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1. INTRODUCTION

1.1 General Aspects of the Study

The study described in this report was undertaken in order to
investigate the hydraulic atomization characteristics of several novel
injector designs developed by the Aerojet Liquid Rocket Company for use in
Tiquid propellant rocket engines. The injectors are manufactured from a
series of thin stainless steel platelets through which orifices have been
very accurately formed by a photoetching process. These individual platelets
are then stacked together and the orifices aligned so as to produce flow
passages of prescribed geometry. After alignment, the platelets are bonded
into a single, "platelet injector," unit by a diffusion bonding process.

Two platelet injector concepts, the x-doublet and splash-plate, as
illustrated by the Aerojet Liquid Rocket Company, are shown in Figures 1
and 2, respectively. During the early phases of the study, it was deter-
mined that the x-doublet held considerably more promise for future applica-
tions than did the splash-plate. Accordingly, this report is concerned
almost exclusively with the detailed investigation of the x-doublet platelet
injector as well as a number of modified versions of the basic design.

Only the hydraulic atomization characteristics were investigated,
that is, the 1iquid atomization process exclusive of any combustion effects.
Duz to the complex nature of the flow associated with platelet injectors,
it was necessary to use experimental techniques, exclusively, throughout
the study. Large scale models of the injectors were constructed from
aluminum plates and the appropriate fluids were modeled using a glycerol-

water solution. Stop-action photographs using spark-shadowgraph or
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Figure 1. X-Doublet Platelet Injector
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strobuscopic back-Tighting were made of the atomized spray fields produced
by all configurations tested. High speed (4000 frames per second) movies
were also made of several important basic configurations. From the photo-
graphs produced, certain fundamental characteristics of the atomization
process could be inferred. Also, the photographs provided an effective
method of comparison for the various injectors tested.

In summary, the information obtained from the study consists of:
(1) photographs and movies showing typical atomization characteristics of
all injector configurations tested, (2) the effect of inlet cross-flow
on the performance of the x-doublet injector, {3) an investigation of the
internal flow field of the x-doublet injector using a transparent plastic
model and dye injection, (4) measurements of the mass distribution in the
x-doublet spray field, and (5) an analysis and preliminary verification of
the similarity requirements important in the modeling of atomization

phenomena.

1.2 The Atomization of Liquids

A few general ideas concerning the atomization of liquids are put
forth in this section in order to provide a basis for the interpretation
of the data to be presented in subsequent sections of this report. Only
the initial hydraulic characteristics associated with the atomization of
a bulk 1iquid in ambient air are considered in this report. No effort was
made to investigate the effects of heat transfer or secondary breakup of
the atomized liquid. Although many of the effects which are of importance
in an actual combustion process were not considered, an adequate procedure
was established vhereby the fundamental atomization characteristics of

various injector designs could be readily evaluated.



Atomization of a liquid is generally understood to imply the
disintegration and dispersal of a bulk Tiquid into a large number of droplets
accompanied by a significant increase in surface area. The atomization of
a liquid by mechanical means (as opposed to acoustic, vibrational, or
electrostatic methods) is generally accomplished by one of the following
techniques:

1. Hydraulic atomization
(a) self-atomizing
(b) Jjet impingement
(c) swirl atomizer

2. Pneumatic atomization

3. Rotary atomizer.

Hydraulic atomization is accomplished by converting fluid pressure into

kinetic energy by the passage of fluid through an orifice. Atomization

then occurs as a result of fluid jet instability arising from the relative

velocity between the liquid and ambient gas, impingement with another jet

or solid surface, or due to the instability of a thin sheet produced by

swirling action. Pneumatic atomization occurs when a high relative velocity

between gas and 1iquid is achieved by the acceleration of the gas, instead

of the 1iquid, to a high velocity. Rotary atomizers produce a thin sheet

of fluid by centrifugal action. A1l of the injectors tested in the current

study could, generally speaking, be included in the jet-impingement category.
Whatever the method of atomization, the kinetics of all such

processes involve the following sequential steps, although any specific step

may be absent under some circumstances:
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1. Extension of a bulk Tiquid into sheets, jets, films, or
streams by accelerating the Tiquid in some prescribed
manner.

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

3. Formation of ligaments by the action of nofma] and
shear forces.

4, Collapse of Tigaments into drops due to the action of
surface tension.

5. Further breakup of the drops as they move through the

gaseous medium by the action of normal and shear forces.

Photographs of the spray fields produced by the injectors and included in
Section 4 exhibit all of the characteristics except the last. The
first four of the steps in the atomization process are depicted schemati-
cally in Figure 3.
The complete evaluation of the performance of an atomization device

should consist of the consideration of the following items:

1. Geometry of the spray field

2. Energy required for effective atomization

3. Droplet size and distribution

4. Operational considerations such as erosion, corrosion,

clogging, and upstream flow conditions.

A1l four items were investigated in varying degrees for each of the injectors

tested under the current program.
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Figure 3. Schematic of the Atomization Process.
(Adapted from Ref. 8 )
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1.3 Literature Survey

Throughout the study, numerous journals were consulted in an effort
to determine if any previous work had been reported which would be useful
in guiding the current investigation. It was originally intended to develop
an extensive bibliography from the references obtained. ilowever, several
months after the initiatiun of this project, a report by Lapple, Henry, and
Blake entitled "Atomization - A Survey and Critique of the Literature" was
discovered. This report is an exhaustive, comp:ciilioive survey of all
literature pertaining to the subject of atomization published prior to 1967.
Approximately 960 references along with abstracts were compiled. In addition,
the results of all references were reduced to a common basis and compared
in extensive tables. For reference, the abstract sources used in compiling
this report are listed in the Bibliography.

Since Lapple's report is extensive and readily available for use,
it was not considered worthwhile to attempt to improve on this work.
References which were consulted during the course of the present investiga-
tion and which are not included in the report by Lapple are listed in the
last section of the Bibliography. Also included in the Bibliography are a
1ist of references which contains surveys of the atomization Tliterature
and a Tist of references which are felt to be either fundamental to the
understanding of atomization phenomena or were of particular interest in

the current injector study.
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2. IHEQRY OF MODELING

2.1 Fundamental Similarity Parameters

A11 of the experimental data acquired during the course of this
program were obtained from model studies of one kind or another. Accordingly,
it is important, at this point, to examine the fundamental dimensionless
parameters which are important in the description of an atomization process.
The discussion to follow will be concerned specifically with the mechanical
atomization of an incompressible liquid by hydraulic means as i11ustratgd in
Figure 3. Any gas velocites involved are assumed to be small enough so
that compressibility effects are negligible.

As a first step, it is convenient to identify the various fcrces
which are important in the atomization process and to express them,
proportionally, in terms of the fundamental variables pertinent to atomiza-

tion phenomena. Accordingly, the following proportionalities can be

obtained:
viscous force a uve
surface tension force o ol
inertial force o pV292 (1)
pressure force o AP
gravity force o pges

In the above, the quantitits V, &, Ap, p, u, o, g are, respectively, a
characteristic velocity, characteristic length, characteristic pressure

drop, the density, viscosity, surfacz tension, and acceleration due to gravity.
The fluid properties are taken to be those of the liquid. From the five

forces identified in (1), the following four nondimensional ratios can be
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formed:
inertial force o Jio o, Reynolds Number
viscous force LS
surface tension force ¢ —>— : Weber Number
inertial force pV22

(2)

pressure force o« 2B~ . Euler Number
inertial force pV?2
. [N |
inertiail force o _y_: : Froude Number
gravity force Vgu

Similar force ratios can also be written for the gas in which case it is

deduced that the ratios

k) )

where the subscript G denotes a property of the gas, are also of importance.
If the independent variables which describe spacial position and time are
nondimensionalized with respect to a characteristic length 2 and time T,

there result the ratios

(I @

where r is the spacial position vector and t is the time. An additional
nondimensional ratio which can be formed from the variables thus far

introduced is
% (5)

10



and basically represents the ratio of local to convective acceleration in the
fluid. The initial velocities i, the liquid and gas prior to atomization
have an important influence on the subsequent atomization process. In

nondimensional form these initial velocities are

u. P
] - (3],
v v

where the subscripts i, L, G indicate the initial condition, liquid, and
gas, respectively. The vector U represents the velocity.

From the previous discussion, it can be concluded that the
atomization process is characterized by the following eleven nondimensional

parameters:

Vo) (Lo ) Ap\,’fvs[i"_g_’
[ H J ’ [pVZQJ ’ [pVZJ L/aiJ VT] LpG]

) 0y B B

These same parameters can also be obtained from more elegant mathematical

(7)

considerations if one renders nondimensional the differential equations and
boundary conditions which describe the atomization process. In this case,
the Navier-Stokes and continuity equations together with conditions on the
normal and shear stresses between the liquid and gas, continuity of liquid
and gas velocities at the interface, and initial conditions on Tinuid and
gas velocitius constitute the appropriate set of differential equations

and boundary conditions.

1



2.2 Use of Similarity Parameters

The nondimensional parameters listed in (7) may be used in two
ways. First, when conducting model studies of some prototype design, the
principle of dynamic similarity requires that each o7 the parameters have the
same numerical value in model and prototype. This insures that, in addition
to the flows being kinematically similar, all forces are in the appropriate
ratios and the flows are aiso dynamically similar, hence the origin of the
term "similarity parameter". For complete similarity of model to prototype

it is required that

{v_zg] ] {V_%o_] L ete., (8)
wim wJp

for all eleven parameters, where the subscripts m, p indicate the model and
prototype, respectively.

A second use for similarity parameters is in the formulation of
prediction equations. From dimensional considerations, it is known that a
flow process is described not by the numerous independent and dependent
variables acting separately, but by a certain minimum number of nondimensional
parameters. Hence, for the case of atomizatibn under consideration, it can
be shown that, in general, the mean droplet diameter D produced by a
particular injector can be expressed in terms of the eleven parameters

listed in (7), i.e.,

D . ¢ [!&E- , <— , ..., etc. , (9)
2 (u pV2e

12
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where F denotes the functional relationship to be determined by analytical

or experimental means.

2.3 Parameters Important in Platelet Injector Study

The platelet injector study considered in this report involved
experimental investigations of large scale models of prototype injector
designs. The scale chosen, 7.8 to 1.0, resulted in the smallest model that
could be produced using conventional machining operations. Also, various
geometry changes could be studied more conveniently with the models than

with the relatively small prototype injectors. The prototype injectors

had minimum orifice dimensions on the order of 0.020 inch and were manufactured

by a special photoetching process.

It has been deduced that the hydraulic atomization of a liquid is
described by the parameters listed in (7) and, furthermore, that any
model study of such a process should be based on the conditions specified
by (8). Since it is in general impossible to satisfy all eleven of the
conditions required by (8), each of the individual parameters, as listed in
(7), will be examined separately in order to determine their relative
importance. From these considerations, criteria will be established for the
interpretation of the experimental results. In the comments v‘.ich follow,

complete geometric similarity between model and prototype will be assumed.

Fﬁaﬂ : In general, for large Reynolds number (>10,000)
pV2 flow of an incompressible Tiquid through an
orifice, the ratio of pressure drop across the
or{fice to the terms pV2 is constant. Hence,

this nondimensional parameter will have the same

13



numerical value in model and prototype so long
as the Reynolds number is above some minimum

critical value.

It is expected that, near the outlet of the
injector where the atomization process is initi-
ated, inertial effects will be of much more
importance than gravitational effects. This
parameter will thus be relatively unimportant
and can safely be omitted in subsequent

considerations.

The numerical value of this parameter is dictated
by the choice of reference quantities. If the
reference time T for the process is taken equal
to (&/V), then this nondimensional parameter is
identically equal to unity for both model and
prototype. This choice of reference time is
deemed appropriate for the process under consider-

ation.

This parameter is important, but is not control-
lable in the current study since both model and
prototype atomization occur in ambient air.

14 has noted that an increase in the ratio

Popov
(pg/e) of 300% caused a decrease of 57% in the
mean dropiet diameter as measured for the atomi-

zation of a single jet of fluid. In the current

14
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investigation, (p/pG) varied by 10% between
model and prototype, the prototype having the

larger value.

This parameter is also important, but uncontrol-
lable for the same reason stated above. Popov14
found that the mean droplet diameter decreased
by 8% when the ratio (”G/“) was increased by
300%. In the current investigation, (u/uG) varied
by 300% between model and prototype, the

prototype having the larger value.

These parameters indicate that, so long as all
other conditions are satisfied, the atomization
processes of model and prototype will have the
same spatial relationship and time correspondence.
In the model studies reported here, precise

time correspondence between events was not
demanded since only average or typical atomiza-

tion processes were of concern.

These parameters express the reguirement that

the initial gas and 1iquid velocity distributions
should be identical in model and prototype. In
the current study, gi,G was negligible for both .
model and prototype. So long as the Reynolds
numbers and internal flow passages are identical

in model and prototype, it is anticipated that

15
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in both instances.

will have the same average distribution

From the previous considerations it is concluded that model studies
of hydraulic atomization can be based on the requirements of equality of

Reynoids and Weber numbers

G o
pojm uojp pV22jm pV22)p

From (10) the following transfer relations between model and prototype can

be established

) (Y2
o (M| (%) (%
0 Mp) (%m) (Pm
(11)
4 \2' ]
o Em[_a | _ ][
o) pmJ m) {%p
The Euler number then yields the relationship between pressure drops
A v ]2
P p
.._m = .__nl .ﬂ . (]2)
“Pp °p) 'p

16
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3. EXPERIMENTAL PROGRAM

3.1 Model Design

A model-to-prototype injector scale of 7.81-to-1.0 was adopted for
use in the experimental program. This choice of scale was dictated by two
opposing considerations. First, it was desired to have the model as small
as possible in order that the modeling criteria set forth in Section 2
could be adhered to as closely as possible. On the other hand, it was neces~
sary to have the model as large as possible to allow for ease of manufacture
using conventional machining operations. Along this same 1ine, it was
necessary to choose a scale which would result in convenient dimensions for
the model.

Prototype x-doublet and splash-plate injectors used in the program
were supplied by the Aerojet Liquid Rocket Company. A photograph of a
typical prototype x-doublet injector, as mounted for testing, is presented
in Figure 4. Models of the x-doublet were constructed from aluminum
p]afes using standard broaching and milling techniques. The plates were
fastened together with machine screws. A photograph of a typical x-doublet
model (XD-M1) is presented in Figure 5. The designation XD-M1 refers to
"x-doublet model number 1", with similar designations used for other models.
A prototype splash-plate was tested, but no splash-plate models were
constructed. Sketches, together with the dimensions of all models tested,
are included in Appendix A.

The fuel proposed for use with the prototype injectors was liquid
MMH. So far as hydraulics are concerned, the Tluid properties of liquid

MMH at room termperature are very close to those of water. Accordingly, it

17
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Typical Prototype X-Doublet Injector Mounted for Testing
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was decided to evaluate the hydraulic properties of the prototype injectors
using water as the working fluid in the fuel side of the injector. For

any scale other than unity. the first of equations (11) dictates that some
fluid other than water must be used in the model tests. Glycerol-water
solutions were used in the test program. For a scale of 7.81-to-1.0, the
first of equations (11) is satisfied by a 34% aqueous glycerol solution.

[f the model is based on the actual fluid properties of liquid MMH at 200°F,
then a 247 solution is appropriate. For comparison purposes, a 34% solu-
tion was used almost exclusively. Properties of all fluids used in the

experiments are summarized in Appendix B.

3.2 Experimental Flow Facility

Photographs of the flow facility used in the tests are presented in
Figures 6 through 8. A line diagram of the flow facility and associated
equipment information is included in Appendix A. In the flow facility, the
injector which is to be tested is bolted to a small plenum chamber which
is in turn supplied with fluid from an 82 gallon reservoir. The reservoir
is pressurized to an appropriate value (depending on the flow rate to be
established) using 100 psig house air. The pressure in the plenum chamber
is monitored with a Bourdon tube pressure gage and the volumetric flow rate
is measured with a rotameter. A sketch of the plenum chamber is presented
in Appendix A. The fluid is exhausted into air at ambient room conditions
(generally 70 - 75°F, 30 - 40% relative humidity) and collected in a holding
tank. A frequent check of specific gravity is made on the fluid in the
holding tank and corrected if necessary before returning the fluid to the

reservoir.

20
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3.3 Photographic Techniques

The photographic techniques used to produce the stop-action photo-
graphs included in this report are shown schematically in Figure 9. The
actual systems are shown in Figures 6 and 7. Specific data on the important
system componerits are tabulated in Appendix C.

The spark-shadowgr .ph technique was used for all prototype studies.
The spray field producea by the injector was illuminated by an approximately
collimated beam of Tight from a spark-discharge point source which was
originally designed for use with a small ballistics tunnel in the labora-
tories of the Aerospace Engineering Department at the University of Texas
at Austin. To generate a spark source, five .05 uf capacitors, wired in
parallel, were charged to 4000 volts and then discharged across an ionized
air gap. A spark duration of approximately 1.0 u-sec was thus obtained.

A complete analysis of the shadowgraph optical system is considered in
Appendix C.

A stroboscopic back-lighted arrangement was adopted for use in the
model studies. This change was necessitated by the relatively small field
of view attainable with the shadowgraph system. The spray field produced
by the model was illuminated from behind by a single flash, with a duration
of approximately 50 u-sec., from a stroboscopic lamp. Before reaching
the spray, the light was diffused by pusscge through two 1/4-in. sheets of
translucent acrylic plastic. The plastic sheets were rendered translucent
by sand-blasting. The photographs obtained with this sytem did not have
the clarity and depth of field exhibited by the shadowgraphs, but were of
sufficient quality for qualitative comparison of various injector designs.

High speed movies (4000 frames/sec.) were successfully obtained for
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several different operating conditions for the stendard x-doublet model
(XD-M1). However, since none of the movie frames are reproduced in this
report, all of the data associated with the taking of the movie sequences

are summarized in Appendix C.

3.4 Flow Visualization Studies

Internal flow visualization studies were conducted using the
15.7-t0-1.0 transparent scale model of the x-doublet, shown in Figure 10.
A sketch of this model is included in Appendix A. Since only the internal
flow characteristics of the model were to be studied, water was used in the
test and the flow rate was adjusted to obtain similarity of Reynolds numbers
between model and prototype. Streak lines of the flow were rendered

visible by the injection of ink into the flow field.

3.5 Inlet Cross-Flow Studies

The sensitivity of the x-doublet to an inlet cross-flow was studied
through use of the inlet cross-flow manifold shown in Fiqure 11. A sketch
of the manifold is included in Appendix A. The model injector was bolted
to the manifold. Flow entered the manifold from the plenum chamber through
the hole near the left of the manifold as seen in Figure 11, and proceeded
along the rectangular slot. Part of the flow could be allowed to bypass the
injector and exit through the pipe attached to the manifold. The amount
of cross-flow was regulated by a valve in the exit line. Cross-flow
velocities of 23% of the injector exit velocity could be obtained with the
injector operating at design conditions. The inlet orifices of the injector

could be oriented at various angles to the cross-flow.
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Fiqure 10. Flow Visualization Model for X-Doublet



Figure 11. Inlet Cross-flow Manifold
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3.6 Mass Distribution in Spray Field

Mass distribution in the spray field generated by the x-doublet was
investigated using the apparatus shown in Figure 12. The experimental set
up actually used is depicted in Fiaure 8. As with other compqpents of the
experimental apparatus, a sketch of this device is also included in
Appendix A. The mass distribution in the spray field was measured by
collecting the outflow from the injector in a 1/8-inch wide collection slot
positioned perpendicular to the spray fan. The collection slot could be
translated parallel to the spray fan, thus allowing the mass distribution to
be determined. Since the spray fan thickness was small compared with its
width, measurements were not obtained in a direction normal to the face of

the fan.
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Figure 12.

Apparatus Used for Measuring Mass Distribution in Injector Spray Field



4. RESULTS

4.1 Photographs of Prototype Injectors

Photographs of the atomized spray fields produced by both x-doublet
and splash-plate prototype injectors are presented in Figures 13 and 14.
The pertinent data associated with these photographs are summarized in
Table 1. In this table, as well as subsequent tables, the photograph
identification numbers refer to the photographic negative numbers tabulated
in Appendix D. The photograph scale is the ratio of photographic dimensions to
actual dimensions, hence in Figures 13 and 14 the photographs are 1.37 times
actual size. The precsure drop is the difference in plenum chamber pressure,
where the fluid velocity is negligible, and atmospheric pressure. All injectors
tested were exhausted to ambient air at room conditions. Water was used
as the working fluid in ail prototype studies. Droplets which tended to
collect on the face of the injectacrs during testing were removed by capillary
tubes. These tubes are visible in some of the photographs, but they in no

way interfered with the atomization process.

4.2 Photographs of X-Doublet Models

Photographic results obtained with the various x-doublet models
tested are reproduced in Figures 14 “hrough 22 with associated data
tabulated in Table 2. Sketches of the various models are to be found in
Appendix A. Model XD-M1 is the standard 7.81-to-1.0 scale model of the
x-doublet prototype. Models XD-42 through XD-M4 are models for which the
various platelet thicknesses have been altered. Model XD-M5 is the standard

model operating without an orifice plate. Model XD-M6 is a standard model

3
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for which the edges of the outlet orifice were beveled. In model XD-M7
the spacing between inlet orifices was increased by 50% cver that used in
the standard design.

The atomized fluid iliustrated in all figures except Figure 22 was
a glycerol-water solution with a specific gravity of 1.085. In Figure 22
the specific gravity was 1.059. When water is used in the prototype, the
first of the transfer equations (11) dictates that, for a model scale of
7.81-to-~1.0, it is necessary to use a glycerol-water solution with a speci-
fic gravity of approximately 1.085 (34% glycerol) in the model in order to
maintain similarity of the flows. For this case, the transfer ratios are

) Y Ap
2 278 , 203 . = s 0722 . (13)

p p

If, however, it is assumed that liquid MMH at 200°F is the prototype fluid,
then a solution with a specific gravity of 1.059 (24% glycerol) is appro-

priate. The transfer relations in this case are

=
B
]
~
oo
-

-
|s
il
o
F=)
oo
(Yo

[t

3 |
n
o
nN
(8]
w
—
p—
H
~

4.3 Photographs of Cross-Flow Studies

In Figure 23, photographs are presented for the standard injectcr
(XD-M1), bolted to the cross-flow manifold, with and without cross-flow.
The specific conditions for the test are summarized in Table 3. For each

of the two orientations considered, the cross-flow velocity was approximately
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23%. In establishing the cross-flow velocity, the following formula was
used
(Upstream Velocity + Downstream Velocity)/2

% Cross~flow Velocity = x 100.
Average Exit Velocity from Injector

(15)

Using the manifold and injector dimensions given in Appendix A, equation
(15) becomes
20; - Q

% Cross-flow Velocity = 6.4 | — i (15a)
Q
I

where Q represents a volumetric flow rate and the subscripts T and I refer

to the total and injector volumetric flow rates, respectively.

4.4 Photographic Comparison of Modei and Prototype

In Figure 24, photographs are presented which allow direct compari-
sons to be made between model and prototype. For example, the model pressure
drop associated with Figure 24.a is 2.44 psi which corresponds to a pressure
drop of 20 psi in the prototype. Likewise, the photographic scale of 3.83
is 7.98 times larger than the scale of 0.48 used for the model photographs.

The value 7.98 compares reasonably well with the correct value of 7.81.

4.5 V-Doublet Injector

A highly modified version of the x-doublet model injector, called
a v-doublet (VD-M1) was constructed during the course of the study. A

photograph of the model together with a shop drawing are included in
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Table 1. Data for Prototype Photographs

Figure Photograph Injector View 2&:5: {;c P hgic:gg];:aph gx;s‘(‘;‘; 9 '(:;:75233
13.a 6 XD-P Face 1.0 R 7 10 1.90
.b 27 Side 10 1.90
£ 7 Face 20 2.68
.d 28 Side 20 2.68
.e 8 Face 30 3.32
" 29 Side 30 % -
.g g Face 40 3.80
.h 30 Side 40 3.80
s = 10 Face 50 4.26
' 31 Side 50 4.26
14.a 26 SP-P Face 1.0 1.37 20 2.26
.b 41 Side 20 2.26
.C 38 Face 30 2.77
.d 43 Sice 30 2.77
.e 39 Face 40 3.20
% 44 Side 40 3.20
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Table 2. Data for X-Dcublet Model Photographs

GE

Figure Photograph Injector View gg:S:I;C Phgzg?zaph g:g;s?ggi) f;;7522§e
15.a 488 XD-M1 Face 1.085 0.48 1.25 0.6
.b 498 2.35 0.8
o 508 3.65 1.0
.d 51A 5.30 V.2
.e 52A 7.20 1.4
% 53B 9.65 1.6
16.a 54 XD-M2 Face 1.085 0.48 2.35 0.8
.b 55A 3.75 1.0
e 56 5.50 1.2
.d 57 7.50 1.4
17.a 72 XD-M3 Face 1.085 0.48 1.95 0.8
.b 73 3.20 1.0
i 74 4.50 1.2
.d 75A 6.30 1.4
18.a 62 XD-M4 Face 1.085 0.48 2.05 0.8
.b 63 3.45 1.0
& 64 4.95 1.2
.d 65 6.75 1.4
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Table 2. (continued)

’ g E . Specific Photograph Pressure Flow Rate

Figure Photograph Injector View Gravity Scale Drop (psi) (gal/min)
19.a 66 XD-M5 Face 1.085 0.48 1.45 0.8
.b 67 2.35 1.0
e 68 3.45 1.2
.d 69 4.70 1.4
20.a 86 XD-M6 Face 1.085 0.48 0.70 0.6
b 87 2.10 1.0
e 88 4.50 1.4
21.a 94 XD-M7 Face 1.090 0.48 3.2 1.0
.b 99 3.2 1.0
& 95 4.70 1.2

.d 97 6.60-8.80 1.4-1.6
22.a 77 XD-M1 Face 1.059 0.48 1.30 0.6
78A 3.65 1.0

.C 798 7.20 1.4
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Table 3. Data for Cross-Flow Photographs

—t e ewd s

Figure Photograph Injector View

Specific Photograph Pressure* Total Flow
Gravity Scale Drop (psi) Rate (gal/min)

Injector Injector**
Flow Rate Orientation
(gal/min) in Channel

23.a 81B XD-M1 Face 1.059 0.48 3.20
.b 82R8B 2.65
" 83 3.25
.d 84 2.75

2.00

0.87

2.00

0.88

0.87 Perpendicular

0.87 "

0.88 Parallel

0.88 v

* Pressure drop measured between plenum and ambient air, i.e., across entire manifold arrangement.

** Perpendicular: FHRED Parallel: .
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Table 4. Data for Comparison Photographs of Model and Prototype

Specific Photograph Pressure

8¢

Figure Photograph Injector View Gravity Seale Drop (psi) Flow Rate

24.a 89 XD-M1 Face 1.085 0.48 2.44 0.82 gal/min
.b 7 XD-P 1.0 3.83 20 2.68 gm/sec
£ 90 XD-M1 1.085 0.48 3.66 1.00 gal/min
.d 8 XD-P 1.0 3.83 30 3.32 gm/sec
.e 91 XD-M1 1.085 0.48 4.88 1.14 gal/min
% 9 XD-P 1.0 3.83 40 3.80 gm/sec
.g 92 XD-M1 1.085 0.48 6.10 1.28 gal/min

.h 10 XD-P 1.0 3.83 50 4.26 gm/sec




13.a

et Prototype, Face
1.0, 10 psi, 1.90 gm/sec

J.

b

X-D
S.G

oublet Prototype, Side
. = 1.0, 10 psi, 1.90 gm/sec
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13.c

X-Doublet Prototype, Face
S.G. = 1.0, 20 psi, 2.68 gm/sec.

13.d

X-Doublet Prototype, Side

S.G.

1.0, 20 psi, 2.68 gm/sec.




13.f X-Drublet Prototype, Side

13.e  X-Doublet Prototype, Face
S.G. = 1.0, 30 psi, 3.7°2 gm/sec.

S.G. = 1.0, 30 psi, 3.32 gm/sec.
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13.g X-Doublet Prototype, Face 13.h

X-Doublet Prototype, Side
S.G. = 1.0, 40 psi, 3.80 gm/sec. S.G. = 1.0, 40 psi, 3.80 gm/sec.
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13.1

X
8.

-Doublet Prototype, Face
G. = 1.0, 50 psi, 4.26 gm/sec.

13.j

X-Doublet Prototype, Side
S.G. = 1.0, 50 psi, 4.26 gm/sec.
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14.a Splash-Plate Prototype, Face 14.b Splash-Plate Prototype, Side
S.G. = 1.0, 20 psi, 2.26 gm/sec. S.G. = 1.0, 20 psi, 2.26 gm/sec.



14.c

Splash-Plate Prototype, Face

5.8,

1.0, 30 psi, 2.77 gm/sec.

14.d

Splash-Plate Prototype, Side

5.6.

1.0, 30 psi, 2.77 gm/sec.
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14.e

Splash-Plate Prototype, Face

S.G. = 1.0, 40 psi, 3.20 gm/sec.

ORIGINAL PAGE Is
OF POOR QUALITY

-

Splash-Plate Prototype, Side

1.0, 40 psi, 3.2C gm/sec.
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M1
S.G.=1.085, 2.35 psi, 0.8 gal/min.

Model XD

15.b

M1
S.G.=1.085, 1.25 psi, 0.6 ga

Model XD

15.a

/min.

1
'
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Model XD-M1
S.G.=1.085, 3.65 psi, 1.0 gal/min.

15.d

Model XD-M1
S.G.=1.085, 5.3 psi, 1.2 gal/min.
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5.

e

Model XD-MI1
S.6.=1.085, 7.20 psi, 1.4 gal/min.

15.f

T TEEE - TN . = =

Model XD-Mi
S.G.=1.085, 9.65 psi, 1.6 gal/min.
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16.a

Model XD-M2
S.G.= 1.085, 2.35 psi, 0.8 gal/min.

16.b

Model XD-M2
S.G6.=1.085, 3.75 psi, 1.0 gal/min.



| ey B e oy P g

LS

16.c Model XD-M2
S.G.=1.085, 5.50 psi, 1.2 gal/min.

16.d

» - l .

Model XD-M2
S.G.=1.085, 7.50 psi, 1.4 gal/min.
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17.a

Model AD-M3
S.G.=1.085, 1.95 psi, 0.8 gal/min.

17.b

Model XD-M3
5.G.=1.085, 3.20 psi, 1.0 gal/min.



€S

Wac

. o
o "
‘e . .
A} v »
] 4 »
-_ v :
IS .- -~
- ”
ok P
i
.- L
L a »
- @
v * .3
’ o N ’-" ,
o b r' - .' X > a
- e . a
~ e .
. LR ey

Model XD-M3
S.G.=1.085, 4.50 psi, 1.2 gal/min.
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17.d  Model XD-M3
S.G.=1.085, 6.30 psi, 1.4 gal/min.
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18.a

Model XD-M4
S.5.=1.085, 2.05 psi, 0.3 gal/min.

18.b

Model XD-M4
S.G.=1.085, 3.45 psi, 1.0 gal/min.
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18.¢c

Model XD-M4

$.G.=1.085, 4.95 psi, 1.2 gal/min.

18.d

Model XD-M4
5.6.=1.085, 6.75 psi, 1.4 gal/min.



19.a

Model XD-M5
S.G.=1.085, 1.45 psi, 0.8 gal/min.

19.b

. N ?k./!’?:f‘

-
~ &,
o .
°

Model XD-M5
S.G.=1.085, 2.35 psi, 1.0 gal/min.
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19.c

Model XD-M5

S.G.=1.085, 3.45 psi, 1.
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Model XD-M5
S.G.=1.085, 4.70 psi, 1.4 gal/min.




20.a  Model XD-Mé
S.G.=1.085, 0.70 psi, 0.6 gal/min.

....

20.b

Model XD-M6
S.6G.=1.085, 2.10 psi, 1.0 gal/min.
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Model XD-M6

20.c

S.G.= 1.085, 4.50 psi, 1.4 gal/min.
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Figure 21.a  XD-M7
S.G.=1.090, 3.20 psi, 1.0 gal/min.

Figure 21.b

XD-M7
S$.6.=1.090, 3.20 psi, 1.0 gal/min.
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Figure 21.c

XD-M7
S.G.=1.090, 4.70 psi, 1.2 gal/min.

Figure 21.d

XD-M7
S.6.=1.099, 6.6-8.8 psi,
1.4-1.6 gal/min.
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22.a

Model XD-MI]
S.6.=1.059, 1.30 psi, 0.6 gal/min.

22.b

Model XD-MI
S.G.-1.059, 3.65 psi, 1.0 gal/min.
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22.C

Model XD-M1
S.G.=1.059, 7.20 psi, 1.4 gal/win.
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23.a

Model XD-M1, 23% Cross Flow Velocity
S$.G.=1.059, perpendicular

23.b

Model XD-M1, No Cross Flow
S.G.=1.059, perpendicular

e

— g——



g9

28.0

Model XD-M1, 23% Cross-Flow
S.G.=1.059, parallel

Velocity

23.d

Model XD-M1, No Cross-Flow
S.G.=1.059, paraliel
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24 .a

Model XD-M1, Scale = 0.48
S.G.=1.085, 2.44 psi, 0.82 gal/min.

-

let Prototype, Scale = 3.33
.0, 20 psi, 2.68 gm/sec.



L9

24

~

A

Model XO-M1, Scale = 0.48
S$.6.=1.085, 3.66 psi, 1.00 gal/min.

24.d

X-Doublet Prototype, Scale = 3.

S.G.=1.0, 30 psi, 3.32 gm/sec.

Q
O
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4.e

Model XD-M1, Scale = 0.48
S.G.=1.085, 4.88 psi, 1.14 gal/min.

24.fF

X-Doublet Prototype, Scale = 3.
S.G.=1.0, 40 psi, 3.80 gm/sec.

83
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24.g

Model XD-M1, Scale = 0.48
S.G.=1.085, 6.10 psi, 1.28 gal/min.

24.h

X-D
S.G

oublet Prototype, Scale = 3.83
.=1.0, 50 psi, 4.26 gm/sec.



Appendix A. The relatively large flow rate required for this injector was
not attainable without modifying the experimental facility. Accordingly,
no photographs of the atomization characteriscics of this injector were

obtained.

4.6 Quantitative Information Obtained from Tests

Although most of the results of this study were qualitative in
nature, a certain amount of quantitative information was obtained.
Measurements of the flow rate versus overall pressure drop were made for
all the injectors tested during the program. The results obtained with the
prototype injectors using water are plotted Figure 25. Similar results for
the standard x-doublet model using a glycerol-water solution with a speci-
fic gravity of 1.085 (34% glycerol) are plotied in Figure 26. Flow rate
versus pressure drop data for the remainder of the injectors tested are
presented in Figure 27. Measurements of flow rate versus pressure drop
were also made for the standard x-doublet (XD-M1) using a glycerol-water
solution of specific gravity 1.059 (24% glycerol) in order to more closely
model the properties of 1iquid MMH at 200°F. The data obtained are virtu-
ally indistincuishable from the data of Figure 27 and are, consequently,
not plotted.

An injector discharge coefficient Cd can be defined by the equation
Q = CdA veap/e - (16)

where Q is the volumetric flow rate, A the minimum flow cross-sectional area,
Ap the pressure drop, and o the density. Using (16), together with Figures

25 and 26, coefficients for the x-doublet prototype and model were found
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Figure 25. Mass Flow Rate Versus Pressure Drop for
Water-Flow Tests of Prototype Injectors
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Figure 26. Volumetric Flow Rate Versus Pressure Drop
for Standard X-Doublet Model (XD-M1)
(Glycerol-Water Solution with S.G. = 1.085)
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Figure 27. Volumetric Flow Rate Versus Pressure Drop for X-Doublet
Models (Glycerol-Water Solution with S.G. = 1.085)



to be virtually constant over the range of conditions investigated and

given by

(C = 0.63 , (Cd) = 0.59 . (17)

)
d prototype mode ]

Also, the slopes of all the curves in Figures 25 through 27 were found to
be equal to one-half, in accordance with Equation (16). A1l data upon
which Figures 25 through 27 are based is tabulated in Appendix D.

From careful considerations of enlarged photographs, it was possihle
to measure the total included angle of the spray field for both the x-doublet
model and prototype. The results of this investigation are tabulated in
Appendix D and presented graphically in Figure 28. In Figure 28, the pres-
sure drop Ap is nondimensionalized with respect to the surface tension
and a characteristic length, taken to be the minimum dimension of the
injector exit.

The initial length of the fluid sheet L5 prior to complete breakup
was also measured from photographs of the spray field. These measurements
are included in Appendix D and form the basis for Figure 29. Although
measurements of this type tend to be somewhat subjective, a reasonably
consistent behavior is descernible from Figure 29.

The mass distribution in the spray fan generated by the standard
x-doublet model was measured by collecting the efflux in a 1/8-inch wide
collection sl1it placed perpendicular to the spray fan. In this way, the
mass distribution plotted in Figure 30 was determined. In Figure 30, m
represents the mass collected per unit time in the collection slit, M

is the total mass flow per unit time from the injector, x is the distance
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= 1.085 for XD-M1)
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from the centerline of the injector to the centerline of the collection

slit, w is one-half the width of the spray field at the location where the
measurements were made, and h is the distance from the face of the injector
to the collection slit. Since the spray fan was essentially two-dimensional,

it was ceemed sufficient to measure the mass distribution across the face

of the spray fan, only.

4.7 Comparison of Model to Prototype

If the information contained in Figures 25, 26, 28, and 29 is
studied carefully, the following conclusions can be drawn with regard to

the x-doublet prototype and the standard model (XD-M1):

1. The dependence of flow rate on pressure drop is identical
for beth model and prototype.

2. The discharge coefficients for model and prototype agree
within 10%.

3. Fan spreading angles for both model and prototype are
closely correlatable.

4. Initial sheet length hefore complete atomization is

reasonably constant from model to prototype.

In addition to the above items, the photographs reproduced in
Figure 24 exhibit reasonable similarity between model and prototype atomi-
zation. When -omparing photographs, it should be borne in mind that the model
photographs are shadowgraphs while the prototype was photographed using
back-1ighting. Consequently, the depth of field is considerably greater

for the prototypes than for the models and a greater number of droplets
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are visible in the photographs of the prototype.

At this stage, the evidence tends to verify the modeling procedure.
In order to provide a definitive verification, however, it wouid be neces-
sary to measure droplet sizes and distributions, a procedure not attempted

during the course of the reported study.

4.8 Visualization of Internal Flow

As mentioned previously, a 15.7-to-1.0 scale model of the x-doublet
was constructed from transparent acrylic plastic in order to provide a
means for visualization of the internal flow. Since only the internal
flow was to be modeied, water wes used in the tests. Similarity of Reynolds
numbers could be maintained between model and prototype which was sufficient
for the modeling of the internal tlow. Ink was injected into the flow
through small tubes in order to make the streak 'ines of the flow visible.
The photographs thus obtained are collected in Figure 31. Figures 31.a
and 31.b show general streak lines for typical flow conditions. Figures
31.b and 31.c illustrate the corner blockage effect. Figures 31.d and 31.e
show the blockage which occurs between the inlet orifices. The remainder of
the photographs in Figure 31 show typical overall flow conditions. The
many small bubbles apparent in the photographs were air bubbles which col-
lected on the inside wall of the model. The bubbles had no noticeable
effect on the flow.

Two effects are immediately apparent upon consideration of the
photographs. First, it is apparent that the two inlet flow streams are
considerably constricted prior to exiting from the injector. Secondly, it

can be observed that the two internal flow streams intersect at an angle of

79



oyt

— 1

N e el

approximately 145°. It was this latter effect which prompted the construc-
tion of model XD-M7 in which the inlet orifice spacing was increased by

50%. It was thought that the increased spacing would cause the intersection
angle to be nearer 180° which would, in turn, result in a more uniform exter-

nal spray field.

4.9 High Speed Movies

High speed movies (4000 frames/sec.) were obtained for several flow
conditions with the x-doublet model XD-M1. The films were submitted to NASA
representatives at the conclusion of the injector study program. However,
since it was not possible to effectively reproduce prints of the fiims for
this report, all information concerning the taking of the movies is

presented in Appendix C.
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Figure 31.c

Figure 31.d

Corner Blockage Effect (1.0 gal/min)
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Figure 31.e

Figure 31.f

Central Blockage Effect (1.0 gal/min)

Central Blockage Effect (2.0 gal/min)



Figure 31.g General Aspects of Flow (2.0 gal/min)

L PAGHE 10

1INA .
ORK QUALITY

OF POOR

Figure 31.g (continued)

34



Figure 31.g9 (continued)

ORIGINAY, py,
OF POOR QUL 7y

85



o ot
Pocnliadd

T e

5. DISCUSSION

In the previous section, representative photographs along with
measured data obtained during the course of the study were presented. It is
now desired to offer some observations of a general nature regarding the
results of Section 4 as well as to emphasize other important results of

previous sections.

In Section 2 a theory was developed upon which model atomization

studies could be based. Using this theory as a guide, an experimental program

was conducted which provided the results described in Section 4. The
information contained in Figures 24 through 29 indicates reasonable agree-
ment between model and prototype behavior and confirms, in a general sense,
the modeling criteria developed in Section 2. This agreement allows one

to deduce, with confidence, the behavior of a prototype injector from model
experiments.

Although reasonable confidence has been established for the methods
employed in the model studies, there is one additional item which, if
determined, could establish complete confidence in the method. This would
consist of a comparison of droplet sizes and distributions produced by
models and prototypes operating under dynamically similar conditions.
Measurements of these gquantities could be obtained directly from the photo-
graphic negatives producaed during the current study.

Photographs of the x-doublet prototype showed that the spray fan
produced was similar to that produced by two impinging free jets. The
mass distribution in the spray was not uniform, but tended to have a higher

concentration along the centerline of the spray fan. Mean droplet size
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appeared to decrease with an increase in flow rate through the injector.
The flow rate versus pressure drop behavior was comparable to that of a
sharp edged orifice.

From photographs, it was observed that the splash-plate prototype
injector produced much larger diameter droplets than did the x-doublet.
From this as well as other observations based on actual combustion data, it
was decided v omit the splash-plate from further consideration and concen-
trate on the x-doublet injector concept.

From the experiments performed with x-doublet models with altered
platelet thicknesses, it was observed that the discharge coefficient for
the injector could be controlled to a limited extent without seriously
affecting the atomization characteristics of the injector. These observa-
tions are evident upon consideration of Figures 16, 17, 18, and 27.

Figure 19 illustrates the adverse effect that the omission of the
orifice plate has on atomization. Figure 20 illustrates the effect of
beveling the outlet edge of the metering element. This alteration results
in the production of an initial sheet of Tiquid of somewhat greater extent
than that produced by the standard injector. However, once atomized, the
resulting spray seems to be composed of more numerous, smaller droplets.
The beveling of the outlet edge of the metering element couid be construed
as an approximation to the effect of errosion at this location. An increase
of 50% in the spacing of the inlet orifices results in a greater initial
spreading angle and a shorter initial sheet length as well as better and more
uniform atomization. It is suggested that this altered design be studied
in more detail in order to assess the magnitude of the apparent improve-

ments in operating conditions.
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Figure 22 consists of photographs taken of the standard x-doublet model
operating with a glycerol-water solution of specific gravity 1.059. This
condition models the prototype behavior when Tiquid MMH at 200°F is the
working fluid. The change of fluid produced no noticeable effect in the
model striy as comparad with the standard x-doublet model operated with a
glycerol-water solution of snecific gravity 1.085.

Three high speed movies (4000 frames per second) were taken of the standard
x-doublet model operating at different flow rates. One movie was taken of
the model when operating with a glycerol-water solution of specific gravity
1.059 instead of the standard value of 1.085. It was not possible to
reproduce sufficiently good photographs from the movie frames for inclusion
in this report. Hence, pertinent information concerning the movies is
relegated to Appendix C. Upon studying the movies, it was, however, possible
to verify several features of the flow field. The dynamics of the atomiza-
tion process appeared to correspond qualitatively with the illustration used
in Figure 3. No unusual oscillations were apparent. The change in specific
gravity from 1.085 to 1.059 had no noticeable effect. Most of the mass in
the spray field appeared to be concentrated in a narrow region around the
centerline of the spray fan.

The distribution of mass within the spray field generated by the standard
x-doublet model was measured and is presented in normalized form in Figure 30.
The fundamental result apparent in this figure is that the substantial portion
of the spray is contained in the central portion of the spray fan. The
width of this central portion is approximately 20% of the total width of the
spray fan. This result is in qualitative agreement with the observatione

made from the photcaraphic studies.
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Inlet cross-flow studies were conducted for the x-doublet with an
inlet cross-velocity equal to 23% of the injector mean exit velocity when
operating at a flow rate corresponding to a scaled pressure drop of 30 psi.
The cross-velocity was directed both parallel and perpendicular to a line
joining the two inlet orifices. The cross-velocity had no apparent effect
on the atomization characteristics of the injector.

The internal flow visualization studies which resulted in the photo-
graphs presented in Figure 31 have been adequately discussed in Section 4.

A model of a highly modified version of the x-doublet, called the
V-doublet, was constructed during the course of the experimental program.
Information concerning this injector is contained in Appendix A. Flow rate
versus pressure drop information for this design is contained in Figure A.13 in
Appendix A. The relatively large flow rate required for efficient atomiza-
tion precluded the testing of this model in the existing experimental setup.

Finally, the effect of inlet orifice blockage was investigated in a
preliminary manner for the x-doublet. Results of these studies are contained
in Appendix E. Iv was generally found that complete blockage of an inlet
orifice caused "tilting" of the spray fan with only minor degradation of
the quality of atomization. Partial blockage of an inlet orifice (if accom-
plished in the manner illustrated in Appendix E) was found to cause a
“skewing" of the mass distribution in the spray fan with, again, only minor

degradation of the quality of atomization.
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TABLE A.1

Injector Assemblies

Injector Nominal Dimensions (in.)

R S T U ) W X Y
XD-~P .020 .060 .006 .020 .080 .024 .020 .008
XD-M1 L1566  .469  .051 L1566 .625 .190 .156  .062
XD-M2 156 .469  .051 .156  .625 090 .156 .062
XD-M3 L1566  .469  .051 156 .625  .2569 .156  .062
XD-M4 .156  .469  .051 156 .625  .190 .156  .121
XD-M5 .156  .469 .05 L1566 .625  .190 - -
XD-M6 L1566 .469  .051 L156*  .625% ,190 .156  .062
XD-M7 .156  .469  .051 156 .938 .190 .156  .062

* Qutlet edge of metering element beveled 0.05 in. x 45°,

see edge "E" in sketch,
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TABLE A.2

Test Facility - Major Components

Rotameters
Brooks Types: 1110-08H2B1A
Instrument Div. 1110-10H3B1A
Emerson Electric Co.
Floats: B8RV8 & 8RV3]
10RS-138 & 10RV-64
Camera

Grover
Burke & James, Inc.
w/Wollensak 190 mm f/4.5 lens

Plenum Pressure Gauges

Foxboro 0-15 psi
Test Gauges 0-60 psi
The Foxboro Co.

Stroboscope

Strobex

Model 127
Chadwick-HeTmuth
Monrovia, Calif.

Pressure Regulator

Foxboro Airdron Regulator
Type 20
The Foxboro Co.

Reservoir
Sears-Roebuck and Co.
Glass Lined Hydro-Pneumatic Pump and Tank
82 gal. capacity
Model No. 153.2951 82
Pump

Sears-Robebuck and Co.
"Hydroglass" Convertible Deep Well Jet Pump
Model No. 390.25130
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Table A.2 continued
250 mm scale, rib guide tubes, standard floats
L]
Meter Tube ISA Tube Float Max. Tlow Rate
Size No. Nomenclature No. Water (GPM) | Air 1SCFM)

R8M.252 8R 1427610 8RYV3 055 2.22

REM254 BR %2 35610 8RV-3 078 3

R8M252 BR 1227610 8RVS 078 n

REM 252 BR12.27619 8RS8 1.00 418

@ RAM254 BR-42-35610 @3RS Q0D 445

R8M 252 8R 12 27610 RV 14 T 428

R8M-252 8R 1227630 8RS14 132 5.48

8 R 8M 254 BR ¥2-33610 8858 149 586
R.84.254 8R 15.35610 BRYV.14 145 5.88

R8M 252 BR%2-27610 RV 31" 150 §.12

R8N 254 BR-12-35610 8RS-14 183 756

R8M 252 BR 12 27610 SRS 183 17

@ R8M 254 BR 1 35610 ®sRV" 832

R-8M 254 BR 12 35G! 8RS 31" 759 1066

R.8M.25.2 BR-42-27G10 gLia8* 300 1301

R-8M-254 BR ¥2-35610 8-1148°* 488 2032

R9M 251 BR1,-14610 9.AY.33 190 796

R-9M-25-3 BR 342040 9.pv.33 253 1045

ROM25] BR 7,-146.0 3R$33 25 '0.45

R-9M 253 BR 34 26530 3PS 33 324 134

9 RGM-251 8P 3, 126.3 3py e 1M 1768

gaMas | gR3f G0 gR§ T £01 XTI

R-9M.25:3 BR-24.20610 gRY 87" 392 16 25

R 9M-25.3 BR-% 29310 ~ RS 87" .5 2120

R-AM 25.] BR-1; 14510 gLl 6" 6 88 20.45

R-9M.25:3 BR-% 23313 9.L)-160°* 965 84,18

® RIOM251 BR 1 25610 @ 1086 1805
R10M 25.1 BR 12558 - 10RS B4 564 2365

R-10M 25.3 BR-1 45610 10 RY 64 6.28 25 76
RIOM 251 BR 128610 Ry 1R §42 2560
10 R-10M-253 BR 135610 1O RS €4 784 22,15
® RI0M251 BR-1 2550 @:0Rs e 3860
RICM 253 BF 1 33610 RV 82 35.10

R-104-25-3 8% 12610 10.RS.133° 10.93 45,50
RI1OM 251 BP 1 25510 023 1491 £6.00

R-10M-253 BR 138610 L3 2310 105.70

R-12M.25-4 BR117 17510 1289 274 93 7.8

R-12M 254 BR 1% 17610 128V 343 nn 4102
R-121-25-4 8R12-17610 12.R$.22} 1246 50,65
R-12M.254 B8R 4217613 12RS.343°¢ 1543 6275
12 R-12M 255 BR 11335610 128v.221 1721 7050
R-12M-255 BR 172 35610 12 RV 343° 20.55 85.45
R-12M-25 5 8R 112 35610 1285221 22.40 9185
RI2M 255 BR 113 35615 1205 343 2690 112.00
RI2M234 BP 112 17610 12174 3500 1330
RI2M 255 BRIz 3500 BRI R AT 2% 53

R 1IM 251 87 218610 13kY 510 99 8] 55
R13M25.] BR2 18610 {3RVIH 2179 95 90
RIM 251 BR2 18517 1105510 2% 99 1053
R 1M 253 BR 2-30612 1RV 510 378 130.90
13 RI1IM 251 BR 2 18510 13RS 760°* 11 85 17100
R1IM 253 BR 2105 IRy 5 13 1852y

RIS 3 8R 220310 SLEESE £ een
RI3M53 BR 2 3510 13P5 45 5% 207

R 251 BRZIFGIC e

PIIM2S 3 87 2 30410 ERVBREILE 99¢) -

cAtarfonaeat i3 7p 3t
** These figals are no! 1esCTTengae for £33 Sery te U IS5 Lperalag preteure luarstrea~. exzends 30 pa

an

f
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Volumetric Flow Rate (gal/min)

Pressure Drop (psi)

Figure A.13 Volumetric Flow Rate Versus Pressure

Drop for V-Doublet Model (S.G. = 1.09)
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APPENDIX B

FLUID PROPERTIES
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Table B.1

Fluid Properties

Fluid T ) u x 104 v x 105 o x 103
(°F) (1bm/ ft3) (1bm/ft-sec) (ft2/sec) (1b/ft)

MMH 70 54.2 5.4 1.00 2.30
MMH 200 50.6 2.3 0.45 1.85
N204 70 90.0 2.8 0.25 1.87
H20 70 62.4 7.1 1.14 5.00
24% G]y-HZO* 70 66.1 14.4 2.18 4.96
34% G1y-H20 70 67.7 20.7 3.06 4.90

* 24% Glycerol on volume basis.
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APPENDIX C

PHOTOGRAPHIC TECHNIQUES
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Analysis of Shadowgraph Optics*

spark condenser spray camera film
source Tens field lens ,
h 7
I, :

- 7 F
2 ~
— Xs I
ot -—XC d X0 - X0

Image of Source Formed by Condenser Lens.

yLoL
X fc

S [t
al

Image size is given by |—| D_.
lens a distance Xs where

X =XC-(d+X0).

* Ref. 2

124



This image forms a virtual image for the camera lens which then forms a

real image at X; where

._1_+.1.7=-1f— ,

—XS Xs 0

. X.f

Xy = =2 (3)
Xg * f,

The image size is given by

(XY (X
S (o1

Image of the Spray Field.

1___+17=l—
Xo Xo fo
X»‘
LI R msz—2 = magnification =-%
Xo mXO fo X0
- m+
Xo - [ m ] fo (5)
X, = My = (m+1) fg (6)
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Condenser Lens.

h
l i
D ; —_(
S . L
! 4
T
- L
X, T ke -
h = L = -l-)-‘-:- L=20D -X—C—
- ’ S
L-d XC-K L Xc

h(x;-z) = L{£ - d)

2(L+h) = X;h + Ld

X;h+Ld

L= (7)

L+h

Le = D (X.-£)

2(L+D,) = XD,
XD

g === (8)
L+D
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Elimination of £ between (7) and (8) and substitution for L provides

X D
D, = _C h+d =] . (9)
Xc-d Xc
Camera Lens
D0 F

(=
[<TI 17; BN

X ta XO—(a+Xs)
Elimination of "a" provides

DX +X%F

D =

10
0 (10)

O (MO
v Wn

-X

Equations (1) through (10) are valid so long as X; >d+X.
The quantities DS, fc’ fo’ DC, and D0 are constants in the apparatus used
for the experiments described in this report. In addition, X; is limited
by the bellows extension of the camera and F is limited by the film

size, while d and X0 have minimum useful values due to spray impingment.
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Equipment and Important Parameters

Spark-Shadowgraph System

1. Spark source
Spark discharge of approximately 1.0 u-sec. duration obtained by
simultaneous discharge of five 0.05 uf capacitors across an ionized
air gap. The spark source was borrowed from the Taboratory of the
Department of Aerospace Engineering of the University of Texas at

Austin. Construction details are contained in Colthorp's thesis:

J.R. Lolthorp, "The Design and Analysis of a Single
Station Free-Flight Ballistics Range," M.S. Thesis, The

University of Texas at Austin, August 1963.

2. Camera
Grover View Camera
190 mm /4.5 Wollensak Alphax lens
Setting: f/4.5 for prototypes, spark discharge determines

exposure time.

3. Condenser lens
Compound Tens
2 3/4 in. diameter

12 in. effective focal Tength

4. Film
Kodak Tri-X sheet film (4" x 5"), ASA 320
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processing:
Full strength Kodak Mierodol for 25 min at 70°F
No stop bath - water rinse
Kodak fixer for 2-3 min.
Wash

printing:
3 sec. - regular
3 sec. - burning in hot spot if necessary
Polycontrast F paper with 2 1/2 or #4 filter
Developed in GAF Vividol for 1 1/2-2 min.
Stop bath - acetic acid
Standard fixer for 2-3 min.
Wash

Ferrotype Gloss

5. Dimensions

Ko = 13", d=09" , X, = 15" =X,
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High Speed Movies

General Arrangement

a—]
1o
w

Spray lField

l/
I " (1]
:E | (I ):i Ly = 24
I f L2 = ]0“
| : - HI
| i f
— L4 — Ly ——1L; —

1. Fastex Camera
Type WF3T w/13mm f/1.8 Wollensak lens
#7278 Kodak Tri-X Reversal Film (ASA 160)
1400 ft.-candles illumination at camera
Operated with /8 at 130 v.
3500 frames/sec. average: 4000 frames/sec. for last

30 ft. of 100 ft. film roll.

2. Translucent acrylic plastic sheets. Three 1/4-inch thick
sandblasted sheets plus one sheet of acetate film sandwiched

between 1/4-inch plastic sheets.

3. Ten, 500 w photoflood Tamps. See accompanying photograph.
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Table C.1

High Speed Movie Records*

Movie Injector Specific Flow Rate Pressure Frames/sec
No. Gravity (gal/min) Drop (psi) (avg. - max.)
5 XD-M1 1.085 0.6 1.25 3500 - 4000
6 . 1.085 1.0 3.60 !
7 " 1.085 1.4 7.20 "
8 ! 1.059 1.0 3.60 "

* Movies supplied to NASA representatives.
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Figure C.1

Phetoflood Arrangement

for High Speed Movies

132



Stroboscupic Back-Lighting

General Arrangement

Generally same as for higl. speed movies, but with the following

changes:

1. Camera
Grover View Camera
190 mm f/4.5 Wollensak Alphax lens
Setting: f/8, stroboscopic discharge determines

exposure time.

2. Stroboscope (replaces photofloods)
Strobex flash duration 50 u-sec.
Model 127 2400 ft.candles, 1 ft. from source
Chadwick-Helmuth

Monrovia, Calif.

3. Translucent plastic sheets

Only two sandblasted sheets used.

4. Dimensions

L1 = 30" , L2 =10" , Lg= 21"

5.  Film

Same as for spark-shadowgraph.
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RECORD OF PHOTOGRAPHS

Negative No. Date Injector Flow Rate Pressure Drop Comments
(gal/min) (psi)
1 11-13-74 XD-P - 10 Water flow. Fuel side. Face View.
Shadowgraph.
2 11 1] - 20
3 1 1] - 30
4 n 1n - 40
5 1] n - 50
6 11-18-74 XD-P - 10
. 7 1n " - 20
w
(82 ]
8 1] 1 - 30
9 1" u - 40
] 0 (1] 1] - 50
] 'i 1t n - 5
12 " ! - 30 11 shots superimposed.
13 . " - 30 5 shots superimposed.
14 " - - - Calibration for photos. 1 through 15.
]5 1} - - - "
16 12-2-74 XD-P - - Calibration for photos. 16 through 25.

17 ! " - 5 Side view. Alignment problem.



9elL

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

12-10-74

XD-P

RECORD OF PHOTOGRAPHS contd.

- 10
- 20
- 30
- 40
- 50
- 30
- 20
- 40
- 5
- 10
- 20
- 30
- 40
- 50
- 30
- 20

Side view. Operating correctly.

Calibration for photos.

26 through 3&.
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RECORD OF PHOTOGRAPHS contd.

36 12-16-74 SP-P - 20 Water Flow. Fuel side Face view.
Shadowgraph.

37 1} n - 30
38 1] 1l - 30
39 " " - 40
40 " " - - Calibration for photos. 36 through 40.
41 " " - 20 Side view.
42 1 HH - 30
43 13 3 - 30

i 44 1l 13 - 40

g
45 " ! - - Calibration for photos. 41 through 45.
46A 2-11-75 XD-M] 0.20 0.20 Gly.-Water. SG. = 1.085. Face view. Back-

lighted. Assembly 1-2-3, standard model.

47A " " 0.40 0.65
48A " " 0.60 1.3C
49A " " 0.80 2.30
49s " " - - Calibration for photos. 46A through 49S.
46B 2-17-75 XD-M1 - - Calibration for photos. 46B through 52A.
46C " " 0.20 -
478 " ¥ 0.40 -
48t ‘ ‘ 0.50 -



8tl

RECORD OF PHOTOGRAPHS contd.

498 " " 0.80 -

50A ! " 1.00 -

508 " ! 1:00 -

51A " " 1.20 -

51B ! " 1.20 -

52A " " 1.40 -

528 2-19-75 XD-Mi - - Calibration for photos. 52B through 53D.

52C ! " 1.40 -

53A ! . 0.80 -

53B " " 1.60 -

53C ! " 1.60 -

53D ! ! 1.60 -

54 3-12-75 XD-M2 0.80 2.35 Modified XD. Assembly 1-2A-3. Spreading angle/2
in side view 20° +3°, photos. 54 through 57.

b5A " ! 1.00 3.75

558 " " 1.00 3.75

56 ! " 1.20 5.50

57 " . 1.40 7.50

58A " XD-M3 0.80 1.95 Modified XD. Assembly 1-2B-3. Spreading angle/2

in side view 10° +4°, photos. 58A through 61.



6EL

588
58C
59
60
61
62
63
64
65
66
67
68
69
70A
708
71
72
73
74

0
0
1

RECORD OF PHOTOGRAPHS contd.

.80
.80
.00
.20
.40
.80
.00
.20
.40
.80
.00
.20
.40

.80
.00
.20

1

A s W N Y W

.95
.95
.10
.50
.25
.05
.45
.95
.75
.45

2.35

.45
.70

.95
.20
.50

Modified XD. Assembly 1-2-3n. Spreading angle/2
in side view 14° +3°, photos. 62 through 65.

Modified XD. Assembly 1-2. Spreading anglie/2
in side view 0° +1°, photos. 66 through 69.

Calibration for photos. 54 through 70B.

11

Calibration for photos. 71 through 75B.

Modified XD. Assembly 1-2B-3.
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RECORD OF PHOTOGRAPHS contd.

75A " " 1.40 6.30

758 " " 1.40 6.30

76 4-23-75 XD-M1 - - Calibration for photos. 76 through 79B.

77 " " 0.60 1.30 Standard XD. SG = 1.059. Gly.-Water.

78A " " 1.00 3.65

788 " " 1.00 3.65

79A " " 1.40 7.20

798 " " 1.40 7.20

80A 4-30-75 XD-M1 - ~ Calibration for photos 80A through 84.

80B " " - - "

81A " “ - 3.20 Cross-flow.= 1.13 gal/min. Total flow =
2.0 gal/min. S.G. = 1.059. flow +~ § »

82A " " 1.07 - No cross-flow. flow ¢

82B " " 1.07 - " "

82RA " " .87 2.65 No cross-flow. flow ~ g

82RB . " .87 2.65 ! "

33 " " - 3.25 Cross-flow - 1.12 gal/min. Total flow =

2.0 gal/min. flow >~ 00~

84 ! " .88 2.75(7) No cross flow. flow » 00
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85
86

87
88
89
90
91
92
93
94
95
97
99A

RECORD OF PHOTOGRAPHS contd.

0.6

1.0
1.4
0.82
1.00
1.14
1.28

1.0
1.2
1.4/1.6
1.0

0.7

2.1
4.5
2.44
3.66
1.88
6.10

3.2
4.7
6.6/8.8

Caiibration for photos. 85 through 92.
S.G.=1.085. Modified x-doublet. Metering

element of XD-M1 beveled .05" x45° on
outlet side.

S.G.=1.085. For direct comparison with
prototype photographs.

Calibration for pnotos. 93 through 99A.
S.G.=1.09, Modified x-doublet. Orifice
spacing increased 50% over XD-MI.

(Photo. not identified properly.)
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A

Injector

XD-P

S.G.

1.0

Flow Rate
(grams/sec)

3.

99
97

1

1

2.37
2.32
2.67
2.66
3.
2
3
3
3
3

01

.98
.32
.31
.63
.57

77

3.84
4.05
4.01
4.
4
1
4

32

.22

43
51

Calibration Data

Pressure Drop
(psi)

10
10
15
15
20
20
25
25
30
30
35
35
40
40
45
45
50
50
55
55

Injector

XD-Mi

XD-M1

S.G.

1.085

1.059

Flow Rate

Pressure Drop

(gal/min) (psi)

—J,—I_J._J.__l——l_..l.—-l_—l—-‘__l

2
.3
4 .60
5
6

.12
.35

.95
1.25
1.75
2.35
2.90
3.65
4.30
5.30
6.20
7.20
8.35
9.65
11.10
12.45
14.00

.96 14.95

4 .65
.6 1.30



evtL

SP-P

1.0

W W W W W W W N W NN NN N NN e et el el =l

.41
.39
.80
.94
.88
.97
.29
.27
.59
.55
.83
.82
.08
.98
.23
.20
.38
.38
.58
56
.75
72

Calibration Data continued

10
10
15
15
15
15
20
20
25
25
30
30
35
35
40
40
45
45
50
50
55
55

XD-M2

XD-M3

XD-M4

XD-M5

1.085

1.085

1.085

1.085

PV O ®

>N O

B o ®

:PNOOONOOD

.25
.65
.25
.20

~N O WM

.35
.75
.50
.50

~N O W N

.95
.10
.50
.25

oY B W

.05
.45
.95

.45

— PN

3.45
4.70



Calibration Data continued

Injector  S.G. Flow Rate Pressure Drop
(gal/min) (psi)

XD-M6 1.085 0.6 0.70

1.0 2.10

1.4 4.50

XD-M7 1.09 1.0 3.20

1.2 4.70

= 1.4 6.60
R=N

1.6 8.80

VD-MI 1.09 1.6 1.30

1.8 1.80

2.0 2.30



Negative No.

W O N oY O AW N

[
-— O

478
488
508
498
51A
52A
538

Injector

XD-P

XD-M1

Fan Spreading Angle Data

Angle
(deg.)

67
89
107
99
106
67
84
104
103
107
24

29
49
104
89
107
11
106

Flow Rate
(gal/min)

A A~ N 0 O

()]

Pressure Drop S.G.
(psi)

10 1.0
20
30
40
50
10
20
30
40
50
5

.60* 1.085
1.25
3.70
2.35
5.30
7.30
9.70

*Pressure data for XD-M1 read from calibration curve.
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480
960
1440
1920
2400
480
960
1440
1920
2400
240

229
478
1413
898
2025
2789
3705



Negative No.

0 ~N o o AW ™

10
1

478
488
498
508
51A
52A
53B

Injector

XD-P

XD-M1

Initial Sheet Length Data

Actual Length*
(in.)

.48
.50
.53
.50
.51
.50
.48
.50
.50
.48
.43

3.0
3.8
5.0
4.5
4.7
5.0
5.2

*Actual length as measured on photograph.
TSheet Tength zinondimensiona1ized with respect to orifice size 2.
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(21/2

24
25
26.
25
25.
25
24
25
25
24
21.

19.
24.
32.
28.
30.
32.
33.

)'i'

5.G. [épﬁ]

1.0 480
960
1440
1920
2400
480
960
¥440
1920
2400
240

1.085 229
478
898
1413
2025
2789
3705



-+ t
o O O

+ 1
o O O

O O — - W O~

N W N = - OO

QO O —~ == N W O

.75
.50
.25

.25
.50
.75

.75
.50
.25

.25

m
(gm/sec)

O O O = N W H PH U OTOTOTOTRBRW N O O O

Y 00 0 W O oY BN O O O

.33
.38
.94
.38
.33
.48
.06
.54
.84
.79
.26
.76
.18
.57
.54
.64
74
.38
.31

.31
.40
.82
.30
.01
.19
.00
.23
.90
.27
.90

Mass Distribution Data

M
(gm/sec)

68.5

68.5

h
(cm)

11.59

5.72
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W
(cm)

15.03

7.51

Cl:

M
0.47 0
0.33 0
0.20 1
0.13 3
0.10 4
0.07 6
0.05 7
0.03 8
0.02 8
0 8
0.02 7
0.03 6
0.05 6
0.07 5
0.10 3
0.13 2
0.20 1
0.33 0
0.47 0
0.93 0
0.67 0
0.40 1
0.27 3
0.20 5
0.13 9
0.10 11
0.07 13.
0.03 12.
0 12.
0.03 10.

] x 100

.48
.55
.37
.47
.86
.54
.39
.09
.53
.45
.68
.95
.10
.21
71
.39
.08
.55
.45

.45
.58
.20
.36
.85
.04
.68

47
99
07
07

plotting
symbol



Mass Distribution Data contd.

0.50 5.15 0.07 7.52
0.75 4.35 0.10 6.35
1 3.43 0.13 5.01
1.5 1.89 0.20 2.76
2 1.07 0.27 1.56
3 0.74 0.40 1.08
5 0.37 0.67 0.54
7 0.25 0.93 0.36
7 0.45 95.9 11.59 15.03 0.47 0.47
5 0.53 0.33 0.55
3 1.58 0.20 1.65
2 3.22 0.13 3.36
1.5 4.08 0.10 4,25
1 5.71 0.07 5.95
0.75 6.57 0.05 6.85
0.50 7.53 0.03 7.85
-0.25 7.30 0.02 7.61
0 7.12 0 7.42
+0.25 7.54 0.02 7.86
0.50 6.92 0.03 7.22
0.75 5.81 0.05 6.06
1 5.36 0.07 5.59
1.5 3.87 0.10 4.04
2 3.03 0.13 3.16
3 1.44 0.20 1.50
5 0.52 0.33 0.54
7 0.45 0.47 0.47
Notation: - distance from centerline to center of collector slot

X
m - mass collected/unit time in 1/8"-wide collector slot
M - total mass flow rate

h - distance from injector to collector

w - one-half spray field width

A11 data taken with model XD-M1 using SG = 1.085.
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