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NOMENCIATURE

Acceleration modulus

Area

Growth rate constant [see Equation (5.4)]
Dimensionless variable [see Equation (5.8)]
Drag coefficient

Skin friction coefficlent

Specific heat

Diameter of jet or drop

Dimensionless variable [see Equation (5.8)]
Molecular diffusivity

Thermal diffusivity

Mean drop diameter

Evaporation rate

External force
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Convective heat transfer coefficient
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Thermal conductivity |

Constant [see Equation (5.5)]

Correction factor [see Equation (7.16)]
Mass transfer coefficilent

Evaporation constant [see Equation (6.10)]
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mk k-th moment about origin

M Mean molecular weight

MP Mass

n Number of droplets

N Total diffusion rate

P Pressure

Pr Vapor pressure

P, Prandtl number

T Radial distance [see Equation (7.21)]
R Radius

R Gas law constant

R Rosin=Rammler distribution

Re Reynolds number

s Radial distance [see Equation (7.21)]
Se Schmidt number

t Time

T Temperature

T Dimensionless variable [see Equation (7.5)]
tm Mean temperature difference

v Velocity

We Weber number

X Mean of X

Z Ohnesorge number

Greek

o) Density

A Wavelength
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e Time, spray cone angle

Ag Latent heat

V) Viscosity

o Surface tension

O Superheat

o See Equation (5.5)

T Dimensionless time

B Dimensionless radius
T(2) oofo 41 et gy

o} Uniformity parameter
€ Strain [see Equation (C=3)]
Subscripts

1 Liquid

o Initial value

v Vapor

X X direction

Yy Y direction
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ABSTRACT

Classically sprays are formed by pressure atomization,
spinning disks and air atomization. The purpose of this study was
to study the properties of sprays formed by the flashing of super=-
heated liquid jets and to investigate the variables which control
the breakup of a superheated liquid jet.

Sprays were produced by the flashing of superheated water,
Freon 11 and Freon 113 using simple orifice type nozzles, having small
length to dlameter ratios.

The breakup of the superheated Jjets, as characterized by a
shattering temperature, was found to correlate using a simple model
relating a shatter temperature group to a function of the Weber number,
Ohnesorge number and a vapor to liguid density ratio. The drop size
distributions may be satisfactorily represented either by a log normal
or a Rosin-Rammler distribution., Mean drop diameters are strongly
dependent upon the surface tension of the fluid injected. Spray evapor-
ation rates were calculated using the method of Probért with satisfactory
results, The drop velocities were found to asymptotically approach a
limiting value which i1s equal to the induced air velocity.

The breakup mechanism is described in terms of the growth of
a vapor bubble in a superheated liquid. The most important variables are
surface tension and nozzle diameter. It 1s pointed out that viscosity
likely plays an important role but the range over which the viscosity may

be varied at the breakup point is necessarily small.

xiv






CHAPTER I

INTRODUCTION

The purpose of any atomization or spray process is to break up
a continuous liquid Jet into a discontinuous series of liquid droplets of
varying sizes. Spray formation is most commonly carried out by pressure
injection, by a swirl chamber nozzle or by air atomization. In the first
two of these processes the liguid is broken into droplets by the creation
of an unstable jet or an unstable sheet of liquid which must disintegrate
under the action of pressure and surface tension forces. The sprays stud-
ied in this investigation were created, at least in part, by the flashing
or vaporizing of a portion of the liquid Jjet, after it issued from the |
nozzle.,

The purpose of this study is threefold. Firstly, to investigate
the effect of fluid properties on the breakup of a superheated liquid jet,
and to discover what properties of the injected fluid are most important
to the breakup mechanism; secondly, to investigate the drop size distribu=-
tions which arise from this method of spray creation; and finally to study
the effect of distance from the nozzle and position in the spray, upon the
average drop diameter; i.e., to determine the effect of evaporation on
the drop size distribution and on the average diameter.

Thermodynamicallyy flashing of a liquid occurs when it is at a
temperature greater than the equilibrium temperature corresponding to the
pressure of the surroundings. For example, in this sense, liquid water
at a temperature above 212 degrees Fahrenheit will "flash" when it is ex-

posed to atmospheric pressure., Under truly adiabatic conditions all of

-1-



the vapor formed will receive its heat by conduction through the liguid,
at the expense of the enthalpy of the unvaporized portion of the liquid
phase. Equilibrium will be reached when the residual liquid phase has
cooled to its saturation temperature (212 degrees Fahrenheit for water at
atmospheric pressure). Flashing, in the sense defined above, could also
result from the vaporization of a gas dissolved in the liquid phase. It
has, however, been demonstrated experimentally and with some theoretical
justification(S) that this method of spray formation is not as effective
as flashing by superheating techniques,

Sprays formed by the "flashing" technique have much different
characteristics than sprays formed by pressure injection at a comparable
pressure level. The sprays resulting from flashing contain many more small
droplets and have a narrower drop size distribution. For example, at an
injection pressure of 120 psig, a typical linear average drop diameter re-
ported in this study might be 50 microns, with 90 per cent of all of the
drops included within the range of 20 to 120 microns. As a consequence
of the larger number of smaller drops, one would expect that the spray
would evaporate more rapidly at a given set of conditions of the surround-
ings than a spray formed by pressure injection and hence one which con=-
tained larger drops.

The results reported here consider the breakup of three liquids:
water, trichloromonofluoromethane ("Freon 115 and trichlorotrifluoroethane
CFTeon 1135a The breakup mechanism is described by the measurement of a
"shatter temperature." The meaning of this term and a description of its
measurement will be given in considerable detail. A measure of the effec-

tiveness of the breakup of a liquid jet is given by the drop size distribution.



These distributions were analyzed by a photographic technique. The varia=-
tion of diameter throughout the spray results directly from the study of
the drop size distribution throughout the spray.

The flashing process occurs in at least one application since
it 1s likely that the fuel injected into the afterburner of a Jet engine
1s superheated before it leaves the nozzle. An application of a very
similar technique is the "aerosol bomb" in which the material to be
sprayed is stored in a pressure vessel with a portion of propellant.
When the mixture of the material and propellant is injected into the

- atmosphere, a fine spray results from flashing of the propellant.



CHAPTER IT

THEORY AND MECHANISM OF LIQUID JET BREAKUP
BY PRESSURE ATOMIZATION

1. The Breakup Regimes

In the past fifty years many excellent papers have been pub-
lished on the mechanism of spray formation and on the influence which
the various fluild properties, such as density or viscosity, have on the
breakup of liquid jets. It is not the purpose to present here a complete
or even a semi-complete summary of the literature of spray formation.
Such literature surveys are available.<9)45) It will be useful to re-
view briefly some of the pertinent references relating to sprays formed
by pressure or hydraulic atomization,

Pressure or hydraulic atomization may be defined as a process
in which the liquid is forced through an orifice or a nozzle to form an
unstable liquid jet or sheet which disintegrates upon leaving the atomizer.
Holfelder and Haenlein(go) have observed liquid Jet disruption using spark
photography, and reported four stages of jet disintegration.

(1) At verylow injection velocities the breakup into drops is
caused by rotationally symmetric oscillations of the Jjet
surface due to the effect of primary disturbances and sur-
face tension forces.

(2) At higher jet velocities the breakup into drops results
from oscillations with the additional effect of air fric-
tion.

(3) At larger velocities the breakup occurs through waviness

of the Jjet assisted by air friction.

wlfm



(4) Pinally at still larger velocities there is immediate and
complete disruption of the jet, which takes place at or
near the orifice. The exact breakup mechanism in this
regime is still not known, although one or two theories
will be discussed later.

Nukiyama and Tanasawa(57> in a similar photographic study of

spray formation distinguished these stages of Jjet disintegration:

(1) Dropwise splitting of the jet due to surface tension forces.

(2)  Twisted, ribbon-like atomization which corresponds to (2)
and (3) above.

(3) Filmwise atomization corresponding to (4) above. All of
these three regions were observed with the jet velocity
increasing from an initially low value.

Ohnesorge<58> found similar stages of Jet disintegration and
hypothesized that the different stages occur at different values of the
Reynolds number and that these values are determined by a characteristic
viscosity number. This number is sometimes called the Ohnesorge number,

Z, and is given by

AL

Z = B (2.1)

where
i is the liquid viscosity
o 1s the liquid density
o 1is the interfacial tension

D is the jet diameter.



Figure 1 is a plot of his relationship between the Ohnesorge
and Reynolds numbers. The regimes in this figure labeled I, II and IIT
correspond approximately to the three regions of breakup described by
Nukiyamsa and Tanasawa. Although the boundaries between the regimes have
been shown in Figure 1 as having a sharp division, in actual fact there
is no sharp or clear cut transition from one breakup mechanism to another.
The loci of the transition points could perhaps be more accurately de-
scribed as a band rather than as a line. For illustrative purposes, the
injection conditions for the nozzles and fluids used in this study are
shown in the shaded regions of Figure 1. The information portrayed in
this figure is taken from Ohnesorge's paper; and it will be utilized later

in the description of the breakup of flashing liquid Jjets.

2. The Breakup Mechanism

The mechanism of the disintegration of a mass of liquid into
small drops has been the subject of many theoretical and experimental in-
vestigations since the pioneer work of Rayleigho(u6) His efforts were
mainly confined to a study of the stability of low speed, non viscous
jets; i.e., region (1) described above. Rayleigh concluded that surface
tension would cause a small disturbance on the jet surface to propagate
and that the wave length of these disturbances having the maximum growth
rate would be about M-l/2 times the Jjet diameter, and that the drops formed
would be slightly less than twice the diameter of the jet itself. His solu-
tion neglects any aerodynamic or viscous forces and he therefore has only

dealt with the injection of "inviscid liquids" at low velocities.
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Reynolds Number and the Ohnesorge Number.




Haenleingeo) among others, showed experimentally that for very
viscous liquids the wavelength of the disturbance with the maximum growth
rate would be much larger than that predicted by Rayleigh (for example,
up to 30 or 40 times the jet diameter for the case of caster oil).
WEber(59) studied the same problem theoretically and was able to show
that with the inclusion of viscous effects the wavelength of the disturb-

ance with the maximum growth rate is:

L/

N= D f(-——/L—L——--—H
eoar

where

A is the wavelength

D is the jet diameter

u 1s the viscosity

p is the density

o is the interfacial tension.

In the limit of zero viscosity this gives excellent agreement with
Rayleighs' results.

Haenlein's experiments were confirmed theoretically by Weber
for the first three stages of jet breakup (two stages according to the
description of Nukiyams and Tanasawa), but not for the final stage of
random and immediaste disruption. Weber, from a study of the aerodynamic
forces acting on the jet, demonstrated that the breakup time (length)
decreases with incfeasing Jjet velocity. He also showed that the critical

value of the wave length of the disturbance decreased with a dimensionless:



constant, which is now called the Weber number., It is

/\/WQ =) m (255)
2% @

where
Pa is the density of the receiving medium
V  is the jet velocity
D is the jet diameter
¢ 1s the interfacial tension

gc 1s a conversion factor to engineering units (in an F,M,L,T
system)

The liquid velocity at which the aercdynamic forces become important de-
pends upon the physical properties of the liquid and is given, for instance,
by Haenlein(gO) as 26 feet per second for water.

The third breakup regime, often called wave=1like breakup, has
been the study of few experimental and/or theoretical investigations. The
limited evidence available indicates that it first becomes Iimportant at a
velocity of about 80 feet per second for water. This critical velocity is
dependent upon the physical properties of both the injected and receiving
fluids.

Miesse,(ﬂL> in a survey of his own and cther data, concluded
that the last stage of disintegration was determined chiefly by the Weber
number and very slightly by the jet Reynolds number.

The theoretical studies described above assume some slight im-
perfection in the liquid surface, at which point the instability propa-
gates itself to eventually cause the jet disintegration. Some workers

have claimed that the important mechanism in atomization is the manner in



-10=-

which these originally small imperfections are formed. Mehlig(53) cited
the importance of the radial components of the velocity arising from
turbulent flow through the injector. Thiemann(56) held forth that liquid
turbulence 1s a primary factor in jet disruption. In fact, Schweitzer(5o)
has shown that a jet can disintegrate without air action, if the turbu-
lence level on leaving the orifice is sufficiently high.

To date, the only theory suggested for the last, and most im-
portant region of Jjet breakup, is the ligament theory first suggested by
Castlemana(6) He proposed that disturbances on the liquid surface are
acted on by the air stream and that the disturbance is caught up and drawn
out as a fine ligament, one end of which remains anchored to the liquid
jet. The ligament is then "cut off" by a rapid growth of a dent in its
surface and the small detached mass quickly collapses to form a drop.

Thus atomization occurs at the gas liquid interface due to the relative
velocity between the two phases. Castleman also proposed that in high
velocity gas streams ligaments collapse as rapidly as they are formed.

A consequence of this line of argument 1s that a continuing increase in
relative velocity will at some point cause no further decrease in the size
of the drop formed. Littaye,(28) while agreeing with the theory of
Castleman in most respects, does not report a minimum drop size in an
atomization process., Hinze(22> has pointed out that even though turbu-
lence may cause the initial disturbances in the jet, these disturbances
are most likely amplified by alr friction to form ligaments which are torn

off to form drops. Thus he, in effect, agrees with the ligament theory.
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3. Other Drop Formation Processes

The above discussion has not included two other possible mecha-
nisms of drop formation: secondary atomization and coalescence. While
neither of these two methods of drop formation is too important in spray

analyses, they will be discussed briefly.

3.1 Secondary Atomization

Secondary atomization may be defined as the formation of drops
from drops which have previously been broken off liquid jets. It is a
well known fact that a spherical drop, when subjected to a relative ve-
locity in an air stream can, under certain conditions, be unstable and
shatter to form two or more smaller drops. The mechanism of secondary
atomization has been studied by Laney(26> Baron,(5> Balje and Larson,(l)
Littaye, (29) siestrunck,(52) minze,(21) and Dpoaa.(10)

Lane, in a photographic study, observed that liquid drops were
blown into the shape of a liquid ring with a thin film in the center.
This film then expanded to form a hollow bag with a liquid torus rim,
and the bag finally shattered to form fine droplets. This was followed
by the disintegration of the torus to form larger droplets. Whether or
not a drop will be blown into this shape and disintegrated depends upon
interfacial tension, drop size, alr velocity and the nature of the ex-
posure of the drop to the air (transient or steady flow)e

The hollow bag shape observed by Lane was predicted theoreti-
cally by Baron. Dodd developed a similar theory to predict the distor-
tion of a water drop exposed to a stream of air with a continucusly in=-

creasing relative velocity. Probably the most important conclusion to
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arise from all of these investigations was the result that a drop will
be unstable 1f its Weber number exceeds a certain limiting value. The
numerical values reported for this critical Weber number vary somewhat
from investigator in investigator. Richardson(u8) reports a value of
about 20 and Hinze<22) a value of about 22 for the critical value for
water.

Two difficulties arise when attempting to apply the critical
Weber number concept to the stability of drops normally encountered in
sprays. Firstly, all of the above studies were carried out with drop
sizes in excess of one thousand microns; and secondly all of the criti-
cal Weber numbers cited refer to non viscous liquids. Certainly an in-
crease in viscosity should make a drop more stable, but no quantitative

studies have been made on this point.

3.2 Drop Coalescence

It is possible that at some point fairly far removed from the
spray nozzle that the droplets may be moving slowly enough that any
"large'" drop formed by this mechanism would prove stable. Collision
of drops can occur as a result of eddy diffusivity or through varying
axial velocities. Very little experimental or theoretical work has been
done on the problem of coalescence. The major difficulty lies in the
fact that even if a good manner of describing the collision frequency
is found, that one still must find some additional information which
will determine whether or not drops which do collide in actual fact coa-
lesce., Gorbatschew<l8) has shown that the coalescence of colliding
liquid drops is dependent upon the liquid properties and the drop size

and also upon the angle and velocity of impact.



CHAPTER TIIT

EXPERIMENTAL APPARATUS AND PRCCEDURES

In the preceding chapter an outline of the present state of
knowledge of spray formation by pressure atomization was given. It is
clearly evident that the theories and mechanisms discussed can not apply
to sprays formed by a flashing liquid jet, at least not without major
modifications.

It is then necessary to devise experimental methods which can
be used to investigate this type of spray formation. Three distinct
areas of study immediately suggest themselves:

(1) The mechanism of disintegration of a superheated liquid
jet. Brown(5> has suggested a theory for this breakup,
but because he studied only one system (water), his
theory 1s not of general use.

(2) The heat source for evaporation of sprays formed by this
method will be different from those generally reported
in the literature and for this reason the means of
handling this problem analytically should be investigated.

(3) The drop size distributions and drop velocities should
be analyzed and the results compared to any existing data.

With these points in mind the experimental equipment described
below was developed. Also various analytical techniques were considered
and it was found that photographic analysis would be most suitable for
the purposes of this study. The reasons for this cholce will be brought

out in the succeeding pages.

=13
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1. The Injection System

A diagram of the liquid injection system is shown in Figure 2.

The system is designed so that "hot" liquids (in this case superheated

water) and "cold liquids" (Freon 11 and Freon 113) may all be injected.

In both cases the liquid to be injected is fed into the ten gallon tank,

and injected as follows:

(a)

Superheated Water

The tank is filled to about the mid point with water
and steam passed into the tank until the pressure is
raised to the pressure of the steam line (about 130
psig). The superheated water is then passed through
the double=-pipe heat exchanger and out of the nozzle.
The spray temperature is controlled by means of the
heat exchanger, using cocoling water. The nozzle is
connected to the piping by means of a heavily insu-
lated flexible coupling.

Freon 11 and Freon 113

These two liguids are injected in essentially the same
manner ag water, except that the driving pressure is
maintained by a nitrogen supply, as indicated in Figure
2. The Freon is superheated as it passes through the

heat exchanger, using 130 psig steam as the heating medium.

The flow rate of the injected fluid may be metered using a

Fischer=-Porter variable area flow meter having a range of 0.026 gallons

per minute to 0.211 gallons per minute, or the flow rate may be calcu=-

lated from the well known orifice equation and from a knowledge of the
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discharge coefficient. This latter method was nearly always employed.
The value of the discharge coefficient was determined experimentally to
be about 0.8. The injection pressure is measured with a J. P. Marsh
Mastergauge Type 103, which was calibrated by Brown(5) using a dead
weight tester. By means of this gauge it was possible to determine

the injection pressure to the nearest one half pound. Injection tem-
peratures are measﬁred by a copper-constantan thermocouple, which makes
contact with the pipe about one half inch above the nozzle. Both the
pipe and as much of the nozzle as possible are heavily insulated to
reduce the experimental error to a minimum. In addition, a thermowell
is located Just downstream from the pressure gauge which can be used as

a check on the accuracy and reliability of the thermocouple.

2. Spray Analysis

There have been many attempts made to develop a completely
satisfactory method of spray analysis. The large concentration of ef-
fort in this area is due, in part, to the very great and numerous ex-
perimental difficulties involved. The methods which are normally used
can be separated into the following groups.

(a) Slide and cell collection

(b) Size discriminating collectors

(c) Photographic methods

(d) Other optical methods

The most commonly used method for collecting and analyzing
drops 1s coated slides. Such slides are coated with a soft material

such as magnesium oxide and are then exposed to the spray for a short
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period of time. When the drops strike the coating they leave an impres=-
sion whose diameter is related to the drop diameter, Analysis may then
be carried out by use of a microscope. The primary disadvantage of this
method of drop size analysis is that if the spray is carried by a gas
which is moving relative to the slide, the slide discriminates against
collecting small drops. Hence, the measured average drop diameter will
always be too large. A second and obvious difficulty arises from the
fact that the impressions left on the slide are not the true drop diame-
ters, and the relationship between the impression diameter and drop
diameter must be determined by experiment. A third disadvantage is that
some of the large drops may shatter upon contact with the slide. Two
other important drawbacks are the problems of coalescence on the slide
and evaporation of drops from the slide before the actual counting takes
place, if some material other than magnesium oxide 1s used to coat the
slide.

A similar technique is the use of a collection cell, It simply
consists of a receptacle filled with a liquid into which the spray drop-
lets fall. This method of analysis has most of the drawbacks associated
with a ccated slide; but their magnitude is usually decreased.

As pointed out above, the major disadvantage of slides and
cells is their tendency to discriminate against collecting small droplets.
This phenomenon, known as collecticn efficiency, is made use of in a
sampling device called a jet impactor. This method is not toc widely
used and it will not be described here.

Aside from photography there are several other optical methods

available for the sampling of sprays. OCne of the very well known of
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these techniques is the photometer method of Sautere<49) By means of
this method the volume to surface mean diameter is determined by measur-
ing the decrease in intensity of a light beam passing through the spray.
This method gives no information concerning the drop size distribution.
In addition to the method of Sauter, there have been attempts to analyze
spray droplet sizes by light scattering techniques. These have not
proved to be effective for other than a few specilalized cases.

The method used in this investigation is photographic analysis.,

This technique was first successfully used by York(6o) in 1949, and has
been further developed and utilized by York and Stubbs(6l) and Brown,(5)
among many others. This method of analysis was chosen for the following
reasons:

(a) It is possible to obtain drop velocity measurements which
is essential if one is to carry out a study of the spray
evaporation. In addition, the drop size distribution
should be velocity weighted so that it will be representa=
tive of the temporal rather than the spatial distribution.

(b) The analytical technique of counting drops on a photo-
graphic negative does not discriminate against small
drop sizes (except perhaps for drops below a diameter
of ten microns) and the sprays investigated contain a
very large number of drops below fifty microns in diame-
ter,

The camera arrangement for the high speed photographs is shown

in Figure 3. Light illumination is supplied by two General Electric

catalog number 9364688G photolights. These give an extremely intense
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flash which has a duration of one or two microseconds. The lights are
fired by means of the two time delay units shown in Figures 4 and 5.
The firing source is a number 2050 thyraton and the time delay may be
varied from about 5 to 1500 microseconds. The two delay units are
wired in series with the first unit firing the first light and simul-
taneously supplying an impulse to the second unit which in turn fired
the second light. The desired time interval between the two light
Tlashes was set on the second delay unit.

The time delay units were calibrated by photographing the mov-
ing teeth on a band saw. Since the linear velocity of the saw blade was
known 1t was a very simple calculation to measure the actual time delay.
In order to ensﬁre that the delay circuits remained accurate at all
times the time delay was measured for each double flash picture using
a Hewlett Packard Model 524B counter (with a model 52CB time interval
unit). Also checks were made using photocells to ensure that the re-
sponse times of the lights were small compared to the time interval be-
tween receipt of the high voltage impulse and the flash.

The two lights are placed at right angles to each other, with
a half=-silvered mirror positioned to provide silhouette illumination from
each light. As explained above, if a double flash picture 1s required,
they are discharged with a controlled and measured time interval between
flashes. On the other hand only one light is triggered if a single flash
picture is required. The latter are used to measure the drop size dis=
tributions while the double=flash pictures are used to determine the drop
velocities. Double-image negatives were never used to measure drop size

distribution.
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The camera used was fitted with a 50-mm, f 3.5 lens which had
a magnification of 10 X. Each photograph provides an image of the spray
in a finite volume, which is about 0.4 X 0.5 X 0.06 inches. The film
used in all cases was Kodak Contrast Process Ortho.

In the spray analyses, the nozzle is placed on a movable stand
so that samples may be photographed at various spray locations. These

locations are shown in Figure 6.

3. Dark Room Procedure

In order to ensure results that are as reproducible as possible,
the developing technique was very carefully controlled. The developing
tanks were immersed in a bath of running water maintained at 68°F. The
films were developed for five minutes in Kodak D=-11 developer with fairly
continuous agitation, particularly during the first minute. After a 30
second rinse in water they were immersed in Kodak Acid Fix for ten min-
utes. Following another 30 second water rinse they were placed in a tank
of Kodak Hypo Clearing agent for two minutes and then into a water bath
for five minutes. All of the solutions were renewed in accordance with
the manufecturers' recommendations. A Wratten series 2 red safelight

filter was used to control illumination in the dark room.

4., Drop Analysis and Counting

An analysis of a spray location consists of four single-flash
and four double-exposure photographs. Only the single-exposure photo-
graphs are employed to provide drop size distributions since the double
exposure reduces the resolution of the smaller drops. The negatives are

projected at an additional magnification of 10 X onto the ground glass
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screen of an optical comparator, making a total image magnification of
100 X. ©Since each photograph contains drops which are in sharp focus
and drops which are blurred because of displacement just outside the
sample volume; a judgment must be made of which drop images are to be
considered as part of the sample. To help overcome this difficulty a
series of standard drop images has been developed to determine whether
individual drop images on the negatives are to be counted. These stand-
ard drop images were prepared by Brown(5> and are fully discussed by
him,

A word should be said here about the determination of the drop
velocities. When measuring the velocity of a particular drop only the
linear distance was determined without regard to its actual direction;
i.e., no correction was made if the drop was not moving vertically down=-
wards.

The drop count by sizes provides a spatial distribution of the
spray, which can be multiplied by the velocities in each size range to
obtain a temporal distribution. From this information the surface area
flow, volume flow (which may be checked against measured flow rates) and
various mean dlameters were calculated. A computer prdgram for use with
the IBM 709 at the University Computing Center was used for the numerical
calculations mentioned above. This program is described in Appendix A.

The question naturally arises, whether the average diameters
are dependent upon the number of drops counted; i.e., how many drops
must be counted in order to have a statistically meaningful sample? This

problem was investigated by B:fox«\rr.L(5> and he reached the conclusion that
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spray analyses data of this type would be meaningful, in a statistical
sense, if a minimum of 200 to 300 drops were counted. Nearly all of

the data taken here reports drop counts well in excess of the minimum.
The exceptlons are for the outer periphery of the spray where the drop
number density is too low to fulfill the above requirement with a rea=

sonable number of photographs.

5. Experimental Determination of Shatter Temperatures

The term '"shatter temperature" as used here may be defined
in the following manner. When the superheated jet leaves the nozzle,
its temperature will decrease because of vaporization of part of the
liquid and because of convective heat transfer. After a vapor bubble
is first formed it will continue to grow as long as the liquid tempera-
ture is above the equilibrium temperature. There are then two possible
cases:

(1) The vapor bubble will not grow large enough to disrupt
the jet and will undergo the so-called growth=-collapse
phenomenon described by Bankoff and Mikesello(g)

(2) The vapor bubble will grow large enough to completely
disrupt the Jjet. The lowest temperature at which this

occurs is defined to be the shatter temperature of the

Jet.
In order to measure experimentally the shatter temperature the
following procedure was adopted. The fluid to be used was loaded into
the receiving tank and it was then ejected through the orifice’at the

desired pressure but initially at a temperature below the shatter
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temperature. The temperature of the fluid was then slowly raised. The
occurrence of the shatter temperature was marked by an abrupt change

from a continuous ligquid jet to a discontinuous ligquid Jet, i.e., a spray.
This change occurred over a range of about five degrees and for this
reason the location of a shatter temperature is somewhat arbitrary.

The shatter temperatures were all measured using the thermocouple lo=-
cated at the nozzle. 1In no case was it possible to observe the growth-
collapse phenomenon, even though the temperature may be below the shatter
temperature. The entire procedure was repeated several times in order

to get the best possible estimate of the true shatter temperature. Great
care was taken to raise the fluid temperature as slowly as possible to

ensure that the thermocouple reading was as accurate as could be obtained.



CHAPTER IV

DISCUSSION OF RAW DATA

In this study three fluids, water, Freon 11 (trichloromonofluoro-
methane, CCl5F) and Freon 113 (trichlorotrifluorocethane, CClgF-CCng) were
used. The first two of these were used in the work on velocity profiles,
drop size distributions and evaporation effects. All three were used in
the investigation of the shatter temperature (this term is defined in a
preceding section). The choice of fluids was, in the main, governed by
the following considerations:

(1) The fluids must not be flammable or present an explosion

hazard.

(2) The fluids must not be toxic.

(3) They should exhibit as wide a range as possible of the
significant fluid properties (surface tension, viscosity,
density, etc.).

The three fluids used are consistent with these requirements.

The selection of the important variables a priori, is a very difficult
problem and is best done by good hindsight. The relative roles of the
variables will be brought forth in succeeding chapters. Let it suffice

to say at this point that the fluids do have a large range of all of the
important variables except for viscosity. The reason for this last state-

ment is fully developed in Chapter V.

1. Range of Variables Studied

Table I summarizes the values of the physical properties of
water, Freon 11 and Freon 113. It should be noted that in some cases the

=28~
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TABIE I

PHYSICAL PROPERTIES OF WATER, FREON-1l, FREON-113

Property Water Freon~-11 Freon-113
Liquid Density (1lb/ft3) 62.4 91.38 96,96
Viscosity ( p)(20°C) 1.00 - -
Viscosity (B. Pt,) 0.21 0.405 0,619
Surface Tension (Dynes/cm) 72 (T7°F) 19 (77°F) 19 (77°F)
Specific Heat (liquid)(Btu/lb°F) 1.00 0,209 0.218
Thermal Conductivity (Btu ft/hr £t2°F) 0.394 0.0609 0.0521
Heat of Vaporization (Btu/lb) 970.3 78,31 63,12
Vapor Density at B. Pt. (1b/ft5) 0.0373 0.365 0.461

TABIE II

EXPERIMENTAL NOZZLE DIAMETERS

Nozzle Number Diameter, Inches

0,012k
0.0577
0.0425
0.0247
0,0166
0,018%
0.0%22
0.0216
0.0168
10 0.0662
11 0.0161
12 0.0310

O O=J W1 &W P =
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values of the properties are given at the normal boiling point as well
as at room temperature.

Table II depicts the range of nozzle diameters used in the
study of the shatter temperature. Only one nozzle diameter was used
in the evaporation studies (number 12, 0.031 inches diameter). The
nozzle diameters were determined using a Bausch and Lomb microscope

equipped with a fylar eyepiece.

2. Size Distribution Data

Table III shows a typical set of raw data which was used to
calculate the size distributions and the various mean diameters. The
data shown are for the water system injected at a temperature of 287°F
and a pressure drop across the nozzle of 120 psi. The data were taken
at a distance of four inches from the nozzle. The number of drops and
their average velocities are given for the drops which lie within any
given size range. The size ranges referred to are those given in Table
XXI of Appendix B. The sample locations are those shown in Figure 6.

All of the additional data of this type is included in Appendix B.

3. Shatter Temperature Data

Table IV depicts all of the measurements of the shatter tempera-
tures for the three fluids under various flow conditions and using the
various nozzles. A part of the data is taken from Brown(5> and is re=-
peated here in order to include it in the correlative and interpretative
work, which is discussed in the next chapter.

As can be seen from Table IV, the shatter temperatures were
measured for as wide a variation of flow conditions as was possible using

the existing experimental equipment.
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TABLE IV

MEASURED SHATTER TEMPERATURES

Run Fluid Measured Nozzle Pressure Dif- Shatter Tem-
Diameter (inches) ference (Psi) perature °F
1 F-11 L0161 60 158
2 F-11 .0161 90 153
3 F-11 .0k2s 78 108
L F-11 .0k2s5 45 110
5 F-11 L0247 60 152
6 F-11 L0247 89 147
7 F-11 .02h7 iTg) 155
8 F-11 ,0662 L8 85
9 F-11 0577 L5 93
10 F-11 .0310 8o 141
11 F-11 .0310 120 134
12 F-11 .0250 9l 152
13 F-11 L0577 78 90
1k F-11 .012k T4 164
15 F-11 L0577 62 92
16 F-11 L0577 35 105
17 F-113 L0124 55 150
18 F-11% L0124 75 145
19 F-113 L0247 79 138
20 F-113 L0247 L6 144
21 F-113% L0322 58 133
22 F-113 .0322 38 138
23 F-113% .0322 8o 135
24 F-113 .0k2s5 80 125
25 F-113 .0k25 60 132
26 F-113 L0577 55 123
27 F-113 L0577 80 120
28 F-113 L0577 70 122
29 F-113 L0667 58 120
30 F-113 L0667 80 119
31 W L0247 120 280
32 W L0247 131 280
33 W .0322 100 272
3l W .0322 120 268
35 W .0322 130 266
36 W L0662 80 237
37 W .0662 120 215
38 W .0310 120 273
39 W L0310 93 272
4o W .0310 134 270
i W .0350 84 268
L2 W .0350 128 237
L3 W L0557 60 270
Ll W L0557 80 258
L5 W L0557 96 235
4o W .0557 120 223

Runs 31 to 46 are from R. Browns data and were experimentally verified
in this study.



CHAPTER V

THE BREAKUP MECHANISM

In Chapter II a brief review was given of the theory of the
disintegration of liquid Jets and it was pointed out that Chnesorge
has presented a convenient graphical method of summarizing the loca-
tion of the various breakup regimes. Figure 1 depicts this relation-
ship expressed as the Chnesorge number as a function of the Reynolds
number. The approximate positions of the injection conditions for the
nozzles used in this study are shown on this figure. Most of the lo=-
cations corresponding to the injection conditions are seen to be either
in region II or onthe "boundary" between regions II and III. In other
words, the jets will not disintegrate at or very near to the orifice.
If disintegration does occur at all, it will result from wavelike
breakup at some fairly large distance away from the nozzle. This was
borne out experimentally in all cases as none of the Jets did disinte-
grate without the addition of some superheat, but the amount of heat
required is strongly dependent upon the nozzle diameter. One must

therefore search for a different mechanism of disintegration.

1. The Breakup Mechanism

For the range of nozzle dlameters and flow rates studied the
controlling mechanism of breakup is bubble growth resulting from the
superheat of the 1liquid, or in other words, "flashing" of the super-
heated liquid Jjet.

Thermodynamically, flashing occurs when the liquid is at a

temperature above the saturation temperature corresponding to the

=33 =
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pressure of the surroundings. Under truly adiabatic conditions all of
the vapor formed will receive its heat by conduction through the liquid,
at the expense of the enthalpy of the unvaporized phase. Equilibrium
will be reached when the residual liquid phase has cooled to its satura-
tion temperature. Bubble growth can also result from vaporization of a
dissolved gas, but it has been shown that this means of breakup is not
as effective as superheat.(5)

When the superheated liquid jet leaves the nozzle, its tempera-
ture will decrease because of convective heat transfer and vaporization
of part of the liquid. The heat loss by convection is small relative
to that due to vaporization. The vaporization process generates two
types of bubbles: surface bubbles which are easily observed and bubbles
which grow in the interior of the liquid Jjet and which are not observable.

Figures 7, 8 and 9 are photographs of a Freon 11 jet taken
Just below its shatter temperature. The Jjet diameter is .031 inches
and the injection pressure is 90 psig. The temperatures are 135, 138
and 140°F, respectively. It is easy to see that there are a large num-
ber of bubbles present on the Jjet surface and that the number density of
these bubbles increases as the temperature increases. These bubbles do
not play a major role in the breakup of the liquid Jet. Despite their
high frequency of occurrence, their only role seems to be to tear off
small ligaments of liquid from its surface, by means of small explosions.
These ligaments then form a fine spray or mist which surrounds the re-
maining, intact portion of the liquid jet. This mist may also be seen

on the three photographs. The vapor bubbles appear on the surface (at
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Figure 7. Flashing Jet (10X), 135°F.
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Figure 8. Flashing Jet (10X), 138°F.
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Figure 9. Flashing Jet (10X), 140°F.
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least only visually) over a very small temperature range. This tempera-
ture range usually extends from the shatter temperature downwards for
five or so degrees.

From observation of the surface bubbles 1t appears most likely
that their growth is initiated by some micro disturbance on the Jjet sur-
face, perhaps due either to roughness or vibration in the nozzle orifice.
This supposition is supported in part by the observations of Brown(5)
who reported that their occurrence was much less frequent for a sharp
edged orifice than for any other type, all other conditions being equal.
These bubbles were observed for all three fluids, water, Freon 11 and
Freon 113.

The bubbles which are nucleated within the liquid jet and
which grow to the required size are those which cause the disintegration
of the liquid jet. Considering only these interior bubbles, after one
ig first formed it will continue to grow as long as the liquid tempera-
ture is above the equilibrium temperature. As previously discussed
there are two possible cases, and the minimum temperature necessary to
shatter the jet is the variable used to define the disintegration point.
When the fluild is sprayed into the atmosphere with an initisl tempera-
ture which is above the shatter temperature, vapor bubbles which are
nucleated will grow to a sufficient size to "explode'" the liquid jet

and form a very fine cloud of liquid droplets.

2. Effect of Fluid Properties on the Breakup Mechanism

If one were to write down, a priori, the various fluid proper-

ties which affect this breakup mechanism, the following would certainly



-39

be included=-=~interfacial tension, liquid density, liquid thermal con-
ductivity, vapor density, latent heat of vaporization, degree of super-
heat (this can be measured in many ways), liquid viscosity and specific
heat of the liguid. The most useful manner in which to illustrate the
relative role of each of these fluid properties would be to formulate
and solve the appropriate differential equation which describes the
growth of a vapor bubble in a superheated cylindrical Jjet. To do this
at the present state of knowledge of this problem is exceedingly diffi-
cult. Much useful information may be gained from a study of an asso=-
clated problem--the growth of a vapor bubble in a semi-infinite liquid
which has a constant temperature. It is obvious that this immediately
rids us of two difficulties:

(1) the non-uniformity of the temperature field

(2) the necessity of having a knowledge of the bubble

spacing in the liquid Jjet.

In recent years a great deal of work has been published in the
literature on the growth of vapor bubbles in a superheated liquid.
Theoretical studies have been carried out by Plesset and Zwick,(AOD
Forster and Zuber,(l5) Griffith7(19> Poritsky(ul) and Shuo(5l>

Plesset and Zwick and Forster and Zuber have attacked the
problem in essentially the same manner, although the mathematical de-
tails are different. They both began with the Rayleigh equation for

the motion of a bubble in a non viscous, incompressible liquidj

&
R . 3MARY - AP
REE 2] = A >



where
R 1s the bubble radius
t 1s the time
AP 1s the pressure difference between the bubble cavity and
the surroundings at an "infinite" distance
p 1s the density of the liquid

and extended it to include the effects of surface tension
2
R_de. +_3~(§_R) = (AP.__E.F,?Q:.>_%_ (5.2)

where

o 1s the surface tension.

In order to solve Equation (5.2) the pressure difference must
be related to the temperature difference. This may be done by assuming
that the temperature at the expanding vapor surface is the same as- the
temperature within the bubble cavity. Both of the authors conclude that
there are two distinct regions of bubble growth. In the first of these
thé bubble radius is of the same order of magnitude as the initial radius
and the growth is quite rapid. In the second stage (asymptotic stage)
the surface tension and dynamic effects become less important and the
growth rate is controlled by the rate of heat conduction from the bulk
of the liquid to the bubble wall. They concluded that this growth rate

is given by
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where
Ry is the bubble radius at the beginning of the second stage
C is a proportionality constant.
The proportionality constant € in Equation (5.3) is known as the

growth rate constant and contains most of the important fluid properties

N
_ [ AT Cp QL k. 2
CW( Heq > PV>(Y PL-CP> >4

where
At 1s the superheat
Hrg is the latent heat of vaporization at the saturation
temperature
k is the thermal conductivity

Cp is the specific heat
and the subscripts refer to liquid or vapor. It will be noted that the
Tirst term in brackets in the above equation 1s equal to the weight
pércent flashing.

This solution assumes a perfect fluid and negligible compressi-
bility effects, as 1is reflected by the terms which appear in the bubble
growth rate constant.

Griffith formulated a mathematical model for the growth of
vapor bubbles on a heated surface, assuming hemispherical bubbles. His
approach was to investigate the problem of conductive heat transfer from

the liquid to the growing bubble. Assuming a laminar flow field and
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constant fluid properties surrounding the bubble, the equation for the

heat transfer process is

VT = P“;P (%—I— -+ V-vﬂ (5.5)

where

gais the velocity wvector.
Griffith solved the problem numerically with the result that

R= Kt™

where

k' is a constant

o 1is a number between 1/3 and 1/L.
He also concluded that the average growth rate of a bubble decreased
with increasing maximum size and decreased with increasing pressure.
At high pressures the maximum size of the bubble was found to be ihde-
pendent of pressure and primarily a functlon of the thickness of the
superheated layer near the surface. This latter is in agreement with
Forster and Zuber who state that the thickness of the thermal boundary
layer is a very important consideration.

Poritsky has approached the problem in a much different manner,
and for demonstrating the role of the fluid properties, a more useful
one, Beginning with the Navier-Stokes equations he derived the equation

below for the growth of a vapor bubble in a superheated viscous ligquid.

R% N _%(%%)2+ %/% _ (AP_%OL)_F". (5.6)
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where

U 1s the liquid viscosity.

It is of interest to note in passing, that with a sultable
choice of the pressure difference term in Equation (5.6), that it may

be also used to describe the collapse of a vapor bubble (i.e., cavita-

tion).
Equation (5.6) may be expressed in the equivalent form
(R-RoyRs® -R?) — o (R& - RY)
- : +  4m|R dt = © (5.7)
2 (3? u!) (dt
where

and the subscript "o" refers to the initial conditions.

By defining the dimensionless variables

T = }%i;\/- F%:é; Poo

_ R
£ 5 =

cC = 4 e )
RO\[P(pO - POO)

- a
P R (R -]
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Equation (5.7) becomes

3. 2 L 2
F7L -ple-n) - £(E) -clefffor =0

The "C'" in Equation (5.8) is not to-be confused with the C previously
defined to be the bubble growth rate constant. Equation (5.8) was

solved by the method of isoclines for the three fluids, water, Freon 11
and Freon 113. In order to do so a value of (PO - Rm) must be assigned.
This was done by using the arithmetic average between the shatter tem-
perature and the saturation temperature for each of the three fluids.

For illustrative purposes a nozzle diameter of 0.031 inches and an in-
Jjection pressure of 120 psig was chosen. This corresponds to the tem-
peratures given in Table V. The mathematical details leading up to
Equation (5.8), and for the solution by the method of isoclines is given

in Appendix C.

TABLE V

TEMPERATURES FOR USE WITH EQUATION (5.8)

Fluid Shatter Temp. Saturation Temp. Assumed* Temp.
Water 270 210 240
Freon 11 134 12 103
Freon 113 134 116 125

% These temperatures were used in Equation (5.8) to arrive
at the curves in Figure 10.
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Figure 10 shows the results of the calculations. This is a
plot of dimensionless time (r) versus dimensionless radius (B) for the
assumed conditions in Table V. Figure 11 shows the conversion of this
plot to a more understandable one of bubble radius versus time. From
this it will be observed that the vapor bubble grows most rapidly in
the Freon 113 and least rapidly in the Freon 11 fluids at the tempera-
ture which is assumed to describe its growth throughout its lifetime.
The curves on Figure 10 correspond to the values of C and D given
in Table VI below.

TABLE VI

VALUES OF DIMENSIONLESS CONSTANTS IN
EQUATION (5.8) FOR FIGURE 10

Fluid c D
Water .0Lk5 .201
Freon 11 .140 L1345
Freon 113 .0661 .0728

Changes in the constants C and D reflect a change of vis-
cosity and surface tension as well as other fluid properties. A value of
C = 0 represents an inviscid fluid and a value of D = O a fluid with
negligible surface tension. From a study of the properties of the solu-
tions to Equation (5.8) Poritsky has shown that an increase in D merely
decreases the initial growth rate but after a short period of time the
bubble growth rate becomes equal to that of a fluid having the same value
of C, but a lower value of D. An increase in C causes an abrupt de-

crease in the rate of growth of the vapor bubble. Poritsky has presented
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Figure 10. Plot of Dimensionless Time versus Dimensionless
Radius for Water, Freon 11 and Freon 113.
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curves which show this effect. The effect of the fluid properties may
be summarized as follows:

(1) An increase in viscosity will cause a marked decrease
in the bubble growth rate.

(2) An increase in fluid density will cause a slight in-
crease in the bubble growth rate.

(5) An increase in surface tension will cause a slight de-
crease in the growth rate but at large bubble diameters
(say .05 or more inches), this effect will not be very
noticeable,

(4) An increase in the vapor pressure difference term will
result in an increase in the growth rate. This effect
will be partially offset by a decrease in the minimum
bubble radius.

It is interesting to determine the agreement between Equations

(5.8) and (5.3) and between Equation (5.8) and the experimental data of
Brown(5) for the growth of vapor bubbles on the surface of a superheated
liquid Jjet. This comparison is shown in Figure 11 and it will be seen

that the deviation is not too large considering the assumptions involved

in determining the initial radius.

3. Effect of Physical Variables on the Breakup Mechanism

The term physical variable i1s used here to represent any varia-
ble which may be changed by experiment, e.g., pressure drop, diameter of
the nozzle etc., as opposed to the other variables such as surface ten-
sion which were called fluid properties. These latter, of course, may

not be altered at will.
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As would be expected from the introductory material of Chapter
II, the physical variables must also play a role in the shatter of the
Jjet, albeit a sometimes passive role. This is clearly demonstrated from
the data of Teble IV. Consider for example runs number 5, 6 and 7.
These three runs are all at the same nozzle diameter and using Freon 11.
The only variable present is the pressure drop across the orifice. A
decrease in the pressure in all cases causes an increase in the shatter
temperature, The magnitude of the change of temperature is dependent
upon the fluid and upon the jet diameter, but in general a lowering of
the pressure by 60 psi results in an increase in shatter temperature of
from five to ten degrees. To phrase it in a different manner, at the
same bubble growth rate one liquid jet will be disintegrated while the
same Jet, but at a lower pressure, will not be broken. From the data
of the same table it will also be seen that at any given pressure level
the shatter temperature decreases rapldly with increasing nozzle diame=-
ter. Both of these effects can be predicted in a semiquantitative way,
using jet stability theory. Consider for example Figure 1. At one given
diameter as the pressure drop decreases the Reynolds number also de=-
creases, tending toc move the locatlon of a point horizontally to the
left. Also as diameter increases for any given value of the pressure
level, the Reynolds number increases directly, tending to move a point
on Figure 1 downward and to the right.

We may think of any action which causes a point to move to-
wards the boundary between regions II and III as reducing the Jjet sta-
bility and bringing it nearer tc immediate disintegration. Such a move-

ment should require less energy to be imparted to the jet by vapor
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evolution in order to disintegrate it. Since this latter energy may be
characterized by the shatter temperature, the effects described above
are precisely what would be expected.

Attention should also be drawn to runs 3 and 24, of Table IV.
These two runs are for the same nozzle diameter and at essentially the
same injection pressure, but the two fluids are different. The shatter
temperature for Freon 11 is 108°F and for Freon 113 is 125°F., These
two temperatures represent superheats of 36 and 8°F, respectively, and
a weight per cent flashing of 14.5 and 3.75 per cent. Also the tempera-
ture required to shatter the smallest jet represents much less superheat
for Freon 113 than it does for Freon 1l. This occurs in spite of the
fact that the important fluid properties of surface tension, liquid and
vapor density, latent heat of vaporization, thermal conductivity and
viscosity are not too much different from each other. This large dif-
ference in the weight per cent flashing is attributable to the fact that
the vapor bubbles grow more rapidly in Freon 113 than in Freon 11 at the
shattering conditions, as is illustrated by Figure 11, and to the effect
of temperature on the liquid viscosity. This further serves to point
out the interplay between all of the fluid properties in affecting the
disintegration of the jet by flashing.

One might well ask at this point what effect 1f any does the
level of turbulence have upon the shatter temperature (or upon the bub-
ble growth rate since the two are interrelated)? It will be recalled
that the solution to the bubble growth rate problem assumes a laminar

flow field immediately surrounding the expanding bubble wall. If this



~51 =

assumption is not valid then turbulence should be accounted for in some
manner; 1.e., the exclusive consideration of the heat conduction prob-
lem is invalid. It can be shown that the characteristic diffusion length
is about 5 to 10 per cent of the film thickness for heat transfer and
thus the thickness of the layer surrounding the bubble in which the major
temperature drop occurs is much less than the thickness of the laminar
boundary layer. As a consequence the effect of turbulence upon the

bubble growth rate should be negligible for the cases studied.

L4, Shatter Temperature Correlation

A correlation of the shatter temperatures was developed, using
the approach of dimensional analysis. Assuming that the shatter termpera-
ture, designated by T, is a definitive characteristic of the jet breakup,

a relationship may be sought of the form:

S (T\DV, AP, @y 4ty k) Heg o) = O (5.9)

where
Hpg 1s the latent heat, and

f(TgD,VEAP,p}pyogk,Hng represents an unknown function to be
determined.

Examination of Bernoulli'’s equation for flow through a nozzle shows that

V and AP are not independent and only one of them need be considered.

Eliminating the variable V and applying the standard method of dimen-

sional analysis and assuming a power relationship yields the equation
IR

Y, = a(Nwe )b(z)c (5.10)
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The constants a,b,c were determined by regression for the three fluids
individually and for the three fluids combined. For the individual

cases Equation (5.10) becomes, for water,

-0.560 - 0.134

}S—;ﬂ = 0.705 (Nwe) (z) (5.11)
for Freon 11,

T _ -0.021 -0.608

Ay T 263 (Nwe) (Z) (5.12)
and for Freon 113

Tk _ -0.875 ©0.0899

ﬁ—l_j}-‘:‘% = O'9\4(Nwe) (Z) (5.15)

The over=-all correlation coefficients for the three equations are 0.89,
0.84 and 0.98, respectively. The values of the dimensionless groups
are given in Table VII.

The exponent on the Weber number in the above equations is
negative for all three fluids which is to be expected from the remarks
previously made about the stability theory of liquid jets. The expo-
nent for the Ohnesorge number 1s also negative, except for Freon 113
and for this latter case the value 1is very near to zero.

As a part of the computer program used to determine the best
equations (in a statistical sense), the correlation coefficients between

the Weber and Ohnesorge numbers were calculated. These are 0.21, 0.73



TABLE VII

CALCULATED VALUES OF DIMENSIONLESS GROUPS FOR BREAKUP DATA

Run Fluid X gy Z Bubble Growth L= Calculated Eq. PV
W pg (x 103)  Rate Constant fg oL,
(Ft /HrL/2) (5.11, 12 or 13) 4 19-3
1 F-11 648 5,49 2.96 6,35 67Tk 15.8
2  F-11 637 8.16 2.99 5.95 .659 14,75
3 F-11 .483  17.95 2.18 2.75 .51k 7.2%
L oPp-11 .503 10,42 2.15 2.90 . 530 7.47
5  F-11 .6%3 8.43 2.k2 5.90 .578 1h.62
6 F-11 621 12.3 2.45 5.55 .567 13.5
7 F-11 643 5.54 2,40 6.10 .59% 15.2
8 pr-11 Lh2g 16,8 1.89 1.10 L73 4,93
9 F-11 sl 13,85 1.95 1.70 . 489 5.53
10  F-11 601 13,81 2.2% 5.10 .531 12,37
11 F-11 577 20.6 2.27 4,60 .521 11,05
12 F-11 637 13,3 2.41 5.90 .558 14,6
13 F-11 Lz 27,6 1.971 1.50 .468 5.25
1k F-11 .656 5.2% 3,48 7.15 LTh6 17.38
15  F-11 JA4hg o 19,0 1.985 1.60 LL48L 5.4k
6 F-11 487 10.85 1.855 2.50 .483 6.86
17 F-113 . 496 k.07 4.95 2.50 .501 8.60
18 r-11% .480 5.51 5.15 2,17 .490 7.65
19 F-113% L4560 11.55 3.78 1.70 b 7.02
20  F-113 LT 6.77 3.65 2.10 . 466 T.77
21  F-113 ke 11,02 3.39 1.38 hlh 6.46
22  F-113 456 7.23 3.32 1.70 . 460 7.02
25 F-113% L8 13,01 3.35 1.50 435 6.68
2L F-113 L4150 19.91 3.08 1.30 .18 5.60
25 F-113% 3L 1h.95 2.96 1.60 et 6.32
26  F-113 .4o8  18.%0 2.65 0.65 s 5.40
27 - F-113 .398 26, 2.7h 0.42 .03 5.11
28  F-113% 11 230k 2.68 0.58 LhoT 5.31
29 PF-11% .398  22.5 2.53 0.42 . ko6 5.11
30  F-11% .396  30.9 2.54 0.30 .395 5.03
31 W .736 5.63 0.903 16.3 .638 2,06
32 W .729 6.1k 0.915 15.9 .649 1.995
33 W .665 i, 78 0.931 14.0 .Th6 1.760
34w 6Ll T.17 0.899 13.1 .596 1.655
35 W 627 7.75 0.915 12.6 . 569 1.60
3% W .483 9.71 0.793 5.8 511 0.983
37 W ok bk 0.925 0.7 Lol 0.68L4
38 W .673 6.94 0.877 14,3 .609 1.792
39 W 667 5.38 0.883 14,0 ..703 1.76
ho w 654 7.75 0.899 13.6 .57 1.705
i w L6h2 5.47 0.860 13.1 .698 1.655
ho W . 483 8.25 1.08 5.8 537 0.940
bz oy 654 5.92 0.687 13.6 .688 1.705
4y W .579 7.85 0.760 10.8 579 1.502
bs W LT3 9.34 0.899 5.4 .514 0.94%9
TSR | Lot 11.6 0.97% 2.5 Lo 0.767
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and 0.91 for water, Freon 11 and Freon 113, respectively. These values
indicate that almost as good a correlation could be obtalned for Freon
113 using either group alone, but for water and Freon 11 no single
group correlation will exist. For the particular case of water this
has been demonstrated by Brown(5) who has shown that no linear corre-
lation exists using the Weber number alone.

When Equation (5.10) was tested using all of the experimental
data, the over-all correlation coefficient fell to 0.65, indicating that
the relationship does not adequately describe all of the data together.
This implies that a variable necessary to interrelate the fluids was
not present in Equation (5.10). An interesting fact which arose while
trying to correlate all of the data using the two-group model was that
the equation would not accurately describe any two of the data sets
taken together except for the Freon palr. Inclusion of a vapor density

ratio in Equation (5.10) results in

b

;%% - Q(Nwe> (zjc(%;)d (5.14)

The constants a,b,c and d were determined by regression on the IBM

709 computer. Equation (5.14), then becomes

-0.23| -0.272 P 0.139
\'%

2 = o3ualhe)  (Z) %) (5:13)

/4‘493 -

The over=-all correlation coefficient for the above model was 0.86. At
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a 95 per cent confidence level the exponents are given by:

b = "05251 i 0005
¢ = =0.272 + 0.054
d = 0.139 + 0.02

The correlation coefficients between the groups were 0.070, 0.26 for
0.079, substantiating the above remarks that a correlation for all of
the data of the form of Equation (5.10) does not exist. The results
indicated by Equation (5.15) are shown graphically in Figure 12 and in
a tabular form in Table VIII.

The signs of the exponents of Equation (5.15) are worthy of
some comment, The negative sign on the exponent of the Weber number
is entirely consistent with the stability theory of liquid Jjets since
at increasing values of the Weber number, the jet tends to break up
under the action of inertial and surface tension forces alone, without
the addition of superheat. The negative sign on the exponent of the
Ohnesorge number is very interesting, since either its value or magni=-
tude would be very difficult to predlct. The Ohnesorge number contains
four very important variables, viscosity, dilameter and surface tension

and density. At a constant level of Weber number and density ratilo

T o d DCg

/M
The negative sign then indicates the very strong importance of the diame-
ter as a variable controlling jet breakup, since based on surface tension

and density alone the sign would have been positive.
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TABLE VIII

COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES
OF SHATTER TEMPERATURE GROUP

Tk Tk
Run Exp Calc. (E al
g n dq. 5.15
1 0.648 0.613%
2 0.637 0.551
3 0.48% 0.456
4 0.50% 0.522
5 0.6%% 0.589
6 0.621 0.530
7 0.643 0.655
8 0.429 0.616
9 0.451 0.458
10 0.601 0.528
11 0.577 0.470
12 0.637 0.532
13 0.443 0.405
14 0.656 0.594
) 0.k4h9 0.4h3
16 0.487 0.537
17 0.496 0.541
18 0.480 0.489
19 0.456 0.h45h
20 0. 477 0.528
21 0.4k2 0.470
22 0.456 0.53%0
23 0.448 0.450
2k 0.415 0.41h
25 0.434 0.458
26 0.408 0.442
27 0.398 0.397
28 0.411 0.415
29 0.398 0.424
30 0.396 0.394
31 0.736 0.660
32 0.729 0.640
33 0.665 0.660
3h 0.641 0.602
35 0.627 0.58k4
36 0.483 0.537
37 0.40%4 0.436
38 0.673 0.620
39 0.667 0.654
Lo 0.65k4 0.594
b1 0.6k2 0.651
L2 0.48% 0.495
L3 0.654 0.696
bk 0.579 0.608
45 0.473 0.515
L6 0.427 0.k459
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5. Summary

From the discussion of the previous sections of this chapter
we may conclude that the shatter temperature is definitive of the break-
up of a superheated liquid jet and that this shatter temperature is
unique for any given set of physical and fluid variables. The relation=-
ship expressed by‘Equation (5015), which relates the shatter temperature
to the variables of the system can be used to calculate the breakup
temperature of other superheated liquid jets. This relationship would
perhaps not be completely accurate at very high liquid viscosities or
in cases where the receiving pressure is very far removed from atmos-
pheric. High liquid viscosities could occur if liquids containing im=
purities (slurries) or artificial thickeners were injected. High vis-
cosities can not result from the use of other liquids and hence Equa=-

tion (5.15) may be considered to apply to all pure liquids.



CHAPTER VI

SPRAY EVAPORATION

1. Theory

The problem of calculating or predicting the evaporation rate
of liquid droplets contained in sprays has received fairly wide atten-
tion in recent years. To gain an appreciation of the factofs involved
in the problem, let us first consider the simplest possible case=-=-a
spherical drop of a pure liquid of dismeter D and temperature T in

still air. For this case the total diffusion is given by

N = BWDDt-@—E— (6.1)
R
where
N is the total diffusion rate
D is the drop diameter
Dy is the diffusivity
T is the drop temperature
R is the gas constant
AP is the vapor pressure at T minus the pressure of the
diffusing liquid at an infinite distance.
FToessling(l6) has studied this problem theoretically and has
obtained some interesting and useful results, particularly in the limit-
ing case of zero Reynolds number; i.e., no relative velocity. This

case is of practical use in representing a finely dispersed spray system.

_59:.
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He was able to predict the relationship:

kg MD P

he D - - . (6,2)
ke Dt o = &°

where
h 1is the convectilion heat transfer coefficient

ke is the thermal conductivity of the gas film surrounding
the evaporating drop

k . 1s the mass transfer coefficient

M is the mean molecular weight of the gas vapor mixture
in the boundary layer surrounding the drop

Py is the average value of the vapor pressure of the non
diffusing gaseous component surrounding the drop

p is the density of the liquid

For the more general case of forced convection, many investi-

gators have validated the semi-empirical expressions:

I/ l/
*};QD = 2.0 + o.eo(Npr) 3(/\/Re) - (6.5)
R MDP 13, |\l
%T@i = 2.0+ 0:60(Ns) *(Ivee) (6.4)

where
NPr is the Prandtl number
NSc is the Schmidt number

NRe is the Reynolds number
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An expression equivalent to (6.1) is
dw _ X 6.
Y RTDD. P (Ps"‘ Ps) (6.5)

in which p/Pr has been substituted for RT in (6.1). In the use of
the above equation Ranz and Marshall(45) have shown experimentally that
the drop temperature is essentially that of the temperature of the sur-
face of the drop and that this surface temperature is the wet bulb tem=~
perature for the humidity conditions involved. They also developed and
discussed the significance of Equations (6.3) and (6.4). They argued
as follows: In still air the drop evaporates uniformly from all portions
of its surface. When the drop is in a moving gas stream, this symmetry
must be destroyed except at very low relative air velocities. The equa-
tions account for this loss of symmetry, resulting from the changed
pattern of air flow around the drop, by modifying the coefficients for
evaporation in still air.

Although the same theoretical considerations apply to clouds
of drops as to a single drop, the problem is complicated by additional
factors. One of these 1s that the drops may be dispersed in a turbulent
gas stream. Liu(27) and Soo(5u) from a study of this aspect of the prob=-
lem concluded that the eddy diffusivity of the particles and of the gas
are almost equal for small particles and at low intensities of turbulence.
This means that small drops, in a turbulent gas stream, should evaporate
at a rate corresponding to the rate which occurs at zero relative velocity.

Kessler(25) studied a similar problem and showed experimentally

that for alcohol drops in the 14 to 30 micron size range that the
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evaporation rate was that predicted for stagnant conditions. Mirsky(55)
in a recent study arrived at essentially -the same conclusion=--viz. that
small drops evaporate as though stagnant conditions prevail.

A factor which must be considered in this study is that
nearly all of the data were taken in a region in which the great majority
of the liquid drops were decelerating. A few studies have been carried
out in which the effects of acceleration or deceleration on the rate of
evaporation were studied. Manning and Gauvin(Bl) in a series of inter-
esting experiments demonstrated that the correlations of Ranz and Marshall
accurately describe their measured heat transfer (or mass transfer) co-
efficients, in the zone of deceleration. The drop sizes, velocities and
deceleration rates correspond roughly to those encountered in this in-
vestigation. Crowe(7) in his recent Ph.D. thesis was able to. show on a
theoretical basis that deceleration will affect the evaporation rates
only at magnitudes of deceleration much abdve those encountered here.
On the basis of this theoretical and experimental evidence Equations (6.3)
or (6.4) may be assumed to give a reasonable description of the evapora-
tive process of the spray droplets.

Rewriting Equation (6.5) in a different form leads to:

Sj_\i\—/ - A Alat) (6.6)
de NS

where
A 1is the area for heat transfer

ot =tg -~ tg where tg and tg are the air and surface
temperatures respectively

Ag 1s the latent heat of vaporization corresponding to tg

© 1is the time
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If the two relations for h, at either zero or finite relative velocity

are substituted into (6.6), there results:

2he  AAL) (6.7)
D AS

ELFL
Dlz
|

for zero relstive velocity, and

dw - Alat) ks 2, /3 (6.6)
de - —?\—S—D——(E.O-i-o-eo(wﬁe) (;\/pr> ) :

for finite relative velocity.

Equation (6.7) may be integrated directly to give

P ns 2 2
s = ______(D- - ) (6.9)
8/&; JAN P9 °© D
where
DO is the initial drop diameter at some arbitrary time zero

D is the drop diameter at any other time &

Rearranging Equation (6.9)

2 & (6.10)

where

— 8*?9 JANG o
" € Ns

For the case of finite relative velocity, substitution and subsequent

integration yields
Do

- € Ns jb DdID
© = Axat (14 0:3(Nge)? (Ve )"3 (6:21)
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Integration of Equation (6011) can be carried out by a stepwise process
having a knowledge of a relationship between the drop diameter and drop
velocity. However it has been demonstrated(BE) that for drops below

100 microns in diameter the effect of air velocity on the rate of evapora=-
tion is negligible and the use of Equation (6.10) is justified. For drops
larger than this size, Equation (6.11) should be utilized. For the parti-
cular case under investigation all of the drops of 100 microns and above
are traveling at velocities of the order of 50 to 100 feet per second.

As a result they require a time of about 10-3 seconds to traverse the
distance from four to seven inches away from the nozzle. Consequently,
their contribution to the rate of evaporation is small enough so that
Equation (6.10) can be used for all drop sizes, without introducing a
serious error,

2, Prediction of Drop Size Using a
Measured Initigl Size Distribution

The experimental data afford an excellent opportunity to study
evaporation rates of sprays formed by the flashing process. The evapora-
tion of the spray is reflected in the variation of the average drop diame-
ter as a function of location in the spray and distance from the nozzle,
This variation is tabulated in Table XVII, Chapter VIII and is shown
graphically in Figures 15 through 22. It will be observed that there is
no simple relationship between average diameter and distance from the
nozzle,

In estimating the evaporation times and/or rates, it 1s neces=-
sary to be able to specify or estimate the droplet temperature in order

to evaluate the term Aty. One manner in which to do this is to measure
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the humidity and temperature of the air in the spray and from this in=-
formation determine the wet bulb temperature. This requires fairly
elaborate experimental equipment which was not avallable. An estimated
value of Aty of 20°F was used in these calculations for the evapora-
tion of the water sprays. This value was arrived at from two considera-
tions:

(1) An ordinary mercury thermometer was placed in the spray
and the temperature difference between it and the air
temperature was very near 20°F. This is admittedly not
an extremely accurate determination, but it will give a
very good estimate.

(2) The air temperature is of the order of 80°F and the
droplet temperature cannot be below about LO°F, as an
extreme; this gives the maximum attainable Aty as
about LO°F.

Fortunately, it was discovered from the calculations that the

choice of either 20 or 40°F for Aty made very little difference to
the final answer.

Having estimated Aty as 20°F then

\ - 8/&&‘— Atm
A P Ns

becomes equal to 1000 micronsg/seco for water. The calculations were
then carried out in the manner described below, To illustrate these
calculations, location 1 (center line) has been chosen as a specific
example. The drop size distribution at a distance of four inches from

the nozzle was assumed tc be correct and using this as a starting point,
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the drop number distributions at distances of five, six and seven inches
were calculated. Time zero was assigned to the distance of four inches
and the timesfor the drops to reach a distance of five, six and seven
inches were calculated using the known velocity data. Figures 13 and 1k
depict the drop velocity profiles for this location. The size ranges
referred to are those tabulated in Table XXI of Appendix B. Table IX
summarizes the results of these calculations, both for this particular
example and for all of the other spray locations. It now is a fairly
easy matter to utilize Equation (6.10) to determine the new mean diame-
ters at distances of five, six and seven inches. In carrying out the
calculation 1t was assumed that the average diameter of any size range
was representative of all the drops in the size interval. This, or some
similar assumption, is necessary, because of the method used in taking
the raw data. When the drops were counted no indication was made as to
where they fit into the size interval; i.e., whether they are near to
one extreme or the other or near the average diameter., On this basis
the data given in Table X was calculated. Examination of Table X 1llus=
trates vividly the well known fact that smaller dlameter drops evaporate
much more rapidly than larger diameter drops., Using the information in
Table X and the known number distribution at a distance of four inches,
the drop size distributions were then calculated at the three other dis-
tances from the nozzle. From this the new average drop diameters were
calculated. Figure 15 shows a comparison between these "calculated"
average diameters and the experimentally observed values. Figures 16,

17 and 18 show similar comparisons for the other three spray locations
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TABLE IX

TRAVEL TIMES FOR SFRAY DROFLETS
(Times Seconds x 1070)

Run

D_J

E_.l
OW 0~ O0O\W0W OO0 =Nl WDV WO U =W WU =\ o

=

Loc, Size Range
2 3 L 5 6 7 8 9 10

1 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0,000
1 12,20 8.450 3,990 3.550 2,800 2,210 1.190 1,020 0,920
1 2.7% 17.07 8.52 7,74 5.95 L.67 2.54 2,12 1.9
1 52.2 b1,26  13.4 12.6 9.40 8.29 L,02 3.31 2.94
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00
2 - 10.2 6.18 3,64 2,91 2.30

2 - 27.6 13.8 9,23 6.42 5.00

2 - 48,7 22,1 1h,7 10.7 8.00

3 0.00 0.00 0.00 0,00 0.00 0.00

3 - 17,01 7.28 4,67 4,29 -

3 - 42,6 17.47  10.8 9.53 -

3 - 81.8 29,47 17.7 15.6 -

L 0.00 0.00 0.00 0.00 0.00 0.00

L - 11.54 9.70 9.17 7.41 4,67

i - 23,1 20,4 20,4 16.7 11.2

L N 28.8 31.6 33,0 27.3 19.6

1 0.00 0.00 0,00 0,00 0.00 0.00

1 6.40 b1k 1.96 1.51 1.00 1.48

1 - - 2.16 1.73 1.05 1.63

1 - - 2,18 1.81 1.08 1,74

2 0.00 .00 0,00 0,00 0.00 0,00

2 - 4,00 2,31 1.87 1.12 0,94k

2 - - 2.5 2.02 1.22 1.04

2 - - 2.7k 2,20 1.30 1.11

3 0.00 0.00 0,00 0,00 0,00 0.00

3 - L, 57 2.7% 2,12 1,54 1.11

3 - - 3.3% 2.37 1.70 1.28

3 - - 4,16 2,60 1.81 1.49

Note:

Times are not given past the point of evaporation for the drop.
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and Figure 19 depicts the comparison for the linear average diameter
for the total spray.

Similar calculations were carried out for the Freon 1l spray
using a value of Aty of 80°F., This value was determined in a manner
similar to the Aty for water. The value of the evaporation coeffi-
cient K for Freon 11 is L0600 microns2/sec° This is much larger than
the value of the coefficient for water, in part because of the larger
Aty, but primarily because the latent heat of vaporization is an order
of magnitude less (78.5 Btu/lb as compared to 970.3 Btu/lb). The re-
sults of the calculations are shown in Figures 20 through 22.

Attention should be directed in particular to Figure 17 which
shows the worst agreement between experiment and calculations. This
afforded an excellent chance to investigate the effect of a variation
in Aty and hence in the value of the evaporation coefficient K.
(Remember that only a small range of Aty 1s permissible, because of
the physical limitations imposed by the system.) Reference to Figure 17
demonstrates that changing the value of Aty from 20°F to LO°F has a
relatively small effect on the calculated drop distribution. In fact
any error in the choice of Aty is far outweighed by any error in the
experimental data which is used as a starting point in the calculations.
This observation is further borne out by the data given in Figure 213
where once again a change in the value of Aty does not significantly

alter the predicted drop distributions.
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3. Flow Rate Checks Based Upon Evaporation

One manner in which the over-all accuracy of the spray analyses
may be measured 1s by comparing the computed flow rate of the spray from
the drop size analyses and their velocities, and the flow rate of the
injected liquid jet. This procedure immediately poses a problem=--=how
much of any given spray will evaporate between the nozzle and the point
at which the experimental data were taken? Evaporation, in this case,
will result from two things. Firstly, evaporation due to loss of sensi=-
ble heat in the liquid drops which must cool from their boiling point
down to the wet bulb temperature and7secondlx,the type of evaporation

discussed in the previous section.

3.1 FBvaporation Due to Sensible Heat Loss

When the droplets are formed at the nozzle their temperature
will be very close to the saturation temperature. There is considerable
evidence in the literature to indicate that once dynamic equilibrium
conditions have been attained, evaporating spray drops remain at the
wet bulb temperature to the drying air.(52)

Near the nozzle an unsteady state period can be expected to
occur before the drops reach a constant temperature. The time required
to reach this steady state condition is very strongly dependent upon the
drop sizes present at atomization. Coarser droplets will require a
longer distance than finer droplets. From theoretical calculations El
Wakil, Uyehara and Myers(l5) estimated that a 50 micron drop of octane
issuing from a pressure nozzle with an initial velocity of 100 ft/sec.

would require 0.23 seconds to reach a steady temperature.
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Lyons(Bo)

in 1951 supplied some very useful experimental in-
formation. Using a copper constantan-thermocouple probe located 1/8
inch away from the nozzle, he reported the following observations:
(1) With a feed water temperature of 81°F the wet bulb
temperature of the air (61°F) was reached in 1/8 inch.
(2) With increasing feed water temperature and fine atomi-
zation the wet bulb temperature was agaln reached if
the feed water temperature did not exceed 102°F. The
spray temperature at a distance of 1/8 inch was 2°F
higher than the wet bulb for a feed water of 11L°F and
12°F higher for a feed water of 164°F,
An estimate of the time required for a droplet to reach a steady

temperature, for the conditions of interest here, can be estimated by

solution of an equation develcped by Froesling:

STy, D s, U
-SE = —Z——M—B—ERDT D(1 + 0276 (Nee ) (Ns.) ) (6.12)

where
Dy is the molecular diffusivity of water or Freon through air
D is the drop diameter

Py is the vapor pressure of the vaporizing liquid at the drop
surface temperature.

Equation (6.12) may be integrated to give an estimate of the time re-
quired for this process. It can be shown that Equation (6.12) for the

case of water becomes

dm _ OS5 7 DR D
dt - RT (6.13)
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The results of integrating this equation predicted that the drops con-
sidered would lose thelr sensible heat and reach the wet bulb tempera-
ture in a distance of about one inch. This prediction was verified
qualitatively by means of a thermocouple placed in the spray at this
point. It was found that the spray temperature at this distance did
approximate the wet bulb temperature. In a similar manner it was esti-
mated that Freon 11 drops would reach a steady temperature in about the
same distance. On the basis of this evidence it was deemed safe to
assume that by the time the droplets were four inches away from the

nozzle they were at their wet bulb temperature.

3.2 Convective Evaporation

There are three techniques reported in the literature for the
estimation of the evaporation rate of sprays. These were developed by
Sjenitzerg('i5> Fledderman and Hanson(14> and Proberta(ug) Marshall in
his recent symposium recommends the use of Proberts method, which will
be used here. The details of his development of the analytical technlque
are given in Appendix C. In 1t there are assumptions made which are
worthy of discussion at this point.

(1) Probert found it necessary to assume zero relative

velocity between the droplet and the air stream. The
Justification for this same assumption for the parti-
cular case under study has already been discussed.

(2) Probert further assumed a constant value of the evapora-

tion coefficient XK. Recalling that the evaporation co=
8k At
efficient K is, K = —form

p}“s
tamount to assuming a constant value of Aty.

, this assumption is tan=
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(3) He assumed that the spray drop size distribution could
be represented by the Rosin=-Rammler equation. As is
shown in Chapter VIII, this equation does fit the data
as well as the log normal distribution, so any per cent
error resulting from its use will be negligible.

Using the numerical integration chart given by Probert (shown
in Figure Ml) and the values of the constants in the Rosin-Rammler equa-
tion found in Chapter VIII, estimates of the evaporation losses from
the spray were then prepared. Adding together this loss with the loss
due to evaporation from the sensible heat, the flow rates obtained from
the drop count were compared with the measured flow rates. The total
evgporation is given in Table XI below and the results of the flow rate
comparison are shown graphically in Figure 25. The per cent error in
most cases is of the same order of magnitude as those reported by Browna(5)
The largest deviation occurred at a distance of 7 inches from the nozzle
for Freon 11. Examination of the data revealed that this was caused by
two or three large drops present in the sample which were not present at
the other three distances. The occurrence of these drops alters the cal-

culated flow rate by a considerable margin.

TABLE XI

CALCULATED PER CENT EVAPORATION OF SPRAYS

Distance from Nozzle Per Cent Evaporated

(Inches) Water Freon 11
k.0 16 T0
5.0 17 T2
6.0 18 80
7.0 19 85
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4, Summary

The data presented in this chapter support the conclusion that
the evaporation of this type of spray may be calculated using the drop
size distribution and the standard rate equations for heat and mass
transfer. However, the sensible heat content of the droplets at their
injection must be accounted for.

Another important conclusion is that evaporation must be taken
into account when attempting to check a measured flow rate (i.e., using
the drop count and velocities taken from the photographic negatives)
with that given by the orifice equation. This must be done not only be=
cause of the high injection temperatures but also because of the large

number of small drops present and the small average drop diameters.



CHAPTER VII

DROP VELOCITY PROFILES WITHIN THE SPRAY

As explained in a preceding chapter, drop velocity measure=
ments were taken at each of the spray locations and for both water and
Freon 11, This data is tabulated in Appendix B. The drop velocities
were measured at distances from the nozzle of four, five, six and seven
inches from the nozzle for an injection pressure of 120 psig. Veloci=
ties were also determined for a distance of four inches at an injection
pressure of 90 psig.

The drop velocity at any point within the spray would be ex-
pected to be a funetion of the initial velocity (injection pressure),
the velocity of the gas stream through which it is traveling (induced
air velocity) and of the so-called drag coefficient applicable to the
drop under question. Before discussing the data, a brief review of the

ballistics of droplets will be given.

1. Equation of Motion of a Particle

We can write down the equation of motion for a droplet using
Newton's second law and a defining equation for the drag forces acting
on a particle. The hydrodynamic drag acting on a body moving in an

infinite fluid field may be written as

2
D = Co(H—)A (7.1)

where

CH 1s a dimensionless drag coefficient

D
o 1s the density of the fluid

-85=-
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V 1s the velocity of the particle

A 1is the projected area of the particle on a plane oriented
at right angles to the direction of motion.

With this definition for the drag forces, the equation of motion is

2 2
od - _P)( _ dX) (7.2)

Mae = CD(a Vi 3E) A+ By

d? P dy ¥ (7.22)
My - - _ Yy .28
™ dt* ~ CD( 2)(\/" dt)A + E,‘/

where
M° is the mass
Vys Vy are the components of the stream velocity in

x and y directions, respectively
EX and Ey are the components of ény external forces acting
on the droplets,
It is clearly apparent that Ey is zero and it is demonstrated in
Appendix E that gravity forces acting on the droplets may be neglected
relative to the drag forces. Thus E, may be set equal to zero.

Let us assume radial symmetry within the spray, or in other
words, we shall consider that the spray has ceased to expand in radius
and has taken on a cylindrical rather than a conical shape. This situa-
tion occurs about four inches from the nozzle for the fluids used.

Equation (7.2) then becomes, at low Reynolds numbers

2
MYE = e NG (Ve -5 (7.3)
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where use has been made of the fact that Cp = 2k for Ry less
Re

than 2.0. In Equation (7.3) the Reynolds number is defined using

the relative velocity between the particle and the gas stream. For

the sake of convenience, let us correct for any deviatlions from the

relation in (7.3) by writing

2
o d X  _ dx N

Maw = R(6TONR Ve — SF) (-4
The correction factor k will not be the same for all drop diameters,

but over a reasonably small range of Reynolds numbers could be con=-

sidered to be constant. Defining the dimensionless parameters

T = -

R (67T Nge)
_ X
€= -4
T - _t
¢ = T

Equation (7.4) becomes

d°e de
dxz v dv

.

il
O

(7.5)

which has as its solution

E(7) = €lo)+ T + €) - Elore™* + 2~ % — | (1.6)
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Equation (7.6) is of the form

Y= A+ Be T+ T (7.7)

where the terms A and B have an obvious meaning, and €'(0) 1is the

de
ar 7= 0
Differentiation of (7.7) then ylelds an expression for velocity

vealue of

°

as a function of time:
d -
dE’?.' = 11— Be (7.8)

Equation (7.8) predicts that velocity decreases exponentially with time
and hence will decrease with distance in a manner approximating an ex=-

ponential decay.

2. Corrections to the Drag Coefficient

In the step between Equation (7.3) and (7.4) a correction term
was applied to the so-called Stokes law drag coefficient. The question
naturally arises as to what considerations are involved in this correc-
tion.

Corrections to the Stokes law relation should be made if any
of the following situations arise:

(1) If the fluid is not infinite in extent

(2) If the motion is not dominated entirely by viscous forces;

i.e., 1f vortices and/or separation occur behind the
sphere

(3) If the fluid is not continuous-=-for the case of very small

spheres the fluid must be regarded as a discontinuous

molecular field
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(4) If the sphere undergoes accelerated or decelerated motion
in the fluid
(5) If the sphere is evaporating to a significant extent.
Clearly (1) and (3) above do not apply to spray systems such as this.

The remaining corrections will be briefly discussed.

2.1 Corrections for Non=Creeping Flow

At values of the Reynolds number above 2.0, inertial forces
can no longer be neglected in determining the drag coefficient. This
correction is nearly always made by finding a function which will fit
the experimentally determined data. A typical function is that of
Langmuir:

-38>24

Co = (1+0197n2%% 4+ 2.6 X107 Ng, Ne (7.9)

Re

This equation describes the experimental data up to a Reynolds number

of 2000 within an error of about seven per cent.

2.2 Corrections for Accelerated Motion

The drag coefficient is a function of the Reynolds number
alone only when the motion is steady. There is very little experimental
data available in the literature concerned with the acceleration effects
on the drag relations. Most investigations which have been carried out
point to the conclusion that the drag coefficient increases for both
low and high Reynolds numbers whenever the density of the body approaches

the density of the fluid. Basset(4) and Pearcy and Hi111(39) have both
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concluded from their studies that the effect of acceleration is small
for small spheres and increases with increasing fluid density.

Crowe(7) has conducted a very interesting theoretical analysis
of the effect of a constant linear acceleration on the drag coefficient.
He was able to show that

ACs .
Co =

_‘197“ AC (7.10)

where

- d
oz B gt

By use of Equation (7.10) it is readily shown that acceleration will

have no effect on the drag coefficients in sprays since the value of

the acceleration modulusJ AC> is of the order of lO'l*°

2.3 Corrections for Evaporation of the Droplet

The most useful work carried out on the effect of evaporation
on the drag coefficient was published by Crowe.(7) He began with the
momentum equation describing the system and included in it the term for
mass flux at the surface of the drop. The resulting integro-differential

equation was solved by a perturbation technique to yleld the relation:

Co ( L+ 0-2BAC
! (7.11)
Cy S3 (1-C5)¥3 (Ce-1)'/3
where
Ceo = skin friction coefficient for the case of no evaporation
Cs¢ = skin friction coefficient for the case of evaporation

Schmidt number

n
Q
1}
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Cg = concentration of the evaporating component at the

surface

Ce = concentration of the evaporating component in the
free stream

AC = Cs - Ce

Crowe was further able to demonstrate that the effect of evaporation in
the wake region is negligibly small compared to the effect predicted by
Equation (7.11).

Using Equation (7.11) as a basis an estimate was made of the
probable effect which evaporation will have for the specific cases of
water and Freon 11 sprays. Assuming that the mass fraction in the free
stream is near zero, the mass fraction at the surface may be estimated

from

C, = — a - <a ﬂh(_ﬁli> (7.12)

where

MAg Mp are the molecular weights of alr and the evapcorating
component, respectively

Py 1s the partial pressure of the evaporating vapor

A semi gquantitative measurement of the drop temperatures indicated that
they were about 60°F for water and about =20°F for Freon 1l. At these

conditions PV/P is small relative to one and Equation (7.12) becomes

Cs o= EX ﬂi (7.13)
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Using data available for water and Freon 11(11’12)

the values of Cg
were calculated for both systems. Substitution of these values into

Equation (7.1ll) subject to the assumptions given above yields:

Cro
Ci L 1+ o1 (7.1%)

for Freon 11, and

C:Fo

vy < | + c.005 (7.15)

for water.
Equations (7.14) and (7.15) state that the drag coefficient for water
should be decreased by less than 0.5 per cent and for Freon 1l by less

than 12 per cent.

2.4 Corrections for Interaction of Particles

The previous sections of this chapter have been concerned with
the motion of individual droplets. If at some point in the spray the
concentration of drops becomes large, they will exert a mutual influence
upon the flow patterns around each other. The effect of concentration in

streamline flow may be allowed for by an equation of the form

D= 3TuxVDA (7.16)

where k, is a factor dependent upon particle concentration. Two corre-
lations of k. have been published. Steinour(55) found in a study of

hindered settling that

ke = &% 07h820-€) (7.17)
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and Birgers(8> in a theoretical study predicted that for relatively

dilute "solutions"
ke = |+ 6.875(1=8,) (7.178)

In the above two expressions e, 1is the fraction of fluid phase present.
An estimation of ey for the sprays studied and use of Equation (7.17)
predicted values of ke of about 1.0l to 1.001l. In other words this

correction, based upon Equation (7.17) or (7.17a) may be considered negli-

gible.

3. Induced Air Velocity

In Equations (7.2) and (7.3), which describe the motion of a
droplet, one of the important parameters is the velocity of the gas
stream. For a spray this velocity results from the phenomenon known as
induced alr flow., When the spray leaves the nozzle the leading droplets
impart their energy to the surrounding air causing its forward motion
and thereby reducing the air resistance for the following droplets.

Ranz and Binark(AA) have conducted an experimental and theo=-
retical investigation of induced air flows In hollow cone and solid cone
sprays. The sprays formed by flashing jets are neither truly hollow
cone or solid cone. This can be seen by reference to Table XII which
summarizes the per cent of total flow by location in the spray (the lo=

cations referred to are those described in Chapter III).
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TABLE XII

PER CENT OF TOTAL FLOW BY LOCATION IN SPRAY
(Injection Pressure 120 psig)

water Freon 11
Distance
from Nozzle L4 5 6 7 L 5 6 7
Location
1 9.25 2.8 140.0 1.36 8.15 7.05 0.6 3.k
2 35,4 60. 4 40.3 15.35 | 60.7 59.7 28,1 e, 2
3 25,8 23,9 15.4 4o, 7 31.2 33,3 71.3 50.6
L 29.5 12.7 L.07  L42.0

3.1 Analysis of Induced Air Flow in a Hollow Cone Spray

An analysis of the induced air flow in a hollow cone spray
can be based on a momentum balance between the total drag force operating
on all of the droplets passing through an areas in a given time interval
and the component of air momentum in the direction of drop motion. As
an approximation it can be assumed that at any given location on the
outer periphery of the spray an average drop diameter and an average drop
velocity can be specified together with the appropriate number of drops.
This information is readily available from the experimental data. If
one assumes that the average values are correct then the drag force on

all of the droplets is

ﬂ( J';-Dz)( Co ga \/ua) (7.18)

where

n is the number of droplets

Pp is the air density
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Vb is the velocity of the drop of diameter D
D 1is the drop diameter

Cp is the drag coefficient

Ranz has shown that the air enters the spray sheet at
right angles to the motion of the droplets. The component of alr momen=

tum in the direction of drop motion is
rd
V. ctne (7.19)

where
@ 1s the cone angle

Vi is the induced velocity of alr entering from outside
the spray.

A momentum balance then yields the expression

Ve[St G ﬂ"a (7.20)
%) 4 N 2etn®
Using Equation (7.20) an estimate of Vi can be made and from this the
air velocity inside the spray may be calculated, which from continuity
considerations must be (Vi{/sin @).
There are some limitations to this model which are enumer-
ated below:
(1) 1In writing the momentum balance it was assumed that the air
entered the spray at right angles to the direction of motion
of the droplets. This assumption was partially verified by

Ranz's experiments, but is certainly questionable.
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(2) The model suggests that once a drop has slowed to its terminal
velocity corresponding to the induced air velocity, that it
will be blown into the center of the spray. The experimental
data do not completely substantiate this conclusion. The drops
on the outer periphery of the spray are, in general, larger
than those in the center, but small droplets do occur at this
location.

(3) The model assumes an unidirectional flow for the air in the
spray core, Visual observations of the spray showed a tend-
ency for swirling to occur, suggesting the occurrence of air
flow in other than a vertically downward direction.
Nevertheless, the model is very useful for estimating the in=-

duced air velocity. Using Equation (7.20) the air velocity was calcu-
lated at a distance of four and five inches from the nozzle. The ve-
locity at distances of six and seven inches were not calculated because
at this point the spray was no longer conical but was cylindrical in

shape. The results of these calculations are summarized in Table XIII.

TABLE XITI

CALCULATED INDUCED AIR VELOCITIES

Distance from ‘ Veloeity Velocity
Nozzle Inches Fluid Ft/Sec (Bq. 7.20) Ft/Sec (Eq. 7.21)
b Water 5.4 ~ L0
5 Water 2.6 ~ L0
b Freon 11 L.9 ~~30
5 Freon 11 2.8 ~30
We may summarize this by quoting from Ranz and Binark: 'The

air velocity outside the spray cone decreases with Increasing distance
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from the orifice and increasing distance from the spray sheet., Veloci-

ties inside the spray sheet are higher than the corresponding velocities

outside the spray sheet and decrease with increasing distance from the

nozzle orifice,

In a radial traverse the air velocity shows a maximum

on the spray cone axis."

Based on this, inside the spray sheet the following qualitative

profile should occur:

(1)

The air velocity is radially distributed about the center
line and the velocity of the small drops should decrease
from the center line ocutwards, since these drops should
be carried along with the air stream.

On the outer periphery of the spray sheet the drops should
behave approximately according to the well known drag re-
lationships if the induced alr enters at right angles.

The departure from this relationship could perhaps be
construed as a measure of whether or not the induced air
does actually enter at right angles.

The drops in the central core should decelerate more or
less uniformly and approach either their "terminal"
velocity or the induced air velocity, whichever is larger.
(The terminal velocity is in a moving alr stream and is
not to be confused with the more commonly used notion of
terminal velocity in a still air stream.) The rate of
approach to this terminal velocity will be different for

different drop sizes,
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5.2 Solid Cone Sprays

Ranz found that for solid cone sprays the air flow was also
induced at right angles to the edge of the spray, but on entering the
spray turned in the direction of the nozzle axis. He assumed that
"average alr velocity, drop velocity and liquid flux inside the spray
have a normal redial distribution with the same dispersion, and that
average drop and air velocities are approximately equal throughout the

spray zone." Based on this assumption he showed that

2 \%)( SD'E) - (7.21)

where

s 1s the r distance at which the spray liquid flux equals
l/e times the maximum value

Do is the orifice diameter.

Using Equation (7.21) for the case of r = 0O (center line)
and s = 0.8 for water and O.4 for Freon 1l air velocities were
once again estimated. They are also given in Table XIII. It is readilly
seen that this particular model does not describe the induced air flow
in the spray very accurately, since the velocities are too high by an

order of magnitude.
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FT./SEC.

DROP VELOCITY,

-101-

“0 T T T T 1 A

WATER WATER

0.8 INCHES FROM AXIS 1.2 INCHES FROM AXIS

( ) NUMBER OF DATA POINTS () NUMBER OF DATA POINTS
o [ 1 SIZE RANGE [ 1 SIZE RANGE
90 \\ (91

x (0) \
80 x{7)
\x(S)

70

X

60 \

0(&) \
50 N

\ (8] (34

K (1)

%

X
[8]
20 o (14) N
( h \ (5)
18) X
71 \
30 \ _X(18)

D (18)
8 (oL X (22)

/.
|
|

(430 | (6] ) (27)

61
(2aX — XD \y\
\&{ & 0 (55) (15) O ——
teo——— @ =2l y

20

Jo/

— X (57) — X (31)
Y (30 TOF, S B — )
10 (3] 18] ——(15) 8 5ol
497 X (12) o X % 122
(5)> (4) (10)
(3%
4.0 5.0 6.0 70 2.0 50 6.0 7.0

DISTANCE FROM NOZZLE, INCHES

Figure 26. Velocity Profiles for Water, Locations 3 and L.




DROP VELOCITY (FEET PER SECOND)

80

70

60

50

40

30

20

-102~-

[
FREON I ‘ FREON ll|
CENTERLINE 04 INCHES FROM AXIS
( ) NUMBER OF DATA POINTS| ( ) NUMBER OF DATA POINTS
[] SIZE RANGE [ (] SIZE RANGE
ﬁ-)(a)
(8)9"\
(7]
T~ o
X (1
X (6)¢
61 | —x(8 (1 T
~—_ (8 D(13) (nx
(7)0 (5)9
(23))(\
o]
(4)x\
(14)&44)
(NO~—___o3)
3]
(12)

4.0 5.0

6.0

7.0 4.0 5.0 6.0 7.0

DISTANCE FROM NOZZLE (INCHES)

Figure 27.

Velocity Profikes for Freon 11, Locations 1 and 2.



-103 -

70 T T
FREON |1 |
0.8 INCHES FROM AXIiS
{ ) NUMBER OF DATA POINTS
60 [ 1 SIZE RANGE
50} —
\\
~ 7]
~
\\
40 ~—~_ X(9)

0D

\ X (4) ]

(6]
30 \ X (1)

x(27) ;ER

RS

q

q \

" , \ X
(4«)\)& (7) Ql (55))NK (an

Ie )\c

D (5)

D(7)

20

DROP VELOCITY, FT. /SEC.

7

(19) X >

10 %r‘a\

4.0 5.0 6.0 70
DISTANCE FROM NOZZLE, INCHES

Figure 28. Velocity Profiles for Freon 11,
Location 3.



-104-

4, Discussion of Data

The velocity profiles at all injection pressures and at all
locations are essentially of the same form. Figure 24 is a typical set
of velocity curves. It depicts the drop velocities for water at a dis-
tance of four inches from the nozzle and at an injection pressure of
120 psig. The curves are seen to be "S" shaped and the drop velocity
for any given size range usually decreases as one moves away from the
spray axis. Also at a given position relative to the center line
larger drops are traveling at a higher velocity than smaller drops.
Similar plots for all the other spray locations and for both fluids
exhibited these same general characteristics.

A more useful manner of presentation of the velocity data is
to construct at each location a plot of drop velocity as a function of
distance from the nozzle, with size range as a parameter. Figures 25
through 28 are such plots for water and Freon 11. In all cases the
drop velocity showed a tendency to decrease with increasing distance
from the nozzle. The rate of decrease of the velocity is seen to be
largest for larger drops and less for the smaller drops. In fact drops
of about 10 to 15 microns do not appear to change velocity at all in
traveling from four to seven inches away from the nozzle. This occurs
because the drops are traveling at about the same speed as the induced
alr velocity, as is shown by Table XIII.

Figure 29 1s a comparison of the drop velocities of water and
Freon 11 for two injection pressures of 120 and 90 psig, at a distance
of four inches from the nozzle. This figure illustrates the effect of
pressure on the drop velocity and the effect of the fluid sprayed on the

drop velocity.
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A lowering of the injection velocity is found to decrease the
drop velocity as would be expected, since the initial velocity corre-
sponding to the injection pressure is lower (for example in the case of
water from 110 ft/sec to 90.5 ft/sec)o However, this 25 per cent re-
duction in initial velocity does not result in a 25 per cent decrease
in drop velocity at any location. The reason for this is that a lower-
ing of the injection pressure decreases the cone angle and hence tends
to increase the induced air velocity, for the same flow rate., Or in
other words the drag coefficient tends to be moved towards a lower value
because of the increased gas stream velocity.

We may also compare the drop velocities of water and Freon 11
at the same distance from the nozzle and the same injection pressure.
The initial velocities are 110 ft/sec for water and 90.5 ft/sec for
Freon 11. The cone angles are about 44° and 22°, respectively. On this
basis and considering the flow rates we would expect that for any given
location and the same injection pressure that Freon drops will be travel-
ing faster than water drops of the same size. We would further expect
this because of the effect of evaporation on the drag coefficient. As
was discussed in the previous section the drag coefficient for Freon 11
will be about 10 per cent lower than that for water at the same Reynolds
number. Reference to Figure 29 and Figures 25, 26, 27 and 28 shows that
this is indeed the case. For smaller droplets this tendency 1s less
pronounced and the data do not support this line of argument too well.
At least part of the difficulty in this respect arises from the extreme

difficulty of accurately measuring drop velocities for drops of a size
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below 20 microns, particulary in a very dense spray where it is diffi-
cult to separate drop images on a negative.

It will also be noted that the velocity profiles plotted as
a function of distance from the nozzle do indeed exhibit an exponential

type of decay, as was to be expected from Equation (7.8).

5. Summary

The preceding information may be summarized as follows:

(l) The drag relationships for single droplets may be
applied qualitatively to the droplets contained in
these sprays after taking into account any correction
for the effect of evaporation on the drag coefficient
and knowing the pattern of the induced air flow pro-
files. This same procedure could be applied analyti-
cally after an extensive study of these air profiles
has been carried out since this is one of the most
critical factors which determines the drop velocity
profiles.

(2) All of the drops tend towards a common terminal velocity,
which is the induced air velocity corresponding to the
particular location of the drop. Many drops will have
evaporated before they reach this terminal velocity.

(3) The sprays are more nearly hollow cone than solid cone,
although they do not strictly belong to either classi-

fication.



CHAPTER VIII

SPRAY CHARACTERISTICS

1. Drop Size Distribution Functions

The droplet size distribution is certainly one of the most
important characteristics of any spray but it is also the spray property
most difficult to predict theoretically. The drop size distribution
of any spray is usually represented by two parameters--g mean dlameter
and a parameter which measures the deviation of the drops from this

mean.

1.1 Distribution Function

A probability density function f(x) is said to exist when
these criteria are met:
if
£y 2 0 (8.1)

[s o]
fﬂx\dx = | (8.2)
)

and 1if 1n addition

P(X&¢x) = f-F(x\dx (8.3)
-0

then the f(x) is defined as the probability density function. The
probability distribution function is defined in terms of the probability

density function as

X

Fix) = 5 fxydx

-0

(8.14)

-108-
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In Equations (8.1) to (8.4), x 1is considered to be any random variable.
For drop size analyses it is associated with the drop diameter. The
methods of expressing distribution functions are usually associlated with
a number distribution dn/dx or with a volume distribution dv/dx. The
term dn/dx may be thought of as representing the number of drops dn
in the size interval x to x + dx. Similarly, dv/dx represents the
volume of drops in the same size interval. The two distributions are
easily related for the case of spherical particles.

Statisticians define the k-th moment about the origin of the

frequency curve f(x) by

b
TR = Sx*‘m»dx

Q.

(8.5)

Mugele and Evans(56) developed the expression below which may be used to

calculate any mean diameter

[ Xm ) 1
p
J;X ) d x

" a
SJ(X fix)dx
| e

x|
I

Pa, (8.6)

The most commonly used mean diameters are given in Table XIV.
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TABLE XIV

COMMONLY USED MEAN DIAMETERS

e
e

Name of
p q Mean Diameter Diameters Application
1 0 Linear Comparisons, Evaporation
2 0 Surface Surface Area Controlling (Absorption)
3 0 Volume Volume Controlling (Hydrology)
2 1 Surface Diameter Adsorption
3 1 Volume Diameter Evaporation, Molecular Diffusion
3 2 Sauter Mean Efficiency Studies, Mass Transfer
L 3 De Brouckere Combustion Equilibrium

There are three commonly used distribution functions in spray analyses--
The Rosin-Rammler Equation, the Nukiyama-Tanasawa Equation and the log
normal distribution. The first two of these are completely empirical

in nature, while the log normal distribution can be derived theoreti-
cally(gu) by assuming that the droplet size 1is the result of a large
number of small, independent impulses,the effects of which are propor-
tional to the size of the drop. It has been pointed out(uj) that all

of these distributions are special cases of the equation

§
fexy = ax@ '3 {x (8.7)

The distributions are summarized in the following equations:

(1) Rosin-Rammler Distribution

n
£y = bnx"'e™ % (8.8)
or as it is often written
—hx"
R = e > (8.88)

where R is the volume fraction of drops of size greater than x.
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(2) Nukiyama-Tanasawa Distribution

n
£ = o.><2e"b>< (8.9)

where a, b, n are constants.
(3) Log Normal Distribution

| _ logx ~logxg
fy = =€ loaca (8.10)

where
xg 1is the geometric mean
0g 1s the geometric standard deviation.

Another commonly used form of Equation (8.10) is

2
n . & —(8y - &%) 8.108
y_\/_ﬁe 3 ( )

Q

|

c

where
vy = 1n x/X , and
o) is a dispersion parameter.
The three distributions are integrable as special cases of the incomplete

gamma function

e o]

-t X£-
D = [t 't (6.11)

()

which is tabulated in most statistics books. The transformations for
the integrations are also readily available and are summarized in

Table XV.
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TABLE XV

TRANSFORMATIONS AND INTEGRALS FOR DENSITY FUNCTIONS

e

Transformation Distribution PFunction
log normal 4 =1/2 F(x) = 1 r /2(1/2)
oz
t = x2/2
Rosin=~Rammler 4 =1 FMx) =T
(x) bxR(1)
t = bx? = (1 - e~bx™)
. _ _a
Nukiyama=-Tanasawsa 4 =3/n F(x) = 75 I n(3/n)
t = bxt

1.2 Test of Distribution Punctions to Fit Experimental Data

The distribution functions may be tested for their fit of the
experimental data in the following ways. The Rosin-Rammler distribution
shown is applicable to volumes and R 1is then associated with the
volume fraction, larger than some diameter x. Taking logarithms twice

of Equation (8.8a) gives
loglogq(R) = —lorjb —n\oﬁx - |o<3\o<33 (8.12)

which is a linear relationship between 1log log R and 1log X. The
constants b and n may be evaluated either analytically or graphi-
cally. Table XXV of Appendix F summarizes the values of these two con-
stants for the sprays studied. The numerical calculations were carried
out on the IBM 709 computer using standard statistical techniques.

With the Nukiyama-Tanasawa dlstribution we are interested in

the number distribution expressed as a per cent. Equation (8.9) may
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be expressed in the form

|°‘3Bfa¥(xﬂ = loga ~ bx"loge (8.15)
which is a linear relationship in a and b for a predetermined value
of n. DNukiyama and Tanasawa have found that values of n between
1/u and 1/2 give the best fit of drop size data. Three values of the
parameter were used=-=n equal l/h, 1/5 and 1/2 and in all cases it was
found that n equal l/h give the best fit, although the difference be=
tween any of the three values was small. (Typical correlation coeffi-
cients were 0.963, 0.958 and 0.938 for n equal 1/4, 1/3 and 1/2, re-
spectively.) Values of the constants a and b in Equation (8.13)
for n equal 1/4 are given in Appendix F. These were determined using
the same type of computer program as was used to find the constants in
the Rosin-Rammler equation.

The log normal distribution function is most easily tested by
plotting on log probability paper the cumulative number per cent versus
the drop diameter. (The drop diameter used is the upper limit of the
size range.) This plot should yield a straight line if a fit to the log
normgl distribution is obtained. A typical run is shown in Figure 30
and Table XVI. Similar plots for all of the experimental data may be
found in Appendix B. In testing this distribution the end points should
likely be truncated since it is obviously impossible to fit any finite
range of drop sizes with an infinite range distribution function.

Values of the uniformity parameter [Equation (8.10a)] are

readily obtained from the same plots by making use of the relationship

0.3%4 (8.14)

la " Deo
e DSO‘)

§
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where D90, D50 are the diameters at cumulative percentages of 90 and
50, respectively.

The values of this parameter are given in Table XVIJI.

TABLE XVi

SIZE DISTRIBUTION FOR TOTAL SPRAY

RUN 2
Size Per Cent Cumulative
Range Per Cent Per Size Range Per Cent
1 0.000 0.00 0.000
2 0.826 0.201 0.826
3 6.88 1.17 7.70
L 18.87 2.30 26.58
5 23.98 2.03 50.56
6 17.79 1.09 68.35
7 14,80 0.627 83.116
8 8.83 0.268 91.99
9 5.68 0.121 97.67
10 1.98 0.0301 99.65
1l 342 0.0036 100.00

1.3 Discussion of the Utility of the Three Functions

Reference to the over-all correlation coefficients given in
Appendix F for the Rosin=-Rammler and Nukiyama=-Tanasawa distribution
functions and to the log probability plots shows that all three func-
tions will adequately describe the experimental data. In fact, for an
individual location within the spray the Rosin-Rammler distribution is
perhaps best, but for purposes of describing the total spray distribu-
tion all three appear of equal accuracy. Since the two more compli-
cated distributions do not, in_general, give any better fit of the ex-

perimental data than the log normal distribution there would appear to
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‘be no Justification for their use unless for some specific purpose.
Also the log normal distribution does have some additional basis in
theory(eu) while the other two do not, even though all three are

special cases of the gamma function.

2. Experimental Mean Drop Diameters

The various mean drop dlameters were previously defined by
Equation (8.6). 1In order to estimate their value using discrete rather

than continuous random variables, the expression

m e
= _ | &blan | (8.15)
mn = n
> D, AN
L

may be used as being approximately equivalent to (8.6). The mean diame-
ters calculated were the linear mean diameter Djp, the surface mean
diameter Dpy, the surface diameter Dy and the Sauter mean diameter
Dzp. The values computed from the data are given in Table XVII.

The variation of these mean diameters as a function of dis-
tance away from the nozzle is discussed in the chapter on spray evapora-
tion. At any fixed distance away from the nozzle the mean diameter tends
to increase with increasing distance from the center line. In most in-
stances for water a minimum appears to exist at a distance of 0.4 inches
away from the spray axis. For Freon 11 this does not occur and there
is no minimum present in the curve. The presence of the minimum can be
explained in part by the breakup mechanism. When the vapor bubbles dis-
integrate the jet the drops will have two components of velocity, one

parallel to and one perpendicular to the spray axis. Under these
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TABLE XVII

MEAN DROP SIZES

Run Fluid P

T°F Location¥

Mean Drop Size (Microns)

(Psig) 5 Diop Dzo  Da1 Daz
1 W 90 287 1 47.3 5.8 63.4 84,0
1 W 90 287 2 hWe.7 52,2 58.5  T73.2
1 W 90 287 3 65.7 69.5 T73.4 82.3
1 W 90 287 i 64,1 68.2 72.6 81.8
1 W 90 287 Total 2.09 54.0 59.7 65.9 78.8
2 W 120 287 1 53.8 64.8 78.0 105.0
2 W 120 287 2 58.9 6.3 98.7 1Lk,0
2 W 120 287 3 4y .8 5.9 6L.9  89.6
2 W 120 287 L 62.6 68.1 Th.2 85,4
2 W 120 287  Total 1.56 52.9 65.3 80.6 115.8
3 W 120 287 1 91.1 1l27.2 177.6 264,1
3 W 120 287 2 57.6 Th.5 964 1464
3 W 120 287 3 60.5 69.2  79.0  93.7
3 W 120 287 L 10Lk.3 108.0 111.9 118.2
3 W 120 287 Total 1.00 63.3 80.6 102.6 159.6
L W 120 287 1 Lh7.5 55.0  63.7 81.k4
b W 120 287 2 54.8 65.9 79.2 109.h4
L W 120 287 3 66.4 79.6  95.6 131.5
L W 120 287 L 58.2 66.5 80.6 107.2
L W 120 287 Total 1.16 59.6 71.0 84,7 115.8
5 W 120 287 1 79.2 120.9 184.7 285.7
5 W 120 287 2 52.0 29.2  67.5 87.9
5 W 120 287 3 52.7 56.7 60.9 69.8
5 W 120 287 L 45,3 48,1 s51.2  57.8
5 W 120 287 Total 1.67 52.2 58.8  66.3  97.h4
6 F-11 90 158 1 29.4 3. 33,6  38.3
6 F-11 90 158 2 30.7 33.1  35.7 L40.8
6 F-11 90 158  Total 1.90 29.9 32.1 34,4 39,3
7 F-11 120 158 1 26.9 28.1  29.3 31.9
7 F-11 120 158 2 28.0 29.5 31.0 34,6
T F-11 120 158 3 28.5 29.86  31.2 33,9
7 F-11 120 158 Total 2.36 28.1 29.5 3%30.9 34,1
8 F-11 120 158 1 23.5 2h.5 25,6 27.8
8 F-11 120 158 2 26.2 27.9 29.8 344
8 F-11 120 158 3 29.2 30.2  31.3  33.4
8 F-11 120 158 Total 2.43 26.8 28.3 29.8 33.5
9 F-11 120 158 1 26,2 27.5 28.8 32.3
9 F-11 120 158 2 30.0 31.6  33.2  36.7
9 F-11 120 158 3 32.7 3h.7  36.9 k1.4
9 F-11 120 158 Total 2.0%5 31.7 33.6  35.6  39.9
10 F-11 120 158 1 39.5 ho,1 44,8  50.5
10 F-11 120 158 2 45,3 4Y7.6  50.0 54.8
10 F-11 120 158 3 47.9 50.5 53.2  58.7
10 F-11 120 158  Total 2,10 4.2 48,7 51.3 56.6

*
Location refers to those given in Appendix B.
diameter for the entire spray.

"Total" means the mean
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conditions the larger drops will, at any given point, have moved furthest
away from the spray axis. The drop diameter might be expected to in-
crease at the spray axis because it 1s at this point that any drops
formed from a portion of the jet not shattered by vapor evolution will
likely have only one velocity component. If such drops form they will
tend to be slightly larger than those formed from a shattered portion of
the jet. A second factor to be considered here is that smaller drops
evaporate faster than larger drops and any slight minimum existing in
the diameter curve will tend to be accentuated as the distance away from

the nozzle (and thus evaporation time) increases.

3. Reproducibility of Experimental Data

Whenever experimental techniques involve a human Jjudgement
factor the reproducibility of the experimental data is naturally subject
to some question. In Chapter VI it was pointed out that the flow rate
as calculated from the drop size distributions is a measure of the
accuracy of the data. Another means of judging the experimental accuracy
is, in this instance, to simply reproduce data taken by Brown. Figure
31 is & plot of the log normal distribution function for Freon 1l at an
injection pressure of 120 psig. The experimental data of Brown for
Freon 11 at 120 psig and the same injection temperature is also shown.
Similarly, the two sets of data for water at an injection pressure of
120 psig were compared and the results are shown in Figure 32. It will
be seen that in both cases the agreement between the two is quite good.

Another valid comparison is between average drop diameters

measured by two experiments. The results of this comparison are given
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in Table XVIII. Here again the results of the comparison are favorable,

particularly for the entire spray. The largest deviations occur either

TABLE XVIIT

COMPARISON OF MEAN DIAMETERS WITH BROWN'S DATA
(Diameters in Microns)

Freon 11 Water
Location Brown Short Brown Short
1 46,8 26,2 32,2 4755
2 21.9 30,0 43,9 54,8
3 22. 4 32.7 60.2 66. k4
L 4.9 58,2
Total 37.6 31.7 55.5 59.6

at the center line of the spray or at the outer periphery of the spray
which could be predicted, because these are the most difficult places
in the spray to analyze accurately. However, errors in these two lo-
cations do not seriously affect a flow rate calculation for the follow-
ing reasons:

(l) The major portions of the drops occur in locations
two and three,

(2) Even if a high drop density is found at the spray axis,
it represents a very small portion of the total volu-
metric flow, and an error at this point is not magni-
fied to such an extent.

(3) The drop density on the outer edge of the spray is low
enough to once again mask any experimental error pres=-
ent when calculating a flow rate.

The results of these comparisons was indeed gratifying and would seem

to support the reliability of the data.



CHAPTER IX

CONCLUSIONS

This work has shown that the flashing process 1s an effective
means of producing a fine and uniformly dispersed spray at low valﬁes
of the Weber number and corresponding low injection pressures.

The shatter temperature is a defining characteristic of a

flashing spray and it may be represented by the equation

~0.272  -0-23| ©.139
C’}’gﬁ) - 0'344(7) (Nwe> (—g‘ﬂ (9.1)

The range of variables represented in the above equation would appear
to be wide enough to Jjustify its use with fluids other than water,
Freon 11 or Freon 113. The use of Equation (9.1) is not likely justi-
fied for flashing sprays containing dissolved or suspended materials.
Also it may not prove valid at large values of the ligquild viscosity
since 1t is an unfortunate fact that all pure liquids at theilr normal
bolling point have about the same viscosity. For this reason the range
of viscosities studied was necessarily small. Equation (9.1) may not
prove valld 1f the receilving pressure is too far removed from atmos=-
pheric,

The log normel distribution is adequate for the description
of drop sizes, particularly if one is interested in the total spray.
The other two most commonly used size distributions, the Rosin-Rammler
and the Nukiyama-Tanasawa equations, will also give an accurate descrip-
tion of the drop size distributions, but require considerably more ex=-

penditure of effort in order to use them, or to evaluate the constants.
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The methods of calculating spray evaporation in the litera-
ture(52’42> can be applied to sprays formed by this flashing process
with a great deal of success. Care must be taken to insure that the
spray droplets have cooled from their saturation temperature to their
wet bulb temperature before attempting to use any of the methods.

In general, the mean drop diameters increase from the spray
axis outwards, at a fixed distance away from the nozzle. No such
simple remark may be made about the mean diameter as a function of
distance away from the nozzle, at any given location. This functional
relationship is strongly dependent upon the drop size distribution and
to a lesser extent upon the velocity distribution, both of the air and
of the droplets.

The drop velocities within the spray follow the expected
patterns. The drops tend to decrease in velocity in an exponential
manner as they travel away from the orifice with the smaller drops
slowing down more rapidly than the larger drops. The drop velocity
(for any given size of drop) decreases as the distance away from the
spray axis increases. Drops having a diameter of about 20 microns or
less approach a common velocity which is the velocity of the induced

air flow.



CHAPTER X

RECOMMENDATIONS

As typically occurs in investigations like this, each problem

studied brings forth two or three new and unexpected problems. During

the course of the work there were a few questions which arose and seemed

worthy of further investigation, at some future date.

lﬂ

In discussing the drop velocity profiles, reference was
made to the induced air flow. A more accurate knowledge
of this air flow would indeed be very valuable to the in-
terpretation of the velocity profiles. It might prove
possible to calculate the induced air velocities from

the experimental drop velocities given. Such a calcula-
tion would be very involved and require a large number

of numerical integrations. Other directions of study in
this regard should be to formulate the mathematics neces-
sary to compute the air velocities from the experimental
data, and to experimentally measure the air velocities,
perhaps in a manner similer to Ranz and Binark.

A study of the humidity and temperature profiles within
the sprays, particularly Freon 11, would enable one to
gain much useful information regarding the evaporation
rates taking place,

A study of the effects of high viscosity upon the flashing
mechanism would be very beneficial. This could be done

in at least two ways==-either by an artificial thickener

=124~
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such as Methocel or by spraying the liquid into surround=-

ings which are at a pressure below atmospheric. This

latter method would effectively change the liquid viscosity

by lowering the saturation temperature. Either of these
two studies will require extensive modifications to the
experimental system. This particular investigation would
also have an additional benefit in testing the effect of
the surrounding gas density on the shatter temperature
correlation, or in other words to see if the Weber number
adequately describes this effect.

The most laborious and time=-consuming job in a study such
as this 1s the counting of drops. It would prove well
worthwhile to try to find some easier and less time-

consuming means of scanning photographic negatives.
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APPENDIX A

COMPUTER PROGRAM

Shown in the following pages (Tables XIX and XX) is the com-
puter program used to analyze the raw data and the input variables asso-
clated with it. The program is written in MAD and with the tables its
use 1s fairly obvious.

Other computer programs were written to carry out the regres-
sion analysis of the shatter temperature data and the least squares
analysis of the Rosin-Rammler and Nukiyama-Tanasawa distributions.

These programs are not included in this dissertation because they use
readily available statistical methods [see for example Volk(58)] and are

easlly programmed.
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Height
Width
Depth
Const 1
Const 2
Dodia
Docum
Dopin

Survol

Dogem
M
N
S

VOLV

MOMN
SUPER

BAD

Dens (I)
Radius (I)
Angle (I)

Photos (I)

-128-

TABLE XIX

LIST OF INPUT VARTABLES FOR COMPUTER PROGRAM

height of sample size (0.5 inches)

width of sample size (O.L inches)

depth of field

1.0

1.0

if equal to O will not compute any average diameters

if equal to O will not compute cumulative percentages

if equal to O will not compute per cent per size interval

if equal to O will not compute surface and volume flow
rates

if equal to O will not use geometric means

number of locations

number of size intervals

highest power on mean diameter (usually 3)

if equal to zero will not compute volume distributions
if equal to O will not compute kinetic energies

if equal to O will not compute momentum flux

if equal to O will not consider the spray as superheated
0 (controls error check in program)

fluid density at i-th location

radial vector from nozzle to center of i-th location
angle between radius vector and vertical

number of photographs at i-th location



Endpoint (I)
Cell (I)
NuM (I)

DEN (I)

SPEED (I,J)
NUMBER (I,J)
DM

DELP

VISC

DG

SIGMA

H2l

HOF

H1F

RHO2

RHOL

SPHT
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TABLE XIX (CONT'D)

endpoint of size range (begins at zero)

size interval of each size range

numerator in mean diameter calculation

denominator in mean diameter calculation

€.80, NUM = 1; DEN = 0 1is the linear mean diameter
velocity of drops in i-th size interval, j-th location
number of drops in i-th size interval, j-th location
nozzle diameter

pressure drop across the nozzle

fluid viscosity

surrounding gas density

fluid surface tension

enthalpy of superheated liquid

enthalpy of liquid at saturation point

enthalpy of vapor at saturation point

density of liquid

density of vapor

fluid thermal conductivity

specific heat of liquid
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TABLE XX
COMPUTER PROGRAM

DIMENSION SUM{3U)s SUMN(3U)

DIMENSION RADIUS(2U)s ANGLE(20)s PHOTOS(20}s CELL(30)> 1 DPK
~ O_ENDPT (60)s TDIAM (10G)s W (30)s AREA {20)s VOLUME (20)3s 2_DPK
1 G(30)s NUM(10)s DEN(1U)s RATIO(30)sRAT2(30)sDENS(30) 3 DPK
DIMENSION SPEED {300sD)y NUMBER (300sD)s PCT (300D} 4p==K
O CUMPCT (30UsD)s PCTINT (3UUsD)s DIAM (3009B)y F (300sC1)> 5 DPK
1 X(300eD)s Y(3UUsD1)sMASS(3UUsD)sMOM{3U0sD) 9ENERGY (3009D) 6 MPK

VECTOR VALUES B = 2910
VECTOR VALUES Cl = 29240

VECTOR VALUES D = 29150 7 DPK
VECTOR VALUES D1=24240 TADPK
START READ FORMAT DCARDls HEIGTHs WIDTHs DEPTHs CONST1s CONST2s 8 DPK

1 DODIAYDOCUMSDOPINSSURVOL sDOGEMIMyNsSyVOLV9KE

VECTOR VALUES DCARD1 = $5F104551013%%
READ FORMAT CARDs MOMNs SUPERs BAD

VECTOR VALUES CARD =%$313%%

INTEGER MsNsSsDODIASDOCUMIDOPINSURVOL sDOGEMIT 9 JsR 10ADPK
INTEGER NUMs DENs PHOTOSs VOLV sKEs MOMNs BAD

B(l) = M+1

B(2) = M

Cl(l) = M+l

Cl(2) = M

D(2) =N 11 DPK
D1{2)=N+1 11ADPK

READ FORMAT DCARDs DENS(1)eeeDENS(M)

VECTOR VALUES DCARD=%(8F10e4)%*%

READ FORMAT DCARDZ2s RADIUS(1)eeeRADIUS(M) 12 DPK
VECTOR VALUES DCARDZ2 = $(8F1C45)%% 13 DPK
READ FORMAT DCARD3y ANGLE (1) eeeANALE(M) 14 DPK
VECTOR VALUES DCARD3 = $(8F10e5) %% 15 DPK
READ FORMAT DCARD&4s PHOTOS(1l)eeePHOTOS(M) 16 DPK
VECTOR VALUES DCARD4G = $1615%% 17 DPK
READ FORMAT DCARDS5s ENDPT(U)eeeENDPT(N) 18 DPK
VECTOR VALUES DCARDDS = $(8F1U0.5)%3 I97DPK
READ FORMAT DCARD6y CELL(1)eeeCELLI(N) 20 DPK
VECTOR VALUES DCARD6E = $(8F1lUe5)%% 21 DPK
READ FORMAT DCARD7s NUM(1)essNUM{S+1}
VECTOR VALUES DCARD7 = $1015%% 23 DPK
READ FORMAT OCARD8s DEN(L1l)eeeDEN(S+1)
VECTOR VALUES DCARD8 = $1015%3% 25 DPK
READ FORMAT MATly SPEED(1ls1l)eeeSPEED(MsN) 26 DPK
VECTOR VALUES MAT1 = $(8F10e5)%$ 27 DPK
READ FORMAT MAT2s NUMBER(191)eeeNUMBER(MIN) 28 DPK
VECTOR VALUES MAT2 = $(8F10e5)*$ 29 DPK
WHENEVER DOGEMeEaOs TRANSFER TO RED
W(1l) = (ENDPT(1))ePa(e5)
THROUGH DOGs FOR J=291sJeGeN

DOG W(J) = (ENDPT(J)*ENDPT(J=1))ePe{45)

TRANSFER_TO _OUT

RED THROUGH RET&4s FOR J=1slsJeGeN
W(J)=(ENDFT(J=1)+ENDPT(J)})/2

ouT CONTINUE 29FDPK
RET4 CONTINUE 29GDPK
WHENEVER DOGEMeEe+O» TRANSFER T0 AMEANI 29HDPK

PRINT FORMAT RES23 o 291DPK

VECTOR VALUES RES23=$38H1THIS COMPUTATION USES GEOMETRIC MEAN 29JDPK

0S*3$ 29KDPK

T TRANSFER 70 OUTI 29LDPK
AMEAN1 CONTINUE 29MDPK

PRINT FORMAT RES24 29NDPK
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TABLE XX (CONT'D)

VECTOR VALUES RES24=$39H1THIS COMPUTATION USES ARITHMETIC MEA 290DPK

ONS*$ 29PDPK
ouTl CONTINUE 29QDPK
THROUGH RET1ls FOR I=1s1sleGeM 30 DPK
ANGLE(I)=ANGLE(I)%*3414159/1&04 30ADPKA
WHENEVER ANGLE(I)eNEeUey TRANSFER TO NOZERO 30ADPK
RATIO(I)=1s 30BDPK
RAT2(1) = _140
TRANSFER TO ZERO 30CDPK
NOZERO RATIO(I)=8¢*RADIUS(I)*SINe (ANGLE(I))/WIDTH 30DDPK
RAT2(I) = RADIUS(I1)/RADIUS(1)
ZERO CONTINUE 30EDPK
Y{Is0) =040
THROUGH RET1ls FOR J=1919JeGaN 32 DPK
X{IsJ)=NUMBER(I9J)*SPEED(IsJ)/PHOTOS(I) 33 DPK
Y{IsJ)=X{(TsJ)+Y(Is{J=1)) 34 DPK
RET1 CONTINUE 35 DPK
THROUGH RETZ2y FOR I=1351514GeM 36 DRK
THROUGH RETZ2s FOR J=1s1l9JeGsN 37 DPK
PCT{IsJ)=X(1sJ}%100a/Y(IsN)} 38 DPK
WHENEVER DOCUMeE«Os TRANSFER TO NOCUM 39 DPK
CUMPCT(I1sJ)=Y(19J)*100e/Y({IsN) 40 DPK
NOCUM WHENEVER DOPINeE«Os TRANSFER TO NOPIN 41 DPK
PCTINT(I»J)=PCT(IsJ)/CELL(J) 42 DPK
NOPIN CONTINUE 43 DPK
RET2 CONTINUE 44 DPK
PRINT FORMAT RES1 45 DPK
VECTOR VALUES RES1=$42HOVELOCITY WEIGHTED PERCENTAGES BY LOCA 46 DPK
OTION*$ 46ADPK
THROUGH RET3 9 FOR I=19191eGeM 47 DPK
PRINT FORMAT RES2s1 48 DPK
VECTOR VALUES RES2=$10UHOLOCATION I3%$% 49 DPK
PRTNT FORMAT RES3 50 DPK
VECTOR VALUES RES3=$11H SIZE RANGE 95249 6HNUMBERYS10y 51 DPK
0 5HSPEEDs S8 THPERCENT*3 52 DPK
WHENEVER DOCUMeEeOs TRANSFER TO NOCUM1 53 DPK
PRINT FORMAT RES4 54 DPK
VECTOR VALUES RES4=31H+9573»18HCUMULATIVE PERCENT*$ 55 DPK
NOCUM1 WHENEVER DOPINeE«Oy TRANSFER TO NOPINI 56 DPK
PRINT FORMAT RESS 57 DPK
VECTOR VALUES RES5=31H+s5939 18HPERCENT/SIZE RANGE*$ 58 DPK
NOPIN1 CONTINUE 59 DPK
THROUGH RET3s FOR J=131lsJeGeN 60 DPK
PRINT FORMAT RES6SENDPT(J=~1)sENDPT(J)sNUMBER(19J)sSPEED(IsJ)s 61 DPK
0 PCT(IsJ) 62 DPK
VECTOR VALUES RES6=951H sF1Ue594H TO sF10459559F10e59559 63 DPK
0 F10e59559F1045%% 64 DPK
WHENEVER_ _DOCUMeE«Qs TRANSFER TO_NOCUM2 65 DPK
PRINT FORMAT RESTs CUMPCT(IsJ) 66 DPK
VECTOR VALUES REST=%1H+sS8UsF10e5%5% 67 DPK
NOCUM2 WHENEVER DOPINeEeOy TRANSFER TO NOPIN2 68 DPK
PRINT FORMAT RES8y PCTINT(IsJ) 69 DPK
VECTOR VALUES RES8=31H+9S100sF10¢5%$% 70 DPXK
NOPIN2 CONTINUE 71 DPK
RET3 CONTINUE 72 DPK
PRINT FORMAT RES30 72ADPK
PRINT FORMAT RES31 72BDPK
OR R 0=%$36H1TO v 1GH 3 * P

0% 72DDPK
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TABLE XX (CONT'D)

VECTOR VALUES RES31=%11H SIZE RANGEsS23s THPERCENT#S T2EDPK
WHENEVER DOCUMeE«Qy TRANSFER TQ NOCUM3 TJ2FDPK_
PRINT FORMAT RES32 72GDPK
VECTOR VALUES RES32=%1H+9546s18HCUMULATIVE PERCENT*S 72HDPK
NOCUM3 WHENEVER DOPINeE«Os TRANSFER TO NOPIN3 721DPK
PRINT FORMAT RES33 72JDPK
VECTOR VALUES RES335=$1H+9571s 18HPERCENT/STZE RANGE*S 72KDPK
NOPIN3 CONTINUE 72LOPK
G(0) = 040 T
TOTAL = 040 .
THROUGH RET1ls FOR J=1s13JeGeN 720DPK
G(J) = 040
THROUGH RETIIy FOR I=1yIsT4GeM - 72QDPK
X{I9J)=X(IsJ)*RATIO(I)*RAT2(1) 72RDPK
Gl =X({TsJ1+G{J} 72SDPK
TOTAL = TOTAL+X(IyJ) ' , ___72TDPK
RET11 CONTINUE T 72UDPK
CUMPCT(MsN) =0 72UDPKA
THROUGH RETIZy FOR J=1519JeGeN T TTT72VDPK
PCT{(MsJ)=G(J)*1004/TOTAL e 72WDPK
CUMPCT(MsN)=PCT(MsJ)+CUMPCT(MsN) 72XDPK
PCTINT(MsJ)=PCT(MsJ) /CELL (J) o » L T2YDPK
PRINT FORMAT RES34s ENDPT(J=1) sENDPT(J) sPCT(iMyJ) 722DPK
VECTOR VALUES RES34=31H sF1lUe594H TO sFluebs55sFLlUues¥$ AT2ADPK
WHENEVER DOCUMeE0y TRANSFER TO NOCUML 7~ A728DPK
PRINT FORMAT RES359 CUMPCT(MsiN) A72CDPK
VECTOR VALUES RES35=%1H+sS549F10eb%5 A72DDPK
NOCUM& WHENEVER DOPINeE«0s TRANSFER TU fUPIN& A72EDPK
PRINT FORMAT RES36s PCTINT (MsdJ) o A72EDPKA
VECTOR VALUES RES36=31H+9S79yFlusd®s A72FDPK
NOPIN& CONTINUE A72GDPK
RET12 CONTINUE S A7 2HDPK
WHENEVER VOLVeEeOs TRANSFER TO CAT
THROUGH RET20s FOR I=1slslaGeth AT2LDPK
Y(Ts0)=0 A7 2MDPK
THROUGH RET20s FOR J=lslsJaGaeNN A7 2NDPK
X{Ty JT=NUOMBERT I s N FSPEED (T2 I 1 (W {J ) eFe3e ) /PROTOSTI) A720DPK
Y(Isd)=X{Ted)+Y(Is(J=1)) AT2PDPK
RETZ20 CONTINUE T A7ZQDPK
THROUGH RET21ls FOR I=1s19leGeM AT72RDPK
THROUGH RE121s FOR J=1319JeGeN S AT2SDPK
PCT{I9J)=X(I1sJ)%¥1004/Y(IsN) A72TDPK
WHENEVER DOCUMeE+0y TRANSFER TO NOCUMBE ~ 7~ TAT2UDPK
CUMPCT(IsJ)=Y(I9J)%10UUe/Y(IsN) AT72VDPK
NOCUMB WHENEVER DOPINGECOs TRANSFER TO NOPING ~— A72WDPK
PCTINT(IsJ)=PCT(IsJ)/CELL(J) o AT2XDPK
NOPINGS CONTINUE A72YDPK
RET21 CONTINUE AT2ZDPK
PRINT FORMAT RES4O 77— 77 B72ADPK
VECTOR VALUES RES40=$49H1VOLUME~VELOCITY WtIGHTED PERCENTAGESB728DPK
0 BY LOCATTON®E T B72CDPK
THROUGH RET22s FOR I=lslsleGeM B72DDPK
PRINT FORMAT RES&41s1 B72EDPK
VECTOR VALUES RES41=310HOLOCATION I13%$% B72FDPK
PRINT FORMAT RES42 B72GDPK
VECTOR VALUES RES42=$11H SIZE RANGE»S24s6HNUMBERsS10»5HSPEEDyB72HDPK
0 88y THPERCENT*E T T T B72IDPK 7
WHENEVER DOCUMeEeOy TRANSFER TO NOCUM6 B72JDPK

PRINT FORMAT RES43 B72KDPK
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TABLE XX (CONT'D)

VECTOR VALUUES RESG3=31H+957318HCUMULATIVE PERCENT*S B72LDPK
NOCUM6 WHENEVER DOPINeEWOs TRANSFER TO NOPING B72MUPK
PRINT FORMAT RES&44 777777 - TR 2NDPK T
VECTOR VALUES RES44=31H+959318HPERCENT/SIZE RANGE®*3 B720DPK
NOPING CONTINUE B872PDPK
THROUGH RET22y FOR J=lslsJeGeN  BT2@OPK
PRINT FORMAT RES6sENDPT(J=1) sENDPT(J) yNUMBER (1 9J) sSPEED(IsJ)sB72RDPK
0 _PCT(IsJ) e B7250PK _____
WHENEVER DOCUMe«EeOs TRANSFER TQO NOCUM7 B72TUPK
PRINT FORMAT RES7yCUMPCT(1yJ) L BT2UbPK
NOCUM?T WHENEVER DOPINeEsOy TRANSFER TO NOPINT B72VDPK
PRINT FORMAT RES8s PCTINT(I»Jy) B72WDPK
NOPIN7 CONTINUE B72XDPK
RET22 CONTINUE B72YDPK
PRINT FORMAT RES&S B87270PK
VECTOR VALUES RES45=$43HITOTAL VOLUME=VELOCITY WEIGHTED PERCE
ONTAGES%S T CT2BDPK
PRINT FORMAT RES31 C72CDPK
WHEREVER DOCUMSE Uy TRANSFEI 7O NOCUME 7777777 CT200PK
PRINT FORMAT RES32 C72EDPK
NOCUMS WHENEVER DUOPTNWE.Uy TRANSFER TO NOPINB CT72FDPK
PRINT FORMAT RES33
NOPINGS CONTINUE
TOTAL=0. C721DPK
THROUGH RETZ3S FOR J=I5 13 J4GeN C772JDPK 7~
G(J) = 0.0
THROUGH RETZ3y FOR I=T151sTeGeM C72LUPK
X{IsJd) =X(1sJ)¥RATIO(I)*RAT2(1)
GIJI=EX(1sJI+G(J] C72MDPKA
TOTAL=TOTAL+X(IyJ) C72NDPK
RET23 CONTINUE C720DPK
CUMPCT(MsN) =04 C720DPKA
THROUGH RET24s FOR J=1s1sJeGeN C72PDPK
PCT(MsJ)=G(J) #1004 /TOTAL C72QDPK
CUMPCT(MsN)=PCT(MyJ)+CUMPCT (MyN) C72RDPK
PCTINT(MyJ)=PCT(MsJ)/CELL(J) C72SDPK
PRINT FORMAT RES34s ENDPT(J=1) sENDPT(J) sPCT (MyJ) C727TDPK
WHENEVER DOCUMeE 40Oy TRANSFER TO NOCUM9 C72UDPK
PRINT FORMAT RES35s CUMPCT(MsN) C72VDPK
NOCUMS WHENEVER DOPINeE4Os TRANSFER TO NOPIN9Y C72WDPK
PRINT FORMAT RES36s PCTINT(MsJ) C72XDPK
NOPINS CONTINUE CT2YDPK
RET24 CONTINUE C72ZDPK
CAT WHENEVER DODIAeEsOs TRANSFER TO NODIA
PRINT FORMAT RESY 81 DPK
VECTOR VALUES RES9=$33H1DROP DIAMETERS FOR EACH LOCATION®S 82 DPK
THROUGH RETS5s FOR R=0s1sReGeS 89 DPK
THROUGH RETS5s FOR I=1s1sleGeM B 90 DPK
F(RsI)=0, 93 DPK
THROUGH RET5s FOR J=1s1lsJeGeN 94 DPK
FIRsI)=(W(J) ePeR)XNUMBER(T»J)#SPEED(1sJ) /PHOTOS( 1) 95 DPK
0 +F(Rsl) 96 DPK
RET5 CONTINUE 97 DPK
THROUGH RET69 FOR I=1sly leGeM 96 DPK
PRINT FORMAT RES1&s I 99 DPK
VECTOR VALUES RES14=$1UHULOCATION I3%s 100 DPK
PRINT FORMAT RESII - T - 101 DPK

VECTOR VALUES RES11=$1H »S11y9HNUMERATORsS9s11HDENOMINATORs 102 DPK

0 S12s8HDIAMETER*S 103 DPK
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TABLE XX (CONT'D)

PRINT FORMAT RES12 104 DPK
VECTOR VALUES RES12=$1H »S1zy 8HEXPONENTS1298HEXPONENT*$ _105_DPK
THROUGH RET6s FOR R=UslsReGeS 106 DPK
DIAM(RsI) = (F(NUM{(R+1)s[)/F(DEN(R+1)9I))ePo(140/(NUM(R+1)~DE
IN(R+1))
PRINT FORMAT RES13sNUM(R+1)sDEN(R+1)sDIAM(RYI)
“““““““““““ VECTOR VALUES RESIZ=51H 3517513551 7913+51UsF1045%% 109 DPK
RET& CONTINUE 110 DPK
PRTINT FORMAT RESIS® o 111 DPK
VECTOR VALUES RES15=%16H1TOTAL DIAMETERS*S$ 112 DPK
PRINT FORMAT RES16 113 DPK
VECTOR VALUES RES16=$%$1H 9S$11s9HNUMERATOR» S99 11HDENOMINATORs 114 DPK
o 0 S15s5HTOTAL®S 7~ 115 DPK
L PRINT FORMAT RES17 116 DPK
VECTOR VALUES RES17=31H 9S51298HEXPONENT 9512 9B8HEXPONENT» 117 DPK
0 S1298HDIAMETER*S 118 DPK
THROUGH RETT7s FOR R=0s1sReGeS 119 DPK
B G(R)=0Ce 120 DPK
THROUGH RET7s FOR I=1slsleGaM 122 DPK
________ G(R)} = F(RsI)¥RATIO(I)*RAT2(I) + A (R)
RET7 CONTINUE 125 DPK
THROUGH RET8s FOR R=03s1sReGeS 126 DPK
TDIAM(R) = (G(NUM(R+1))/G(DEN{R+1)))ePos {160/ (NUM(R+1)-DEN{R+1
1))}
PRINT FORMAT RESIByNUMIRFIVHDEN(R+I)STOIAM(RI
VECTOR VALUES RES18=%$1H 9S5179139S17913sS109F10¢5%3% 129 DPK
- RET8 CONTINUE 130 DPK
NODIA CONTINUE 131 DPK
WHENEVER SURVOLeEeUys TRANSFER 1O NOSV 132 DPK
PRINT FORMAT RES19 133 DPK
VECTOR "VALUES RESIVESS THISUIFACE "AND VOLUME RATES FOREACH LUI3E OPR
OCATION PER UNIT AREA#*% 134ADPK
TAROUGH RETTIUSFOR IZEIYIS TG 135 DPK
PRINT FORMAT RES20s1 136 DPK
VECTOR VALUES REGJC=%1UHULOCATION 13%% ~137 DPK
VOLUME(I)=((3414159)%F (391 )%CONST2/(HEIGTH*WIDTH*DEPTH#64) ) %*(
B IT.765E=T5)
AREA(I)=((3e14159)%F(291)*CONST1/ (HEIGTH*WIDTH*DEPTH) )% (5e41E
1=117
PRINT FORMAT RES21s AREA(I)9VOLUME (1) 143DDPK
VECTOR VALUES RES21 =%10H SURFACE =E13¢5951098HVOLUME =
1E1345%%
RET10 CONTINUE 143GDPK
PRINT FORMAT RESS50 143HDPK
VECTOR VALUES RES50=%51H1TOTAL SURFACE AND VOLUME RATES (NOT 143IDPK
OPER UNIT AREA)#$ 143JDPK
THROUGH RETZ5s FOR I=1s1s1eGeM
. AREA(I) = (AREA(I)%3414159%(WIDTHaPe2)/4e0XRATIO(I)*¥RAT2(I))*
B I T 2 %o T
VOLUME(I) = (VOLUME (I)%3¢14159% (WIDTHeP¢2)/4e0%RATIO(I)*RAT2¢{

I1))*172840
PRINT FORMAT RES20s I

PRINT FORMAT RES21s AREA(TI)s VOLUME(I)
WHENEVER BADeNE«QsANDeIsEWl

''''''' PRINT RESULTS T RATIO(T)s RATZUI)s FeesFTZ20U), AREAs«sAREA(2

END OF CONDITIONAL

""RET25 CONTINUE 143PDPK
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TABLE XX (CONT'D)

AREA(Q0) = 0.0
VOLUME(0) = 040

THROUGH GREENSs FOR I=I9I19leGeM
AREA(I) = AREA(I}) + AREA(I=1)

VOLUME(T) = VOLUME(I) + VOLUME (I-1)
GREEN CONTINUE

PRINT FORMAT GONEs AREA(M)s VCOLUME (M)
VECTOR VALUES GONE =$27H0 TOTAL SURFACEs SQ FT/HR = E1345s51Q

1526H0 TOTAL VOLUMEs CU FT/7HR = E13+5%%
NOSV CONTINUE 144 DPK_

THROUGH PINKs FOR I=1slsleGeM
THROUGH PINKs FOR J=1lslsJeGaN

MASS(I9J) =({({(0eUCULXW(J))/(1240%254) ) ePa3)%3¢l415*NUMBERI
119J) ) *DENS(I)/640) % (SPEED(1¢J))/PHOTOS(I)

WHENEVER KEeEeOs TRANSFER TO NOKE

ENERGY(IsJ)= (1728¢U%MASS(19J)* (SPEED(IsJ)ePe2))/ (64e4*HEIGTH -

1¥WIDTH®DEPTH) 7 -
NOKE CONTINUE

WHENEVER MOMNGEWOs TRANSFER TO WOMOMN ~—~~~~ o=
PINK MOM{TI9J) = (MASS(I9sJ)*SPEED(IsJ)%#1728eU)/(HEIGTH*WIDTH*DEPTH)

NOMOMN . CONTINUE :
THROUGH ALPHAy FOR I=15191eGeM

PRINT FORMAT ABLEsI
VECTOR VALUES ABLE=$1VHULOCATION I3%%

PRINT FORMAT BAKER
VECTOR VALUES BAKER=%11H SIZE RANGE 523 s SHMOMENTUM9S109 14HKIN

IETIC ENERGY*$
THROUGH ALPHAs FOR J=1s1lsJeGeN

PRINT FORMAT CHARLSENDPT(J=1)sENDPT(J)sMOM(19J)sENERGY(IsJ)
VECTOR VALUES CHARL=%1H sF10e594H TO sF10e59559FE13e59559E1365

1#$
ALPHA CONTINUE

PRINT FORMAT FRED
VECTOR VALUES FRED =$9HOLOCATIONsS8,21HKINETIC ENERGY(FT LB)ys

15229 19HMOMENTUM(FT LB/SEC)*$
THROUGH BLUEs FOR I=131s IeGeM

SUM(0) = 040
SUMN(O) = 040

THROUGH BLUEs FOR J=1s1ls JeGeN
ENERGY(IsJ) =(ENERGY(IsJ)*RATIO(I)*RAT2(1))/2440

MOM(IsJ) =(MOM(I9sJ)*¥RATIO(I)*RAT2(I1))/2440
SUM(J) = ENERGY(IsJ) + SUM(J-1)

SUMN (J) MOM(IsJ) + SUMN(u=1)
SUMN (J) MOM(IsJ) + SUMNI(J)

WHENEVER JeEeNs PRINT FORMAT EASYs Iy SUM(J)s SUMN(J)
VECTOR VALUES EASY =3559139589E1345952U9sE1345%8

BLUE CONTINUE
WHENEVER SUPEReE+Os TRANSFER TO NOSR

READ FORMAT DCARD9s DMs DELPs VISCy» DGs SIGMA, DENSTYs H21ls H
12F

READ FORMAT CARD1ly H1lFs RHOZ2y» RHOLls» Ks SPHT
VECTOR VALUES DCARD9 =34F10e5y E10e59 3F10e5%3%

VECTOR VALUES CARD1 =$%5F1045%$
VEL = (64¢4%1444C0#DELP¥DENSTY) ePa{045)

RE = (DM¥*VEL*DENSTY )/VISC
NWE = (DG*VEL*VEL*DM)/(6444%¥SIGMA)

FLOW = (341416%DM*¥DM/440)*VEL*3600e0%,
PDEV = ((FLOW=VOLUME (M) )/VOLUME(M))%*10040
WTPC = (H21=H2F)/(H1F-H2F)

GRC = WTPC*¥(RHO2/RHO1)*(341415%K/(RHO2%*SPHT) )
PRINT_FORMAT HELPs VELs REs NWE -

VECTOR VALUES HELP =$18H VELOCITY(FT/SEC)= E1344958918H REYN
10LDS NUMBER = E13e4958s 15H WEBER NUMBER = E1344%%

PRINT FORMAT JOHNs FLOWs PDEVs WTPCy GRC
VECTOR VALUES JOHN = $7H PDEV = F642958918H PERCENT FLASHED =

1F6e2958923H GROWTH RATE CONSTANT = Fb6e2%$
NOSR CONTINUE

TRANSFER TO START
END OF PROGRAM 145 DPK




APPENDIX B

RAW DATA

This appendix contains all of the drop size and velocity dis-
tribution data which was taken in the course of the study. The data
books and the photographic negatives are located in the Multi-Phase
Fluids Laboratory in the Fluids Building at the North Campus of the

University of Michigan, Ann Arbor, Michigan.
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TABLE XXT

DROP SIZE RANGES

Size Range Average Diliameter
Size Range No. (Microns) (Microns)
1 0 - 10.0 5.0
2 10.0 = 1k,1 12.05
3 14,1 - 20.0 17.05
L 20.0 - 28.2 2k, 1
5 28.2 - 40.0 34,1
6 40.0 - 56.4 48.2
7 56.4 - 80.0 68.2
8 80.0 - 113 96.5
9 113 - 160 136.5
10 160 - 226 193
11 226 - 320 273
12 320 = 453 386.5

13 453 - 640 546.5
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TABLE XXII

DROP SIZE DISTRIBUTION AND VELOCITY DATA
Jet Diameter = 0.031 Inches

Run No. 1. Water at 90 psig, 287°F, L4 inches from Nozzle

Location Photos Number of Drops in Each Size Range
2 3 L 5 6 7 8 9 10 11 12
1 2 9 67 300 301 172 69 26 10 1
2 3 14 85 239 386 255 93 30 8
3 L 5 25 123 90 21 i
4 L 3 19 31 97 88 1k 3

Average Velocities in Each Size Range (Ft/Sec)

1 4y 10.0 15.0 20.0 31.% 4.3 53,3 100.2 103.1 111.0 119.5
2 4y 10,0 11.6 15.2 23,2 30.4 L1.3 66.5 T6.1 97.8
3 L 8.3 12.2 18.9 31.3 48.3 T3.5
b 4 7.5 10,9 10.3 15.2 26.3 48,5 73,2
Run No. 2. Water at 120 psig, 287°F, 4 inches from Nozzle
Location Photos Number of Drops in Each Size Range
2 3 b 5 6 7 8 9 10 11 12
1 2 5 32 132 193 92 28 22 1k 2
2 2 12 78 231 256 100 L6 24 20 11 2
3 2 44 238 304 182 135 53 22 7 1
i b 5 3k 71 79 96 103 22 6
Average Velocities in Each Size Range (Ft/Sec)
1 L 1ko 16.0 21.6 31.8 39.9 L41.6 97.3 105.0 117.5 127.0 133.0
2 L 10,0 13.9 18.3 33.4 38,k L8,3 83.2 106.0 110.0 123.0 125.0
3 N 5.0 7.4 13,4 18,3 22.0 36.6 55.8 83.7 93,9
i i 3.0 L4 7.2 11.3 16.9 27.3 h7.3 64.8
Run No. 3. Water at 120 psig, 287°F, 5 inches from Nozzle
Location Photos Number of Drops in Each Size Range
2 3 L 5 6 7 8 9 10 11 12
1 3 L6 171 157 141 126 68 37 15 1k 7 9
2 3 L3 209 20k 1h7 124 122 41 1k 3 3
3 2 L 32 56 92 37 28 23 5
n 1 2 1 1
Average Velocities in Each Size Range (Ft/Sec)
1 b 7.4 8.7 12.9 17.1 28,4 38,4k 85.1 9k.o 101 106 110
2 i 6.7 7.9 12.6 13.6 15.6 20.1 37.2 55.1 T3.9 86.1
3 i 4,2 4.6 5.8 7.9 11.3 16.1 32,6 4.7
f L 11.7  25.9  36.7
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TABLE XXII (CONT'D.)

Run No. 4. Water at 120 psig, 287°F, 6 inches from Nozzle

Location Photos . Number of Drops in Each Size Range
2 3 i 5 6 7 8 9 10 11 12
1 3 12 111 179 187 137 67 23 9
2 3 24 112 138 145 125 84 30 7 6
3 3 16 39 S5h 90 99 9 39 9 7 1
i 3 20 75 123 126 11k 115 30 12 5

Average Velocities in Each Size Range (Ft/Sec)

1 Y 10,9 1k,7 18,4 22,5 3.4 44,3 63,9 81,1
2 4 10.0 11.7 1k.2 20.4 28.4 38,4 52,3 68,5 844
3 o 9.2 10.9 15.2 18.0 23.8 30.9 Li.7 5Lk.3 2.7 83.3
L h 5.9 8.8 10.9 15.8 21.3 27.2 3.0 k7.5 65.1
Run No. 5. Water at 120 psig, 287°F, 7 inches from Nozzle
Location Photos Number of Drops in Each Size Range
2 3 L 5 6 7 8 9 10 11 12
1 3 27 T2 73 50 Ly 32 16 6 6 2 5
2 2 I 19 L1 101 80 Ll 15 1 1
3 2 6 18 45 122 207 116 27 2
4 2 1 14 L 5k 20 i
Average Velocities in Fach Size Range (Ft/Sec)
1 4L 10.0 12.0 20.5 246 29.2 37.6 58.5 75.1 90.2 99.5 110
2 4y 10.% 13,4 15,5 18.4 21.7 27.6 543 T71.0 81.7
3 L 8.0 8.7 12.1 13.4 16,7 19.2 28.8 45,1
L L 9.2 10.0 10.1 10.2 10.%3 1k,2
Run No. 6. Freon 11 at 90 psig, 158°F, L inches from Nozzle
Location Photos Number of Drops in Each Size Range
2 3 Iy 5 6 7 8 9
1 Lo 72 305 536 31k 75 1k
2 L 15 33 51 31 12 2
Average Velocity in Each Size Range (Ft/Sec)
1 b 7.7 10.0 1k,5 22,9 30.0 42,0
2 i 5.0 6.3 10.3 15.9 22.% 28,0
Run No. 7. Freon 11 at 120 psig, 158°F, 4 inches from Nozzle
Tocation Photos Number of Drops in Each Size Range
2 3 L 5 6 7 8 9
1 2 58 37k 565 310 35 1
2 2 62 286 631 325 59 6
3 L 27 112 258 162 ol 1
Average Velocities in Each Size Range (Ft/Sec)
1 L 9.0 13.9 22.6 32.1 43,4k 58,9
2 i 8.5 10.0 17.3 21.7 30.6 42,8
3 il 5.5 12.0 18.5 27.7 39.0 51.0
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TABLE XXII (CONT'D.)

Run No. 8. Freon 11 at 120 psig, 158°FL75 inches from Nozzle

Location Photos Number of Drops in Each Size Range
2 3 L 5 6 T 8
1 1 65 225 263 78 5
2 1 23 149 200 89 9 3
b 2 2 39 111 78 11

Average Velocities in Each Size Range (Ft/Sec)

1 3 8.6 13.0 17.8 25.5 38.5
2 3 8.5 10.3 14,1 20.9 28.7 43,0
3 3 8.0 8.5 11.8 18.1 24,k 38.2 61.7

Run No. 9. Freon 11 at 120 psig, 158°F, 6 inches from Nozzle

Location Photos Number of Drops in Each Size Range
2 3 L 5 6 7 8
1 2 8 68 106 Lh 3 1
2 3 30 232 573 431 89 8
3 3 34 179 450 430 137 26

Average Velocities in Each Size Range (Ft/Sec)

1 3 8.5 9.8 20.5 25.0 41,5 49.0
2 3 9.0 9.8 16.7 21.0 33.0 39.5
3 3 9.0 9.8 13.0 18.0 25.% 30.3%

Run No.1l0. Freon 11 at 120 psig, 158°F, 7 inches from Nozzle

Location Photos Number of Drops in Each Size Range
2 3 I 5 6 7 8
1 3 11 133 359 524 316 68 T
2 2 3 36 189 4Lz 418 117 9
3 3 13 133 324 358 120 17

Average Velocities in Each Size Range (FtZSecl

3 9.0 1k.s 21.0 29,2 43,0 63.5 68.
2 3 6.0 10.0 16.0 22.5 34,0 52.7 57
1 4,5 7.5 13.0 18.0 27.8 h1.7 L6,
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APPENDIX C

BUBBLE GROWTH IN A SUPERHEATED VISCOUS LIQUID

The information presented in this appendix is intended to
acquaint the reader with the methods used to predict the bubble growth
curves shown in Figure 10. The method is due to Poritsky(hl) although
he did not specifically solve the problem for any of the fluids or
conditions given here.

The equations of motion are given by:

P = —vp +5V(V-V)+ 4TV (c-1)
where
-
v 1is a velocity vector
a2 is the acceleration vector given by

a = (%—t + \7:7\"\7 (c=-2)

Upon first investigating the problem one 1s confronted with
a paradox: that there is apparently no difference between the equations
which govern the growth of a spherical vapor bubble in a perfect (in-
viscid) liquid and those governing its growth in a viscous liquid. If
the fluid is assumed to be incompressible the second term on the right
hand side of Equation (C-1) vanishes. It is also true that the Laplacian
of the velocity vector v 1is zero. This arises from the fact that, be=~
cause of the spherical symmetry of the problem; a potential function may
be defined and hence the Laplacian i1s zero. Thus the paradox presents

itself.

=148
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Poritsky resolved this disconcerting dilemma by noting "that
while it is true that the effect of viscosity vanishes in the equation
of motion, so that the resultant of the viscosity stresses per unit of
volume at any point internal to the fluid vanishes, this is not neces-
sarily the case with the stresses themselves." Lamb(25) has shown that
at any point the three principal stresses P; and the three principal

strains €, are related by:

P! = - —%/A(G\ + €7 + QS) -+ 2/4.,{.6‘ (C-j)
2

Po= -P -Fule + € +€x) + 2ue, (c-3a)
2

P o= - —'g/4(€\+ € + 65) + R Eg (c-3Db)

where the pressure P is the mean of the negative of the three principal
stresses Py, P, 35,'

Poritsky applies the above three equations to the free spheri-
cal surface of the cavity inside which he supposes that a constant pres-
sure Py exists. Note that Py 1s not the value of P in the above
equations, existing at the boundary within the fluid, but is calculated
from the negative of the proper principal stress, thus arriving at the

relation:
R = P - 2ue€ (C-L)

Applying this equation to the problem of determining the rate

of growth of the radius R of the bubble one gets:

1\

R-R IR 3 oH:%a Al 1R (c-5)
B RIZ + 3 (%]) + (R
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It should be noted that for the case of an inviscid liquid
(b = 0) Equation (C-5) becomes identical to Equation (5.2). Intro-

ducing the dimensionless parameters

+ [ PP
T Ro P

- _R
€ = =

i

4 AL
RO JP( pa - POO)

C =

one obtains the following differential equation:

2
o3 388 ~gF - =0 )

If one equates the work per unit solid radian by the pressure Py to
the kinetic energy acquired by the fluld, starting from rest, the

energy relation given below results:

(Po-PoXRE-R) 4 ?RS(d R)a
3

2 \dt

dt

£ 2
+4ﬂfR(§§ dt = o (c-7)
(o]

Introducing the same dimensionless variables as before leads

to the equation:

. 2 o 2
- e p* (ds g 3¢ _ (c-8)
£+ B(5E) relefger = o
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If the surface tension term, is included, it is readily shown that equa-

tion (C-5) and (C-7) become, respectively:

-2 — Po $#r , 3 [dRYV 4,u 3 (¢-9)
P = Rge “’?(dt t '_5

(Fo —Po)(RE-TR)
3

t
+4M§R<§J‘%—\)dt = o (c-10)

Defining a dimensionless variable

G
FQO(F% - FEQ

and employing the dimensionless variables C, B and T as before Equa-

D =

tion (C=10) becomes

= t 2
8% 1) — (%i) _ cge(.g_i_) dr = o  (c-11)

The two energy Equations (C-8) and (C-11) lend themselves easily to
numerical integration by the method of isoclines. Denoting the integral

in Equations (C-8) and (C-11) by I and 4d/dt by a dot, then

T

I = g ge*dx
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oI _ d :
gT = 080 e Go= eé

The following first order equations are derivable from the two integral

differential equations:

2_ (9z¥ _ 2(P°-1) _ 2cx dI.
V= (5) = See (557°)
and
2 3 3
2 _ [T _ 2(B°-1) _ zex e dI_ (c-13)
N"‘@G = =@ e — Pre ) (d@>°>

The initial condition for the solution to the above equations is
B =1 when I =0,

In the solution by means of isoclines, curves of constant
slope M = dI/dB are constructed in the (B, I) plané and then the
integral curve is drawn corresponding to the initial values B =1,
I=0.

After I has been determined as a function of B and the
slope M = dI/dB determined graphically, the relationship I versus
B could be obtained. The dimensionless time 1 I1s found from the

following relationships:

[

6 = 5% = g (C-1k)

Q.

and

~

i
()
™
MK

(c-15)
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Using Equation (C-15) a curve of dimensionless time versus dimensionless
radius was constructed.

In order to carry out this solution an estimate of the initial
radius Ry 1s required. The surface tension of a liquid exerts a pres-

sure on a spherical bubble in a liquid whose magnitude is given by:

P = E_FG?: (c-16)
where
P = pressure difference between the inside and outside of
the bubble
o = surface tension of the liquid
R = radius of the bubble,

If a bubble is to grow in a superheated liquid, the vapor pressure of
the ligquid minus the pressure on the liquid must be greater than the
pressure given by Equation (C-16).

.g_qj = P(To\ - P
R

|

2a
R 2 B P

where

=
il

minimum initial radius for bubble growth
P(TO) = vapor pressure of a liquid at the arbitrary temperature T,

P

li

pressure on the liquid,
Table XXIII gives several values of this minimum initial
radius for water, Freon 11 and Freon 113. There are two assumptions

implicit in the calculation of the minimum initial radius in the above
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manner:
(l) That the surface tension is applicable down to such
small values of the radius.
(2) That the effect of the small radius of curvature of

the drop on the vapor pressure is negligible.

There is no manner in which the validity of the first assump-
tion can be verified. However, an estimate of the order of magnitude
error inherent in the second assumption can be made utilizing thermo-
dynamic principles. Such calculations were carried out and the per

cent change in the vapor pressure was found to be negligible.

TABLE XXTIII

MINIMUM INITIAL RADIUS FOR BUBBLE GROWIH
UNDER ONE ATMOSPHERE

Water R, (microns) 5.90 1.71 0.605 0.470 0.378 0.300 0.245
T?°F) 220 2L0 266 275 284 293 302
Freon=-11 (microns) 3.4 .615 .40 .297 .226 .178 .14k

R
T?°F) 80 100 110 120 130 140 150

Freon-113 Ry (microns) 7.85 2.20 1.4 .947 .765 .573 .49l
T( °F) 120 126 130 136 140 146 150

A detailed summary of the calculations for the growth of a
vapor bubble in superhegted water is given in the following paragraphs.
The calculations for the other two fluids are not shown in any detail,
but the results are depicted graphically.

1, Calculation of Dimensionless Parameters

Nozzle diameter = .031 inches, AP = 120 psig

Shatter temperature = 268°F
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Average temperature above saturation = 5

Liquid viscosity u = 0.25 cp
Liquid density p = 58.9 1b/ft3
Po = B, = 25,825 - 0,36 = 25.46 1b/in?

Initial radius R, = 1.71 x 1074

C = by

Ry VD(Pb - E»)

_ (4)(0.25)(6.72 x 107*)(2.54)(12)
(1.71 x 10=% 58.9 (25.0)(1k4)(32.2)

= 0.0455

o

Ro(Fy = By)

D =

Liquid Surface tension = 58.9 dynes/cm°

b - (58.9)(6.85 x 1077)(12)(2.5k)
(1.71 x 107%)(25.0) (144)

= 0,201

2. Conversion of Dimensionless Time to Microseconds

% \/ P, - P
T = 0" xg
Ky o ¢

- (£)(2)(2.5) \/E_QLLM_ (32.2)

1.71 x 10*

= T.97 X 106t  where is measured in seconds

-

=7.97 t where + 1s measured in microseconds.

268 + 210

1.71 microns)

= 239°F
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3. Calculation of Isoclines for D = 0.1695, C = 0.0423

3 3
M? = _Z_(E;‘__) _ I _ D(_@_e“;\,
EA e
Substitution of the values for C and D yilelds the

equation below, which may be used to calculate the values

of the isoclines required:
I=5.90( -1) - 11.9 M

Figure 40 shows a graph of the isoclines in the (B, I)
plane for values of M of O, 2, 5, 7 and 10. The
corresponding integral curve is also shown. In a very
similar manner the corresponding curves were obtained
for Freon 11 and Freon 113. By integration of Equation
(C=-15) the curves shown in Figure 10 were drawn. It is

then a simple conversion to arrive at Figure 11,



APPENDIX D

PROBERT'S METHOD OF CALCULATING SPRAY EVAPORATION

We assume that the spray has the characteristics such that

_ (4)”
R=g¢ X (D-1)
R = volume or weight fraction of the spray composed of
drops greater than x
X = size constant
n = distribution constant
Taking differentials one gets
n-i n
= X X
IR X7 € (p-2)

But this represents the small volume fraction of the injected spray in
which drops may be taken as of diameter x. The volume of one drop is
x>

6
and therefore the number of drops per unit volume injected of size x 1is

n-a  _ (XY
%23 = —;(-:)‘f("n)_x;:‘v? e (X) dx (D-3)
G

Under steady state conditions there will be drops of all sizes present
at any point. If at any one instant we consider drops of one size,

they can be accounted for in two ways--either as drops injected at that
moment and of that size or as drops injected earlier of a larger size
which have evaporated down to that size. Let us consider at any instant

the drops remaining from the spray injected t seconds earlier. The

=158=
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drops now of size x were then of size Vx2 + Kt, where K is the
evaporation coefficient. Therefore the number of drops now of size

x per unit volume injected then was

=4 (XE+ Kkt
ez 5 s o

But the number of drops of a given initial size remains constant as

they evaporate. (This of course assumes no secondary atomization or
coalescence and also assumes that the drop has not completely evaporated
at the time of later examination.) Therefore the total number of drops

of size x 1in the steady state 1is

-4
=00 = - K Kt
T () M CC PPV

< 0

t
t=0 X

The total volume of drops of size x 1is

) n-4 - n
< E° 6 () e(—*— o )dxvdt (0-6)
t=0 X

The total volume of liquid present during evaporation is

dxvdt (D-7)

Fr) X5 (B e 311‘4 e%%ﬁ%



~160-

Considering Equation (D-3), after a time interval of t seconds, these

drops have decreased in diameter from x +to Vx2 - Kt and the volume

of each drop is now \% (x2 - K”c)5/2° Thus the volume of drops initially
of size x 1s now
n
) e e

If the time allowed for evaporation is T, +the drops initially of size
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