2 ey TR O

!
{
4

LA
e e N L




' VPl-Aero-089
November 1978 .
MEAN DROPLET DIAMETER RESULTING
FROM ATOMIZATION OF A TRANSVERSE LIQUID
JET IN A SUPERSONIC AIR STREAM
A.S.Nejad, J. A. Schetz and A. K. Jakubowski

Aerospace and Ocean Engineering Department

Approved for public release; distribution unlimited

Qualified requestors may obtain additional copies from the Defense
Documentation Center, all others should apply to the National
Technical Information Service.

Conductions of Reproduction

Reproduction, translation, publication, use and disposal in whole
or in part by or for the United States Government is permittad.




ASIRNS 1] d?
S BN ;

b . , [
TABLE OF CONTENTS S ;
Page ;
LIST OF FIGURES «vovennennneneseenenenns UTTRTRTRIII v f
LIST OF TABLES ......... et et e cee ettt R A :
NOMENCLATURE - eeeveeneeeeeeeeennenns SETTTRRRORURRRR Vi1 ;
INTRCDUCTION : :
1.1 Background .....,.... Crerereaes raeeaans Creeteiereeaan 1 g
1.2 Aim of the Present Work .....ccovviiivivinnnnnnn R 5
THEORETICAL CONSIDERATIONS ?
2.1 Theoretical Consideration for the Opticai System .... 11 f
EXPERIMENTAL INVESTIGATION ;
3.7 Test Facility wovivnineiiiiiieiiniiiiiiiieiiiiannaess 16 %
3.2 Flat PTate Model ............ e 16 %
3.3 injection Y SEBM v etieie it ier it esaarseantoaana 17 %
3.4 Flow Instrumentation .........cuv.. cetenes Ceveianaaa 18 3
3.5 Opntical Arrangement .....cieiu i iiiennennrernnncannas 19 g
3.5.1 Light Source ... vvvuunts Cereaeen e ieens 22 %
3.5.2 The Collimating Apparatus .............c.oevvn 23 %
3.5.3 Windows ....... TR R 24 ;
3.5.4 Condensing Lens ..ieeeveieionecnronsncncnecens 25 ;
3.5.5 Scanning of the Scattered Light ;
ITTumination Profile ............ Cerveaea vees 25 f
3.5.6 Phetomultiplier Tube ... ... 0vvvinn, ceetiiaaas 26 i
:
jii |
i
1
il




e et oo o e 4

Page
3.5.7 List of Optical Equipment .................. 27
CALIBRATION OF THE DIFFRACTIVELY SCATTERED

LIGHT METHOD t'tvttniiiintiiiiiaenaonnnacennuonennsnnnascnns 29
EXPERIMENTAL PROCEDURE

5.1 Experimental Procedure ........eeeeeiinnnnnnnrnones 31

5.2 Test Procedure ...uiueieieinriinesernserocnsannsanas 33
RESULTS AND DISCUSSION

6.1 RESUTES .ttt iirieenereearosessoaranensannes 35

6.2 DiSCUSSTON 1 tuivunnivenrnnneienenennionnsannnceonss 39

REFERENCES ottt iiiiaet e trosesncsctnosesassnnaas 42

FIGURES .ttt iitieininivnnaensrnascaneionssssosetonssonacaanns 44

TABLES ittt et ittt ieinesaneasonncronsssasonasassannons 54

iv

a
Vi
P e
e S
e -
‘-:"-::'-s .
CEt
N




e TR R N ST T T AL R 2 T T Nl I I WS s Sy
T A s - iy W ——— - N A - e x

|
_5 List of Figures
L Page
1. Wide-view Spark Photograph of Normal Liquid Jet
Injection from a Flat Plate at M=3.0. . i in e rnnennss 45
2. Close-up, Nanosecond Photograph of Normal Liquid
Jet Atomization Process... . vvieiisrierinrieinnnennens e 46
3. Mean Theoretical Illumination Profile....eieeveerrnrennnnn. 47
4. Flat Plate Model and Sting Mount ............. e heeaeiina 48
5. Schematic of the Liquid Injection System .................. 49
6. Schematic of the Optical SELUP vivvvieiierievernerinnennns 50
7. Schematic of Beam Location in the Spray Plume ............. 51
Zero Scattering Intensity Profile ..veveveieinerennenannsas 52
9. Scattering Intensity - Profiie for a Typical Case ......... 53
v
%
. |




TR

G

iy

L vt e ———

i

Ty

YT

ST DT I

Al.

A2,

A3.

A4.

A5,

A6.

A7.

Mean
with
Mean
with
Mean
with
Mean
with

Mean

List of Tables

Droplet Size for y/d = 15.4 and Various q and x/d
Injector Diameter .0285 M. veiireniverevntonnnceesanes
Droplet Size for x/d = 82.9, y/d = 13.2 and various q
Injector Diameter .0285 TN, viviiieeeniennnnnnreansnnsn
Droplet siza for x/d = 82.9 and q = 4.6 and various y/d
Injector Diameter . 0285 in. ..ieiiiiininiiniinnnniaenes

Dropliet Size for x/d = 82.9, 18.1 and various y/d

o
"

Injector Diameter .0285 N, v.iiiiiiinrieenernnonncnnnnn
Droplet Size for x/d = 82.9, q - 2.40 and various y/d
Injector Diameter 0.059 1N, tiviireriierrerinnronensens

Droplet Size for x/d = 82.9, 3.3 and various y/d

o]
u

Injector Diameter 0.059 in. civiiiiorinrnivcnnornnnraas

Droplet Size for x/d = 82.6, q

8.2 and various y/d
Injector Diameter 0.059 9N, vivieriinnirrnnerennnnnenns
Droplet Size for x/d = 82.9, §q = 12.5 and various y/d

Injector Diameter 0.059 0. v erierereiieennonnnnsennn

vi

Page

55

£
ol

58

60

YR SRR

it it




e e ———

| SR,

)

(4

o O o

Nowenclature

size number

volume concentration

injector diameter

droplet diameter

volume to surface mean diameter

specified upper limit diameter

incident planar wave irradiance

Jet penetration height

Bessel function of first kind of ander unity
scattering coefficient

wave length of incident beam

refractive index of *he particles

a Kknown distributfon'function of droplet diameters

ratio of dynamic pressure of Jet (1/2cwév§) to dynamic
pressure of freestream (1/2cwv§)

turbidity
optical depth

scattering angle
nOD32

reduced scattering angle =

distance downstream of the center of injector

vertical distance from surface of the flat plate

vii

Bt P IO RUN S —— e o s P

DRI L




I. INTRODUCTION

1.1 Background

Transverse injection of a liquid jet into a supersonic airstream
is a problem of current importance in science and technology. Some
aerospace applications of liquid jet injection are transpiration
cooling of reentry bodies, thrust vector control of rockets and fuel
injection for a supersenic combustion ramjet (SCRAMJET).

In high speed reentry, a very hot ionized layer of air surrounds
the reentry body which is the cause of the "blackout" period. In
order to provide local cooling in the region of a communication
antenna to alleviate the blackout period, the possibility of
injection of a liquid cooiant into the ionized air layer surrounding
the antenna has been considered. Therefore, accurate knowledge of
jet spray parameters, liquid jet.breakup, and the mean droplet
diameter resulting from the decomposition of the Tiquid jet is
essential in order to design an effective system.

Liquid injection into a supersonic airstream has similar
applications both in thrust vector control and supersonic combustion
ramjet. Although gaseous fuels have been considered for these
applications, liquid fuels have the advantage of being denser, easier
to handle and they also have lighter control systems. For cost,

safety and availability reasons, it is likely that kerosene-type

Tiquid fuels will be employed as the energy course for the supersonic
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combustion ramjet. The efficiency of the supersonic combustor of a

scramjat plays an essential role in the overall performance of the
scramjet vehicie. The combustion processes are controlled by mixing
of the fuel and air and by the chemical heat release. This process
not only must be efficient at the design point, it must also be
efficient and adequate in off-design regimas. The demands on the
efficiency and performance of the combustor are directly linked to
the injector, which places restrictions and demands on the injector/
jet parameters. Again, such matters as liquid jet penetration, jet
break-up and atomization must be clearly understood to produce an
efficient design without excessive, expensive trial-and-error
testing. A brief consideration of the operation of thrust vector
control systems using jet injection will alsoc lead to the same type
of basic knowledge requirements as local cooling and scramjets.

By injecting a liquid jet into a supersonic airstream, one
creates a boundary layer separation zone upstream of the injector.
This is produced by an interaction of the boundary layer and the shock
caused by the transverse jet (see Fig. 1). This separation zone plays
an important role in combustion since the rate of heat transfer is
often the highest in parts of a separation zone. It might also
provide the most favorable conditions for auto-ignition of the fuel.
The interaction shock system jtself associated with each injector has

two effects. First, the shock reduces the tot~1 pressure of the free

airstream and therefore tends to reduce the overall performance.
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Second, due to the shock, the static pressure, and temperature of
free airstream will rise. Therefore, a better condition to support
possible ignition and chemical reactions is created out in the

main stream.

The study of droplet sizes produced as a result of jet break-up
is important for all potential practical applications. The size of
the Tiguid particles resulting from transverse injection of licuids
into a supersonic airstream is clearly determined by the injector
geomatry and characteristics and the flow parameters. By reducing
droplet size, one can reduce the residence time, evaporation time and
mixing time, thus reducing the requirad erra]] length of the
combustion chamber. This in turn results in a shorter and lighter
engine.

Sherman and Schetz, Ref. (1), were among the first to study
the detailed stru ture of a transverse liquid jet and a parallel
liquid sheet in a supersonic flow by using the photomicrograph
technique. They concluded that the jet break-up is brought about by

cross-jet fracture at a wave trough {See the close-up photo in

(0]

Fig. 2). This process is cyclic.

Kush and Schetz, Ref. (2), performed extensive experimental work
to study the effects of free stream Mach number, free stream total
pressure, injector diameter, injector shape, injectant flow rate and

injectant properties on jet penetration and structure. They also

reported data on wave length, ampiitudes and wave speed of the




disturbances on the jet surface that lead tn break-up of the jet.

1t was also noted that the injector geometry has a significant effect

on jet penetration and the liquid surface layer near the jet, which
is caused by the interaction of the three-dimensional shock system
with the boundary layer.

Joshi, Jakubowski, Schetz, Ref. (3), also investigated the
effects of injector geometry on penetrafion and structure of the
liquid jet. They found a relation between penetration and jel/free
stream dynamic pressure ratio. They also found the dependence of
penetration on injector geometry, characterized by the ratio of the
frontal dimension to the stream wise dimensign. It was observed that
for a given mass flow rate of injectant, a rectangular injector has
the highest penetration and spread.

Studies by Schetz, McVey, Padhye and Munteanue, Ref. (4), also
investigated the behavior of liquid jets injected normal to a high
speed airstream. Although this report dealt with normal injection
of Tiquids into a high transonic speed airstream, it comes c¢loser to
the present work than any of the other investigations in the respect
that droplet size and distributions were investigated. Ref. (4)
employed the photomicrograph technique for the droplet size investi-
gation, and concluded that:

2 ineh

a) the mean droplet size was of the order of 10~
b) for a given injector and airstream conditions, the mass

flow rate of the injectant did not affect droplet size




¢) an increase in orifice diameter of the injector increased

the droplet diameter

d) an increase in M decreased mean droplet diameter size

e) injector geometry had a significant effect on mean droplet

diameter.

Weiss and Worshom, Ref. (5), studiad the atomization of molten
Acrawax-C jet in a high-velocity airstréam and obtained the diameter
of the frozen jet particles, Thev concluded that the particles were
almost uniformly spherical. This finding supports an assumption used
in the present investigation. Ref. (5) alsc studied the effects of
airstream density, relative velocity, liquid viscosity, mass injection
rate and injector diameter on droplet diameter. It was concluded that:
relative velocity between airstream and the liquid jet is of prime
importance and that physical properties do affect spray fineness, but
their net influence is less critical. Also, they correlated the
results empirically by a dimensionless equation.

Adelberg, Ref. (6), theoretically estimated the mean droplet
diameter generated by a liquid jet penetrating a gaseous environment.
He divides the region of interest into four separate regions according
to the relative dynamic pressure and treats the two regions having
the higher dynamic pressure. He states that the mechanism of 1igament
formation and shedding appears to be a good model for droplet
formation in the case of high relative velocity between liquid jet and

the surrounding gas stream. The analytical results are compared with




the excerimental results obtained by Weiss and Wersham and it is
found that the analysis is in good agreement with the experiment..]
results. He also compares his results with Mayer's analysis,

Ref. (7), and finds that his predicted droplet diameter is ci“farent
from that of Mayer, Some of Adeiberg's assumptions have, hrwever,
been criticized.

Forde, Molder, and Szpiro, Ref. (8), constructed a simple
theoretical model based on Newtonian flow concepts, for the
prediction of the injectant path, and hence the penetration d1§tance
for secondary liquid ‘njection into a supersonic stream. The
experiments showed thatv it is possible tn achieve significant
penetration distance by injecting liquid from a wall orifice into 2
Mach 3 supersonic airstream. They aiso concluded that:

a) the model predictad the penetration height with

reasonable accuracy,

b) the maximum penetration is dependent on injectant total
pressure, the angle of injection and injector diameter,

c) upstream injection produced the longest penetration height
whereas a small angle downstream gave a slightly greater
penetration than the normal injection.

Reichenbach and Horn, Ref, (9), experimentally investigated the

effect of liquid properties on seconcary injection from a single
small-diameter nozzle in a supersonic stream. By injecting super-

heated water and acetone, they investigated the effect of vapor
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pressure on penetration. Penetration height was correlated with
injector pressure ratio for super-heated liquid injecticn; these
data were compared with room temperature results. They conc¢luded
that vapor pressure break-up outside of the spray nozzle had Tittle
effect on penetration. The effects of Tiquid viscosity and surface
tension were also studied, and they reported that neither property
effected the penetration height for flow in the acceleration wave
break-up regime.

Gooderum and Bushnell, Ref. (10), conducted a study of
atomization, droplet size and penetration measurement for cross
stream water injection at high altitude reentry conditions. The work
employed the scattered light technique in measuring the mean droplet
diameter of the spray particles. Data was obtained in both a static
environment and in conventional aerodynamic facilities at Mach
number of 4.5 and 8. It was concluded that tha mean drop size for
vapor pressure breakup in the absence of external flow is directly
proportional to orifice diameter, and is an inverse function of the
T injectant. They also reported that the
droplet size resulting from injection into Mach 8 cyarogen-oxygen
tunnel were independent of injectant (water) velocity.

Horn and Reichenbach, Ref. (11), further investigated the
penetration and width spread ¢f a liquid jet in supersonic flow.
They presented information on lateral spread of a jet and stated that

the lateral spreading width has a weak dependence on injector
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pressure ratio. Ref., (11) also studied the effect of Mach number on
the lateral spreading width of a liquid jet and concluded that lateral
width of a liquid jet spray has a weak Mach number dependence.

In summary, it can be conciuded that while several studies of
transverse liquid jet injection into superscnic flow have been
presented, there is little information available pertaining to
droplet sizes in the spray.

1.2 Aim of the Present Work

The study of liquid jet characteristics is not complete if the
droplet size and the Gistribution of the droplet sizes are not known.
This information will result in a better understanding of how the jet
is atomized, at what location the decomposition is complete and also
the length required foy complete decomposition in the airstream.

Although all of the work mentioned above has contributed to
the background of the present work, the prime motivations arcse
from the hardships encountered in obtaining the droplet size
diameter in the work of Schetz, McVey, Padhye, and Munteanu, Ref.
(4). The use of high-speed photomicrography to examine the droplet
size seems very appropriate. High speed photomicrography may, in
nrinciple, be the best and the most accurate technique which can be
employed to obtain particle size, however, there are many practical
diffuculties associated with this technique. Several of these are:

1) the difficulties related to sufficient resolution, 2) the very

small depth of focus required, 3) the small number of particles
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usually present within the focal plane and the question of whether
these particles constitute a representative statistical sample,

4) the differentiation between the film grain and droplet image,

5) the problem of deciding between single droplets or clumps, and
6) perhaps most important, the very tedious process of counting and
measuring the droplet sizes one by one. The excessive jabor
associjated with droplet size determination by high-speed photo-
micrography and the awkward procedure are the major drawbacks. One
also has to consider the cost effectiveness of a proposed
experimental fechnique. If the test technique itself is simple and
cheap, but the data reduction is neither, no advantage results.

In view of these reasons, other techniques, although perhaps
not quite as accurate or precise as photomicrography, have been
sought to determine the sizes from liquid jet atomization. Such a
technique must be reasonab]y accurate, readily available, adaptable
and easily manipulated. One technique that determines particle size
in Tiquid droplet clouds with potentially good experimental accuracy
is based on the 1light scattering properties of particles. This
technique is known as the Diffractively Scattered Light Method.

The aim of our work here was to study the utility of this
technigue to measure droplet size diameter in the spray that results
from transverse liquid injection in a high-density, superscnic air-
stream and to determine the accuracy of the method. Since such

experiments are normally performed in a closed test section wind
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tunnel, the problems, if any, that result from the necessarily thick 3
windows were also of prime interest. To the best of our knowledge,
this study is the first published dealing with an attempt to obtain 3
mean droplet diameter at high density, superscnic conditions. %
Therefore, there was no other work available for direct comparison .
of the results. -
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i II. THEORETICAL CONSIDERATION

2.1 Theoretical Consideration for the Optical System

The investigation of the 1ight scattering technique was first
conducted by Chin, Sliepeevich, and Tribus, Ref. (12), using a theory
by Gumprecht and Sliepeevich, Ref. (13), which describes the
scattering properties of a polydispersion. This theory requires
very low droplet concentrations to constitute a small optical depth.
It further requires that‘both particle size and refractive index
fall within given intervals. The formation of a theory for the
scattering properties in the more general case of particles of
arbitrary size and arbitrary refractive index occuring in a poly-
dispersion of finite optical depth has been discussed by Dobbins,
Crocce, and Glassman, Ref. (14). Much of what follows in this
section comes from their work. Egn. (1) gives the radiant intensity,
I (o) scattered at a small angle, ¢ measured from the forward

direction (centerline).

2”1(qm\,z - 4M2

-2
o) b} 2r_Was)s? , ¢ I+
o 167 " Teo) (% - 1)%(m + 1)

m -1

(1)

——

This equation is derived from the scattering of lignt by a single

dielectric spherical particle. The particle has a size number

@ = %Q whera D is the diameter of the particle and A is the wave

length of the incident 1ight beam, E, is the incident planar wave

0
irradiance, J1, is the Besse? function of the first kind of order

1
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unity and m is the refractive index of the particles. The tiiree

terms in the bracket of Eqn. (1) represent the Fraunhofer diffraction,
the optical scattering due to refraction of a centrally transmitted
ray and the optical scattering due to a grazingly incident ray,
respectively.

Five conditions must be met to assure the validity of Eqn. (1):

1) The incident radiation must be pianar.

2) The forward angle, o, must be small.

3) The particle size number o = §2 and phase shift

[2a(m - 1)] must be long.

4) The distance between the particles and the observer must

be large comparec to 27 . _

5) The particles must be non-absorbing (of light).

If a polydispersicn of particles is present, the integrated
intensity from all particles is found by summing over all diameters.
A distribution function Nr(D) is defined in such a way that the
integral of Nr(D) over a given diameter interval represents the
probabiiity of occurrence of particles within the specified interval,
This function determines the relative frequency of occurrence of
particles of a given diameter, D. The expression for the intensity
of scattering due to a polydispersion is normalized by dividing by
the intensity of diffractively scattered light in the forward
direction (0 = 0, centerline). This procedure allows one to discard

the second and the third terms of Egn. (1), since they are small.
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The normalized, integrated intensity of forward scattered light I(o)

due to a polydispersion of large particles is given as:

0
s 2 4
e) =-/O. [Lu,a@] NY‘(t‘b)D Dd

—
f i (0)0*Tae
0

Egn. (2) requires that the attenuation of the incident beam be slight,

I(

(2)

so that all particles are illuminated equally.

By employing the definition of turbidity (<),

A
T

D
%cnf K(D,m)Nr(D)DZdD (3)
0

the mean scattering coefficient, k, volume to surface mean diameter,
032, and the volume concentration, Cv, the transmission law can be ex-

pressed as

£/, = exp(-r1) = expl-3(KC, 5;?)] (4)

For a detailed explanation, see Ref. (14). The restriction on Eqn. (2)
that the particles must be illuminated equally is fulfilled when the

optical depth (t2) is small compared to unity. However, when the
effect of finite optical depth was studied, it was found that the in-
filuerce of multiple scattering on the illumination profile is weak. It
was recommended that the optical depth be maintained below (1.5) in

order to assure the absence of an adverse distribution of illumination

profile.
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Eqn. (2) represents a relationship between the zngular
distribution of scattered light in terms of the particle size
distribution. The important question was whether a knowledge of the
angular distribution of scattered light intensity, I(0), determined
experimentally could be used to supply some information about the
particle size distribution. This question was resolved by examining
the illumination profile, 1(8), for various distribution functions
representative of those of interesti. A problem arises from the
fact that one does not know what distribution function is a good
respresentative of the particle sizes being investigated. Mugele
and Evans, Ref. (i5), have shown that choosing the parameters in
these distribution functions in such a manner as to fit a size
histogram closely can predict a completely inaccurate volume fraction
curve or give incorrect values of the mean diameters. These short-
comings were resolved in Ref. (13) by use of Upper Limit Distribution
Function (ULDF) proposed by Mugele and Evans. The ULDF has the
property that no particles exist at sizes larger than a specified
D_. Again however, knowing the upper Timit of particle size in
many cases is impossible. Roberts and Wabb, Ref. (1€¢), studied the
accuracy of the Diffractively Scattered Light Method in measuring
particle size by using many different distribution functions. They

concluded that the value of a mean diameter, 032, may be determined

from the intensity of diffractively scattered Tight from a
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polydispersion of spherical particles to a good degree of accuracy
for an extremely wide range of distributions and without the
knowledge of general distribution type. They plotted the mean
theoretical illumination profile for all distributions investigated,
Fig. (3). This profile can be regarded as a universal illumination
profile and has been utilized in the current study in obtaining
mean droplet diameter of particles. Of course, one is now limited
to determining only the value of a mean droplet size and not the

distribution of sizes.
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IIT. EXPERIMENTAL INVESTIGATION

3.1 Test Facility

The current study was conducted in the VPI&SU 9 inch x 9 inch
supersonic wind tunnel. This tunnel is a biow-down type with inter-
changeable test sections capable of producing free stream Mach numbers
of 0.4 to 4.0. In the current investigation, the test seaction was
chosen to produce a free stream Mach number of 3.0. A series of
calibration investigations have confirmed the uniformity of the flow
in the test section. Throughout the experiment:” work, the stagnation
temperature of the free steam was that of the .~ = air (roughly
75°F). The stagnation pressure was controlled - 5/ :.'a #3%. Large
thick glass windows normaily cover the sides of " ... section.
These windows were found tc be of insufficient quality, and thev were
replaced for the present work.

3.2 Flat Plate Model

The liquid jet injection was carried out through a flat-plate
model with a sharp leading edge. The flat plate had dimensions of

4 in. x

LR R

o

in. with the orifice of the injector located 2 in. dow
stream of the leading edge, Fig. {4). The plate was mounted on a
sting and was located at the center of the test section. The
circular injectors were tested, one with an orifice diameter of
0.0285 in. and the cther with an orifice diameter of 0.059 in. The

discharge coefficient of both injectors was assumed to be unity. The
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injectors were made of brass and were interchangeable from beneath the
Tlat plate. The top surface of the injectors were flush with the
surface of the flat plate. Each injector had a 1/16 in. straight run
and a smooth conical entry passage. A 1.0 in. inside diameter plenum
chamber was fitted to the flat plate underneath the injector and
sealed with a rubber 0-ring. The large size of the plenum chamber
compared to the size of the injector reduced the disturbances in
the injectant. Liquid injectant was supplied to the plenum chamber
by a 3/8 in. 0.D. copper tubing.
There were two reasons that injection through a flat plate was
chosen over the injection through the test section walls:
1) the great reduction of boundary layer thickness
2) the advantage of having a degree of freedom to rotate the
flat plate vertically in the test section to allow
viewing the'jet from "above".

3.3 Injection System

A schematic diagram of the injection apparatus is shown in
Fig. (6). A large stainless steel tank was utilized as the injectant
reservoir which was pressurized by nitrogen gas. The size of the
tank played an important role in maintaining a constant injection
pressure in the plenum chamber during each run because the volume
of the injectant injected during each run was small compared to the

total volume of the injectant stored in the tank. The tank pressure

was regulated to help attain the desired mass flow rates through the
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injectar. The pressurized injectant passed through a solengid valve
which was remotely operated to start and stop the flow. The
solenoid valve was then followed by a needle valve which regulated
the mass flow rate of the injectant. The needle valve was connected
in series to a manual valve for a safety factor, so that if the
solencid valve should fail the flow of injectant could be stopped.
This valve was followed by a filter which had the capability of
removing foreign material larger than 140 microns from the injectant.
The filter led to a turbine-type flow meter to measure the mass flow
rate of the injectant. Copper tubing of /2 in. 0.D. was used for
this series of connections. After the flow meter, the diameter
of tubing was reduced to 3/8 in. C.D. in order to make the
connection with modal plenum chamber possible. !
Throughout this experiment, water was used as the injectant for
safety and convenience. What earlier work does exist indicates that
fluid properties are not of first order importance; obviously, this
point needs further study and verification.

3.4 Flow Instrumentation

The pressure inside the plenum chamber was measured by a
transducer to make sure there were no pressure fiuctuations in this
chamber during each run. The stagnation pressure and temperatuyve of

the free airstream were measured in the settling chamber of the

supersonic tunnel. A1l the outputs of the transducers and the
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thermocouple were recorded on strip chart recorders. The flow meter
was calibrated for water and alcohol, and its output was directly

read from a digital voltmeter and recorded during each run.

List of Instruments and Their Specifications

1. Free stream pressure transducer: Frederic Flader Engineering
Physics division

Range of 0-100 psi (no model number)

2. Model plenum chamber pressure transducer: Statham model 4-326

oL b
W T

Range of 0-1000 psi
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3. Solenoid valve: ASCO Model 8266C1 400 psi max

3.5 Optical Arrangement

4. Filter: NUPRO Model B6TF2-60 140 microns 3
5. Flow meter: Pottermeter Model 1/2 - 468 IHM - 60 f %
9 GPM maximum flow. : %

6. Recorders: Hewlett Packard Model 71008 i
.

A schematic diagram of the final optical set up is shown in

Fig. (6). For case of operation, all of the optical equipment with i
h

ot
4]

1 . - — FETeY
exception of the win

windows, were mounted on a home-made optical
bench with two degrees of freedom (vertical, horizontal). A

Helium-Neon Laser was used as the light source. A spatial filter ]
located directly in front of the light source produced a larger

diameter and more uniform light beam than that of the laser alone.

Two circular glasses 2 in. in diameter and 1/2 in. thickness were
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used as windows, one on each side of the test section. A plane-
convex lens, 2 in, in diameter with a focal length of 19.7 in., was
used as the condensing Tens. This lens focused the unscattered light
beam on an aperture of 0.006 in. diameter located directly in front
of the photomultiplier tube. The photomultiplier assembly which
consisted of a 3 in, diameter pipe 8 in. in iength contained the
photomultiplier tube, its circuitry and the 0.006 in. aperture. The
aperture plate was located 1/4 in., in front of the photomultiplier
tube, and it completely sealed the tube inside the photomultiplier
assembly.

The photomultiplier assembly was mounted on a traverse
mechanism which al%owed a smooth and constant speed scanning of the
scattered Tight illumination profile intensity. We require the
illumination profile intensity versus the scattered angle, @. The
travel distance of the photomultiplier tube was recorded by employing
a ten turn potentiometer.

Three separate D.C. voltage sources were used with the optical
system - cne to supply power to the ten turn potentiometer, one
to energize the traverse mechanism and one to supply voltage to the
photomiltiplier tube. The output of the photomultiplier tube and
the ten turn potentiometer were both recorded on one racorder.

The Diffractively Scattered Light Method for obtaining mean

droplet diameter is new and underdeveloped for some experimental
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conditions., Therefore, for the benefit of the future experi-
mentalists it was thought essential to report here our experiences
with this technique. The technique appeared to have been simple,
but as with all optical investigations, there were many hidden
points that caused problems in obtaining usefyul results. The

choice of each component of the optical set up was critical to the
outcome of the experiment. Each component was chosen based on a
year's gathering of data and exgarience. The final optical set up
vas the best suited for our high-density, supersonic air experimental
condition,

In view of our initial lack of experience and also the lack of
comprehensive previous.reported research in this area, %he first
optical set-up used wés an almost exact cd'iplicate of the system
emplayed by Goodarum and Bushnell, Ref, (10). Their set-up served
as the starting point and many improvements were required to be made
to make a workable system for the current experimental conditions.

The optical set-up used by Gooderum and Bushnell consisted of:

]

e
<

amp (BH-6 air cooled) as the light source
2

~—

collimating lens

3) interference filter
4) condensing lens

5) slit

6) collimating lens
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7) windows

8) condensing lens

9) rotating flat mirror

10) photomultiplier tube

The hardest and the most important part of developing the
Diffractively Scattered Light Method was to obtain a clean,
parallel and uniform monochromatic light beam to pass chrough the
test section. Experience showed that the fewer the number of
optical components, the easier this task was to achieve. Alteration
to the basic Gooderum and Bushnell set-up was made to improve the
light beam and to reduce the number of optical items. The final
optical arrangement and the reasoning behind 2ach improvement are
described below.

3.5.1 Light Source

The change from a Mercury arc lamp to a Helium-Neon laser as

the light source had many benefits.

a) The laser produced a more powerful 1ight beam which
allowed the use of a pin-hole as compared to the slit
which was necessary for the Mercury lamp.

b) The laser itsalf produced a nearly parallel beam.

c) The laser produced a monochromatic light beam

(A = 6380 A°) which eliminated the need for an interferance

filter, Hence, there was no absorption and no additional
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scattering due to the interference filter.
d) The light beam alignment was much easier with the laser.

3.5.2 The Collimating Apparatus

Although the laser produced a parallel light beam with good
intensity, it still did not meet the severe requirements that the } :
technique imposes on the light beam. The light beam passing through
the test section had to be parallel, free of noise and uniform. Also,
the size of the beam was important and the ability of controlling
the beam diameter without introducing added refraction and noise to
the beam was essential in the experiment. Through usage of a
Spatial Filter all of these requirements were met. The Spatial
Filter consisted of three parts: '
1) the condensing lens
2) the pinnhole
3) 'the collimating lens.
The condensing lenses were microscope objective of 5X, 10X, 20X,
25X, each of which had different focal lengths. Each one of these
condensing ienses produced a different diameter 1ight beam. In this
experiment 25X objective was used which produced a final beam : f
diameter of 5mm. The condensing lens focussed the 1ight from the %}

laser on a pinhole. The right combination of pinhole diameter and

condensing lens produced a very fine uniform ring (Fraunhofer) free

1ight beam, The pinhole also served to meet the theoretical
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requirement of having a point source. The collimating lens of the
spatial filter produced the final parallel light beam. The
advantage of spatial filtering was that it provided fine adjustment
for 1ight beam alignment and also eliminated the need of a
diaphragm for controlling the beam diameter.

3.5.3 Windows

The first important medium that the 1light beam passes through
before passing through the spray is the glass wind tunnel window.
The 1ight beam has to remain essentially unchanged while passing
through these glass windows, so that the only scattering is
produced by the jet particles in the test section. Any additional
scattering from the windows reduces the accuracy of the technique.
The regular wind tunnel windows created problems in obtaining useful
scattering of the 1ight beam. Special ¢liss plates were therefore
used as the windows. The quality of the new glass windows were
checked once by obtaining the scattering of the light beam due to
optical equipment without the windows and then comparing theé results
with zerg scattering obtained while the windows were in place, The
glass windows in the present experimental set-up did not produce any
additional scattering. The thickness of the glass windows dictates
its absorption, The light absorption due to the windows had to be
very slight. "This phenomenon was also checked and was proven to be

satisfactory.
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3.5.4 Condensing lens

The task of the condensing lens is to focus the unscattered
light beam on the aperture in front of the photomultiplier tube.
Hence, this lens had to have a precise focal point, and it also had
to be scatter free. The focal length of the lens was important,
since it was used in data reduction. Obviously, no additional
scattering of the light should result from this lens. Experience
showed that the condensing lens should be mounted with an angle
of greater than ninety degrees with respect to the light beam. This
procedure eliminates the reflection of the light beam frum the lens
surfaces which travel back into the test section. Therefore, the
scattering intensity due to optical set-up (zero scattering) was

reduced.

3.5.5 Scanning of the Scattered Light Il1lumination Profile

The heart of the Diffractively Scattered Light Method is
the system to measure the intensity of the scattered light vs. the
angle of scattering. In order to accomplish this task, one has to
scan the intensity of the scattered light illumiration profile with
a detection device. There are two different methods of scanning the
intensity of the light profile:

1) have the detection device stationary and move the

illumination profile

2) have the illumination profile stationary and move
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the detection device.

In order to move the illumination profile in front of the
detection device, many complicated mechanisms were required. Also,
additional optical equipment such as a rotating mirror were
necessary. The additional optical equipment produced additional
light scattering. Therefore, this method of scanning was not
acceptable, and it was rejected.

The simplest and the most accurate system was to mount the
photomultiplier tube on a traverse mechanism and to leave the
light beam stationary. This system allowed an accurate scanning

of the scattered light profile and provided freedom over the rate ;

of scan and the total angle scanned. It alsu protected the photo-
multiplier tube from the center-line, unscattered, high-intensity :
light beam. The most significant aspect of the traverse mechanism :
was that it did not require any additional optical equipment to be
placed in the 1light path.

3.5.6 Photomultiplier Tube

An RCA Type C7164R was chosen as the light intensity detection _
device. Type C7164R was specially designed for Helium-Neon laser ' %
applications. It had a fast response time, and a very low dark ;
current., However, if it were exposed to flourescent light, the dark
current would have increased by orders of magnitude and would have

lasted for several days. To protect ihe photomultiplier tube from
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flourescent 1ight and all other unwanted lights it was housed in a
circular pipe of 3 in. diameter and length of 8 in. This circular
pipe at one end was covered with the aperture plate with the

0.006 in. diameter hole at the center as the aperture, and at the
other end it was completely sealed. The optical set-up in the
current study proved to produce Tow levels of zero scattering and
also used fewer components when compared to other experimental set-
ups.

3.5.7 List of Optical Equipment

1. Laser: ) Spectra physics  Model 120 Heljum-Neon
5M Watts

2. Spatial Filter: JODON Model BEP-25 beam expanding laser
collimater

a) Lpsf-100 Spatial filter consisting of
5X, 10X, 20X, 25X, microscope objective
and 15, 20, 25, 50, 100 micron pinhole

by CL-25 27mm diffraction limited
telescopic lens

3. Windows: ORIEL Model A-43-564-80 precision flat

windows (2) of Schlieren-free fused silica
2 in. diameter
0.5 in. thickness

1 sec. parallelism with surface profile for ;;_
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research grade, optical polish for low
light scatter.

Photomultiplier tube: RCA Model C7164R

DC power supply: ORTACE Model 456H)0-3k) DC voltage
(supplier for photomultiplier tube only)

Recorders: Hewlett Packard Model 7100B




IV. CALIBRATION OF THE DIFFRACTIVELY SCATTERED LIGHT METHOD

The accuracy of the Diffractively Scattered Light Method in
obtaining the mean diameter of particles was investigated in two
separate cases. These two cases were selected to be representative
of our actual experimental conditicns. First, the mean droplet
diameter of water particles produced by an atomizer was measured by
both the Diffractively Scattered Light Method and the direct
photomicrographic technique. Second, the mean diameter of known
sized glass beads were measured by the Diffractively Scattered
Light Method.

In measuring the particle diameter of thg atomizer spray,
the optical set-up was the exact set-up used in the supersonic
injection investigations, however tne experimental conditions were
different. The atomizer discharged the water particles into still
air as compared to the injection into supersonic airstream for
the main test program. The particle sizes produced by the atomizer
were also measured by the photomicrographic method, and the results
were compared to the mean droplet diameter obtained by light
scattering technique. The results were in good agreement., The
photomicrographic technique revealed an average droplet diameter
of 24.6 microns, and the Diffractively Scattered Light Method
showed a mean droplet diameter of 29 microns. This amounts to an

error of 5.5% which was within our experimental expectations.

29
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Using the same optical set-up, the mean diameter of known sized
glass beads were measured. The bead diameter size range was from
48-53 microns. The different diameter sizes were necessary to
assure polydispersion scattering of the light as required by the
theory. The Diffractively Scattered Light Method measured a
mean diameter of 48 microns, which is again within 5% accuracy of the
true average diameter.

Although, the calibration tests were conducted in still air,
it is believed that these results demonstrate the accuracy of the
Diffractively Scattered Lignt Method in obtaining the mean
droplet diameter of particles under conditions representative of

those to be encountered in our experiments in a supersenic air

stream.
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5.1 Experimental Procedure

The fluid was injected over a wide range of jet/free-stream
dynamic pressure ratio, and the mean droplet size of the particles
in the plume were measured at several stations, Fig. (7), and
tables (A.1-A.8). Two types of tests were conducted.

First, in each case a separate run without injection was run to
determine the background scattering of the light due to optical
equipment and supersonic flow. Theoretically, there should be
no scattering of light by the optical equipment and the air flow.
Null-condition scattering provided information about the l1ight beam
and flow conditions. Based on the experience gathered throughout
this investigation, some techniques were developed to insure the
quality of the light beam. The light beam has to be free of noise,
diffraction, and Fraunhofer ring pattern. The most reliable
technique was as follows. The unscattered light was focused on the
aperture. The location of the aperture was recorded as the center
line (CL) where 0=0, Theoretically, one should have no scattering
profile on the aperture plate. However, there was a slight
diffraction due to optical equipment and small random partiéﬁes in
supersonic air flow which resulted in a very lew intensity

scattering profile on the aperture plate. The quality of the light

was judged by how close the aperture could come to the center line
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location (0=0) without a high output from the photomultiplier tube.
In the case of this study the minimum distance of aperture from
center line was 0.020 in., corresponding to a scattering angle of

o = ,001016 rad. The offset distance of the aperture was important
since, through extrapolation, one had to find the intensity of the
diffractively scattered light (I)CL in the forward direction (6=0)
Fig. (9). Through the same procedure, the intensity of the
diffractively scattered 1ight (I)CL in the forward direction (8=0)
for the case with injection was established Fig. (10). The
difference between the scattered light intensity due to liquid
particles and the zero sgattering intensity was normalized by
dividing by (I‘I°)CL' Once the quality of the light was established
to be satisfactory, the zero scattering of optical equipment plus

supersonic flow was investigated. Investigation showed that there

was not a significant difference in the zero scattering with and
withcut the supersonic air flow. This also provided a good test
for establishing the condition of the supersonic air. It was noted
that an “unstarted” tunnel flow produced scattering of the light
beam, presumably due to condensed water vapor.

Second, injection runs were cenducted to measure the iﬁtensity
of the scattered light illumination profile due to atomization of

the jet in the supersonic flow. During each run, the stagnation

pressure and temperature of the free airstream, the mass flow rate
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of the injectant, the pressure inside the model plenum chamber,
the barometric pressure and the output from the photomultiplier
tube and the ten turn potentiometer were recorded on stripchart
recorders.

5.2 Test Procedure

1) The laser and the photomultiplier tube were energized and

were allowed to reach a steady state.

L%
~—

The tunnel room was made completely dark.

b o ot bl g i %

(#%)
~—

The uniformity of the light beam produced by the

spatial filter was checked.

4) The tunnel, the injector (when used) and the recorders
were switched on and, after the supersonic flow had
started, the photomultiplier tube was used to scan the
i1Tumination profile intensity of the scattered light,

5) If there was injection, the injecvor was turned off
after completion of the scan.

6) The tunnel was shut down.

7) The recorders were turned off,

The duration of each run was between 7-10 seconds, and the

time necessary for the photomultiplier tube to scan the illuminacion

Lk b

profile was 5 seconds.
The location of the Tight beam with respect to penetration

height was then changed, and the test procedure was repeated. In 4
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most of the tests the light beam was 6 centimeters downstream of

the injector orifice, see Fig. (7).
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VI. RESULTS AND DISCUSSION

6.1 Results

The jet/free~stream dynamic pressure ratios were calculated
based on the recorded data for the stagnation pressure and the
temperature of the airstream, the mass flow rate of the injectant
and the diameter of the injector. Other recorded data such as the
pressure inside the plenum chamber served to document test
conditions, uniformity and the repeatibility of the experiment.

The intensity of the scattered Tight illumination profile was
measured and normalized. The mean theoretical illumination profile
curve, Fig. (2) was utilized to find the values of the reduced

W@D32)

angle (9 = ) From the value of 0, the mean droplet diameters

were calculated. Many points were examined on the mean theoretical
illumination profile curve for each run. The reported mean droplet
diameter are the average value in each case.

A11 measurements were taken at a plane normal to the free
stream at a downstream distance of X/d = 82.88 for injection with a
diameter of 0.059 in. and x/d = 48.34 and 82.38 for injection with a
diameter of 0.0285 in. Also, tests were made to determine the mean
droplet diameter variation across the jet with respect to
penetration height.

The results are tabulated in Tables A-1 through A-8 and a short

discussion of the tables follows. Each tabla contains five columns,
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one each for x/d, h/d, y/d, q and Dsp. The h/d entries are

—— e el - T

calculated values of the penetration height at the relevant station
and conditions using the correlation formuia of Ref. (3). The
penetration is taken as the time-averaged top of the liquid plume.
This information is provided, so that the reader may judge the
relative location of the measurement point within the jet plume.

In able A-1 the effect of jet/free-stream dynamic pressure
ratios, q, on the mean droplet diameter is shown. The location of
the light beam passing through the jet was fixed at a downstream
distance of x/d = 48.35, and a height of y/d = 15,35 for all the
measurements. The results show that there was on inverse relation
betweem mean droplet diameter and the ratio of dynamic pressures.

Table A-2 shows the effect of q on the mean droplet diameter. .
The measurements in thic table in contrast with table A-1 were
taken at the fixed station x/d = 82.88 and y/d = 13.15. This table
shows that the mean droplet diameter decreased with an increase in
E. Also, the comparison of tables A-1 and A-2 reveals that the mean
droplet diameter was smaller at stations farther donwstream from
the injector _w+ifice.

The mean droplet diameter variation across the jet penetration
height at a fixed downstream distance of x/d = 82.88 and q = 4,61 is
given in table A-3. The results show that the mean droplet diameter

decreased near thz plume edge.
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The data of Table A-6 were obtained with a new value of

q = 18.05, as opposed to Table A-3 where g = 4.61. The pattern of

data behavior in Table A-4 and A-3 were similar, i.e., the mean
droplet diameter decreased near the plume edge.

In Table A-5 the mean dropliet diameter at different penetration
zones of the liquid jet produced by an injector of diameter
.059 in. was investigated. In this study x/d = 82,88,

3.17 < y/d < 10.59 and q = 2.40. Here, the mean droplet diameter
also decreased as the plume edge was approached. The comparison
of these results to those of Tables A-3 and A-4 reveals that, first
the mean droplet diameter was larger and second, the droplet
diameter decrease did not follow a simple pattern.

Tabies A-6, A-7, A-8 contain the results of the mean droplet
diameter distribution across the jet penetration., In all of the
investigations x/d = 82.88, q = 3.31, 8.23, and 12.54 respectively.
In each case, the light beam location y/d with respect to penetration
height was changed. The results from each table show that the
mean droplet diameter was smallest near the plume edge.

The results may be summarized as follows:

1) The mean droplet diameter was of the order of 10

microns.

11) Holding all the test conditions constant, an increase in

q decreascd the mean droplet diameter. For example, for
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the injector with diameter of 0.0285 in. at y/d = 18

and q of 6.56, a mean droplet diameter of 20 microns

were measured. The same injector with the same experimental
conditions but with injection at q = 27.7 produced
droplets with mean diameter of 17 microns.

Since q and mass flow rate have a direct relation, one

can deduce that an increase in mass flow rate decreases
the mean droplet diameter.

There was a direct relation between the particle size and
the diameter of injector. For example, the 0.0285 in.
diameter injector produced 11 micron particles at

y/d = 13.15 and § = 8.28. Injection through the 0.059 in.
diameter injector yielded droplets of 28 microns at
identical experimental conditions.

There was no simple pattern to the variation of droplet

size across the jet plume.

6.2 Discussion

Mean droplet diameter of spray particles resulting from
atomization of a transverse liquid jet in a supersonic flow was
investigated using the Diffractively Scattered Light Method,
Although the range of the tast cases was limited, the results
helped to determine the utility of this technique in measuring the

mean droplet diameter under higher density, supersonic flow

conditions.
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This technique confirmed that the mean droplet diameter has
an inverse relation with jet/free-stream dynamic pressure ratio.
There was also a direct relation between the droplet diameter and
the injector diameter. Throughout the range of dynamic pressure %
ratios, the larger diameter injector consistently produced larger 1
diameter droplets than the smaller diameter injector. The
distribution of droplet diameter across the jet with respect to , ]

penetration height did not have a simple variation. This contradicts

our expectations prior to the investigation, however, the mean

droplet diameter at each station decreased as the dynamic pressure ']
ratio increases. The mean droplet diameter was the smallest near

the plume edge. This phenomenon seems to be logical since the

decomposition of a jet starts at the surface. i
The test cases were limited in number, but the repeatability, j Q
and apparently, the accuracy of the experiment were good. Casual
comparison of data points against each other at apparently identical
conditions may tend to mislead one into condluding that there are

jnconsistencies in the data. The reason for such apparent small

el i Rl 0 Lt

inconsistencies arises from the fact that each data point

was taken at an approximate jet location. The jet profile and
penetration are very sensitive to dynamic pressure ratio of the jet/ E
free-stream, and experimentally, it was difficult to repeat exactly ;
all the conditions that lead to q for a given test. A slight 7

change in the dynamic pressure ratio results in a change of the
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jet profile. Therefore, the normalized location of the beam passing

through the jet was not precisely the same, which resulted in

ORI C A N ST TS

slightly different droplet diameters.

The results of the present experimental study were compared
to the work of others in the literatura. Although the experimental
conditions and the fluid properties were different, the results of

the present work fell close to those of Weiss and Worsham, Ref. (5).

itttk A s A st

Also, the present results show satisfactory agreement with the

predictions of Adelberg, Ref. (6). This agreement of results was

once again apparent when the results were checked against those of

Bitron, Ref. (17), even though his liquid jet was parallel to

i bl

the airstream.

Comparison of the present results with that of Gooderum and

et B B Wt v 4

Bushnell, Ref. (10), shows that our droplets were larger, The
reasons for this disagreement are thought to be threefold. First, :
they injected water into flows with Mcch numbers of 4.5 and 8 as
compared to Mach 3 of the present stuay. Second, their injector

A menal
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r orifice diameter. Last, they investigated the E

4]

injection of water into low density, low pressure flow conditions,
therefore some evaporation of the spray particles could have been
possible. A1l of these phenomenon tend to reduce the particle

size compared to the present study.
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This technique proved to be experimentally accurate and
easily operational at our test conditions, and the data reductions
were fast and easy compared to the photomicrographic technique.
However, since the technique is not currently in wide use, there are
no general guidelines or backlog of experience available. This

increases the difficulties of adapting the technique to new

experimental conditions.
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Mean Droplet_Size for y/d = 15.4
and Various q and x/d

Injector Diameter = .0285 in.

X h
d d
48.4 14.2
48.4 24.2
48.4 30.3
16.6 30.3
48.4 40.6
48.4 41.2

Area = .000638 in.2

Shape - Circular

] ]
15.3 6.6
15.3 18.0
15.3 27.7
15.3 27.7
15.3 49.9

15.3 51.3

AT T AT T W TA s aere s -

D32 Microns

20
12
13
17
12

6
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Table A2 Mean Droplet Size for x/d = 82.9,
y/d = 13.2 and various @

Injector Diameter = ,0285 in,

Area = .000638 in.°
Shape - Circular

h Y _

d d q
9.3 13.1 2.6
10.5 13.1 3.2
13.2 13.1 8.3
21.2 13.1 13.6
24,5 13.1 16.4
28.3 13.1 24.5
31.0 13.1 29.1
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8
6
1
8
14
13
10

Microns

i
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Table A3 Mean Droplet Size for x/d = 82.9 j

and @ = 4.6 and various y/d E

Injector Diameter = ,0285 in.
2

Area = ,000638 in.

Shape - Circular

ol

Yy
| D

o) x

32 Microns
82.9 12.3 6.6 4.6 18

82.9 12.3 . 8.8 4.6 10 :
82.9 12.3 11.2 4.6 5 § é

aj

82.9 12.3 13.1 4.6 9
82.9 12.3 15.3 4.6 -
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Table A3 Mean Droplet Size for x/d = 82.9 ] 1

and ¢ = 4,6 and various y/d

Injector Diameter = ,0285 in. :

Area = .000638 in.’ {

Shape - Circular 3 j

L

X h Y - D
d d d q 32 Microns 3
82.9 12.3 6.6 4.6 18
82.9 12.3 8.8 4.6 10
.

82.9 12.3 11.2 4.6 5 ]
82.9 12.3 13.1 4.6 9 !
82.9 12.3 15.3 4.6 - 1
4

j

i

]

1

3

3

]

1
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L Table A4 Mean Droplet Size for x/d = 82.9,
g = 18.1 and various y/d

T T
| SHOSUU SN

Injector Diameter = ,0285 in,
Area = .000638 1in.

Shape - Circular

% % % q D32 Microns
82.9 24.4 6.6 18.0 17
82.9 24.4 8.8 18.0 14
82.9 24.4 17.5 18.0 12
82.9 24.4 21.9 18.0 5

g82.9 24.4 26.3 18.0 4
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Table A5 Mean Droplet Size for x/d = 82.9,
q = 2.40 and various y/d

Injector Diameter = 0.059 1in.

Area = .002732 in.?
Shape - Circular
X h Y -
a d d q
82.9 8.9 3.2 2.4
82.9 8.9 4.2 2.4
82.9 8.9 4.5 2.4
82.9 8.9 6.3 2.4
82.9 8.9 7.4 2.4
82.9 8.9 8.5 2.4
82.9 8.9 10.6 2.4

D32 Microns

24
18
20
14

8
12
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Table A6 Mean Droplet Size for x/d = 82.9,
T = 3.3 and various y/d
Injector Diameter = 0.059 in.
Area = .002732 in.?

Shape - Circular

X h Y — Do .
d d d q 32 Microns
82.9 10.5 3.2 3.3 27
82.9 10.5 4.2 3.3 38
82.9 10.5 5.3 3.3 18
82.9 10.5 6.4 3.3 18
82.9 10.5 7.4 3.3 21 ;
82.9 10.5 8.5 3.3 18 ,§
82.9 0.5 10.6 3.3 11 1
82.9 10.5 12.7 3.3 , 10 §
]
j g
%
(]
e . PRI jé
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Table A7 Mean Droplet Size for x/d = 82.9,
T = 8.¢ and various y/d

Injector Diameter = 0.059 in.
Area = .002732 in.2

Shape - Circular

x h Y. - ey e
d d d - q 32 Microns
82.9 16.5 3.2 8.2 18
82.9 16.5 4.2 8.2 21
82.9 16.5 5.3 8.2 22
£2.,9 16.5 6.4 8.2 24
82.9 16.5 7.4 8.2 33
82.9 16.5 8.5 " 8.2 28
82.9 1.5 9.5 8.2 28
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Table A8 Mean Droplet Size for x/d = 82.9
q = 12.5 and various y/d

Injector Diameter = 0.059 in.

Area = 0.002723 in.%

Qs
S
o

20.4 3.2 12.5
20.4 4.2 12.5
20.4 5.3 12.5
20.4 6. 12.5

12.

N

20.4 7.

o

20.4 8.
20.4 10.

20.4 12.

v
] ~4 (o)} (3]
— - —
na ~N ~ 3% ]
. . . .
w (3, ] o (&3]

20.4 14.
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D32 Microns
15
18
25
19
16
39
16
15
13
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