04450
4,43055
4.31127
4.43871
4.50753
4,37956
4,11348
4.33219
4.04444
4418113
4.30031
4.,02262
4,47975
4.19450
4,17578
4.15136
4,23964
3.93747
3.91649
4.37703
4.14994
4.01392
4,35925
4.48623
4,46CH17
4.41403

167

0.23897
0.37170
0.12512
0.39684
’0.06957
0.04G64
0.06259
0.14988
-0.34168
-0.43304
0,13032
-0.164G47
-0.21816
-0.18799
0.07601
-0.19375
-0.05240
-0023653
0.15¢€81
-0.95196
0.04526
0.107358
-0.18455
-0.05122
~0,15371
0.15402
’0-1290‘1
-0.317%8
0.11878
0,28224
~-0.41885
-0.14651
0.45C11
-0.27310
"Ou31676
-0.41913
‘0026174
~-0.13805
0.01€75
0.13503
0.03€73
0.19515
0.07263
-0.19596
~0.00252
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TAULE XIIIs

DROPLET SIZE AND SPATIAL COORDINATES, SLICE 2, centinued
AXTAL SLICE 3.5-4.0 INCHES

0.23970
0.25969
0,31056
0.36073
0.41475
0.41789
0.49G31
-0.29538
~0425951
-0.25€37
-0.22443
-0.16126
-0 .14869
~0.14825
-0.14747
-0.14180
0.21449
0.37251
0.41449
0.41518
-0.39599
-0.32086
"'O 026719
-0.21981
0.30750
0437373
0.38595
-0.34625
-0.34581
-0.26187
~0.23¢€91
-0.23490
-0.23472
-0.22277
~0.+19G49
~0417347
-0.1526¢
-0.14075
0.38¢970
-0.30358
-0.29852
-0.20829
"O 017574
~-0.15934

4,32573
4.22031
4,12648
4.,46192
4,26818
3.91128
4,22157
4,37253
4,08372
4.05198
3.91270
4,36033
4,08659
4.,2307%
4,280T71
4.25289
4.38428
4.50192
4,40767
4,3639%
4421592
4,29765
3.91001
4,02437
4.43172
4,64128
4,38549
4,50445
4,18299
4,15602
3.99858
4422053
4,24208
4,16558
4,48241
4,52380
4.,05931
4,04259
4.45776
4.48027
4,05914
4,12320
4.17915
4,03668
4,00%50

168
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0.32238
0.49305
-0.36019
0.19806
-0.09570
-0.30448
0.15410
0.24462
“0028153
-0.26500
-0.24884
-0.20C08
0.11164
~0.07623
0.01G54
-0.03135
-0.15¢€17
-0.10468
0.11255
0.07593
-0046315
0.11448
-~0.47290
-0.30130
-0.06812
0.27278
0.06524
0.23229
0.11782
0.07548
-0.34G95
0.09826
0.14342
0.01412
-0.09452
0.22221
0.06947
0.07818
~-0.,0254%30
0.18851
-0.32511
0.09258
-0.33124
0.02488
-0.18441

19.
19,
19.
15,
19,
20.
20,
20.
20,
20.
c0.
20.
20,
20.
20.
20.
20.
21,
21.
Zl,
Z1.
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JROPLEY SIZE AND SPATIAL COORDINATES, SLICE 2, centimued

\
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PPN

TARLE XIIT:
AXTAL SLICE 3.5-4.,0 INCHES
X Y Z SIZE
-0.15646 4,02228 -0.19836 z1.
-0.11920 4.39963 0.00498 21.
~0.11291  4.36884 0.41569 21,
0.03C19 4,43607 0.21152 21,
0.23752 4,50288 -0,04880 21,
-0.39930 4.27834 0.06815 .22,
~0.35017 4.55847 0.31692 22.
-0.21990 4.54792 0.04050 22.
-0.21527  4.15450 =-0.37478 22,
-0.15881 4,00373 ~0,29625 22,
-0.15489  4,01887  0.03415 22,
0.24C49  4.46396 =-0.14129 22,
0.31187  4.43611 0.1%%12 22.
0.31257 .41077 0.11194 22,
0.31649 4,36201 0.,02457 22,
0.33613  4,29684 0.17128. 22.
~0.24756 4.32538 0.15121 23,
-0.15742 4.08014 ~0.05414 23,
0.02679  4,46087 0.25499 23.
-0.24817 4.26028 0.02113 24,
-0.18€656  4.54504 0.261753 24, !
~-0.18255 4,57139  0.31019 24,
-0.18019 6,39767 10.34429 24,
0.25275  4,27366  0.12697 24,
0.26894  4,365C7 0.07936 24,
-0.24834  4,30818 9.10899 26,
-0,18133  4.34969 0.25652 27,
-0.12583  4.60956 0.17754 28,
0.30079  4.56327 0.31442 . 28.
~0.18482  4.37519  0.25962 29.
~0.12007  4.27375 -0.09860 29.
-0.23281 4,20411 =-0.40C62 31.
-0.22513 4,2287¢ ~-0.35708 32.
-0.17C51 4,38050 .0.24047 32,
-0.14668 4.52948 0.21915 32.
-0.14686  4.46027 0.13214 34,
0.38421 4,41320 0416705 3%.
0.33630 4,19070 =-0.05535" 36.
0.32120 4.45864  0.03C62 40,
~0.17661 4,20997 ~0.11747 43,
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TABLE XIVs CLASS SIZE INTERVAL WIDTH and DROPLET NUMBER COURT

CLASS  CLASS DIA,(MICRORS) HID-DIA, DROPLET COUNT DROPLET COURT
NO, MINIMUM / MAXIMUM  (MICRONS) (AX, SLICE 1) (AX, SiICE 2)

i, 0.0 20.3 10,1 0 0

2. 20,3 40,6 50,4 0. 0.

3. Lo,6 63.5 52,6 1, 5

u‘ 63'5 83'8 7306 30 ?.‘.

5 83,8 106,7 95.2 6, 37.

6, 106,7 127,0 115.8 6, 30,

7. 127,0 14,8 135,9 8, 27,

8, 1,8 165.1 154,9 12, 33.

9, 165,1 182.9 17,0 12, 25,
10, 182,¢ 203,2 193,0 20, 25,
11, 203,2 228,6 215.9 20, 32,
120 22806 2""’69!" 23?05 "j; i9=
13, A6,4 2581.6 254,90 5, 16,
i, 261,6 284, 5 273.0 19, 16,
15, 284, 3 304,8 24,6 9. 15,
16, 304,8 325.1 31,9 17. 20,
7. 325.1 #2.9 334,60 7. is5,.
18, #2.9 365.8 354.3 21, i3,
19, 365.8 361.0 373.4 8. 7e
20, 381.0 Los, 4 393.7 13, 12,
21, 506,4 £26,7 46,5 8, 10,
22. "426.7 M?oﬂ a3608 ?c 110
23, 47,0 Ley, 2 4s55,9 4, b,
2k, 46,8 190,2 477,5 8, 6,
25, 1$90, 2 08,0 4991 L, 0,
26, 508,0 523,2 3i5.6 1. i,
27, 523,2 548,6 535.9 19, 1.
28, 48,6 563,14 556,0 5 2.
29, 563.4 58,2 573.8 0. 2.
30, 58,2 607.1 598.6 ol 0.
3, 607,14 52k, 8 615.5 0, i,
32, €24,8 €42,6 633.7 0, 3,
33, 42,6 662,9 652.7 1. 0,
y"' 662:‘} 68568 67[&03 oo 2.
35. 635,8 703,6 £94,7 IR 0.
36, 703.6 726,4 715.0 0. 1.
37, 7264 L, 2 735.3 1. 0.
38, ", 2 762,0 753,14 0. 0,
39. 72,0 784,9 773,L i, 0.
40, 7t4,9 807.7 796.3 0. 1.
L1, 807.7 823,0 815,73 g, e,
42, 82%,0 845,8 8% ,4 i, 0,
535 @#5.8 5)66.1 85509 0. 1.
Ly, 866,1 483.9 §75.0 0, 0.
4s, 86%,9 9ok, 2 364, 0 0. 0.
46, 904 ,2 923,06 513,1 1, 0,
47, 922,0 7,4 Q3,7 0, 0,
Lg, VR Q47,7 957, 7, B
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TABLE XV: DROPLET DISTRIBUITON DATA, SLICE 1

CLASS DROPLET KO, CUM, VCL. YOLUHB
_No,_ _FRACTION _ FRACTION FRACTION
1' te 0 e 0 [N X ]

2' (R N J *e e 200
3. 0.00368 0.90001 0,00001
b, 0.01103 0.00011 0,00010
Se 0,02206 0,00052 0,00042
6, 0.02206 0.00129 0, 00077
7. 0,0291 0,002%0 0.00161
8. 0, 08412 0.00649 0.00358
9, 0,08512 0,01156 0.00507
10, 0.07353 0,07 .11 0,01155
1. 0.11029 0,04735 0,02423
12, 0,08456 0.07208 0,02473
13, 0,01838 0.07865 0.00658
14, 0, 06985 0.10970 0,03105
15, 0,03309 0.12818 G, 01848
16, 0,06250 0.17081 0,04263
17. 0,0257% 0.179175 0, 02094
18. 0,07721 0,26675 0,075C0
19, 0, 02901, 0,30018 95,0333
20, 0,04779 0.36386 0,06368
21, 0,021 0,42027 0,04681
22, 0,02574% 0.h3711 0,04684
23, 0.01471 (48753 0,063042
20, 0,029%1 0. 55745 0.06991
25. 0,01471 0.59737 0,03992
26, 0,00368 0.60837 0,01100
27. 9,03676 0.73190 0,12354
28, 0.,01838 0,80089 0, 06898

29. [ XN [ N te®
30. [N 4 [ X N1 200
31. [ RN ] cet [N J
32. s e e L X N ]
33, 0.90?68 0.82321 0, 02232
35‘ [N N a0 e >
36. oo oD [ N
%g. 0.99?68 0.85512 0,03191
22, 0.00968 0.89226 0,03714
u.i' e e see
ﬁg. 0.90368 0,93889 0, 04663
Ma (XN s e s e
l;,sa tes eee vee
Zg. 0,00368 1,00C00 0,06111

L&8, vee e PP
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21,

TABLE XVI: DROELET DISTRIBUTION DATA, SLICE £

DROPLET NO.

FRACTION

e o

0,01250
0,01750
0,09250
0,07500
0,06750
0,08250
0,06250
0,06250
0,08000
0,04750
0, 04000
0.0%000
0,03750
0.05000
0,03750
0,03250
0,01750
0,03000
€. 02500
0.02750
0,01000
0,01500
0.00250
0,00250
0,00500
0,00500
0,00250
0,00750

0.00500

0.00250
0,00250
0,00250

CUK, VOL.
FRACTION

LR R J

e0 0

0, 00006
0.00030
0,00301
0,00707
9,01282
0,02324
0,041
0.04968
0,07700
0,09860
0.12085
0,14849
0.18105
0,23%06
0,28149
033057
0. 36149
0.42363
0,48495
0,5%277
0,5%93
0,65036
0,66199
0.67505
0,70422
0,73628
0.75611
0,82089

L ]

0.67293

0,903%4
0.??679

1,00000

L

<t
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VOLUHE

FRACTION

tce

0, 00006
0, 00024
0,0027%
0,0n406
0,00575
0,01042
0.01118
0.01526
0,92733
0,02160
0.02225
0.0276%
0,03256
0.053C2
0,047kz
0, 04908
0.03092
0,0621%
0,0613;
0,077¢ 2
0.,0321-
005543
0,01163
0.91306
0,(2947
0, J3206
£, 91983
0. 06473

LA N

0,052

0.03102
0,04284
0.05321

L




TAZLE X¥ILe

CALCULATED HEAN DIAKE “E\S

Average Diameter, D10

Surface Hesn Mameter, D20
Yolume Hean Diameter, D30
Sauter Mezn Diameter, D32
Bass Hedizn Dismeter, Bhﬂ

Hzea Hean Diameter, Du,3

Total Droplet Count

425

I’
LaN

ko

272

Loe



CHAPYER VII ANALYSIS AND DISGISSIOR OF RESULTS
1, Gene=zal Discussier

Application of ¢hg helograriic teshuigue parmiis ors to sigs dzop-
lets and obtein the apstial ceordirates aof the droplets wiithont dister-
bing the fiow field. though helegrarhy zdds 2 wew dimapsion to the ac-
quisition of dats, there aze iimits az to the zssoiunticn of the dzta oad
the speed ax object can have and still be resclvable. The hologravhic
equiprent, the zaamer 4m which the helogren in teken and the sceas {sta=
tic or dymsmic) all have a bazxing oz ths achisveble resclutien.

Prior te this "invesilgztiien, no sthsr investigation wws knowm %o
have applied hclogrephy to the brexkup ¢f & liquid jet in a supersenic
gas stream, The attenpt in the prasent sffort was to obtsia droplet
date in the mear~fiaid, brealmp reglon of the jet, in contrest te the
droplet data of Bitzon'l") sm’ Velynskiy(®), shich wvas sbtaimed in the
far-field after jst breakup x28 genpleted end the gas valscity bename
subsonic again, Hewever, svpersonic droplst dsda wes net retrievable
in this investigation for the follewing reasonss (1) ths apparent.
fineness of the spray or dreplet sizes xus ilesa tham the reselution
capability of the holegraphic rzcordixg syztem, approxiaately 15 nie
crons; and (2) the droplets meved on the order ef 10 to 25 micrens
within the 50 mamosecond pulse, remulting iz image sessr, Hatthews''d),
in a recent investigationr on JPalt fuel injected pavpendiculazy iato
gas streans, whose velocitiss vanged from 200 to 800fps, auceuutersd a
similar situation and drew the same cenclusiens why droplets were not
discernible, He was able to obtain drep size infsrmetion in ges
streams whose velocities were below 400fpy, but he did nst charscterize

the sprays,
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In the subsequent zections of this chapter, jst amplitude and wave-
length data cbtained in the supsrsonic flow Tislds and droplet data ob-

tained from a jet irnjected into still alr are anslyzed and discussed,

2, Liguid Jet Injection into a Supersonic Stresn

a., Liquid Jet Amplitude:s The jeit amplitrde Gata pressnted in Jhap-

ter VI was reviewed for torrelation purposes, The lnvestigation con-
ducted by Catton(?'i) et,al, on Jet penetration revwezled ithet pensizva-
tion was domingted by inertisi forces, Considering this, a medel was
assuned for amplitude variation based on distance from the injsction

proint and dynamic pressure ratios

vhere C, N and ¥ are correlation coefficlents,

A nonlinsar regression analysis waz conductad o determine the values
for the coefflcisnts, The resulting eguatica uhich chavacte=ised jst
amplitude behavior ie:

_ 1,86 _ -0,428
A=0,266 (§) {q) (32)

The observed ampiitudes from all flve test iiquids are plotted against
the anplitude predicted by eguation {32) in Flaure L5, One can ses
from the dets scatter about ihe iine in ths Pigure that liquid physical
proparty effects on sapiitede behaviow eannet be discerzes. his would

lead one *o conclude that emplitude behavier under tho flow conditions
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of the tests performed is predozinetaly, if not solely, due to izmertial
forces, Tho fact that ths Yebar nuzmbers for all tests wers e(zo") Sub-
stantiates the dczinating role of inertial forees cver surface teasiea

forces,

As mentioned in Chapter VI, the amplitude data uas retrisved fron
photographs of holograms tzken of tla flow ficlds, T2~ kalegezms pzo-
vide an instantarecus {350 nanosecord pulse) record of the fiow fieids,
High speed movies (5000 Pframe/zecord) taken of the Zlow fleids of this
investigation and by McRas(1Z) reveal that the jet is Fluctustiag quite
rapidly during the hreskup process, When an lastariameocus recemd is
taken of the interaction flew Tieid, the jet may o2 at mazismm or mini-
Bum penstration or somewhere in betfeea. This could account for seze
of the scatter in the data, The nmean penetvztion trzjectery which
passes through the wave troughs of the Jot is chown iam Figure 46a. The

equation for this similarity or unlversal curve is:

7 = 2.64(0)%° 1a(1 4 0.44%) {322)
there X = X and }' = .
cd17 ZDO cdﬁzna

This penetration equetion was postuiated to bs
n
y=Cq In(i+ Bx) {321)
The values for C, n and B were ¢btained by confucting # nonlinsar ro=
gression analysis on penetrstion data obtainsd fvom the phctogiarhs of
the holograms of the flow fields, The penetyation, y, wes measured av

three axial positions, X = 5, 15 and 30, downstresm fros the injsation
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point for each of the 25 tests, By normalizing the penetration, y,
values with the corresponding dynrarlc pressure ratio to the §{/Z power
for each test, the universal trajectory of Figure 46a wasm obtained, The
data points at the three axial locatlons are shown ia the Figure, Here
agin the data is not distinguishalie by liquid type., This iz consistent
with Catton’s findings i his penetratiom studies, The data scatter is
xost 1ikely due to the flustuating nature of the Jet treakup and ths
fact that the holograms provide only an ianstantaneovrs record ef a tinme
varying rhencuena,

The amplitude data, and also the wavelength datz which will be dis-
cussed in the noxt sect’ -*, are yresented in texms of distance aleng the
jot trajectory, S, ar- cynamic pressure ratle, q, Jet penetration data
13 nevaally prissctea in terns of nondimensionalized Cartesian coordi-
nates x and y and Jynamic yressure ratio, In order to relste amplitude,
wavelength and penetration data thelr coordiuste aystens need to be re~
lated, This is accomplished by pszforming a line integration with the
yraatration equation to deterrine the length of the Jot trajectory for
a given downstrean distance, ;., or penetration, ;, for known E. The
line integral equation is obtaoined as followss

Start »iin the penetration equavion
-~ —n -
y = Cq 1n(1 + Bx) (32v)

The nomiimesionalized line integral can be written in the form

X ,n1/2
g [ y 4[4 j\ dx (32¢)
B’f\ d;(.
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Differentiate egnation (32b) and substitute imto equation (32¢) to obtain

X o, /2
§ = [1 + 9-9-—?;) ] dx (324)
B 0 1+Bx

The values for C, n and B wers substituted into squxtion (321) fros
(322) and a nuecical integration was performed to obtaim Figure 4bb,
A similarity curve for S casnot be obtained by normalizing eguation
(32d) with En since En remains implicit in the iutegral expression for
S, PFlgures 46a and 46b can be used to relate data given in Cartesian
coordinates to distance along the jei irajeclory for known dynamic pres-
sure ratio, Having S and q, amplitude variation can then be predicted
from equation (32).

The detalls of the jet characteristics on the windward stde of the
Jot were vividly visible in the 8 x 10 photographs, An exaxple of
these details is shown in Figure 47, The clearmess of the jet charac~
teristics is attributed to the extremely short pulse of the lasexr (50
nanosecends) and the fact that the hologram was taken on a 111 corres-
pondence (full size), Due to the clarity of the jet charasteristics,
retrieval of the data from the photographs was readily and acourately
obtained, The shadowgraphs taken by HcRae(iz) and Dowdy and Newton(n)
in thelr investigations did not produce the details of the jet charac~
teristics that were obtained in this investigation, Another item of
intaerest found in this investigation, which was not apparent froa the
shadovwgraphs of the other investigations, is that mractically all the
Jets had a bimodal amplituwde. That is, every other crest instead of
each crest can bs related. A close look at Wigure 47 will reveal this
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binedal sxmplitude behzyior, For the sake of. siaplicity only the first
=ode anplitvde data was anzlyzed,

b, Liguid Jet Wavelength: An approach similar to the ome tzken in
the analynis of the amplitude datz was taken in the anzlysis of the
wavelength data, The modeling equation aszsumed had the same form ax

1

the ampiitude equation:

\=_AN =c¢c|_.s H(E) ) (33)
c‘;;z:uo cdﬁzu;

The values for C, N and M were obtained from a nonlinear regrassion
aralynis performed on the data. The resulting equation which characteri-
zed wavelength bshavior is:

. _ 1,361 _ -9,720 :
A= 1,748(S) (a) (34)

The observed wavelength data for all the liquids is plotted against the
wavelength pre ‘cted by equation (3%) in Figure.l&& Similar to the am-
plitude data, one cannot 1801&‘!:; wavelength bef:avior by liquid type,
The data scatter for wavelength! is greater than that Tor amplitude,
Perhaps wavelength varlations are more sensitive to jet pemetration
fluctuations than are amplitude variations,

The jet wavelengths and amplitudes bshave similarly, That is,
both increase with increase in distance from the injection point ard
decrease with increase in dynamic pressure ratic, q, A relationship

between wavelength and amplitude can be drawni
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/ ~0,215¢ _ 40,292 (35)
A=Cis |__ S ( q) 35
X \cd %,
There a»s 3cxe analyses, Ha.:vey(w), Haya:ﬁj ) and Adelbag(16), which

postulate that droplets foraed as a result of jet treaknp ars a func~
tion of wavelength only, Perhaps wave amplitcde plays « part in drop
size distribution, In light of the jJst characteristics showing nore
than one smplitude mode, the drop size distritution may be related to
these modes, Jnfortunately, droplet data wes not rstrievatle from the
holograms of the supersonic flow field, and to pucsue these thoughts
analytically is beyond the scope of this investigation,

In this section, and in the previcus cne on azmplitude, au stisupt teo
charactsrize the jst behavier by medel eguatiens was made, Plgures &%
aad U8 presanted the ebserved va, predicted amplitude and wavelength,
respectively, Supplemental figures as? discussien ragardimg the tehavi-
or of theme two iteas with respect te trajsctory distamce, S, axd dyna-

ric pressvre ratie, E, aze presanted iam Appamdix V,
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3. Liovid Jet Injectiom intc Still Air

a, Droplet Ststial Distribution: The stray resulting fror 2 cylin-

drical jet can b2 cheracterized in the axizl and radisl directions from
the injection point, The axial position characterization will be dis-
cussed in the next subsection, Drop size and mass distributior in the
radial direction for each of the two axial regions denoted in Chapier
VI will be discussed in this subsection,

The in~tizi endeavor at characterizing the spray in the radial
direction attempted to produce droplet class size-positional coordinate
piots, These plots were output from the FR-472 computer mrogran des-
cribed in Chapter V, HEuch of the twe axial reglons of the sprar was
treated as an infinitely thin slice; hence, the resulting positional
information for each region became twc-dimensional, Each plot repre-
sented a plane perpendicular to the jet longitudinal axis; the abscissa
and ordinate remresented the coordinates of the piane, Each clase sige
was identified by different symbols (up %c 5 classes per plot) amd the
droplets in each class were plotted according to thelr positional coor-
dinates, These plots were reviewed to determine if contour lines
Jjoining the droplet class size symbols could be drawn, or if the drop-
lets congregated in regions according to itheir size. Two observations
were made when the plots were reviewed:

1) The droplets appeared randomly dispersed, That is, segre-
gation according to drop size was .iot detectable, d:-oplets of a given
slze did not congregate in isolated regions and spatial stratification

of the droplets by size was not evident, Hence, reaningful contour
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1ines could rot be drasm,
2) The solid core o the horizontel jet blocked those droplets
in fromt ard behind the jet in 2 profile viesw, 37 those droplets 2~

- -

wove and below the core were visible in the nologran, The explermation
for this is that trenzmissior holograthy 1s a beck lighting tecimigue
which silhouettes ths objects, The core of the jet overshadowed the
sr211 droplets which are closely dispersed aboul the core, rendering
these droplets vxdetectable, 21lthoush they scatiered scme of the laser
lizht, This poHlez was not encountered where ihs solid core of the jet
s#as nonexistent,

The radial characterization of the droplet data was then ac-
cozplished as followss

1) The orifice redius (.053 inches) was used as the reference
dinension for determining the spreading of the spray;

2) The transverse coordinates for each droplet in a given
axial slice (again assumed infinitely thin) were used to calculate the
magnitude of the positicn vector

Rw=~ [x%+ 2%

3) The droplets were then placed in the proper annuli accor-
ding to the magnitude of their position vectors, The spacing between
the annular rings was in terms of the orifice radiuss

Position Radius, Ry = ,053 (orifice radius)
" " g, = ,107 (R2 - ?‘RI)
" " Ry = 160 (R3 - R,)

- ] -

[1] [{] =
Ry = Wy
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4) The droplet class size-nuzber count, volume fraction and

cuxulative volene fracstion vare them detersired for each ammmlus,

The arrangezseni of the desta as dsterained by the procedure expiained
a2bove is tresentasd in Table X{, These data are alsc plotted in Pig-
ures 49, 50 and 51, The droplet number comt and volume fraction in
each ammulus are plotted agzinst the nid-position redius whnile

the cumulative volume fractlion is piotted ageinst the meximne position
radius, It is more =eaningful to present the data in this mamer,

One can observe the follewing fron the Table and Figures:

i) The data is well-bchaved and monotonic in nature, The num~
ber of droplets and volume fraction increase to a peak and then de-
crease with increase in radial distance.

2) The radial spreading of the droplets is greater at the lon~
ger axial slice, 2,

The droplet nunber and mass distribution in the radial directioa €or
both axial regions are statistically significant, A Chi-square good=-
ness~of=fit test was applied to the data to make this determination,
In axial Liice 1 there were 272 droplets, These droplets occurred in
10 araull or intervals, Applying the Chi-square criteria to these con-
ditions, only 12 droplets would be needed for 95% confidence (17 drop-
lets for 99% confidence) that the radial distritution of the data is
meaningful, In axial slice 2 there were 400 drcplets, These drovlets
occurred in 12 annuli or intervals, Again, applying the Chi-squure
criteria to these conditions, approximately 20 droplets would be
needed for 95% confidence (30 droplets for 99% confidence) that the
radial distribution of the data is meaningful,
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TABLE XXs EADIAL DISTRIZUTICE DATA

SLICZ 1 SILICE 2

3.0~ 3.5 3.5 - %,0
HAX,FOS, XIU-235, DR(P- CuH, DIOP- 25K,
EMUI3S  BAMGUS  RALESS O IEF VoL, VoL, | IEF WL, 9O
8. {7wuss) {OwERE3) _EC, FRAC.  FAC, _HO.  FAAD. FRAC.
i =953 027 | & ) G 8 0 o
z 507 .80 ° & 5 L .000F L8009
3 160G 1332 5 OS2 0062 117 85%  L05Y3
Z 213 L4587 15 SHE L0708 | 32 o430 2073
5 <255 240 37 .18% 257 45,1512 ,3335
6 L3220 ,253 66 2715  .5%6z |7 WAV26 L3318
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Since there is a droplet size distrivution within each drmulue,
ore can caleulate the varicus mean diameters for each annulus, A
varistion in thase mean diamcters will ocour among the aunuli, Wit is
this variation statistically significant? In othexr werds, is there a
mreaningful varistion in mean droplet dianster from amnulus to annulus?
Hers ths situation is diffevent from the radial number and mass dis-
tribvtion, since the numbsyr of class sizesz in which ths droplets occuyz
and span sust be scusidered Instead of the annull, Table XXI pregscats
the number of class sizes spanned by the droplets, droplet numbor
count and the calculated DBO in each annulus, Application nf the Chi=-
square criteria revealed an insufficient number of droplats existed,
for the class size range in each anmulus, for $5% confidence that the
variation in DBO with radial position was signifir ai, Even by re-
grouping the droplet data and decreasiag the con’idence level to 90%,
application of tl« Chi-square'test indicated; again, there was an in-
sufficlent number of droplets to state poszitively Lkat a radial vari-
ation in moan diameter occurs,

Ar ncted above, some of the siroplete were blocked by the solid
cors of the liquid jet. Ar analyeis was conducted to determine if the
droplet zass contalzed in the portion of each annuius blocked by the
Jet core was significant, It was not, Maximuw change in droplet wol-
ume (mass) in any annulus, dus to spatial area correction, was ¥,
which 1s within the accuracy of the data, The correction method is
explained in Appendix IV,

b, Droplet Size Distribution:s Aftor investigating the radial

distribation of the droplets, thsir corresponding spatial cooxrdinates
were deleted from the data sets, Size distribution of the droplets in
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TABLE XXI: DROP SIZE RADTAL VARIATIOR

AXTAY, SLICE 3,0-3,5 AXTAL SLICE 3,5%,0
POSITION DROP DROP
ANNULUS ~ RADIUS  CLASSES N0, Dy CLASSES RO, Dy
N0, (INCHES) k ¥ = k ¥

1 ,053 0 0o 0 0 0 0

2 107 0 o 0 1 1 190

3 160 1 5 217 26 17 %o

b ,213 21 19 37 %) 2 360

5 266 42 8 362 29 W 329

6 .320 50 50 363 30 7. 302

7 2373 29 62 360 38 63 328

8 L26 25 43 8 3 53 305

9 1580 18 19 304 28 49 295

10 0533 17 15 26 13 %3 199

11 .586 14 11 250 15 17 228

12 o640 1 1170 13 7 48

13 693 0 0o o 1 1 270

S oo
:
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i‘d

each axial slice was then investigated, and this is the topic of dis-
cussion in this subsection, The mumber distributisn (frequency dia-
gram) for the droplets in slices 1 and 2 are shovn in Pigures 52, 53
and %, A look at Figures 52 and 54 will reveal the following:

1) The number of droplets in each diameter class size in-
creases monotonically tc the modes after that there is scatter in the
data, This appears to be a typical bshavior of droplet data, since
other investigators have experienced similar results,

2) The mode for slice 2 is 95 microns as compared to 216 mi~
crons for slice 1, Since slice 2 is farther from the injection point
than axial slice 1, the inference is that the droplet siges decrease
with increase in distance from the injection point, This would lead
one to believe that jJet core size has an effect on the resulting drop-
let slzes, As the droplets are shed, the core size becomes smaller
until finally the jet is completely broken up into droplets,

Figure 53 shows the resulting iroplet frequency when the last 5 drop-
lets are regrouped into one class size interval, The purpose for
doing this 1s to reduce the scatter of the data, The effect will be
discussed below,

As previously mentioned in this treatise, four known distributim
functions (Log~Probability (L-P), Upper-Limit (U-L), Nukiyama-Tanasawa
‘N-T) and General Exponential (GE))were selected to model the data to
determine if any of them could be used to characterize the spray,
Initially, these models were written in terms of volume fraction deri-
vative and cumulative vc ume fraction, The data was normalized by the
droplet total volume which was the siandard procedure followed by pree-

vious Investigators, However, this caused problems in curve fitting
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the models to the datx, The droplet voimzes predicted by ths zodels
were much greater then these of the data since the distriboticon faunc-
ticns weze integrated from C t0CO uhereas the dzte xas sumzed to 2
given maxizpr diaucter, This rzoblem ias c¢iesrved when the coeffi-
cients ottained froz the cummlative volume fracticn (CFY) z=odels were
not the s2ze ae or equal to those obtainsd from the volume fractiom
derivative (VFD) =cdels, The cosfficients from these madels should be
the saze, since the V¥ zodels are the derivatives of the C¥¥ zncdals
and coaversely, tha CFV m=odels axs the integrals of the VFD models,
The problez was eliminated by writing the zodels in terms of voluze for
curve fitting to the data, See Apperdix TI, After the coefficients
were obtained, the eguations were coaverted to volume fraction anmd
cuzulative volume fraction by normaliging then with the total volume
predicted by the models, The data was also normalized by the model
predicted volume, The procedure deseribed above is 2 more accurate
way of curve fitting ¢he data than had been done previously, Conver-
sion to the volums fraction derivative and cumulative volume fraction
wes done to present the information in a faniliar mannew,

The best results were obtained with the Log-Probability and modi-
fied General Exponential functions, as determined from the M¥-203
Nonlinear Regression Analysis computer program, For the data in this
investigation, the U~L function collapsed to the L-P function, of
which it 1is a modified version, The U-L function has 3 coefficients
while the L-P function has 2 coefficients, The program indicated,
through the t-statistics for the coefficlents, that a 3-coefficient
function was overparametorized for the data, Ancther finding was that

the N-T and GE functions were very sensitive to the data set, #Hany
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Steraticons ware reguired for coovergencs regariless of the initial
estiz=tes of the cocfficienis, By setiting the *p" coefficient of the
CB function eomzl %o one, tims noGifying the frzxetion and redoeling the
nmroer of coefficients o two, this function coaverged more razidly
than before and yielded the test chexzcierizaliom «f the spray, The

resulting eguation was

D =D~
dvel = Vw;a.‘_ G D e (35)
@ T {p+1)fal

-
2

The wines of ths cosfficients for *'.:“me 1-P ami mcdified G2 furctions
are mresented in Table XXii, The differences in ths values fer the
cuzulztive volume znd volume derivative zodels feor o given distributiem
function are attrituied to round off errors arnd errors in the aproxi-~
mation wrocedure, Also, the cumlative volume model accimulates error
in each class size interval, Also presented in the Table is pertinent
statistical inforration, One can observe the followings

1) The ver cent variation of the data explaired by the voluxe
derivative is poor. This is attributed to the scatter in the data,

2) There is less data scatter in axial slice 2 than in slice
1, Regrouping of the data reduces the scatter and improves the per
cent variation expleined by the volume derivative nodels, The coef-
ficients for the original (actusl) and regrouped data are quite simi-
lar,

3) There is excellent agreement between the cumnlative vol-
ure models and the data.
The statements made relative to slice 1 and 2 data, the effect of ree
grouping the data and characterization of the data by the volume frace

tion derivative and cumulative volume fraction,are substantiated in
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Pigmres 55 dirough 61, Teinlzted cutput carrespoodirg o Figmres 39
2rd 61 z2re tresented in Tebles XJFii 2rd XAV, respectively,

c. Droulet Velociiy zrxd Stability: Droplet velceity %23 c2l-

colzted from the momentes egreiicn

7 - =é¥ (37)
at

Constant Groplet 3=2ss w=s asstied, (== %"_3391)

Drag on 2 dropiet
P o= g} ?g?z (33)
Reglect gravity effect,

Substitute into equziion (37)

cD(j_; f}%?j = 7_?3?, -éi) (39)

= &
Integrate equation (39). Use the initizl conditior thzt at t = 0,

Y o= vinjection’ tben eliminate ¢ by t = x/v. The resnlting eguation
is
V= (1 -3k % x) Vinjection, (40)
9 D
1
where Cj, was assuned constant, Actually Cj = f(Re). An analysis xas
conducted with CD as a variable,
T \2
¢y =¢, (1 + bo) (#1)
-
Re?
where C 8 Z o
o Co

&, = 9.06

This expression for drag coefficient was obtained from Abraha.m(‘?h) and

glves excellent correlation with data for 0 Res 5000, A closed form
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solution w¥as obtained, However, the increased cozplexity by int
ducing €, 2s a variable was not warranted by the intent of this ana- ?
lysis, which was to determine the velocities for the range of droplet

sizes Pound in the data, The =zinimum, mode and maximur dizzeter drop-

lets for axial slices 1 and 2 were used in the analysis, Ths results

are presented in Tabls XXV, It shows the distaace different size drop=

lets travel before their velocities are zero, Actually, the droplets

yculd not travel as far as is shown beeause; ag thsy decelerate, the
Reynolds number decreases and CD increases, tringing the dropiet velo~-
city to zero much quicker, Recall constant GD was assumed, The drop-

let velccities at different axial positions from their formation point
is also showm,

Droplet velocities ere seen to vary nignificantly over the range of

droplet sizes, Hence, mass loss ratc from the jet at given axial posi=

tions or slices cannot be determined unless the origin (formation posi=-
tion) of the various droplets was known,

The Weber number criteria for droplet stability (We=10) was ap~

plied to the flew conditions of the liquid jet. The result was a drop-

let whose diameter was 1060 microns or less was stable, The largest

droplet observed in this investigation was 913 microns, Hence, all

droplets were stable, This imgplies no secondary breakup, The droplet
!

distrlbution is a direct result of jet breakup, As cited earlier, one

cain infer that jet core size has an effect on droplet size, As the

core becones smaller the droplet size shed becomes smalley based on the

observation of node shift between axial slices 1 and 2, The droplet
size distributions observed at various distances from the injection

roint are mlso affected by the variation in velocity of the diffevent
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T i/ - P
I Aol e el
52 1,99 —— —— 83.9 1,153
g5 L, 72 24,2 15.9 i52,2 578
216 14.3 60,2 57.5 0 59
856 81,2 7.8 7.3 1329 A53
913 87.7 75.1 7.1 140 L48
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size dvopiets, Th2 lzrgzer &rcorlete travel farither 2ni maizizin thedr
v2lootties longer than do ths srelier droplels, In smam=ry, It 2rzsecr=
£20 co=fiictirg chemcmen2 are interzeting io prodrce droplet size dis-
tritaticon a2t variczs distarces from the injectiom poist.

é, Coxrerison of U=ta: Ths dxia obiaired from this inwvestigetion

%25 compered with tket of Popov(‘s?), Predicted mecn dizmsier, 332, *2E
obtained from the Earmos correlaticn egeztion (21). Popov w=s tke aaly
source fcuxd which k=3 droplel dztz for 2 jet into still air at the flow
coditions sizilar to thdse of this investigetion, ¥n fact, Pepov is
the only known sovrce of recent times with single lignid jet, atscs-
paeric air droplet data, Haracn’s egumtion is the caly known droplet
dianeter correlation eauvztion for a lignid jet iznto still 2ir, Coxpari-
son of data with that of Popov ic presented in Tatle XIVI, {me can
observe the following:

1) The nuzber fraction of droplets within the various size
ranges were gulte simiiar, Cozperison was rzde with slice 2 data which
was obtained at approximately 35 orifice diareters froa the injection
point, Popov data was taken 130 diameters from the injection point, In
addition to the location at which the data vas taken, the only other
significant difference in test conditions between this investigation and
thai of Popov was the orifice diameter, The fact that drop size distri-
bution does not appear to be proportional to orifice diameter substanti-
ates the hypothesis that size distribution is affected simultancously by
Jet core size and velocity variation of the droplets at different loca-
tions from their formation point, due to differences in drag on various
sized droplets,

2) The Sauter mean diameters, D32, compare closely, It is not
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the camenly oszd meen d3a3ster in Brssispn 1iteratrre, The tredicied

Howerzz, this is

Dyfmtbemeqe&imfc:tbsﬂmcm&imcfthisim&
eticn was 81 picrers and k=t for the Popov caditims 2t the seme Be
(65107 w2s 35 aderers, A erplemation for this is ihet Eeryen co
relzted to dz2iz tf=t w=2s nosily ottzined from jets injscted 2t high
gressures (valocities) into cimnters wacse 2ir dexsities were az exier
of maznitnde or acre than stmospheric 2ir, I k25 been shown oy =:2ny
jnvestigators thzt 2s velocity ard gzs dersity ircreace droplet dia-
ngter decreases. See Tenle I1 in Chepier I3, Sectiom 3. Popov aiso
sho#s thet air density increzss hes an effect of decreasing droplet
size, Scme dzta to which Earncn correlzted w2s obtalned from swirler
type atoxizers, Since the range of conditions to wnich Hsxaon cor-
related was different froz those of this investigation and of Popov,
ard in soze cases the injector geoxsiry was not that of a sizple solid

jst, 2 true coxperiscn with the Earmon eguation cannot be =mzde,
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CHAPTER VITY

SUHHARY AND COKCLUSIORS
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1. Axplitude growth of 2 Yiguid jet $njscled perpexrdicalaxiy
into a suverscnic g3s strear is & furction of distancs frox the injfsc-
tiocn polnt ard izmertial forces acting oz the Jet, Fioid mhysicel mo-
perties such a8 surface tension ard viecosity bad z negligible effacy
o et brez¥up under the test coxditions of this investigatios,
Aapiitude variation can be modeled by an eguation whose foz is

A =cigH

Hore tkmn one mode of anplitude x2s5 cbeervad to oceur z2long the jst

trajectory.,

2. Wavelength growth is also 2 functioz of distance frea the in-
Jection point and inertial forces, and can be modeled by an ecuatien
siatiar in fors to that which models z=plitude veriation, It appexrs
that wavelength 158 move sensitive to the whipping actien of the liguid

jet than is amplitude,

3. A relationship beiween jet amplituwie and wavelength can be
obtained, Each of these phenozena ®ay have 2 bearing on droplet sige

éistribution resulting from jet breakup.

L, Holograthy can be applied to supersonic fields to obtain li-
quid jet amplitude and wavelergth data, Acgquisition of droplet data
is limited by droplet size and speed, That is, droplet size in a
supersonic gas stream may be below the resolution capability of the
holographic recording system (in this case approximately 15 microns)
and droplet rotion may be sufficient to smear the image, although laser

pulse width is extremely small (50 nanoseconds for the laser used in
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thds investigaticn).

5, Twc methods kave been devised for retrieval of holograthic
data, One retrieves the dzta directly frcm the holograz ard inpuis it
oz mgnetic tape for reducticn azd arslysis, Thz alternzste asthod,
xhich 25 less sophisticated tat workzble, ks an intermodizie step of
thotograzhing pianes within the holographic scene volume and rrocessing
the resulting f£ilm on @ reading xzachine to prepare the data for re-

duction and 2xnziywis,

6. An analytical pethod for reducing three-dimensional droplet
data bas been develoved, The method consisis of 2 systez ¢f computer

wrograzs shich analyze spatial, size and mass distribution of the
droplets,

7. Off-axis, transmission holography can be used to determine,
quantitatively, smetial distridbution of droplet number, size and mass
under certain flow conditions, This has been demonstrated by injecting
a turbulent liquid jet into quiescent, atmospheric air, Acquisition

of holographic droplet data ir gas streams is possible with limitations,

8, Radial distribution of droplet number and macs is well behaved,
and monoctonically increases to - maximum, then decreases as radial
position increases, No radial variation in mean droplet diameter was
detected, bearing in mind that the number of droplets in cach annulus
was small for the class size range which they spanned, Jet spreading

increases with increase in distance from the injection point,
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9, A variation in droplet size distribution exdsts witn axial po-
sition froa the injection point, The muds (the size interval in which
the mexisuz mumber of droplets occur) becozes smaller with increase in
axiz1 distance, Thiz aay be due to the reduced size of the jJet core
with distance, The droplet size distribution for the datz froa this
investigation is best characterized by a rodified gensral expomential
or log-protability function, Mass loss rate froa the Jet at various
longitudinal positions could not bte determined bzscause droplet velocity

varied widely, dependiug on droplet diameter,

10, The literature search revealed that dimensionless paransters
in the forn of Reynolds and Weber numbers, but not necessarily accor-
ding to the conventional definition of these nurbers, were most preve-
lent in droplet mean diameter correlation equations., Over the gas
environments from still zir to supersonic streams, the variables of
jet orifice diameter, gas and liquid densities, gas velocity and sur-
face tension appeared most frequently in the correlation equations,
Regardless of environment, each had the same effect, stabilizing or
destadilizing, on jet Sreakup, but the degree of influence of these
parameters varied in the differsnt flow regimes, Gas veloeity or
relative velocity has the greatest affect on jet breakup regardless of

flow regime,
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AT X

Kozzle Hlock Contonr Bordary Iayer Corectiom

The tasic rozzle Block design which was vsed w2s the sase as thet
Tor the WIA supersenic wind tommel, Howsever, dus to the differerce in
operzting gressure level (the ¥CiA twmmel operzies =zt aimsstheric wes-
sure in the plenua chember, sherezs the fuzmel psed 3n 1a3s invesid
tion is 2 piowosn type which operates at 2 total pressuare from 100 to
300 psia) between the two wird tumels, a correction to the tourdary
layer bad to be zade to »2intain the flow at Kach 3 in the test sec-
tion,

The procedure which Samdberg-Serrell, designers of the UCLA tunnel,
used in establishing the proper nogzle contour is described below,
Boundary layer developz=ent aleng the two~dimensional nozzle wzll was
assumed to be turbuleat,

Use the well-known Crocco temperature profile

.{i\f.'i = 1 = z‘:.’_ +( T~ Ty 1\-(’ /ﬁ"j w W (1)
K Too T"‘ u'ao U )
and the velocity profile law

Ul \/n

um 6) (2)

in calculating the displacement thickness

_&[z%(ﬁ- () o
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a2 momemins thiciness

! R
[ (OB

by mmericzl integr=tiom,
Fror earzticas (3) ezﬁ’(hr), calcnlzate th2 shape factor
3
P = —é— )
The voa Kzrzen moaerimn integrzl for stezdy two-dizensional fiox can te
derived in terns of § = 2ni(y
), 1 X & _

g—g—-%ﬁg%(zem +%;§—‘ —%2 (6)
The painstream is isentrcpic and isenergic in the absene of heat
sources, Eguation (6) can be put in a kore usable fora in the following
ranners

Use the Bernoulli eguation

2

2
? 4 u_ — constant
a.ncgifferentiate it

j_/i = (12' (isentropic flow)
i -fo
2 K'U’“
M=
(48
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Nox sabstitute these into egr=tiom (6) to cbtz2in
48 (212 - A lg-C @

Row concentrzte on tThe expressicn Lﬂ to gt in

U dz
terms of Mech pumber,
FProz the definitioa of Hach mmber for a perfect gas
M=l =1
o YKy

take th= legariths ard differentizte to obtain
'_ = d_M_ + (_}.___L = (ij_ d‘(;lg) (8)
o7 M VT
Substitute the isentropic relationsh: p
ISP < b i
into equation (8) and perform the differentiation on that term to

obtain
1 dU = J JM
U 4z f"i l+k1/""2' dz

Equation (7) now becomes

10 (2B N[\ dHe G
dz Jr(H_%’/"Ii j(Mu)dZ o=

Bartz proposed the following expression for skin friction

-Ci:(K@% - ﬁﬁ 2 (10)
& {% (g") (TU ‘f‘Too) ‘
where Re —Yre__‘”

Substitute equation (10) 4into (9) and bring out 8 fromReg so (9)

(9)

can now be written in the fora

2 D=6 ™ ()
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_ 2
Plry=(22H s N 1y dit
2 ( EE=Y }(’“’L) 3z
ard n ‘y _ \’n-—l'lu'-l
_ = 'g nﬂ/z o b Dl
NN v
v \g
MNvide equation (1) through i @- 2/9‘" , note tmt

.t?msz

ﬂ%“ﬂd - Ml d@
672 =

ni3 4z
and zake the transforzztion

— e 2
Q - P

one will obtzin

f}g 1 Z)@ - DB Q,(z) =Q (=) (12)

where

P(z) = = hi(2)

Equation (12) ‘is f. 11nea.r first order equation whose solution is
_JPdzp(® 794z ~
B = U(, e’ izt QL] (13)

where é y 18 the initial momentum thickness,
After solving for é, 6can be obtained, Finally,8 ¥ can bs obtained
from equation (5). The variation in 6‘* along the longitudinal axis of
the nozzle is applied to the ideal nogzzle contour to correct for boun-
dary layer growth,

To correct 6 * from atmospheric to some other total pressure one
need only correct for the change in mass flux, iuw , in the expres-

sion for Q assuming the shape factor remains comstant, H_ = H

P, atmos*

In equation (13)
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& < Q = (=)

So __ %/ |
6l nH
e}?c — 1 % Uglres
th ?"u;
- . Bt :
Gp, - (G \ow _ [Qldes\ 7
b(fl'ms {jg‘lp.:s 5 U‘f’c
A . 2
":‘ ; h +
0% - 6':": pud (KUQNOS A ’
ot B \ i (1%)
Gatess Ane L

Usirg Fliegner®s equation holding throat arez and total teapera=-

ture constant, the flow rate becomes a function of total pressure only

%Ji - ‘/KK (ﬁ%:%__:\u (15)

Hormally n = 7 according to the 1/7 power law for velocity distribution,

ro%
*
Using this with equations (i%4) and (15) the ratio of P, / 8 Atmos
'3 o * )
can be determined, Knouwing $ *atmos' then SPQ can he deterained

and the correction to the nozzle contour made,
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APPRDIX 11
Distritution Function Eguztians

Log-Protebility Distribution (volume mcdels)

dvor — Vay ¢ e (%)
P
voL() =V (% er{lﬂ) 1= h(#5)
Yoz = X é'%g
%, = Fe A
.&TEL_):(M) ("2T2>
0§ V4% TS
AL - (4 (207 %)
B ;X’ A'X 7(
VoL
_ [dvL
b\(_ﬁ) - (HL?— Ve
o Vi X
L) — vy T >
)0 §NT
_t”
W) = — e de,
rER
VWA = oL(%)A
2\t >
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Upper-Limit Distribution (volume models)

Ax
AT '8 (3%
dA X DA
dbk t[ + }
VIL(A)= \,’z(/;ﬁ /Zer‘F i)) t=§ }n%
= = Y tRe e )
4 YA\ s
7 = D/1+3pe T 43 e i)
dva {A\IOL) (1-217)
éVO%« (AVOL z&t )
X/ (o)
M “V%x) _ ((\ V0 L) (—'ZXt
A A
'bd\/DL/ d
%—\/f} ('d?g//\/t
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Nukiyama-Tanasawa Disiribtution (voluze models) ¢

W _y §2e® _y b2

d t?(f( toT(e)
vor (%) =V ?A (¢,2) ¢ = é/(y ) Z-"b?{s
r(e)

% =41 (%) F (%) )
7, =4 " [r(%) F1)] j

(V) = (hior) (ez)
b ) = (dx J b

WOk~ (d\/OL) [i eV -thb _zh 7(}
) 4 )

’ oL/ -
M;V\/fhd: (% At

post)
Ll -y [P %V‘LP‘X‘%@J

00

ity - \/OL(x)
W, /
VWL _ Flete, L)/FHG) Je-e,2)/T(e-€)

——

¢

Set b = 1 for the modified distribution
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Ceneral ExponentiaIQMSgribution (vglume aodelz)
e - (PH, P -~
dwk__wgz'e” oy b L™
A AT M)

Vo) =V, fﬁzﬂ =F# 7=bo¥

/31 "/?F PJ{/ M ?/%)
%, =581 () A% )
M {dVOL\ (¢-z)

\dv/ b

ML) ( \/pL) Inz- 4(c
M‘NOL/d ) \/0 > ): +L‘})(¢\ - _z /”7(}
)OmAx ( )Af

t

-~

\v0L~x) _ oy 28

0 b LF@)

Mw) = Ve DVOL (7()) (see Nukiyama-Tanasawa for %—V{?—/\@)

)P ]\ ooc

e () <

V0L = VoL ()
W s

Set b = 1 for the modified distribution
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APPENREX ITI
Liquid Injection into & Supersenic Stream Data Reduction Egquations
Viz

i, Mach No, S
M= o “?o) fj

2, Static Tempsrature

=T+ 5 w)

or frox isentropic relations
IERAVARL
3. Sonic Velocity
a = (k RT) Y2
b, Local Gas Velocity
Vg = M a
5. Gas Flow Rate
Wg Q /kﬁ( )kH _fo_____
R %)

6, Liquid Flow Rate

wl - Obtain from flowmeter and check with
o g
CiR. V2 i ¢ A7

7. Injectant Velocity

\/ X \;\, / K& and check with

¢y [20A
\/d\[__%f

P2l
"93‘3:2
#

R Sy

%V
A
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9.

-

Veloeity Ratlo

VR = Mx | ,

Homentum Ratio ,

M= wg-\%ﬁ{z

10, Dynamic Pressure Ratio :
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APPENDIX 1V

Droplet Statial Yolume Correction

By geometry and reference to the Spatial Volume Gorrection figure,

one can show that the area blocked by the soiid Jet ie

ARy =[ALLT + VT - Nzcos“’({/_)j R (1)

where ¥ is the annulus number 1,2, °*°°K,

The general equatica for the cicrcle cegment area is

/—"{__JX (2)

AS@SN ,N LOJ (!Vj—

Total irea

tot H ﬂjog
Assuming symmetriczl distribution of the droplets

\/to’f ~ Vseg

A tol }")Sﬁj
where

Voo = Volume of draﬁfgts in the total annular area

SQS

Substituting from equations (1) and (2)
2
N=1 qr
Vi, =V -
tet, ~ Vee i
L R BT ‘(’N‘)'\/N{I
L -

The expression in the brackets is the area correction term for adjusting

(%)

the droplet volume observed to the true volume,
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APPENDIX V

Jet Amplitude and Wavelength Growth va, Trajectery Distance
Liguid Jet Amplitude

The fellowing discussicn and figures are presented to give the rasa-
der a better physical picture of the liquid jet smplituvde behavier, The
data plotted im Figures V-1 through V-6 iz that tabulated in Table X of
Chapter YI. Each Figure contains data frem the varicus tesis greuped in
ascending value of'a} The yurpose for this grouping is to observe the
dyramic pressure ratie variation effect on amplitude, If ene would over-
lay the Figures or place then side by side, he weuld observe thzt the
mean line drawn through the data peints shifts frem the upper lef+ side
fer Figure V-1 to the lewer right side for Figure V-6, This indicatec
that there is a trend with q and amplitude growth decreases with in-
creasing ¢, This confirms that squation (32) in Chapter VII predicts
the cerrect behavior of amplitude with dynamic pressure ratio, Also,
the Figures reveal that amplitude increases with increase in distance
fron the injection point, This too is predicted by equation (32), A
cleser study of the Figures will reveal that the H trend is not mono-
tonic in the mid-range (q = 20's and 30's, Figures V-3 and V<4) and the
slopes of the lines vary somevwhat from figure to figure, This perhaps
is due to “he fluctuating nature of the jet breakup and the fact that an
instantansous record was made of a time varying phenomena, If the holo-
grans of each of the flow fields were taken when the jet penstratien
Was a maximum, for example, one would expect axplitude variation with 1
to be monotonlc,

Another observation which can be nade is that segregation of the data
by liquid type does not occur; the only exception is of the methanol test,
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Figure V-1,

Anplitude vs, Trajectory Distance
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© a4 = 14,0, B0, ;B-17 © q = 164, B0, B-5
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Figure V-2, Amplitude vs, Trajectory Distaace
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© 7 = 32.0, L0, 12-10
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Figure V-4, Anplitude vs, Trajectery Distance
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Figure V-5, Amnplitude vs, Trajectexy Distance
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Figure V-6, Amplitude vs, Trajectory Distance
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DR-30, in Figure Vi, An explanatien for this in teras ef fluid physi-

cal propsrties cannet be given,

Liquid Jet Wavelength

The wavelength date presented in Figures V-7 through V-12 is that
tabnlated in Table XI of Chapter VI, The statements made abeve about
the amplitude daia apply equally well to the wavelength data, The wave-
length data for test DR-30 in Figuce V=10, however,is very nuch in line
with the other test data en the same figure, The data of the trichlere-
ethylene test, DR-23, of Figure V=8 and the mathanol test, DR-29, of
Figurn V-11 tend to separate from the rest of the data in their respec-
tive Tigures, The explanaiion offered for this behavior is perhaps the
jet penetration trajectories for these tests were in a different position
than tnese of the other tests on the respective curves at the time the
holograms were taken,

249

R
:

PN IN




= 6,7, H,0, DR~22

= 11,0, HZO, DR=4

w114, HZO’ DR-15

P oo
olalol

100
20 4
6o §-

Lo L.

(s

b
1 2 L 6 8 10 20 Lo 60 80 100

Trajectory Dictznce, S

Flgure V-7, Wavelengih vs, Trajectery Distance
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