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CHAPTER I

INTRODUCTION

Spraying is the process of breaking a mass of liquid into a zone
of drops. Sprays are most often produced by the injection of & liquid
under pressure through a device which forms an unstable jet or sheet or by
the passage of a high velocity air stream over a liquid jet., In both
these methods, the liquid is broken into drops by the action of the stresses
at the liquid-vapor interface, The object of this investigation is a study
of the characteristics of the sprays formed by flashing liquid jets, In a
flashing liquid, the spray is formed partly by the internal gas evolution
which rapidly expands the jet, The specific objectives can be divided
into two major categories: 1) determination of the break-up mechanism
and the controlling physical variables, and 2) finding the effects of
operating variables on spray characteristics such as drop-sizes, drop-size
distributions, drop-velocities, spray patterns and vaporization rates.
Flashing, defined as spontaneous vapor evolution, can occur if
liquid is injected at a temperature above the saturation temperature of
the liquid at the pressure of the receiving medium. In this case, the
liquid is '"superheated" with respect to the receiving pressure, The
liquid must attain its saturation temperature in order to reach a condi-
tion of thermodynamic equilibrium. The sensible heat available from the

liquid by this temperature reduction provides the latent heat for the



spontaneous vaporization of a portion of it. Flashing may also occur if
gas 1s dissolved in the liquid at a concentretion greater than the solubil-
ity of the gas in the liquid at the pressure of the receiving medium. Here,
the liquid is "supersaturated" with respect to the receiving pressure. In
this case, a portion of the dissolved gas must come out of solution in
order to reduce the concentration to its equilibrium value,

The most common application of flashing for the formation of
sprays are the household "aerosol bombs'" for the spraying of insecticides,
perfumes, and deodorants., The material to be sprayed is stored in a
pressure vessel with a portion of propellant. The propellant is commonly
an inert, non-toxic compound which is gaseous at room temperature, Typical
propellants are Freon-12 or nitric oxide, When the mixture of the material
and propellant is injected into the atmosphere, a fine spray results,

Although flashing for the formation of sprays is not widely
employed in other applications, there are several areas where it might be
advantageous., In fuel cqombustion, the fuel can be preheated before
injection into the combustion chamber, Fine fuel sprays could be formed
at low injection pressures if they are injected at a high enough tempera-
ture, Another possible application is spray drying. Injecting a super-
heated material has two advantages in this case., The spray is at a high
temperature so that the liquid portion of the material sprayed vaporizes
rapidly, and the spray zone is contained in a relatively small volume,

reducing the necessity of very wide spray towers.
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This method of spray formation produces sprays having certain
characteristics., Whether this method or another of the various available
methods of spray formation is desirable in a given application depends
upon the requirements of that particular application. A small drop-size
is not always the most important factor. The applications suggested here
utilize various spray chqracteristics peculiar to this method of spray
formation, A purpose of this research is to present the characteristics
of the sprays from flashing liquids so that the information might be of
value in considering it as a method of spray formation for any particular
application,

This investigation is restricted to the break-up of cylindrical
liquid Jjets. The break-up of a cylindrical liquid jet is probably consid-
ered the most fundamental means of making a spray and has wide application.
The break-up of these jets has been both theoretically and experimentally
studied by several investigators., Therefore, the results obtained with
flashing can be compared with the information available concerning ordinary
Jet disintegration. To date, there has been no investigation reported in
the literature of the sprays formed by flashing liquids,

Another reason for studying cylindrical jets is that the nozzle
design for producing them is very simple--a circular orifice, Simplicity
of nozzle design is important in any break-up study as the nozzle design
often has a profound effect on the break-up mechanism., With an orifice
nozzle, the design parameters which affect the break-up are easily

controlled,



The break-up mechanism is studied by taking high-speed silhouette
photographs of the flashing jet to "stop" the break-up action, The
photographs are taken of water jets under various injection conditions.,

The important variables are injection temperature and design of the orifice,
Photographs are taken of both superheated and supersaturated water jets,

A quantitative measure of the liquid break-up is made by drop-
size analyses., There are several methods of obtaining drop-size data but
the only one feasible in this case is a photographic technique in which
high-speed photographs are taken across the spray zone, This is necessary
because of the high vaporization rates and velocities of the drops in the
spray which do not permit physical sampling. Drop size analyses are made
for sprays from water and Freon-11 jets, The analyses are made for sprays
formed over a wide range of operating variables including orifice diameter,

orifice roughness, injection pressure, and injection temperature,



CHAPTER II

SURVEY OF LIQUID JET BREAK-UP

This chapter will review some of the experimental and theoretical
information available in the literature on the break-up of cylindrical
liquid jets. This will enable us to compare the effectiveness of injecting
a flashing jet to form a spray with injecting a thermodynamically stable
liquid jet.

The manner in which a liquid jet disintegrates into droplets
varies considerably depending on the relative values of certain physical
variables, To describe the various physical processes of the disintegra-

17)%
(17) that presents high-

tion, we can refer to a study by Lee and Spencer
speed photographs of liquid jets injected under various conditions. Assume
that liquid is flowing through a given size orifice into stagnant gas in
the direction of the gravitational force and the velocity is slowly '
increased, At the lowest jet velocities, the jet breaks up as a result of
the pinching effect of surface tension, The jet first deforms in a
symmetric, varicose manner and then breaks into droplets as shown in

Figure la, The jet velocity is increased so that the aerodynamic effects
caused by the vapor flowing over the liquid become important., This
produces faster disintegration as a result of vapor flow causing a

decrease in pressure over the bumps in the jet and an increase in the

wells as schematically presented in Figure 1b, With further increase

* Superscript‘numbers refer to literature citations in AppendixD.,

=5=
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Figure 1, Break-Up of a Cylindrical Liquld Jet,
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in velocity, the aerodynamic forces cause the jet to deform in an unsymmet-

rical, "flag-waving" manner illustrated in Figure lc. The whipping action
at the end of the jet causes it to break into drops. At still higher
velocities, the almost immediate, chaotic mass disintegration of the jet
can be observed, High-speed photographs have shown that the liquid is
actually caught up and drawn out by the vapor. The liquid is pulled into
fine ligaments which further disintegrate by the surface-tension mechanism,
The larger drops formed from the initial break-up of the jet may further
be shattered, This final disintegration process is called "atomization,"
In all the theoretical analyses of the break-up of liquid jets
developed to describe the above processes, certain assumptions had to be
made to solve the equations of fluid flow. The analyses are based upon
the assumption that small random microdisturbances exist on the liquid
surface, These may be caused by a number of factors including roughness
on the orifice surface, impurities in the liquid or vapor, or turbulence,
There are forces acting upon these disturbances causing them either to
diminish or grow, An expression 1s obtained for the growth rate of these
disturbances, The disturbances which are shown to have the maximum
growth rate are assumed to ultimately lead to the jet break-up. This type
of analysis leads to two useful results, First, the size of the disturb-
ance is generally characterized by its length in comparison to the Jjet
diameter. The length of the disturbance that has the maximum growth rate

gives the volume fraction of the liquid contained in that disturbance,
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This gives an estimate of the size of drop that will result from the disturb-
ance. Second, the growth rate of the disturbance gives a measure of the
break-up length of the liquid jet. This method of approach is valid 1f the
disturbances are small compared to the size of the jet and randomly imposed,
If imperfect machining of an orifice produces a situation where a large
disturbance is imposed in a non-random fashion, this analysis may not be of
value,

The first mathematical treatment of the instability of cylindri-

(27) in 1878, He treated both the

cal liquid jets was made by Rayleigh
problem of injecting a jet of heavy liquid into a vapor, and injecting a

gas into another gas. In his treatment of the liquid jet he assumed that
the capillary force, or surface-tension force, was of major importance, A
sinusoidal disturbance for the surface of the jet was assumed. Expressions
for the potential and kinetic energies of the deformed jet were found, and
from these the growth rate of the disturbance was found as & function of the
jet diameter, surface tension, and disturbance wavelength. From this analy-

gsis the disturbance on an inviscid liquid Jjet having the maximum growth

rate was found to be dependent only on the jet diameter and is given by

A = 4,508 d (1)
where A = disturbance wavelength, and
d = jet diameter,

This solution is important in that it accurately predicts the
drop-size from the size of the disturbance by assuming the drop is formed

from the cylindrical portion of the jet having a length given by Eq. (1).
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This is only valid for the break-up of a low-velocity Jjet as shown in
Figure la, as it neglects the aerodynamic forces that become important at
the higher velocities, Experimental measurements of the wave-length by
(28) .
Tyler agree very well with Eq. (1).

(26)

In a subsequent paper, Rayleigh extended his analysis of
ligquid jets to include liquids of high viscosity. This showed that as the
viscosity was raised, the wavelength of the disturbance having the maximum
growth rate was increased,

A second theoretical study of jet break-up was made by Weber(5o)
in 1931. Weber first considered the same hydrodynamical equations and
assumptions as did Rayleigh in solving the disturbance growth rate for low
and high «iscosity Jjets. By making certain mathematical assumptions, he

obtained an explicit relation for the wavelength of the disturbance of

maximum growth rate as a function of liquid properties,

A= nck/e U 4 1> (2)
;png'
where y = liquid viscosity,
p2 = liquid density, and
0 = interfacial tension.

This equation shows that for inviscid liquids (p = 0), the solution agrees
very well with that found by Rayleigh,

X o= L.k g (3)
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Weber's analysis goes further than that of Rayleigh in that he then consid-
ers the effect of aerbdynamic forces on the jet disintegration., He first
considers the effect of symmetrically-imposed forces as shown in Figure 1b,
This analysis shows that the disturbance growth rates increase with jet
velocity. This results in the fact that the break-up time (time = O at the
orifice) decreases with jet velocity. The length of the disturbance with
the maximum growth rate again increases with jet viscosity. Weber then
considers the case where the jet is distorted in & sinuous manner which
occurs at the higher velocities. In this case, the cross section of the jet
1s assumed constant, and the sinuous jet is considered as an elastic beam,
subject to thrust and bending. The jet is assumed to be sinusoidally
distorted and an attempt is made to obtain the size of the distortion with
the highest growth rate, The size of the disturbance is found to decrease

with a dimensionless constant, now referred to as the Weber number,

PgV2d
N - &= (4)
we

2g.0

where = the density of the surrounding gas,

o)
V = the velocity of the jet, and
8. = conversion factor, absolute to engineering units,

High viscosity again has the effect of increasing the length of the disturb-
ance with the highest growth rate and increasing the break-up time,

The models of jet formation employed by Weber in his analyses

(9)

°

were based on an experimental study of the break-up made by Haenlein

The results predicted by Weber agree in character with the experimental
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results of Haenlein, The results of the previously mentioned photographic
study of Lee and Spencer(l7) also agree with Weber's theoretical results.,

(%,5)

Several investigators, particularly Castleman , point out
that Weber's analyses do not apply to very high values of jet velocity
where the jet disintegrates very close to the orifice, Photographic
studies have indicated that many drops are created by the formation of
ligaments on the surface of the jet. No mathematical analyses have been
attempted for this regime of atomization as a result of its random nature,
However, there are certain characteristics of the spray that may be
predicted,

A large drop in a high velocity air stream is unstable and is
subject to further disintegration., This shattering of drops that have
been broken off the liquid jets is referred to as "secondary atomization,"
The importance of this concept is that knowing the maximum size of a
stable drop as a function of the relative velocity between drop and vapor,
we can predict the maximum drop-size in a spray from a jet injected at a
given velocity. The mechanism of secondary atomization has been studied

(18) (16)

by Baron(Q), Littaye , and Lane . The most useful result of these
studies has been the criterion for the onset of secondary atomization
developed by Littaye(l8)°

N . = constant (5)

This says that if the Weber number is a higher value than a constant, the

drop is unstable and will be shattered,
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Several empirical and semi-empirical relations have been

presented to give the maximum drop-size for a liquid jet spray and its

(
break-up length. A good correlation for maximum drop size is Holroyd's‘lB)
p/a = w2/3¢(R) (6)
where D = maximum drop diameter,
W= Vdped/gcc and
R = Reynold's number = Vpsd/u.

It should be pointed out here that some confusion exists in the literature
as to the definition of the Weber number., Some investigators define it as
in Eq. (4) and others call W, in Eq. (6), the Weber number. In this study,
any reference to the Weber number will mean that defined by Eq. (4). This
definition seems preferable since it is the ratio of the impact stress of
the gas at the gas-liquid interface, ngg/Egc; and the normal stress on any
cross section caused by surface tension, c/da This is a ratio of a stress
tending to distort the jet to a stress tending to restore it to its origin-
al configuration and in this sense, is a measure of the jet stability.
There is & direct relation between the two definitions of Weber number and

it is given by

P
N = & ye (7)
we 292

Holroyd(lB) says that the function of Reynold's number, f(R),
in Eq, (6) should be obtained empirically for any particular application,

Miesse(l9) has correleted the meximum drop-size dete for the breek-up of

water and liquild nitrogen jets and applied Holroyd's equation to obtain
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the equation:
D/d = w'2/5(25°5 + 0.000395 R). (8)
Both Eq. (6) and Eq. (8) are for jet velocities where secondary atomization
does not occur., In cases where secondary atomization does take place, the
maximum drop-size may be reduced considerably.
Baron(g) suggests the function of dimensionless groups to

correlate break-up length data be given by

L/d = Wfl(R) (9)
where L = the break-up length.
Miesse(l9) applied his data to this relation to obtain the correlation

L/d = 1,7 W (0.0001 R)'5/8 (10)

This brief surveybhas been intended to point out the present
state of the knowledge of liquid jet break-up, and is not intended as a
complete literature survey. A complete literature survey of this subject
is available(gu)n The main purposes of this survey are: 1) to provide a
basis for the choice of range and magnitudes of operating variables for
the flashing study, and 2) to provide a basis for the comparison of the
break-up of cold liquid Jjets and the break-up of flashing liquid jets.
The choice of operating variables for the flashing study is in a range
where the atomization of ordinary liquid jets to a spray is poor, that is,
where the drop-sizes are the same order of magnitude as the jet diameter,
The purpose of employing flashing would therefore be to obtain a fine

atomization from cylindrical liquid jets at pressures where more compli-

cated devices than orifices must be used to obtain fine sprays.,
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The atomization of the jets is poor in the regimes of the jet
deformation and break-up shown in Figure 1. The onset of these various
regimes of deformation can be characterized by the same criterion that 1s
applied to the stability of droplets 1in a high-velocity vapor

(11,16) . :

stream . The regimes are characterized by the Weber number. The
Weber numbers for the various break-up processes for low viscosity jets
are tabulated in Table I,

TABLE I, BREAK-UP CONDITIONS FOR A IOW VISCOSITY

CYLINDRICAL LIQUID JET
pinching breek-up when N < 0.2 Figure la
sinuous break-up when 0.2 <N, < 8 Figure lc

atomization when Ny > 8

"Atomization" in Table I refers to the point where ligament
formation is induced on the jet surface and the original jet drops are
subject to secondary atomization. Note that this begins where the impact
stress on the jet surface is ebout en order of megnitude greater then the
surface normel stress, It should be emphasized that the values given in
Teble I are very approximete as the tfansition between the regimes of
jet deformation is very gradusl and does not take place at a sharply
critical Weber number., The experiments with flashing are designed to
cover & range of Weber numbers that cross the "critical"™ for the onset

of atomization, This would determine whether the break-up of flashing
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Jets is also subject to a change at the critical Weber number, The
Weber numbers in Table I are given for low viscosity liquid jets. The
effect of high-viscosity is to raise the value of the "critical" Weber
number for the onset of atomization., Increased viscosity therefore has
the effect of increasing the stability of a liquid jet or drop. The
critical Weber numbers for the onset of atomization of drops and Jets

(11)

as a function of viscosity are given by Hinze .



CHAPTER III

EXPERIMENTAL APPARATUS AND PROCEDURES

The Injection System

A diagram of the liquid injection system is presented in Figure 2,
Injection is by gas pressure over the liquid in the storage tank. This
prevents pressure fluctuations which are inherent with injection by reciprocal
or rotary pumps., The system is designed so that liquid may be injected
under the following conditions:

1) Hot water--The vented storage tank is filled with water and
steam is bubbled through until the temperature is 212°F, Steam is passed
through the water for a few minutes to remove any air in the tank and the
tank is then sealed., The steam can then be injected until the tank pressure
reaches 135 psig corresponding to a saturation temperature of 358°F. This
hot water passes through the heat exchanger where i1t can be cooled to the
desired temperature by varying the cold water flow in the outer jacket.

The injection pressure across the nozzle may be regulated elther by the
steam pressure in the tenk or the gate valve downstream of the heat exchanger.

2) Hot or cold liguids--Any liquld cen be put in the tank and
injected under air or gas pressure through the heat exchanger where 1t is
heated to the desired temperature by passing steam or hot water through the

outer Jjacket.

-16-
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3) Liquid with dissolved gas--Gas from cylinders may be bubbled
through liquid in the tank in the same manner that steam is bubbled through
the water. Gas is bubbled through the vented tank for 20 minutes to assure
it is dissolved to saturation and all the air is vented from the tank. The
tank is then sealed and gas injected until the desired pressure is attained,

In summary, the injection system will inject cold, superheated,
and supersaturated liquids into the atmosphere at pressures up to 300 psig.
Provision is made for metering the flow with a Fischer-Porter variable-ares
flowmeter capable of measuring flow rates from 0,026 galo/min, to 0.211
galo/min° with an accuracy to the nearest 0,002 gal./min° An iron-constantan
thermocouple measures the temperature of the pipe Jjust upstream of the nozzle,
The pipe and thermocouple are heavily insulated and the temperature can be
measured to the nearest 0.5°F. Injection pressures are measured by a
calibrated Jas, P. Marsh Corp. Mastergauge Type 103 which measures pressures

to the nearest 1 psig. The calibrations are discussed in detail in Appendix A,

High-Speed Photography

Several methods of analyzing sprays are available, Most of these,
however, depend on the physical sampling of the spray or on the scattering
of light by the spray. Physical sampling is usually accomplished by having
drops impinge on cups or microscope slides or by sucking them out of the
spray by a tube. Any physical sampling technique has the disadvantage that

the impingement process discriminates against capturing the smaller drops



~19-

and the larger drops are shattered. This is particularly aggravated in the
case of the sprays from the superheated jets. The drops are at their
saturation temperature as soon as they are formed and so vaporize at a very
high rate. They must therefore be sampled near the orifice where their
velocities are the highest. The higher velocities increase the tendency to
shatter the large drops when making the sample, The light scattering
techniques have the disadvantage that the data is extremely difficult to
analyze unless the drops are in a very narrow range of sizes, Neither
physical sampling or light scattering techniques yield any information
concerning drop velocities,

In the photographic technique of spray analysis, a photographic
sample of the spray can be taken without disturbing the flow pattern. In
general, photographic techniques rely on taking high-speed photographs in
various locations of the spray. The photographic method employed here is
that described by York and Stubbs(jg) which uses double exposures to obtain
drop velocities, This method provides drop-size distributions and drop
velocities for various locations in a spray and for the whole spray.

High-speed photographic techniques are employed for another type
of measurement. That is the photographic study of the break-up of the
flashing jets. The equipment and techniques for taking the photographs
for the break-up studies and the spray analyses are almost identical, the
major difference being the location of the field of the spray photographed

with respect to the orifice.
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The camera arrangement for the high-speed photographs is shown
in Figure 3., The camera lens is an Argus with a variable aperture setting
from f£-3.5 to £-16 and a focal length of 50 mm. The geometry of the
camera provides for a magnification of 10X of the image on the film, This
photographs a sample of the volume of the spray with a face O.4-in, x 0,5-in.
parallel to the face of the lens and a depth of field depending upon the
aperture setting (about 2 mm,at £-3.5). In a spray analysis, the aperture
setting must remain constant in order to maintain a constant depth of field,
Mylar filters are therefore used to control the intensity of illumination
from the photolights. Lighting is provided by two General Electric Photo-
lights Cat. No, 9364688G1, which give a high-intensity flash for approximate-
1y 1 microsecond. The lights can be positioned at right angles with a half-
silvered mirror between them as in Figure 3 and discharged with a definite
time delay governed by the time-delay circuit. This produces a double
exposure of the drops with a known time delay for velocity measurements,
The lights may also be employed singly for single-flash photographs. The
light beam is directed at the lens, producing a shadow photograph of the
drops. Photographs are taken with Kodek Contrast Process Ortho film
because 1t has high contrast and good resolution,

In the spray analyses, the nozzle 1s placed on a movable stand
so that the samples can be photographed at various locations in the spray.
The nozzle is connected to the injection system by means of insulated
flexible metal tubing. The positions of the numbered sample locations for

all the spray msnalyses are shown in Figure L,
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In a typical spray analysis, single-flash photographs are taken
in a number of the sample locations depending on the width of the spray
zone, Some double-flash photographs are also taken for velocity measure-
ments. The double-flash photographs are not used to obtain drop-size
distributions because the double exposure reduces the resolution of the
smaller drops., After the photographs are developed, the drops are measured
on an optical comparator which projects a 10X magnification of the negative.
This provides a 100X magnification of the original drops. Since photographs
of the spray show both drops in sharp focus and blurred drops, as in
Figure 5, a standard technique has to be employed to determine which of
the drops should be considered as part of the sample., This is done by
taking several photographs of drops of various size suspended on glass
fivers. The lens is advanced a known distance before taking each picture
to obtain photographs of the drops at known distances from the point of
focus. One of these photographs is established as the limit of focus and
any drops as sharp or sharper than these are accepted. Drops are counted
and measured by adding the number of drops in a photograph found to lie
within given size ranges. This analysis gives the percentage of drops in
each sample that lies within each size range. This gives a spatial drop-
size distribution in a sample. The distribution desired, however, is that
in a given period of time or temporal distribution. This is found from
the spatial distribution by multiplying it by the velocities of the drops

in each size range which have been measured from the double-flash



-23-

Figure 5. Typical Drop-Size Photograph, 10X.
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photographs, The drop-size distribution for the entire spray is calculated
from the distributions in each location, The mean drop diameters may be
calculated from these distributions, A sample calculation for a spray is
presented in Appendix C.,

The break-up photographs are taken with the same equipment as the
spray analyses except that the photograph is usually taken at the orifice
exit, No filters are used to reduce the light intensity but the aperture
is reduced to f£-5. Both single and double-flash photographs of the Jjets are

taken.

Qrifice Nozzles

Although the design of an orifice nozzle is rather simple, there
are still a number of design variebles that may be considered, Tﬁe obvious
ones are the geometric variables of orifice diameter and orifice length,
Others. are orifice shape and metal surface roughness., Experiments are made
over a range of orifice diameters that are given in Table II, The orifice
length must be small enough so that vapor evolution is not‘initiated inside
the orifice as this causes a severe reduction in mass flow rate at high
injection temperatures or concentrations. The results of preliminary
experiments (see Appendix A) indicate that orifices with L/D (length to
diameter) ratios of 1 are sufficiently short to prevent vapor evolution in

the orifices for the conditions of these experiments,
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The three main types of nozzles are illustrated in Figure 6.
Nozzles of type A are sharp-edged orifices which produce extremely smooth,
undisturbed liquid jets. The nozzles of type B are tap-drilled and the
edges rounded. The surface roughnesses are measured with a Micrometrical
Manufacturing Co. Profilometer with a type QC Amplimeter and a type AE
Pilotor, These nozzles produce jets whose surface is slightly disturbed
by the metal surface, A nozzle of this type with a sharp downstream edge
was tried but the dribbling greatly increased the mean drop-sizes.

The nozzle of type C was designed to provide an extremely rough
surface, This was made by cementing 170/200 mesh glass beads on the inside
surface of a 0,060-in,-diameter nozzle with epoxy resin, The surface
roughness is estimated from a photograph of the nozzle shown in Figure 7.
This roughness is severe enough to tear portions of the liquid jet off at

the orifice,

TABLE II

DESCRIPTION OF NOZZLES

Type Diameter Length L/D Roughness €/D
(inches)  (inches) (microinches
| ARS)

A 0.03Q 0,020 1 - -

A 0,040 0.0k0 1 - -

A 0,080 0.080 1 - -

B 0.020 0,020 1 - 0.0004 (est.)
B 0,031 0.025 0.8 - 0.0004 (est.)
B 0,040 0,035 0.9 1441 0,00035
B 0,060 0,05k 0.9 25+1 0,00042
C 0.020 0.057 3 3000 0.12



26-

TYPE A TYPE B
SHARP-EDGED ROUGH
€/D = 0.0004

Figure 6. Experimental Nozzle Types.

TYPE C
EXTREMELY ROUGH

e/D E0.1

b
Y,

fizzza
/
|

N

Figure 7. Orifice of Nozzle Type C with Sand, 10X.
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. Range of Experimental Variables

The liquids that are injected are water and Freon-11. Cold water
saturated with carbon dioxide at 90 psig is also injected. Injection
pressures for the water and Freon-ll range from 60 psig to 130 psig.

Water jets are injected with temperatures up to 300°F corresponding to 9.2
wt. percent flashing when the liquid is reduced to 212°F, The Freon-1l is
injected with temperatures to 152°F. corresponding to 21.0 wt. percent
flashing when the liquid is reduced to Th.8°F., its saturation temperature
at one atmosphere, With the range of injection pressures and orifice
diameters employed, the variation in volumetric flow rate went from 0.925
cubic feet/hour to 11.70 cubic feet/hour,

Freon-11 was chosen because of its convenient boiling point, non-
flammability, and difference in physical properties as campared to water.
The liquid density of Freon-11 is about 50 percent greater than that of
water and the gas density is about 10 times that of water vapor., Further-
more, the surface tension of Freon-1l is about 1/5 the surface tension of

water,



CHAPTER IV

THE BREAK-UP MECHANISM

Photographic Study of the Break-Up

To investigate the method of flashing, injection temperature,
orifice diameter, and orifice roughness on the break-up mechanism, about
130 high-speed photographs were taken of water jets., Some of these photo~
graphs, representing the important results, are presented here., In most
cases, the lens was positioned so that the photographs show a 10X magnifi-
cation of a 0.5-in, portion of the jet starting at the orifice,

Figures 8-10 are a series of photographs of jets from the 0,031~
in.-diameter, rough-surface (type B) nozzle over a range of temperature.

At 251°F, the superheating has essentially no effect on the jet, Only one
small bubble can be seen on the surface., At 268°F, the superheating does
partially disintegrate the Jjet, but the spray still contains a core of large
drops. Several bubbles can be observed on the surface of the Jjet and the
jet is expanding slightly. At 295°F. the jet is completely disintegrated
into & spray of fine droplets, This disintegration cen easily be noted in
the photograph by the rapidly expeanding jet a short disteance from the
nozzle. Visual observation of the spray has indicated that the temperature
difference from the value where the jet disintegrates to a spray with a
core of large drops to the value where the jet completely disintegrates

to a fine spray is amall, about 5°F., Figure 11 shows a jet at 304°F., from

a nozzle similar to a 0.03l-in.-diameter, type B nozzle except with a sharp

_08-
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downstream edge. Dribbling on the edge causes relatively large drops to
form., Rounding the outer edge prevents most of this dribbling. The best
temperatures for observation of the bubbles growing on the Jets are in the
265°-270°F. range for this nozzle. There are flew bubbles below that range
and above it the rapid disintegration clouds any that may be there. Figure
12 is a double-exposure of the jet at 268°F., One can observe the expansion
of the bubbles on the surface of the jet from the first exposure to the
second ,

Figure 13 shows a jet from the 0.020-in.-dlameter, type B nozzle
at 284°F, Bubbles can be observed on the surface of the jet. The jet
also appears less turbulent than those of the larger diameter as would be
expected in view of the lower Reynold's number. The important difference
between this nozzle and the larger one is that, at this temperature, a jet
from the larger orifice would be completely disintegrated. The appearance
of the bubbles in: this jet is siqilar to those in the larger diameter jet
at about 268°F, The jet is only partially disintegrated by bubble growth,
the final spray containing a core of large drops.

The photographs of the jets from the sharp-&dged orifice nozzles
show some outstanding differences from those of the rough-orifice nozzles,
Photographs of jets from the 0,040-in.-diameter orifices do not indicate
any effect of the flashing until the temperature reaches about 275°F.
Figures 14 and 15 show jets at 286°F, The jets at this temperature all

break up completely but in differemt ways. About 20 photographs of jets
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from this nozzle at this temperature and injection pressure were taken and
each one 1s entirely different., Observations from the photographs indicate
that the jet disintegrates anywhere from 1/8-1/2 in, from the orifice,
Often a delicate network of bubbles appear on the surface and often the jet
Just seems to explode suddenly. An extremely loud noise is associated with
this break-up above about 275°F. Visual observation of the jets suggest
that the break-up point oscillates and the density of the spray formed by
the Jjet fluctuates at any given point., A Strobotac, which is a variable-
frequency flash unit, was directed on the jets but the point of break-up
could not be made stationary indicating that this point did not oscillate
at a regular frequency. The intact portion of the jets appeared smooth,
which is indicated by the photographs. Note that the jets from the 0,031=-
in., type B nozzle and the 0,040-in., type A nozzle are about the same
diameter, This results from the fact that a jet formed from a sharp-edged
orifice contracts more than one from a round-edged, rough orifice,

When injecting water at 130 psig through a 0,030-in, diameter
sharp-edged orifice at 287°F,, the jet was to all appearances completely
disintegrated to fine spray. Photographs at the orifice, however, showed
smooth and undisturbed jets. Therefore, several photographs were taken of
the jet at various distances from the orifice., Figure 16, which is taken
1-in. from the orifice shows that the break-up does take place in this
case, but further from the orifice, Apparently, bubbles are nucleated

inside the body of the jet and grow until they break the jet. In this
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photograph the bubble that has broken has cut the jet, leaving intact
portions on either side of the bubble. The bubble following the one that
has broken is about to repeat this same action., The intact portions of
the jet will be further atomized by aerodynamic forces., A crackling
noise 1s associated with this break-up, not quite as loud and intense as
with the larger sharp-edged orifices,

Photographs of water jets that had dissolved carbon dioxide in
them appeared identical to pure water Jets at the same temperature. The
water was saturated with the gas at 90 psig which would cause about 1 wt,
percent of the liquid to flash when the liquid is injected into the
atmosphere, These jets were also produced by a long orifice nozzle
(L/D = 6) that had been used in preliminary experiments. The dissolved
gas still had no effect upon the jet break-up. The important point of
comparison here is that when a superheated water jet was injected through
this same nozzle at a temperature such that 1 wt, percent flashed, vapor
evolution was initiated inside the orifice throat and the jet was broken

UP.

Analysis of the Break-Up Mechanism

The mechanism by which flashing causes the break-up of super-
heated liquid jets is bubble formation., This is apparent by the observa-
tion of the bubbles on the surfaces and inside of the superheated jets in

the photographic study. The expanding bubbles tear apart and break the
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Figure 8, Flashing Jet 10X, Type B, D = 0.031-in.,
P =120 psig, T = 251°F.

Figure 9. Flashing Jet 10X. Type B, D, = 0.031-in.,
P = 120 psig, T = 268°F.
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Figure 10. Flashing Jet 10X. Type B, D = 0.031-in.,
P =120 psig, T = 295°F,

igure 11. lashing Jet 10X. Type B with Sharp Downsgream
Edge, D = 0.031-in., P = 120 psig, T = 304°F,
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Figure 12. Flashing Jet 10X. Type B, D = 0.031-in., P = 120 psig,
T = 268°F, Double Exposure (14 Microsecond Delay)

Figure 13. Flashing Jet 10X. Type B, D = 0.020-in.,
P = 120 psig, T = 284°F.
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Figure 1L. Flashing Jet 10X. Type A, D = 0.040-in.,
P = 120 psig, T = 286°F.

Figure 15. Flashing Jet 10X. Type A, D = 0.040-in.,
P = 120 psig, T = 286°F.
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Figure 16. Flashing Jet 10X. Type A, D = 0.030-in., P = 131 psig,
T = 287°F. One inch from Orifice.
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jets, Some explanation must be made, however, for the striking differences
between the photographs of the break-up of the jets from the rough-surface
orifices and the sharp-edged orifices, The rough-orifice jets, when injected
at a sufficiently high temperature, simply expand a short distance from the
orifice to form a fine spray. The superheq;ed Jjets from the sharp-edged
orifices, however, disintegrate in a random, explosive manner., The
situation here is analogous to boiling a liquid in a test tube. If some
porous stones are in the tube, small bubbles will nucleate on the surface
of these stones and the liquid will veporize into these bubbles, causing
them to grow and rise., If only pure liquid is in the test tube, vaporization
will take place by a series of small explosions referred to as "bumping."
The reason for the two different vaporization mechanisms is the same in the
case of the water jets and the heated test tube; vapor bubbles will not grow
in a superheated liquid unless bubble nuclei are already present,

The surface tension of a liquid exerts a pressure on a spherical

bubble in the liquid of a magnitude given by the following expression:

p = 29 (1)
r
where P = pressure inside minus pressure outside the bubble,
o = surface tension of the liquid, and
r = radius of the bubble,

Considering the limiting case for water, if a bubble 1s the mean diameter
[o]
of a water molecule, r = 1.9 A, the excess pressure inside the bubble

would be 7500 atmospheres assuming surface tension is constant down to
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atomic dimensions. For a bubble to grow in a superheated liquid, the vapor
pressure of the liquid minus the pressure on the liquid must be greater than
the pressure exerted on the bubble given by Eq. (1). A minimum initial

radius for bubble growth can be found by equating these two pressures,

20
- = PV(To) = Po
To
(2)
3 20
I'O =

PV(TO) - Po

where ry = the minimum initial radius for bubble growth,
p, = the vapor pressure of the liquid which is a
function of its temperature, T,, and
P, = the pressure on the liquid.,

Several values of this initial radius for water are given in Table III

o

TABLE III
MINIMUM INITIAL RADIUS FOR BUBBLE GROWTH IN WATER
UNDER ONE ATMOSPHERE
ry (microns) 5.90 0.605 0.470 0.378 0.300 0.245 0.201

T, (°F,) 220 266 275 284 293 302 311

There are & number of different means by which small nuclei for
bubble formation may be provided to a superheated liquid. These nuclei may
be Initieted by vepor spaces in the small cavities of boiling stones, free
vortex motion in a highly turbulent situation, or by small gas bubbles held
in the liquid. Whatever the means, bubble formation in a continuous phase

of superheated liquid cannot take place without some original bubble nuclei.
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In the case of the rough orifice, the nuclei are probably
provided by low pressure eddies behind the sharp micro-roughnesses on the
orifice surface, These first produce bubbles on the surface of the jet.
When the temperatuﬁe is high enough, these bubbles are also produced through-
out the body of the jet and lead to its eventual break-up. With the sharp-
edged orifice, the superheated liquid passes by the orifice undisturbed into
the atmosphere, There is no provision for the continuous nucleation of the
bubbles on the orifice surface. Rather, the spontaneous nucleation of
bubbles in these jets is initiated by some random disturbance. Such a
disturbance might be an aerodynamic distortion of the jet or a small
vibration of the nozzle. The reason for the differences in the photographs
can therefore be summarized by saying that surface roughness provides for
bubble nucleation in a stable continuous manner, but without roughness,
bubble nucleation is subject to random effects,

Consider a superheated jet being injected into the atmosphere,
The temperature of the jet right near the orifice is its injection tempera-
ture. Traveling away from the orifice, the Jet cools down to well below
its saturation temperature by vaporization and convection from the surface,
If a bubble is nucleated at the orifice, it will grow until it reaches the
point in the jet where the temperature: is below the saturation temperature,
Then it will start to collapse, This growth-collapse phenomenom is commonly
observed in surface boiling systems and is mathematically described by
Bankoff and Mikesell(l). Figure 17 is a diagrem of what a multiple

exposure photograph of such a bubble might look like,
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Figure 17. The Growth and Collapse of a Bubble

in a Superheated Jet,

If the Dbubble does not grow to a large size, it will not
affect the jet. If it does grow large enough, however, 1t can either break
the jet or shatter it before it has an opportunity to collapse, From this
model, we can see that the growth rate of the bubble is a critical factor,
Since the break-up takes place near the orifice, it is the growth rate at
the injection temperature that is of interest. Means are available to
predict the growth rate of a bubble in a superheated or supersaturated
liquid given some of its physical and thermodynamic properities.,

Solutions for the problem of the growth of a vapor bubble in a

superheated liquid have been presented by Plesset and Zwick(25)

, and by
Forster and Zubgr<7). These solutions take the Rayleigh equation<l5> for
the motion of & bubble in a nonviscous, incompressible liguid,

2
L&, 3dne _apd (3)
at2 24t Po

where r
t
Ap

]

the bubble radius,

the time,

the pressure difference inside and at great
distance from the bubble, and

the liquid density

O
I
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and extend it to include the pressure on the bubble by the surface tension,

2
r 354 3 (@02 _ (pp - 29 L (L)
The pressure difference, Ap, can be connected to the temperature difference,

AT, between the saturation temperature inside and at great distance from

the bubble by the Clausius~Clapyron equation,

L AT (5)

Np = -
T(Vl - V2)

where L = the latent heat of vaporization of the liquid,
T = an average value of the temperature between the initial
liguid temperature and the saturation temperature at
the external pressure, and
Vi,Vp = the specific volumes of the vapor and liquid,
respectively.

The value of the temperature inside the bubble is assumed to
be the temperature of the bubble wall, which is a good assumption since the
temperature gradients within the bubbles are negligible in view of the
small bubble sizes and the high thermal diffusivity of the vapor. The
temperature at the bubble wall must be determined by the solution of the
heat conduction problem across a spherical moving boundary where vapor-
ization is taking place, The Forster and Zuber solution assumes the
bubble wall constitutes a spherically-distributed heat sink and uses the
Green's function for the domain(jo integrated over the space that the

vaporization takes place, The Plesset and Zwick solution uses an

approximate solution to the heat conduction problem across a spherical
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moving boundary that assumes the thickness of the layer of the liquid in
which the temperature reduction tekes place is small compared to the radius
of the bubble at any time<221n Both solutions proceed from these assumptions
and employ different mathematical techniques to find an approximate solution
to the integro-differential equation involved, The mathematical details

are omitfed here as they are available in the references, Both solutions
arrive at the same results,

The solutions indicate that there are two regions of bubble
growth. In the first region, the bubble radius is of the same order of
magnitude as its original radius, rgy. Here the growth rate is quite rapid
because the increasing radius is relaxing the surface-tension pressure on
the bubble, There also has not been enough vaporization to cool the
liquid on the bubble surface and severtély reduce the vapor pressure, This
rapld expansion rate is shortly slowed down by the cooling of the liquid
around the bubble and the subsequent reduction of the vapor pressure
inside it. The rate is then governed by the balance between heat transfer

and vaporizastion and is approximately given by:

A

I'—I‘l

+C t% (6)
where C = & constant dependent on the physical properties

of the system, and

the initial bubble redius (r; 2 7o),

1
This growth-rate relation describes the bubble as soon as the
radius is about 10 times the minimum initial radius, which is the case

within a few microseconds. This secondary-growth-rate function agrees very
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(6)

well with data obtained by Deragabedian for growth rates of bubbles in
superheated water,
The importance of this solution as applied to the study of the

jet break-up is that Forster and Zuber give the growth-rate constant, C;

in terms of the physical properties of the liquid and its thermodymamic

- (8) @) o} <

where At = the superheat,
Diy = thermal diffusivity of the liquid,

condition,

—\]
~~

pl = density of the vapor at the external pressure
and the saturation temperature,

Py = density of the liquid

cp = specific heat of the liquid, and

L = latent heat of vaporizetion of the liquid.
The same solution can be applied to the formation of gas
bubbles in a supersaturated liquid. The difference is that mass is

being transferred through the liquid rather than heat.

Cs=Cr:
- (5 (@) (o) ®
Nl-ce/ ey
where c; = the initial gas concentration,
cr = the gas solubility at the external pressure, and
Dy = molecular diffusivity of the gas through the

liquid.
The expressions for the growth-rate constants given in Egs. (7)
and (8) are grouped in three terms. The first is the weight-fraction
flashing when the liquid pressure is reduced and the temperature drops to

the saturation temperature at the lower pressure, The second term is the
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liquid to gas density ratio which is equivalent to the gas to liquid
specific volume ratio. The product of the first two terms therefore are
proportional to the volume increase of the material in the flashing process.,
The third term is a measure of the rate at which heat or molecules are
transferred from the body of the superheated or supersaturated liquid into
the bubbles,

The importance of these growth-rate constants as applied to a
flashing jet is that we can compare the growth rates of bubbles in various
superheated and supersaturated systems to estimate the relative effective-
ness of flashing in shattering a liquid jet. This growth-rate constant
is calculated at various superheats for a few pure liquids and plotted in
Figure 18, In all cases the external pressure is atmospheric., The
constant is also calculated for some supersaturated systems and plotted
in Figure 19. In this case the constants are plotted versus injection
pressure, and calculated assuming the liquid 1s saturated with the gas
at the injection pressure, These calculations show that the growth-rate
constants for the dissolved gas systems are considerably lower than for
the superheated systems., This explains why injecting carbon dioxide in
water had no effect on the jet breask-up. The main reason for these low
growth-rate constants is that the values of thermal diffusivities in
liquids are about 100 times those for the molecular diffusivities of a
dissolved gas in a liquid. The values of the corresponding growth rates

for superheated and supersaturated systems differ by a factor which is
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the square root of this, or aprroximately 10. The growth-rate constants
for supersaturated systems could be increased by increasing the initial
solubilities, but this would require raising the injection pressures,
This would defeat the purpase of employing flashing, however, which is to
promote effective breask-up at low injection pressures., Minimum injection
pressures are required to inject jets in the superheated condition but
these are relatively low. For example, all the superheats in Figure 18
may be attained with injection pressures no greater than 60 psig.

It should be pointed out that this predicted growth-rate constant
refers to bubbles submerged in large extents of liquid at a uniform
temperature. The bubble-growth rates required in the liquid jets are
for bubbles near the orifice and within the body of the jet., These are
the bubbles that contribute to the break-up. The liquid jet is at a
fairly uniform temperature near the orifice, The growth-rate relation
given in Eq. (6) does not refer to bubbles on the surface of the jets.
This is of no matter as these gurface bubbles do not greatly contribute
to the breask-up. The hubbles that are observed on the jets in Figures
9 and 12 have been formed at a temperature below that where the jet is
effectively shattered, Several photographs were taken of the jet from
the 0,031l-in.~-diameter rough-surface nozzle when water at 120 psig and
268°F, was injected through it. The sizes and distances from the
orifice of a total of 18 bubbles from 10 photpgraphs were measured.,

There was a distribution of bubble sizes, and only the largest ones were
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measured, The sizes are plotted versus time (time = O at the orifice)

in Figure 20, Note that the surface bubbles do not grow as large as
predicted for a submerged bubble, and appear to grow linearly with time,
rather than proportional to the square root of time., This result may be
predicted by considering the simplified case of a hemispherical bubble

on a flat liquid surface, Neglecting surface tension forces and assuming
a constant liquid surface temperature, the liquid evaporates into the

bubble at a rate proportional to the area covered by the bubble,

Vol = Ak't (9)
where Vol = volume of the bubble,
k' = a constant, and
A = area covered by the bubble,

Substituting the expressions for volume and area as a function
of diameter into Eq. (9), the diameter is shown to be directly proportion-
al to time,

D = 3k't (10)

The surface bubbles appear to be caused by the roughness of the
orifice and are not to be confused with the bubbles that grow inside the

body of the jets and shatter them.

The Effect of Physical and Dynamic Properties on the Break-Up

The bubble-growth rate, although important, is not the only
criterion for shattering a jet. OSome properties of the jet are also
involved, The photographs of the water Jets clearly demonstrate this,

Figures 14, 15 and 16 are of water jets injected through sharp-edged
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orifices gt sbout the same injection temperatures and pressures. The bubble-
growth rates are the same in all the jets because of the equal temperatures,
The larger jets (Figures 14 and 15) are completely shattered by the gas
evolution, The smaller jet, however, is only broken up as a result of the
bubbles cutting it into sections. Cylindrical portions of the jet are still
intact after the bubbles have burst. This same type of difference was noted
in the discusgion of Figure 13, which pointed out that a jet injected under
the same conditions from a 0.031l-in.-diameter rough orifice would have been
shattered while this smaller one was not., These photographs indicate that
the degree to which the growing bubbles affect the jet are influenced by

some properties of the jet. The fact that at a given bubble-growth rate, one
jet is shattered and another is cut into intact portions, suggest that the
jet stability is probably an important factor. As we have seen in Chapter II,
the Weber number is a measure of this Jjet stability,

To measure the effect of Weber number on the shattering
temperature, water was injected through the experimental nozzles at pressures
ranging from 60-130 psig and temperatures ranging from room to 300°F. 1In a
typical run, water was injected through a nozzle at a constant pressure and
the temperature was allowed to rise slowly. As the temperature was raised, a
fine spray could sometimes be observed around the jet starting between one
and two inches from the orifice. This spray was more prominent with the
rough-surface orifices. The Jets, as has already been mentioned, were

completely shattered within about a 5°F, temperature range, These shattering



temperatures are plotted versus Weber number in Figure 21, The Webgr numbers
are based upon the jet diameters obtained from photographs of the Jjet, not
the orifice diameters. The velocities are calculated from the injection
pressures and liquid density. A sample calculation is presented in Appendix
C. Shattering temperatures could not be obtained for the Jjets from the
orifices with sand (e ¥ 0.1) because the roughness was severe enough to
disintegrate the jets within l-inch from the orifice with cold water,

The shattering temperature is very definitely a function of Weber
number, the jet disintegrating at lower temperatures for the higher Weber
numbers. There appears to be a break in the function of temperature versus
Weber number at Nwe = 12,5, The shattering temperatures are considerably
lower at Weber numbers above this., This coincides with the existence of a
"eritical" Weber number for cold jets given for the point where the jet
starts to become atomized. The accuracy of the shattering temperature is
less at the Weper numbers above 12.5 because the cold Jjets break fairly close
to the orifice, It is therefore difficult to estimate at what point the
flashing is making the major contribution to the jet disintegration. The
shattering temperatures appear to be independent of which of the two types
of nozzles formed the Jets.

If we hypothesize that at a given Weber number, a liquid jet
must have a minimum bubble-growth rate to be shattered by vapor evolution;

a shattering temperature - Weber number relation may be predicted for any

liquid. The bubble-growth rate in a liquid corresponds to its temperature
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or gas concentration as given by Eqs. (7) and (8). This hypothesis may be
tested by plotting the bubble-growth-rate constant at the shattering
temperatures of water and Freon-11 versus the Weber number., This plot is
presented in Figure 22 and shows that the points for the two liquids follow
thepsame functional relation, A least-squares correlation for the bubble-
growth rate at the shattering temperature was made and is given by

C

19.7 - 0,581 N_ for N__ < 12.5
(11)

(@]
]

11.5 - 0.419 N o for N, > 12.5

Although this test is experimentally made with only two liquids,
it covers a wide range of physical variables. For example, consider
injecting water anﬁ Freon-11 through a 0.04-in,-diameter sharp-edged
orifice at 100 psig. The break-up temperature for the water jet is 272°F,
and for the Freon-11 jet is 118°F. These break-up temperatures correspond
to bubble-growth-rate constants of 14 fta/hroé for water and 2,8 fto/hroé
for Freon-11, The reason the bubble-growth rate for the Freon-1l1l is so
much smaller than that for water is that Freon-11 has such a high vapor
density. The Weber number for the Freon-11 jet is much greater than that
for the water jet even though they are the same diameter and nearly the
.same velocity, This is because the interfacial tension of Freon-11 is
s0o much lower than that of water, being 19 dyne/cm. compared to 59 dyne/cm,
for water, The water and Freon-11 jets have Weber numbers of 9,3 and 2k,

respectively.
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One of the assumptions applied in the formulation of the bubble-
growth-rate problem was that the liquid was low viscosity. This is true
for the liquids inJjected in these experiments, Also, the literature on
cold jet break-up has not indicated that a strong effect of viscosity on
jet stability exists with the range of viscosities covered in these
experiments, We should therefore not expect viscosity to affect the Jet
break-up for this study. A plot of the bubble-growth-rate constant at the
shattering temperature versus Reynolds number given in Figure 23 shows that
no correlation can be made. Some of the water points seem to follow a
trend, but this is because the Reynold's number, like the Weber number are
relations involving jet velocity and diameter., At several points where the
water temperatures are similar, and thus the viscosities approximately the
same value, we should expect a function bearing a certain relation to the
Weber number to act similarly when plotted versus the Reynold's number,
This breaks down, however, when widely different injection temperatures are
involved and the viscosity varies considerably. The water and Freon-1l points
do not coincide at all when plotted versus Reynold's number,

Another possible influence of turbulence is on the bubble-growth
rate, The bubble-growth-rate relations are solved by obtaining the bubble
wall temperature through.a solution of the heat conduction problem and

lgnoring convection from the bubble wall. When bubbles shatter a jet, they

[V

do so within a 1-in. section., The characteristic diffusion length (2D, t)

for heat diffusion in a 1l-in. section of a jet traveling 100 ftq/sec° is
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about 0,0005-in., This is about l/lOO of the film thickness for heat trans-
fer at these levels of turbulence. The thickness of the liquid layer around
the bubble wall where the significant temperature reduction tekes place is
therefore well within the laminar region around the bubble wall. The
exclusive consideration of the heat conduction problem is valid in this

case and turbulence should have no effect,

The difficulty in injecting superheated liquids into the atmos-
phere over a wide range of viscosity is that pure liquids have approximately
the same viscosity at their boiling points. The viscosity data for a number
of liquids, including straight chain hydrocarbons, esters, alcohols, aromat-
ics, and halogen-substituted hydrocarbons were investigated and this seems
to apply to all liquids. Mixtures must therefore be injected in order to
obtain a wide range of viscosity. This complichtes the problem because not
only will high viscosities affect the jet stability, the bubble-growth-rate
relations may not apply. There may be a large variation in the viscosity at
the bubble wall and in the body of the jet because of the temperature
differences. In view of the large scope of the problem required to find
the effect of high viscosity on the break-up of flashing jets, it is not

included as part of this study,



CHAPTER V

THE SPRAYS FROM FLASHING JETS

Drop-Size Distributions

Drop-size analyses were made for the sprays from water and Freon-
11 jets over a wide range of injection conditions., The conditions and mean
drop-size results are presented in Table IV, About 35,000 drops were counted
and measured to make the 18 analyses, between 1500 and 2000 drops per analy-
sis. The details of photographing the sprays, analyzing the data, and
accuracy of the analyses are presented in Chapter III and Appendix A, In
all but three cases, the analyses were made at injection temperatures above
the value where the jet was shattered by flashing. Cold jets were usually
not completely broken up at the sample location (6 inches from the orifice),
Just sinously deformed. The only cold jets which were disintegrated
sufficiently to make an analysis were from the largest diameter nozzle and
the nozzle with with sand on the orifice surface,

A drop-size analysis is designed to give an estimate to the
probability distribution function, £(D), which is defined in such a way
that £(D)dD is the percent of the total number of drops that have diameters
between D and D + dD. The results of en actual analysis give the percent-
ages, AN, of the drops found to lie within each of the experimental size
ranges, AD., These percentages can be divided by the magnitude of the size

intervals to provide the average percentage of drops per unit size over

-58-
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TABIE IV

MEAN DROP-SIZES

Run 1
No. Nozzles Jet Conditions Mean Drop-Sizes (microns
Iype l Jet D T°F ‘A_P Nye _g 1 quhld o) Elo 520 BBO D32
in. in. ft/hr2

1 A 0.040 0.032 287 120 11.3 17.9 Hx0 1.39 34.7 Lk3.2 48.9 ©2.9
2 B¥ 0.031 0.031 287 120 11.0 17.9 H20 1.39 5k.h 59.8 6L.3 a5
3 A 0.080 0.066 20k 80 14.9 H,0 0.88 142 186 227 336

4 A 0.080 0.066 236 80 15.2 5.0 Hy0 1.22 43.0 50.9 59.6 62.2
5 A 0.080 0.066 236 120 22.7 5.0 H0 1.43 33.9 39.4 LL.9 38.3
6 A 0.030 0.025 287 13C 9.57 17.9 M0 1.49 35,7 45.6 62.6 63.1
T B 0.031 0.031 287 90 8.21 17.9 Hy0 1.71 3k.3 Lo.0 48.7 TL.9

8 B 0.040 0.03> 270 130 13.3 13.

ON
]
()
o
=
-
-3
w
@)
-

34.9 39.4 50.0

9 B 0.0k0 0.035 287 90 9.27 17.9 Hy0 1.62 35.0 38.k 41.9 L9.6
no B 0.040 0.035 287 130 13.4 17.9 H,0 1.69 29.8 33.9 35.7 39.h4
1 B 0.060 0.053 254 120 18.4 9.9 Hx0 1.21 35.6 L42.9 52.0 76.3
2 B 0.060 0.053 270 80 12.4 13.6 Hy0 1.67 32.7 37.k L4h.1 6l.2

3 B 0.060 0.053 270 120 18.5 13.6 Hy0 1.53 29.6 33.6 38.0 46.5
i ¢ 0.020 0.020 80 9k 5.1k 1,0 0.73 82.3 118 197 280

5 ¢ 0.020 0.020 270 130 .56 13. 25.1 27.% 30.4 38,

o
ns-
o
i
\O
\J1
el

ON

L6 C 0.020 0.020 278 120 7.03 15.4% H,0 1.60 24,2 27.1 30.0 36.
7 A 0.030 0.025 152 94 18.1 5.0 F-11  1.66 28.5 32.4 36.0 44.k

8 ¢ 0.020 0.020 125 95 1k.1 3.2  F-11 1.16 36.1 43,k 35.0 0Ok,

1
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each experimental size range. This average percentage of drops per unit
size range for each size range can be plotted versus the drop size, giving
the experimental distribution function. This is defined in the same way
as the probability distribution function, except that average values of
f(D) are given between the finite intervals D + AD, rather than point values
at each D. The probability distribution function can be estimated from the
experimental distribution function, An example of an experimental distribu-
tion function and its corresponding estimated probability function is shown
in Figure 2.4,

The mean diameters for a drop-size probability distribution are
given by |

m 1
5;n = { éigﬁfgglfg ]‘E:E (1)
[ £(p)aD

These may be estimated from the experimental distributions by

- m=n
m 2D py AN

The mean diameters that were calculated for these analyses were the linear
mean diameter, 515; surface mean diameter, 556; volume mean diameter, 536,
and volume-surface mean diameter, 555, These are given in Table IV,

One notable observation of the drop-size results is that although
water was injected at temperatures such that between 2,50 wt. percent and

T.85 wt, percent flashed, and the experimental Weber numbers reanged from
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7.0 to 22,7, the range in the linear mean diameters of the sprays from the
flashing jets was only from 24.2 microns to 43.0 microns. Apparently, once
the Weber number and bubble-growth rate are high enough to shatter the jet,
more intense conditions do not have a great effect on the drop-size,

Observation of the data for the flashing water jets seemed to
indicate that at a given injection temperature, the drop-sizes decrease
with increasing Weber number., This may be seen in Figure 25 which presents
three distribution functions for sprays from jets injected at 270°F., where
C is 13.6 ft‘/hr%a The drop-sizes also appeared to decrease at similar
Weber numbers when the i1njection temperature was increased. Figure 26
shows three of the distribution curves for water injected at Weber numbers
between 12,4 and 15.2 at temperatures such that the bubble-growth-rate

- 1

constants were 5,0, 13.6, and 17.9 ft./hr2,

The best correlation that could be made for the drop-sizes of

the sprays from the flashing water jets took the form

—_ 8Lo - 5, (° , '
D, = 1840 - 5,18 T (°F) (microns) (3)

NW@

This correlation is made from the jets from the type A and B nozzles, The
standard deviation is 6.1 percent. The correlation is shown graphically in
Figure 27 which is a plot of (515)(Nwe) versus C. This can also be plotted
against the injection temperature as the bubble~growth rafte is essentially
directly proportional to the temperature for water., The correlation shows

the fact that the orifice may be sharp-edged or have a rough surface has no
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Figure 27. Effect of Bubble-Growth Rate and Weber Number on Drop-Sizes.
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effect on the dropssize, The drop=-sizes are affected by very rough surfaces
(e = 0.1), This is because the pieces of sand are large enough to tear
ligaments off the jets and decrease the mean drop=-size. It was pointed out
before that only a small range of mean drop-sizes was recorded for the study
of the flashing water jets, but if the very rough orifices are not included,
the average drop-size range is further reduced, the linear mean varying
only from 29,6 microns to 43.0 microns.

The drop-sizes for the Freon-11 sprays are smaller than for the
water sprays as one can see by the points in Figure 27. These smaller drop-
sizes for Freon-11 are probably a result of the lower surface tension. A
lower surface tension allows for the transient existence of smaller liquid
ligamehts and thinner liquid films during the jet shattering process, which
disintegrate to smaller drops. The surface tension also affects the size
of the larger drops because a large-drop is more readily shattered if it
has a low surface gension,.

The drop-sizes for the sprays from the cold water jets were
considerably higher than those from the flashing jets., The linear mean
diameters of the two cold jet sprays were 82 microns and 142 microns,
compared to the 24-43 microns linebr mean diameters for the flashing sprays.

An attempt was made to fit the drop=-size distributions to an
empirical distribution function so that the uniformity of the various
sprays could be directly compared., The empirical distribution chosen

for this was the logarithmic-normal-probability distribution function

o
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This form appeared to be suitable because the distribution curves plotted
versus the logarithm of drop diameter in Figures 24, 25, and 26 looked

symmetrical. This distribution function is given by

(0 152« %ﬂ L (+)

where d = characterizing parameter which is measure of the size
uniformity, and

D = the volume median diameter,
vmd

An experiﬁantal distribution which follows this empirical function should

yield a straight line when the cumulative number distribution,

f@)iﬂDﬂM®

D

ZAN (5)

o)

ne

is plotted on the probability scale versus the logarithm of drop diameter.
An example of such a plot is given in Figure 28 for the distribution for
run No. 9., This gives a very good straight line except at the highest drop
percentages. This‘is not too serious as the highest percentages are those
where one would expect the least accuracy. Plots for most of the analyses
also produced straight lines, with occasional discrepancies at cumulative

percentages above 98, Values of the uniformity parameter, &, are readily

obtained from the log-probability plots by the slope of the lines.,

o
I

= 0.394 / loglO(D9O/D50) (6)

are the diameters for the cumulative
percentages of 90 and 50, respectively,

]

where D9O’ D50
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/ RUN NO. 9

WATER AT 287°F AND 90 PSIG
THROUGH 0.04-IN. DIAMETER
TYPE B NOZZLE

0 20 30 40 50 60 80 100 200
DROP DIAMETER, MICRONS

Figure 28, Typical Cumulative Distribution Function (Log-Probability Scales).
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The magnitude of this parameter is a measure of the uniformity
of the distribution, the higher values signifying the more uniform
distributions. The values of & are given in Table IV. Attempts to
correlate the uniformity parameter with the operating variables were
not too successful. This is not too suprising, as the range of B is
small, 1.21< & < 1.95. The average value of & for the 14 analyses
of the sprays from flashing water Jjets was 1.55. This may be compared
to the average value for the sprays from the cold-water Jets which was
0.80. The uniformity parameters for the sprays from the water jets are
plotted in Figure 29 versus the bubble-growth-rate constant. Although
it is not conclusive, the uniformity appears to increase with bubble-
growth rate. The major difference is the difference in ® between the
sprays from the flashing jets and the cold jets (C=0). The values of
8 for the spray from the flashing Freon-11 jet formed by the nozzle
of type A lies within the range for the flashing water sprays. It is
not valid to compare & for the Freon-11 spray from the nozzle of type
C, because although the jet is superheated, it would not have shattered
if a very rough surface had not been employed.

Ran425) has given typicalvalues of & for sprays from various
types of atomizers.

TABLE V., TYPICAL UNIFORMITY PARAMETERS FOR ATOMIZERS
Atomizer S 8]
Gas AtomizZer c.csoosocccocccoon eoeesccs 0.93

Spill-Controlled Swirl Nozzle cvooooos 1.29
Vaned-Disk Sprayer ..... seccoeceeacescs LoDk
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The size uniformity for the sprays from the flashing Jjets compares
quite favorably with the uniformity of the sprays from these other
’atomizerse

It is impossible to quote typical mean drop-sizes for
various methods of spray formation as this parameter is very depen-
dent on the.injection conditions. One can qualitatively say, how-
ever, that the mean drop-sizes for sprays from flashing Jjets are
somewhat larger than drop-sizes from gas atomizers, but somewhat
smaller than drop-sizes from disk sprayers. The mean drop-sizes
for the sprays from flashing jets are similar to those often
observed in sprays from swirl nozzles.

The mean drop-sizes correlated here are the linear mean
diameters, which are simply the arithmetic averages of the drop dia-
meters in one location or in a whole spray. The choice of this par-
ticular mean to correlate the data is somewhat arbritrary, as any one
of the various means might have been employed. The choice of a par-
ticular mean depends upon the application of the spray. For example,
if the process being considered is controlled by the magnitude of
the surface area, the surface-mean diameter would be the most desirable
to correlate. The various mean diameters reported in Table IV are
sufficient to cover the means required for the analysis of most

processes where sprays are employed.
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Characteristics of the Sprays

It was pointed out earlier that the drop-size is not neces-
sarily the most important spray characteristic for a particular
application. This section will present some of the other character-
istics of the sprays from the flashing Jjets. One characteristic
that is available from these analyses is the variation in drop-size
across a plane perpendicular to the spray axis. This particular
characteristic is mainly of interest in the manner in which it
relates to the break-up mechanism.

Figure 30 shows the variation in drop-diameter across the
sprays from the flashing water Jjets for the three types of nozzles.
In most cases, the largest drops are the furthest away from the
spray axes. The drop-size decreases approaching the axis, and then
usually increases again at the spray axis. This can be explained by
the manner in which vapor bubbles disintegrate the jet. Consider a
portion of a flashing jet in which one or more bubbles have expanded
and shattered the Jjet. The drops from the shattered jet have two
components of velocity, one parallel to the spray axis given by the
original momentum of the Jjet, and one perpendicular to the spray
axis and away from it caused by the rapid expansion of vapor bubbles
inside the Jet. At a given distance from the orifice, the larger
drops will have moved the furthest away from the spray axis because
the drag has a greater effect on the smaller drops and reduces the
distance they travel from the axis before coming to their terminal

velocities(29)o
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The reason that the drop-size does increase at the spray
axis is that portions of the jet are not exploded by the vapor evolution,
and only have an initial velocity component in the direction of the
spray axis. This tendency for large drops to exist at the spray axis
should decrease as the intensity of the break-up is greater, for
fewer portions of the Jjet could escape the expansion effect of the
growing vapor bubbles. For example, in Figure 30c, 30d, and 30e,
the tendency for the existence of larger drops at the axis almost dis-
appears when the temperature is up to 287°F. Weber number also
affects this as can be seen by comparing Figure 30b and 30e. Al-
though both are at the same temperature, the drop-sizes increase at
the axis in Figure 30b, where the Weber numbers are lower.

The sprays from the nozzles with sand on the surfaces have
smaller drop-sizes because the sand particles tear ligaments off the
outside of the jet. This is demonstrated in Figure 30f by the fact
that the tendency for larger drops to be farther from the spray axis
is less than with the other nozzles. The smaller drops are formed
from the liquid ligaments which are torn off at the outside surface
of the jet, and so downstream of the orifice, tend to be further
from the axis. This is the same reason that the variation in drop-
size across the sprays is very different when sprays are made merely
by pressure injection of cold liquid. The liquid jets are disinte-
grated by the action of stresses at the jet surface. This break-up

action at the surface produces smaller drops from the liquid at the
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surface. The result is that, downstream of the break-up point, the
smallest drops are the furthest away from the spray axis, and the
largest in the center.

The velocities of the drops in a spray are also available from
a spray analysis. The velocity of the drops in a plane perpendicular
to the spray axis vary with the position with respect to the spray
axis and with the size of the drops. Figure 31 shows the velocities
for a spray from one of the flashing Jjets. The velocities given are
averages for the velocities found in a given location and lying within
a given size range. The plot shows that the drops have the highest
velocities at the spray axis and decrease with distance from the axis.
The drop-size has a strong effect, the larger ones going the fastest.
The smalleawdrops for each location appear to approach a constant
velocity. Thils same general pattern of velocities was observed in
all thespray analyses from the flashing jets. The fact that the
larger drops are traveling the fastest is to be expected, because
it takes longer for them to decelerate to a terminal velocity and
their velocities during the deceleration and at the terminal values
are higher. This situation is considerably more complicated than a
single drop in a large expanse of vapor, however, as in this case, the
vapor starts to move. There is a net transfer of momentum from the
drops to the vapor in the spray zone. The vapor will obtain more mom-
entum at the more dense parts of the s@ray, accounting for the higher

velocities at the spray axis. The fact that the smaller drops approach
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a constant: value at any locdation is probably because they are the
only ones that have decelerated to their terminal velocities at
that location. Their terminal velocities are so small relative to
the vepor velocity, that they appear to be traveling at the same
velocity of the vapor.

The primary value of the velocity data in this study is
to obtain temporal drop-size distributions. The velocity data are
available as a by-product of the analyses if one would like to make
a study of the velocity distributions in a spray zone.

From the fact that it was only necessary to take spray
samples at locations that extended to radii of 1.8 in. for the sprays
from the largest diameter jets, we can see that the spray zones are
fairly small. The greatest diameter of the spray zones six inches
from the orifice was about four inches. The spray zones did not
continue to expand at distances greater than six inches from the
orifice. This may or may not be desirable depending on a particular
application. The spray zones are much smaller than the zones of
sprays from swirl nozzles, alr atomizers, or disc atomizers at a
given flow rate. For example, York <32) had to take samples of an
air atomizer spray at radii up to nine inches to obtain an analysis
when 50 lb,/hr. of water were injected. Samples at radii up to 1.4
inches would suffice for a spray from a flashing jet at this flow rate.

The orifices were usually positioned about four feet above
the ground in the spray analyses. The sprays appeared to have been

almost completely vaporized by the time they reached the floor except
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in the cases of the sprays from the largest diameter orifices. These
high vaporization rates result from the spray being at the liquid
saturation temperature when it is formed. We can see how the condi-
tions affect the vaporization rate. The mass transfer rate for vapor-

ization from a spherical drop is given by

s xy (yy - y) 0P (7)
dt
where
%% = instantaneous molar rate of vaporization of the liquid,
D = the diameter of the drop,
Yi, ¥ = the mole fraction of the vaporizing liquid in the gas
at the interface and at great distance, respectively, and
kg = the mass transfer coefficient.

The mass transfer coefficient for the vaporization of a liquid on a

8

spherical surface into a moving vapor is given by Fr8ssling by a

correlation that has been confirmed by several investigators

kgRTD

D, P

M

1/2 /3
2| 1+ 0.276 (T% (_P_D> (8)
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where

the gas constant,

the absolute temperature of the ges,

molecular diffusivity of the vaporized liquid through
the surrounding ges,

the absolute pressure,

relative velocity between the drop and ges,

viscosity of the gas, and

density of the gas.
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Substituting Frossling's relation into the mess transfer rate expression,
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the vaporization rate is given by
dm _ 2x D : ‘ 1/2 1/3 (
T ——————-—DTR“TPV l:l + 0.276 (Dvpg> / _&_) / 9)
M pgDm

where

i

the Vapor pressure of the vaporizing liquid at
the drop surface temperature.

by

Equation (9) is written assuming the drop is a pure liquid and the mole
fraction of the vaporizing liquid at great distances from the drop is
negligible compared to the value at the interface.

From Equation (9) it can be seen that the vaporization rate
is proportional to the vapor pressure of the liquid which is an increas-
ing function of the drop temperature. The molecular diffusivity of the
vaporizing liquid in the gas also increases with temperature. The
veporization rate increases with drop velocity.

The high veporization rates for the sprays from the flashing
jets are a distinct advantage in many applications. This i1s obvious
for those applications where the purpose of spraying is to increase the

liquid surface and therefore promote rapid vaporization.



CHAPTER VI

CONCLUSIONS

The Break-Up

The break-up of a cylindrical superheated liquid jet is
similar to that of a cold liquid jet up to a certain critical
temperature range having a magnitude of about 5°F. Below this
temperature range, the only difference between the break-up of
a superheated jet and a cold jet is that there may be light spray
around the jet. This spray is caused by the growth and bursting
of bubbles on the surface of the jet. The spray is only evident
for jets formed from rough-surface orifices, where the micro-
roughnesses provide turbulent eddies to initiate the nuclei for
the formation of surface bubbles. The diameters of these bubbles
grow in direct proportion to time, and their presence has a neg-

ligible effect on jet break-up. Above the critical temperature

range, the superheated liquid jet is completely shattered into a
fine spray. The shattering of the Jet is mainly e result of the
growth of vapor bubbles inside the body of the jet. If the jet
is formed by an orifice with a rough surface, these bubbles are
nucleated on the surface of the orifice and thelr subsequent
growth inside the Jet a short distance from the orifice shatters
the Jet. If the Jjet is formed by a sharp-edged orifice, the
bubbles which shatter the Jet are not necessarily nucleated at
the orifice, but often slightly downstream of the orifice by a
random disturbance.

-80-
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The mean temperature of the critical temperature range at
which a jet of a given low viscosity liquid shatters is a function
of the Weber number of the jet. The shattering temperature decreases
with increasing Weber number. There appears to be a discontinuity in
the shattering temperature-Weber number relation at a Weber number of
12.5, the shattering temperatures above this Weber number being much
lower than those below it. This break in the shattering temperature-
Weber number curve corresponds approximately to the critical Weber
number for the change in the mechanism of cold liquid Jjet break-up
from that caused by sinuous deformation to that referred to as
atomization.,

The shattering temperatures for water and Freon-11 Jets
indicate that a general function relating the shattering temperatures
of jets of all low-viscosity liquids to their Weber numbers may be
found by plotting the bubble-growth-rate constant at the shattering
temperature versus the Weber number. This relation, found from the

data of water and Freon-1ll jets, is

C = 19.7 - 0.581 Nye for Nye < 12.5
C = 11.5 - 0.491 Nye for Ny > 12.5 (1)
where
1/2

C is given in ft./hr,
This equation is limited to temperatures above the saturation
temperature of the liquid at the receiving pressure, as below this
temperature, there would obviously be no vapor evolution from

flashing. The bubble-growth-rate constant employed in this correlation
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is that which relates the proportionality of the difference in
bubble radius and initial bubble radius to the square root of
time for a vapor bubble growing in a superheated or super-
saturated liquid. This constant provides a measure of comparison
of the growth rates of vapor bubbles in various superheated and
supersaturated systems. It is & function of the superheat or
degree of supersaturation and the liquid physical properties. It

may be calculated from

- (RN (ma) @

for superheated systems, and from

Ci - C
¢ =<—r——c§> (’%‘) < ﬂDm} . (3)

for supersaturated systems.

The values of the calculated bubble-growth-rate constants
for supersaturated systems indicate that the bubble-growth rates are
so low, that flashing will have no effect on the Jjet break-up at low
injection pressures (below 300 psig). This fact has been confirmed
experimentally for carbon dioxide dissolved in water.

The shattering temperatures for low viscosity jets have
been found to be independent of the viscosity or the Reynold's
number. This may not necessarily be the case for high viscosity
Jets. The informetion from these experiments is applicable to the
breesk-up of superheated Jets all pure ligquids injected into atmos-

pheric pressure. This is true because the viscosities of all pure
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liquids at their saturation temperature at one atmosphere are low
and lie in a small range.
The Sprays

The mean drop-sizes of the sprays from flashing water Jets
that have been shattered by vapor evolution can be given by the

relation

= 1840 - 5.18 T (°F)
Nwe

This equation is correlated from the drop-size data for jets injected

Dip (microns) (4)

at temperatures between 236°F and 287°F and Weber numbers ranging
from 9.3 to 22.7. The equation correlating the drop-sizes for both

the water and Freon-1l sprays can be given by

0.31 -1 (5)

(I

Dy - (246 - 8.30 ¢) (o) e

when the interfacial tension is given in dynes/cm. and the bubble-
growth-rate constant at the injection temperature is given in

ft,/hr.%. Since Equation (5) is based upon only one point for Freon-11
and assumes only surface tension affects the drop-size at a given

Weber number and bubble-growth. rate, it should be considered as an
extrapolation of the Freon-1l data point rather than as a true correl-
ation. The range of the linear mean drob-sizes for the sprays from

the flashing jets in these experiments was small, between 24 and 43
microns. This indicates that more intense conditions than those

required to shatter the liquid jet do not have a great effect on the
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drop-size. These drop-sizes may be compared to the drop-size of a
spray from a cold water jet injected with a Weber number of 14.9
whose linear mean was 142 microns. There is no difference in the
drop-sizes of the sprays from the sharp-edged and rough-surface
nozzles, but the drop-size from the nozzle with sand on the sur-
face 1s smaller. This is because the sand particles tear ligquid
ligaments off the surface of the jets. Flashing is definitely a
means by which fine sprays may be obtained from the break-up of
cylindrical liquid Jets at low Weber numbers and the corresponding
low injection pressures.

The drop-size: distributions can be correlated to the
logarithmic-normal-probability distribution function. The uni-
formity parameters for the distributions do not correlate well
with any of the experimental parameters. The average value of
the uniformity paremeter, &, for the sprays from the shattered
water jets from the sharp-edged and rough-surface orifices is
1.55 # 0.12. This indicates that the uniformity of the drops from
the flashing Jjets is as good or better than typical sprays from
cold liquid Jjets, gas atomizers, swirl nozzles, or veaned-disc
atomizers.

In a plane perpendicular to the exis of the sprays. from
the flashing Jjets, the mean drop-size 1is usually the highest for
the drops the farthest from the sprey axis. The drop-size de-
creases approaching the axis, and often increases agein slightly

at the axis. This pattern is caused by the manner in which the
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expanding bubbles inside the Jet explode the jet and push the largest
drops the furthest away from the axis. The larger drops in the center
of the spray result from portions of the jet that are not exploded by
the expanding bubbles. The velocities of the drops are the highest
at the spray axis, and decrease with distance from the axis. At any
location with respect to the axis, the larger drops have the highest
velocity. The drops in any location smaller than about 20 microns
appear to approach a constant celocity.

The sprays are contained in relatively small zones, the
greatest diameter in this study being six-inches. The vaporization
rates of the sprays are high because the liquid drops are formed at

their saturation temperatures.



CHAPTER VII

RECOMMENDATIONS

High Viscosity

The results of this study are applicable to low viscosity
ligquids. This includes all superheated jets of pure liquids in-
jected into a region of atmospheric pressure, as the viscosities
of most pure liquids at their saturation temperatures at one
atmosphere are low, usually below 0.5 cp. This does not include,
however, mixtures such as high concentration sucrose solutions and
wide-boiling-range hydrocarbon mixtures.

The minimum temperature for the shattering of a high
viscosity jet would probably be higher than for Jets of low

. 2
viscosity, because the investigations of Raylelgh( 6), Weber(3o),

and Hinze(ll), have indicated the jet stability is increased with
high viscosities. Hinze(ll) found that thecritical Weber number
for the transition of the region of bresk-up of a cold liquid
Jjet from sinuous break-up to atomization was increased with liquid

"eritical" Weber number for

viscosity. Since there appears to be a
the shattering temperature -- Weber number relation for a flashing Jet,
it seems reasonable that this critical Weber number would also be
affected by liquid viscosity. The effect of high visocisty on the
bubble-growth rate in a superheated liquid is unknown, as the
assumptions included in the theoretical treatment of the problem
included one of the inviscid liquid. The solution of the bubble-

growth-rate problem is also for pure liquids, not liquid mixtures

or solution.
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The break-up of flashing high-viscosity jets is mainly of
interest as applied to spray drying, where viscous mixtures or
sludges are generally injected. The small spray zones and high
vaporization rates of the sprays from flashing jets are particularly
attractive as regards this application. An experimental study of
the break-up of high-viscosity flashing Jjets is therefore recommended.
The approach may have to be entirely empirical as a result of the
complicating effects of high viscosity on the bubble-growth-rate relation
and the jet stability.

Orifice Design

Vapor evolution inside the orifice throats was avoided in
this study because of its deleterious effect on the flow-metering.
The reduction in flow rate is not too serious if its magnitude can
be predicted accurately and reproducibly from theoretical or experi-
mental studies. Vapor evolution inside of a small long orifice may
be employed to advantage as & fine spray may be attained at a low
superheat in this manner. Extreme care would probably have to be
employed in design of the nozzles so that the bubble nucleation
would occur at thé same point in the orifice throat and cause mixing
of the evolved vapor and liquid inside the orifice. For example, &
sharp obstruction at the upstream end of the orifice might promote

continuous bubble nucleation at that point.
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A long orifice nozzle made of a transparent material could
be employed to make a photographic study of the growth of vapor
bubbles in the superheated liquids. This would provide experimental
evidence for the theoretically predicted hypothesis that the bubble-
growth rate is independent of turbulence for the degrees of

turbulence in this study.
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APPENDIX A. SUPPLEMENTARY EXPERIMENTAL DETAILS

1. Determination of the maximum orifice length.

When inJjecting a flashing jet, vapor evolution can occur in-
side the orifice throat if the orifice is long enough. If this tekes
place, the evolved vapor and liquid mix inside the orifice throat and
the specific volume of the mixture is considerably greater than that
of the pure liquid phase. This can reduce the volumetric flow rate
through the orifice at a given pressure to well below that when vapor
is evolved outside of the orifice. Therefore, all of the nozzles
employed in this study had to be tested to insure that vapor evolu-
tion did not occur inside the orifices throughout the range of experi-
mental conditions.

One way in which the location of vapor evolution, inside or
outside the orifice, can be determined is by visual observation.
Liquid is injected at a constant pressure and the temperature increased.
When the jet is shattered, & short section of the jet is observed near
the orifice exit if vapor evolution occurs outside the orifice. If
vapor evolution has been initiated inside the orifice, no jet is visible
and a mixture of liquid and vapor issues from the orifice. However,
complete mixing of the liquid and vapor inside the orifice does not
always occur when vapor is evolved inside the orifice. Occasionally,
roughness conditiéns will be such that the phases separate inside the
orifice. In these cases, a short section of jet may be visible al-
though vapor has been evolved inside the orifice. Therefore, a more

reliable method of checking the nozzles had to be employed.
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There should be no decrease in volumetric flow rate at a
given injection pressure as injection temperature is raised if vapor
evolution occurs exclusively outside the orifice. The flow rates
were measured for all the experimental nozzles at 80 psig and 120
psig at temperatures varying from about 100°F to about 300°F. The
temperature of the liquid that 1s passing through the flowmeter is
constant throughout a run, the temperature adjustments of the liquid
taking place downstream of this location. The flowmeter therefore
measures flow at constant density, or mass flow rates. The flow
meter readings therefore were reduced somewhat as temperature was
raised because the liquid density through the orifice was reduced
and thus the mass flow rate. The readings could easily be corrected
for volumetric flow rate by multiplying them by the ratio of the
liquid density through the orifice at the highest flowmeter reading
to the liquid density at the injection temperature. The volumetric
flow rates for all the experimental nozzles employed here remained
constant at both injection pressures and throughout the temperature
ranges. A reductionin volumetric flow rate was experienced in
several nozzles that had I/D ratios of four to six.

2. Calibration of Pressure CGauge, Thermocouple, Flowmeter, and

Time-Delay Unit.

The pressure gauge was calibrated with an Amthor dead
weight gauge tester. The indicator on the pressure gauge could
be adjusted so that all the pressure readings, from 10 psig to
140 psig, agreed with the weights on the gauge tester to within

0.5 1b. Flow conditions during operation of the apparatus were
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such that a constant pressure only to the nearest 1 psig could be-
maintained. The accuracy of the pressure gauge was therefore en-
tirely satisfactory for these experiments.

The iron-constantan thermocouple was calibrated in a
mineral oil bath by a -5° -250°C mercury thermometer. The calibra-
tion is shown in Figure 32. The potentiometer circuit was a Leeds &
Northrup #772010 with an externally connected standard cell
#P1-127-130000. The accuracy of the calibration is such that temper-
ature readings may be made to the nearest 0.5°F. The thermocouple
wire was attached to the outside of the pipe Jjust upstream of the
place the nozzles were connected. The pipe and wire were heavily
insulated. There was a thermowell just upstream of the flexible
tubing that led to the pipe to which the nozzles were connected.
There was a reduction in temperature between the thermowell and the
thermocouple location. At a given flow rate, however, this temper-
ature reduction should be constant at any given injection tempera-
ture. This provided a means to check how accurately the thermo-
couple measurement of the pipe temperature corresponded to the actual
liquid temperature in the pipe. The thermocouple was attached to the
pipe end insulated, and then the thermowell and thermocouple readings
were recorded through e range of temperature when water was injected
through a given nozzle at constant pressure. The thermocouple wire
was removed, and then attached to the pipe again with heavier insula-
tion than the first time. The thermowell and thermocouple readings

were taken asgain with the same nozzle and injection pressure. The



_95_

oce 00¢

*UOTHBIQTTB) STdnooowmrayy,

do 3¥UNLIVYIHAN3L
082 092 Ote 022 002 08l

o9l

°2¢ SaNBTI

ovi 021 00l os

T

e

A

\-\

SLI0AITTIN 9NIQV3IY H313WOILN3L1O0d



=L

readings maintained the same correspondence as in the preceding
trial. It was concluded from this that the insulation was suffi-
cient so that there was negligible temperature reduction between
the liquid and outside of the pipe.

The water in the storage tank was saturated with steam at
120 psig during the flowmeter calibration and all flow rate measure-
ments, the injection temperature and pressure adjustments taking
place downstrean of the storage tank and flowmeter. This provided
that the water passing through the flowmeter was always at the
same temperature and pressure. The liquid inJjected through a
nozzle was collected in a graduate cylinder for 30 to 60 seconds
while the injection pressure remained constant. The volume and
temperature of the collected liquid was recorded and the volume
corrected to 80°F. The calibration curve is presented in Figure
33.

The time-delay unit was designed so that when one of the
photolights was triggered, an impulse would be sent to the other
photolight after a definite time-delay that could be set from about
10 to 25 microseconds. The actual time-delay could not be measured
electronically so the unit had to be calibrated photographically.
This can be done by taking double-flash photographs of an object
moving at a known velocity and measuring the distance between the
exposures of the object on the photograph. The calibration was
made by taking double-flash silhouette photographs of a moving band

saw blade. The blade velocity was determined by measuring the
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rotational frequency of the driving wheel with a Strobotac, which is
a variable frequency flash unit. After the band saw blade was run
for about five minutes, the driving wheel motion could be “stopped"
by the flashes from the Strobotac and the rotational frequency
recorded. Several photographs were taken of the saw blade at a few
delay unit settings. The distance between the two exposures of a

saw tooth was found from the photographs. It was easy to distinguish
a saw tooth in each exposure as each one had a unique profile from
chips and dirt particles. The time d=lay from seven phctographs at
the setting for the spray analyses in these experiments was 22.L + O.k4
microseconds.

3. Control of the Exposure.

It has been pointed out that the aperture opening on the
camera lens must remain constant for ali spray analyses tc maintain
a constant depth of field. The light intensi*y must therefcre be
controlled by filters in front of the photolights. The optical
density of a photograph from a certain type of film and developed
by a standard technique will be a function of the light intensity
and the exposure time. The optical density is a measure of the
degree by which the exposed negative can transmit light. Hanson<lo)
has photographed circular ink spots on a miscroscope slide with
Kodak Contrast Process Ortho film and under various exposure condi-
tions to obtain negatives over a range of optical density. The

actual sizes of the spots were measured with a microscope and com-

pared to the size of the drops on the negatives. Hanson found that
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the size of a 16.5 micron spot on a negative was within ten percent
of its true size if the optical density of the negative could be
maintained between 1.6 and_2°O° The accuracy improves as the drop
size increases, the measured size being within five percent of the
true size for a 37.8 micron spot. The exposure conditions for
these experiments are controlled to maintain the optical density
within the aformentioned limits.

The effect of the filters on the light intensity was deter-
mined by taking several photographs with 1 to 7 0.002-inch thick
Mylar film filters in front of the photolight when the aperture setting
was f-3.5, all the way open. The optical densities of the negatives
were measured with a Kodak Color Densitometer Model No. 1. The effect
of the filters on the opticel density is shown in Figure 34. Note
that the density is not always constant for a given number of filters
because the light intensity from the photolight can vary from flash
to flash. The density of the negatives were essentially independent
of the location on the negative. If a photograph is taken with no
filters, an approximately four inch diameter region of the 4% x 5
negative is exposed, leaving unexposed corners. In addition to the
filters, the lights were enclosed in 3/8 inch thick plexiglass cases,
which apparently were sufficient to diffuse the light beam so that
the whole field of the lens was exposed to the same degree.

During a spray analysis, a dense spray can reduce the
light intensity considerably. A photo floodlight was therefore

directed to the lens through a plexiglass sheet and six filters and
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the'light intensity at the lens measured with a Weston Master II
universal exposure meter model 735 No. 6583722. For any location
in a spray formed under certain conditions, the photo floodlight
could be directed at the lens through the spray. The number of
filters to be employed during the analysis could then be deter-
mined by the number required to obtain the same exposure meter
reading as with the plexiglass and six filters with no spreay.
Employing this technique, it was fairly easy to maintain the optical
density of the negatives within 1.6 and 2.0.

In the early phases of the study, photographs of the sprays
were often underexposed and showed no drops although the lighting
conditions seemed to be all right. It was found that this was
caused by condensation of vapor on the lgnsu A shutter was placed
over the lens: and opened just before taking each photograph. The
camers had to be backed away and the lens wiped dry before taking
the next photogreph as the lens became fogged before the shutter
could be closed again. This was & serious problem when photo-
graphing the high-flow-rate sprays because if the pilcture was not
teken immedietely efter the shutter was opened, the lens would fog.
The shutter weas employed in all the analyses, although it made the
analyses more tedlous. It 1s recommended thet e mechenical shutter
that could be triggered with the photolights be employed to provide
& more convenient solution to this problem.

L. Developing Technique.

The optical density of the negatives can vary considerably

with variations in the developing technique. A standard procedure which
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was carefully adhered to for the developing of all spray photographs
was therefore employed. The developing tanks were immersed in a bath
of running water at 68°F. The films were developed in Kodak D-11
developer for five minutes, with agitation the full first minute, and
intermittently every minute thereafter. The films were then rinsed,
and fixed in Kodak acid fixer for ten minutes with agitation every
minute. The films were teken from the fixer, rinsed in water for

30 seconds with agitation, and then immersed in Hypo clearing agent
for two minutes. The films were then washed in water from five to
ten minutes and dried. A Wratten Series two red safelight filter

was employed for lighting during the developing process.

5. Minimum Drop Sample.

Each photograph at a spray location has a certain number
of drops within the limits of focus that are classified into size
ranges to obtain the experimental distribution. The more drops in
a sample, the closer will the measured size distribution approach
the actual size distribution for that location in the spray. The
accuracy of the sample distribution is not only dependent on the
number of drops, however, but also on whether the distribution
remains constant at that location, as the spray may pulse and
fluctuate. The number of photographs at a given sample location
must therefore satisfy two conditions: (1) provide the minimum
number of drops for an accurate distribution, and (2) provide the

average spray condition at that location.
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The drops from photograph No. 131, taken of Location
2 in Run No. 5, wefe counted 50 at a time and the cumulative dis-
tribution obtained after counting each successvie group of 50 drops.
The cumulative distribution curves for the samples are given in
Figure 35. The curves for 50 and 150 drops are omitted to eliminate
confusion between the curves. Note that the curve for 100 drops is
much lower than the curve for 300 drops for the small drops and
much higher for the large drops. The curves for 200 and 250 drops,
however, lie fairly close to the curve for 300 drops on either side.
This shows that as the sample includes between 200 and 300 drops,
the distribution curve is approaching a constant function. About
85 percent of the samples from each location for each run contained
over 200 drops, and often considerably more, sometimes up to 1000.
In those cases where less than 200 drops were counted, the drop
density in that location was small enough so that the drops did not
contribute greatly to the anlaysis for the entire spray.

In the preliminary tests for the minimum sample, two photo-
graphs of the same sample location of a spray injected under given
conditions gave almost the same distribution if there were at least
about 200 drops on a photograph. For example, the cumulative dis-
tributions for two photographs at location 2 of Run No. 5 are shown
in Figure 36. The curves are fairly close. Two photographs of
each sample were therefore taken in all analyses. In view of the
difficulty in taking the photographs of the flashing jets resulting
from the lens fogging problem, it was desirable to keep the number

of photographs down to a minimum. The distributions obtained from
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TABIE VI. DETERMINATION OF MINIMUM SAMPLE
(fﬁn?conditionSﬁofiRun NOW.5,,LocatiOD:2)

A. Drops counted 50 at a time - photo No. 131.

No. of No. of Drops and Cumulative Percentage in Bach Size Range
Drops

Counted 1 2 3 L 5 6 T 8 9
50 No. 1 7 23 12 5 1 1
% 2.0 16.0 62.0 86.0 96.0 98.0 98.0' 100.0
100  No. 2 1 46 27 10 3 1
% 2.0 13.0 59.0 86.0 96.0 99.0 99.0 100.0
150 No. 7T 21 60 38 17 L 2 1
% L,7 18.7 58.7 83.9 95.3 98.0 99.3 100.0
200 No. 12 26 75 L9 26 6 L 2
% 6.0 19.0 56.5 81.0 9%.0 97.0 99.0 100.0
250 No. 12 35 95 59 30 8 5 5 1
% 4.8 18.8 56.8 80.k .4 95.6 97.6 99.6  100.0
300 No. 15 k2 117 71 3 9 6 5 1
% 5.0 19.0 58.0 81.7 93.0 96.0 98.0 99.7 100.0

B. Comparison of Photo No. 130 and 131

No. of No. of Drops and Cumulative Percentage in Fach Size Range
Drops

Counted 1 2 3 L 5 [ 7 8 9
#130 No. 14 38 123 72 25 6 5 2 1
286 % 4,89 18.17 61.18 86.35 95.10 97.20 98.95 99.65 100
#131 No. 17 L6 128 7 37 10 6 6 1

328 % 5.18 19.20 58.22 81.70 92.98 96.03 97.86 99.69 100
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two photographs are usually accurate because of the large number of
drops per photograph for these relatively dense sprays.

6. Flow Rate Check

There are two major sources of error in the photographic
analysis of sprays. One is in the determination of which drops should
be accepted as part of the photographic sample. Although standard
drops are referred to in order to define the limit of focus, the
decision as to whether to accept or reiect many drops is often
arbitrary. Another source of error is in the velocity measurements.
The velocities are measured assuming that all drops remain in the
Plane of the sample locations that is parallel to and intersects
the spray axis. In reality, many drops cross this plane. In a
double-flash photograph of the sprays, most of the drops are travel-
ing in the same direction, but there are often several that seem to
be going in other directions. Only drops that are going in the same
direction as the majority are sampled in these analyses for the
velocity measurements. Employing this technique, the drops in a given
size range for a certain sample location did not differ in velocity by
more than 25 percent. The average velocities in each size range at
each location were plotted versus the average drop diameter. and the
velocities for the calculations obtained for the best curves through
these points.

One way in which the overall accuracy of the spray analyses
may be measured is by comparing the computed flow rate of the spray
from the drop-s ize analyses and their velocities, and the flow rate

of the injected liquid jet. This computed flow rate from the analyses
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is dependent on both the accuracy of the depth of focus and the
accuracy of the velocity measurements. The standard drops that
were chosen for these analyses were 0.91 mm from the point of
focus so that the depth of focus was 1.82 mm. The sample volume
is known from this figure and the total number of drops passing
a 0.5 inch thick plane perpendicular to the spray axis can then
be computed by multiplying the number of drops in each size range
for each location by the ratio of the volume of the annulus of
which the sample is & portion to the volume of the sample. The
flow rate of the spray is then determined by computing the volume
of the drops in each size range in each annulus and multiplying
by their velocities. These computed spray flow rates are compared
to the flow rates calculated from the jet dismeters and the jet
velocities in Figure 37 for the sprays from the water jets. The
computed values from the sprays are within 45 percent on the low
side and 36 percent on the high side of the values computed from
the jet diameter and velocity. The standard deviation is 27 per-
cent. The flow rates computed from the sprays are usually low.
This is to be expected from the rapid vaporization rate of the
spray and the fact that drops less then five microns are not
resolved on the photographs.

7. The Time-Delay Unit.

A circuit diagram of the time-delay unit is shown in

Figure 38.
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APPENDIX B. SUMMARY OF DATA AND CALCULATED VAIUES

The original data are in two data books under the author’s
name and dated December 29, 1958 and February 17, 1960.
books, and the photographs are located in the Multi-Phase Fluids
Laboratory in the Fluids Building at the North Campus of the University

of Michigan, Ann Arbor, Michigan.

1. Break-Up Data.

TABLE AT.

BREAK-UP TEMPERATURES FOR WATER AND FREON-11

These data

kun Nozzle Injection Jet ohatlering G
No. Type Pressure Diameter Temperature Re Noe (ft./hrrﬁ)
(psig) (inches) (°F)
Water
1B A 120 0.025 282 125,000 8.81 16.3
2B A 131 0.025 280 131,000 9.60 15.9
3B A 100 0.032 272 143,000 9.3k 14.0
4B A 120 0.032 268 152,000 11.20 13.1
5B A 130 0.032 266 157,000 12.12 12.6
6B A 80 0.066 237 220,000 15.16 5.8
7B A 120 0.066 215 239,000 22.53 0.7
8B B* 120 0.031 273 150,000 10.83 14.3
9B B 93 0.031 272 132,000 8.42 14.0
10B B 134 0.031 270 157,000 12.12 13.6
11B B 8l 0.035 268 139,000 8.56 13.1
12B B 128 0.035 237 148,000 12.87 5.8
13B B 60 0.053 270 170,000 9.24 13.6
14B B 80 0.053 258 197,000 12.28 10.8
15B B 9% 0.053 235 192,000 14,60 5.k
16B B 120 0.053 223 200,000 18.15 2.5
Freon-11
17B A oL 0.025 152 86,600 18.10 5.0
18B A 95 0.032 118 99,200 23.60 2.8

* With Sharp Downstream Edge
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2. Bubble Size Data.

TABLE AII.

BUBBLES ON SURFACE OF 0.031 INCH DIAMETER.
268°F WATER JET INJECTED AT 120 PSIG

Photograph  Bubble Distance from Time Predicted Growth for

Number Diameter* Orifice* (b sec.) Submerged Bubble,
(Inches) (Inches) 20t2 (Inches)
27 0.020 0.280 168 0.066
64 0.022 0.235 141 0.060
64 0.018 0.200 120 0.055
S 0.017 0.175 105 0.052
6L 0.010 0.140 8L 0.046
97 0.023 0.345 207 0.073
97 0.027 0.377 226 0.076
93 0.029 0.394 236 0.078
93 0.031 0.425 255 0.081
99 0.019 0.183 110 0.053
99 0.021 0.239 143 0,061
100 0.018 0.173 10k 0.052
101 0.015 0.1h45 87 0.047
101 0.019 0.162 97 0.050
103 0.017 0.155 93 0.049
104 0.028 0.363 218 0.075
107 0.014 0.136 82 0.046
107 0.018 0.214 128 0.057

* These are the measured values on the photographs divided by 10,
representing the actual values.
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for the drops found to lie in each size range at each sample location.

The sample locations referred to are shown in Figure k.

Drop-Size Data

«112=

The number of drops and their average velocities are given

referred to are given in the following table:

Loca- Pho- Total

Size Range No.

RUN NO. 1.

O o~ O\l FWw

Size Range
(Microns)

0~ 10

10 - 1k4.1
14.1 - 20
20 - 28.2
28.2 - 40
Lo - 56.4
56.4 - 80
80 - 113

113 - 160
160 - 226
226 - 320
320 - 453
453 - 6Lo

TABLE AIII.

0.040 INCH DIAMETER TYPE A ORIFICE
WATER JET AT 287°F AND 120 PSIG

The size ranges

Number of Drops in Each Size Range
tion tos Drops 1 2 3 I 5 6 7 8 9 10
1 2 593 1k 67 145 130 107 61 b1 18 9 1
2 2 59 6 36 12% 136 15k 8l 35 18 2 1
3 2 Lo6 5 25 56 116 129 60 15
L 2 351 3 6 25 56 95 101 54 10 1
Average Velocities in Each Size Range (fps)
1 2 66 85 97 104 121 129
2 2 60 61 63 89 89 108 115
3 2 L7 51 65 76
4 1 17 16 2Lk 131 48 77
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TABLE ATV,
"RUN NO. 2., 0.031 INCH DIAMETER TYPE B CRIFICE WITH
SHARP DOWNSTREAM EDGE
WATER JET AT 287°F AND 120 PSIG
Loca- Photos Total Number of Drops in Each Size Range
tion Drops| 1 2 3 n 5 6 7 8 9 10
1 2 63k 7 b2 111 165 164k 109 R 2 1 1
2 2 397 8 28 61 112 109 73 6
3 2 128 3 1k Ly 65 66 25 1
L 2 93 5 26 38 24
Average Velocities in Fach Size Range (fps)
1 1 36 L0 Lo 46 Th
2 1 35 37 43 49
3 1 30 30 32 34 36 62 Th
N 1 14 15 2L 23 27 52 53
TABLE AV,
RUN_NO. 3. 0.080 INCH DIAMETER TYPE A ORIFICE
WATER JET AT 204°F AND 80 PSIG
Loca- Photos Total Number of Drops in Each Size Range
tion Dropsfl1 2 3 L4 5 6 7 8 9 10 11 12 13
1 L 192 1 3 14 23 36 26 31 15 14 15 12 2
2 L 109 1 L 7 13 20 16 17 11 8 L 6 2
Average Velocities in Each Size Range {fps)
1 2 3k 61 68 85 86 88 99
2 2 33 3+ 50 82 95
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TABLE A VI

4. 0.080-INCH DIAMETER TYPE A ORIFICE WATER JET
AT 236°F AND 80 PSIG

Loca- Pho- Total

Number of Drops in Each Size Range

tion tos Drops 1 2 3 i 5 6 7 8 9 10 11 12
1 i 648 21 93 183  1hs 88 53 28 17 10 7 2 1
2 2 685 1 45 145 228 181 60 18 4 1 2
3 2 539 5 31 96 118 13 115 26 8 2 2
4 2 384 7 30 L3 80 15k 51 17 2
5 2 212 1 1L 26 27 60 62 18 L
average velocities in each size range (fps)
1 1 Lo Ly 52 62 68 T4 126 127
2 1 3L 35 38 L5 60 80 92
3 1 235 37 ko W 18 95 103
L 1 21 22 2L Lo 62 85
5 1 10 17 20 32 61
TABLE A VII
RUN NO. 5. 0.080-INCH DIAMETER TYPE A ORIFICE
WATER JET AT 236°F AND 120 PSIG
Loca- Pho- Total Number of Drops in Each Size Range
tion tos Drops 1 2 3 i 5 6 7 8 9 10
1 2 373 11 Th 137 68 Lp 20 8 10 2 1
2 2 61h 31 84 251 1ho9 62 16 11 8 2
3 2 596 11 35 116 201 168 51 9 5
L 2 366 6 29 72 66 81 68 31 13
5 2 273 8 23 43 Sk 81 61 3
average velocities in each size range (fps)
1 1 50 5k 61 69 80 95 110 135
2 1 L1 L6 8 s0 72 0
3 1 35 Lo Ly 52 €0 92
i 1 20 22 2h 25 Lo 62 90 93
5 1 10 L 25 37 68 72
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TABLE A VIII

RUN NO. 6. 0.030-INCH DIAMETER TYPE A ORIFICE
WATER JET AT 287°F AND 130 PSIG
Loca- Pho- Total Number of Drops in Each Size Range
tion tos Drops 1 2 3 b 5 6 7 8 9 10 11 12
1 i 386 5 16 6L 81 86 5L 34 17 13 11 4 1
2 I 748 12 82 187 205 207 4o 5 1
3 L 501 6 20 9k 119 135 108 18 1
4
average velocities in each size range (fps)
2 75 95 105 135 12 -
2 1 11 16 28 31
3 2 b 5 8 10 21
TABLE A IX
RUN NO, 7. 0.031-INCH DIAMETER TYPE B ORIFICE

WATER JET AT 287°F AND 90 PSIG

Loca- Pho- Total

Number of Drops in Each Size Range

tion tos Drops 1 2 3 L 5 6 7 8 9 10
1 2 469 6 60 132 142 86 32 6 3 2
2 2 178 9 36 55 53 16 3 N 1 1
3 2 209 1 1 34 53 76 41 2 1
b 2 3L 1 1 1k 17 1
average velocities in each size range (fps)
1 1 56 5k 65 73 82 125
2 1 35 37 L3 56 63 72 81 113
3 1 11 10 10 21 37 61
4 1 6 12 16
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TABLE AX
RUN NO. 8. 0.040-IN. DIAMETER TYPE B ORIFICE
WATER JET AT 270°F AND 130 psig
Ioca- Photos Total Number of Drops in Each Size Range
tion Drops| 1 2 3 L5 6 T 8 9 10 11
1 2 29L 2 9 5 8+ 85 28 16 10 2 1 1
2 2 610 6 56 1k2 181 174+ L3 6 1 1
3 2 760 1 20 128 223 260 110 16 2
L 2 198 L 25 51 81 33 3 1
Average Velocities in Each Size Range (fps)
1 1 50 52 60 67 76 100 140
2 1 28 30 39 42 52 80 94
3 1 30 33 3% 48 61 90
in 1 16 17 24 28 38
TABLE AXT
RUN NO. 9. 0.040-IN. DIAMETER TYPE B ORIFICE
WATER JET AT 287°F AND 90 psig
Loca- Photos Total Number of Drops in Each Size Range
tion Drops| 1 2 3 N 5 6 7 8 9
1 2 657 8 72 223 221 123 N 3 2 1
2 2 583 9 54 167 203 131 17 1 1
3 2 395 1 ! 51 73 156 90 14 3
in 2 337 2 26 53 115 104 34 3
Average Velocities in Each Size Range (fps)
1 1 50 5k 71 B1 9L 120 1I3%
2 1 38 Lk 50 63 77 98
3 1 22 24 34 51 60
L 1 12 12 27 36 L1 L8
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TABLE AXII

10. 0.040-IN. DIAMETER TYPE B ORIFICE
WATER JET AT 287°F AND 130 psig

Loca- Photos Total Number of Drops in Each Size Range
tion Drops| 1 2 3 n 5 6 7 S 9
1 2 109 S 5 118 121 76 2k 3 3
2 2 1095 | 29 117 331 316 243 51 8
3 2 611 L L8 123 158 169 99 9 2
L 2 271 3 11 Lo 57 100 L7 11 2
Average Velocities in Each Size Range (fps)
1 1 3L 35 L6 52 73 10k 97
2 1 21 22 27 32 34
3 1 20 20 26 33 35 Lo
L 1 1k 17 27 29 28
TABIE AXIII
RUN NO. 11. 0.060-IN. DIAMETER TYPE B ORIFICE
WATER JET AT 254°F AND 120 psig
Loca- Photos Total] . Number of Drops in Each Size Range
tion Drops| 1 2 3 n 5 6 7 8 9 10
1 2 30| 1 30 111 108 87 25 9 L 2 1
2 2 680 | 14 77 213 178 123 52 17 5 1
3 2 83124 205 259 192 159 66 17 7 1 1
b 2 6581 5 33 112 153 20k 112 28 7 3 1
5 2 199 5 22 26 ke 66 29 8 1
Average Velocities in Each Size Range (fps)
1 1 L2 L3 an 83 98 134 138 145
2 1 38 39 57 72 87 118 135 145
3 1 18 18 20 2k 38 L6 83
L 1 17 19 23 28 kb 62
> 1 13 13 17 20 29 50
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TABLE AXIV
RUN NO. 12. 0.060-IN. DIAMETER TYPE B ORIFICE
WATER JET AT 270°F AND 80 psig
Loca- Photo Total, Number of Drops in Each Size Range
tion Drops = 1 2 3 N 5 6 7 8 9 10
1 2 139 3 29 b7 33 15 8 3 1
2 2 362 21 111 107 727 12 3 2 2
3 2 736 1 30 155 233 =249 5k 9 2 3
I 2 686 2 3% 137 200 223 70 18 2
5 2 Lo & 65 1% 180 78 12 2
1 Average Velocities in Each Size Range (fps)
1 1 35 35 sL 68 107 11k
2 1 30 32 Lh 54 100 106 115
3 1 20 18 ok 31 L8 62
i 1 13 14 19 ek 35
> 1 9 9 11 20 26 30
TABLE AXV
RUN NO. 13. 0.060-IN. DIAMETER TYPE B ORIFICE
WATER JET AT 270°F AND 120 psig
Loca- Photos Total Number of Drops in Each Size Range
tion Drops 1 2 3 L 5 6 7 8 9
1 2 229 E 6 k8 ek 79 21 6 L 1
2 2 1264 E 54170 Lkhk2 371 195 o7 b 1
3 2 686 % 7 64 164 199 152 7 19 4
L 2 681 ! e 51 145 183 192 87 13 3
5 2 166 g 3 18 29 30 61 21 i
; Average Velocities in Each Size Range (fps)
1 1 k2 43 6k 83 98 13+ 136 145
2 1 2 38 39 57 72 87 118 135 145
3 1 | 18 18 20 2k 38 L6 83
L 1 17 19 23 28 Ll 62
5 1 13 13 17 20 29 50
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TABLE AXVI

RUN NO. 1k. 0.020-IN. DIAMETER TYPE C ORIFICE

WATER JET AT 80°F AND 9L psig

Loca- Photos Total: Number of Drops in Each Size Range
tion Drops | 1 2 3 L 5 6 7 8 9 10 11 12 13
1 n 253 12 2k Lo 33 32 35 1 22 20 13 8
2 b 351 5 33 78 116 50 30 21 10 6 1 1
Average Velocities in Each Size Range (fps)
1 3 5L sk 53 72 80 88 10k 115 11k 115
2 1 21 20 22 58 65 90 99
TABLE AXVII
RUN NO. 15. 0.020-IN. DIAMETER TYPE C ORIFICE
WATER JET AT 270°F AND 130 psig
Loca- Photos Total Number of Drops in Each Size Range
tion Drops 1 2 3 N 5 6 7 8 9 10
1 2 584 1L 32 130 183 155 L7 11 6 n 2
{
2 2 okg | 26 98 272 289 227 35 2
3 2 Th6 12 L9 170 287 210 16 2
L 2 403 17 6h 152 116 51 3
Average Velocities in Fach Size Range (fps)
1 1 48 57 76 ok 115 1k 145
2 1 30 32 L2 L7 L8 58 78
3 1 12 13 16 20 29 30
T 6 6 8 10 14
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TABLE AXVIII
RUN NO. 16. 0.020-IN. DIAMETER TYPE C ORIFICE
WATER JET AT 278°F and 120 psig
Loca- Photos Total Number of Drops in Fach Size Range
tion Drops 1 2 3 n 5 6 7 .8 9
1 2 oL9g 23 87 301 326 18L 21 5 2
2 2 810 b3 117 289 193 135 28 5
3 2 508 37 101 187 91 65 23 L
L 2 Lok 2 3% 98 109 117 Lo L
Average Velocities in Each Size Range (fps)
1 1 Ly 4 59 72 92 98 130
2 1 28 31 50 59 79 88
3 1 18 20 24 31 k1 50
b 1 8 8 12 20 26
TABLE AXVIX
RUN NO. 17. 0.030-IN. DIAMETER TYPE A ORIFICE
FREON-11 JET AT 152°F AND 9k psig
Loca- Photos Total Number of Drops in Each Size Range
tion Drops 1 2 3 N 5 6 7 8
1 N 840 3 30 166 289 238 72 32 10
2 L 165 1 16 56 57 2k 11
Average Velocities in Each Size Range (fps)
1 2 30 30 32 Lo 52 71 2
2 2 21 23 29 35 Lo
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TABLE AXX
RUN NO. 18. 0.020-IN. DIAMETER TYPE C ORIFICE
FREON-11 JET AT 125°F AND 95 psig
Loca- Photos Total Number of Drops in Each Size Range
tion Drops|['1 .2 3 L4 5 "6 7 8 9710. 11
1 3 10k2 10 53 86 219 286 228 9L 50 12 3 1
2 3 133 | 5 26 43 L2 13 L
3 3 3% (1 515 8 5 1
Average Velocities in Each Size Range (fps)
1 2 35 37 k2 55 71079 90
2 2 20 21 25 30 39
3 2 12 13 15 19 22




APPENDIX C

SAMPLE CALCULATIONS

Calculation of Jet Velocity.

[V

V = (EgdAPVQ)
For Run No. 4B
conversion factor

injection pressure

liquid specific volume

at liquid temperature

(268°F.)

\

V =138.2 ft./sec.

Calculation of Weber number,

Veq
_Pg

we egco-

For Run No, 4B

surrounding gas density pg

jet velocity (Calc. 1)
Jjet diameter
conversion factor

interfacial tension
at 212°F.(21)

N =

21)

(2 x 32.2 x 120 x 14k x 0.01715)

g, = 32.2 ft./sec.?
AP =120 + 1 psig (x 1Lk in.2/ft.2)

_ 3
v, = 0.01715 £t.”/1b.

=

0.050L 1b/£t.3 at 212°F, (air) )

il

V =138.2 ft./sec,

d = 0.032 in, (x 1/12 ft,/in.)
8. = 32.2 ft./sec,?

o = 58.9 dyne/cm. (x 6.85 x 1077 ib./ft.

dyne/cm.,

0.0591 x (138.,2)2 x 0,032

we

=
]

we = 11.2

12 x 2 x 32.2 x 58.9 x 6.85 x 1077
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%, Calculation of Reynold's Number,

R =& (3)
VE“’

For Run No. 4B

jet velocity (calc. 1) v

]

138.2 ft./sec.

jet diemeter d = 0.032 in. (x 1/12 ft./in.)

liquid specific volume at v, = 0.01715 ft.5/1b.

liquid temperature (268°F.

y(21)

lb./ft.-sec.)

liquid viscosity at liquid b = 0.2l cp. (x 0.000672
temperature 2l CPos

_ 138.2 x 0.032
12 x 0.01715 x 0.21 x 0.000671

R = 152,000

4, Calculation of Bubble-Growth-Rate Constant.

- (5 ) (52

For Run No. 4B, or water at 268°F, under 1 atmosphere

superheat AT = 56°F.

average liquid heat
capacity (212°F.-268°F.) Co

1.014 b.t.u./1b,-°F,

latent heat of vaporizsestion

at 212°F. L 970.3 b.t.u./1b,

note that:

A -
x <2762 _hai - hor (5)
L hie = hpr
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liquid enthalpy at initial hoy
temperature (268°F,)

236.80 b.t.u./1b.

180.07 b.t.u./lb.

1]

liquid enthalpy at final hop
temperature (212°F,)

]

vepor enthalpy at final hyr
temperature (212°F.)

1150.4 v.t.u./1b.

236.80 - 180.0
= ! = 0,0585 wt. fraction flashing

11%0.40 =~ 180.07

liquid density at 268°F, o

I}

58.3 1b./ft.>

I

vepor density at 212°F, p1 = 0.0373 1b./ft.2

liquid conductivity(212-268°F) k = 0,394 b.t,u./hr.-ft.-°F,

1
¢ = (0.0585) (283 )(3.14 0.394 42
(0.05 5)(0.0375>(5 * 58.3 x 1.014)
C =13.2 ft,/hr,%

5. Calculation of Bubble-Growth-Rate Constant for Dissolved Gas,

For hexane saturated with methane at 300 psig when pressure is reduced
to 1 atmosphere at 86°F,

initial gas concentration C; = 0.1076 mole fraction
from bubble point 0.224 wt, fraction
calculation b

]

final gas concentration Ce = 0.0035 mole fraction
from bubble point (1) 0.0007 wt, fraction

density of gas dissolved in P
liquid (calcul tﬁg from
expansion data 1

21.33 1b./ft.”
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= 0.0402 1b./ft.?

density of gas coming out of pl =
solution(12 ‘
molecular diffusivity of gas D, = 0.000395 ftog/hr°
in liquid
0224 - 0, 21, L
C' = <é~0 0.0007 (él 552> (3.1% x 0.000395)2
1 - 0,0007/ \0,0kO
C' = (0.0214)(531)(0.0353)

N~

Ci

0.398 ft./hr.

6, Calculation for One Location in Spray.¥

Run No. 11. 0.060-in. diameter type B orifice water jet at
254°F, and 120 psig location No., 2
T oSy

L : 3 5 6 .1 8l 9 10
size size |no, of| drop |drops x| % in jcumu- | % per: gEOmQE av,
range | inter~- | drops | velo- |velocity each |lative| unit  av, ; diam.

val city (3x4) | range @ % size diam.. x %
fmieron)|  [Ftjsec)| | (ors)|  ji62) l(6x9)
BN | s | ‘
1 10 14 37 518 1.39 | 1.39 | 0.1k 5 1 6.9
!
2 L1 7 37 28k9 | 7.61 | 9.00 | 1.86 11.9/ 90.6 |
i t
5 | 5.9 | a3 | 39 8307 |22.20 [31.20 | 3.76 16.8 373.0 |
i ! |

L 8.2 178 | 5k 9612 | 25,69 l56089 515 23.7 608.9

5 11.8 123 72 8856 | 23,67 |80.56 ? 2.01 5204! 766.9 !

6 | 16 | 52 | 86 W72 11,95 (92,51 0.73  W7.4 566.4 |

7 23.6 17 | 117 1989 5.32 |97.85 0.25 67.2° 357.5 |

8 33 5 | 13k 670 1.79 [99.62 | 0.05, 95.1 170.2

9 b7 1 | 1hk 14k} 0.38 | 100 | 0.01 134  50.9
totals 680 37417 100.00 ‘total 12991.8

- P 29.9

* Column 7 1s experimertal cumulative distribubion, F/D}, for this location,

Column 8 is experimental probability distrihution £(D), for this locatior,
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7. Calculation for the Whole Spray.
RUN NO, 11, 0,060-INCH DIAMETER TYPE B ORIFICE
WATER JET AT 254°F, AND 120 PSIG
loca~| sample no, drops x velocity x volume ration fqr each size range
“lon | annulus 1 2 3 | L 5 6 7 8 9 10 ! totals
volume
ratio
1 1 43 1290| L7730 6912 7221 2675| 1179 556 288 145 25082
2 8 hikk | 22792) 664561 76896 | 70848 35776| 15912 | 5360 | 1152 299336
3 16 6912 | 302L0| Th592| 58368 | 61056 35904 | 141k | 9296 | 1600| 1760 | 293872
i 2k 20k0 | 13464} 45696| 66096 |107712] 77952| 2822k | 10416 | 5040| 1920 | 358560
5 32 2560| 1126k4| 13312 | 24192 52800 | 32480 | 13568 2240 | 152416
totals 13139 | 70346|202781 221584 | 271029 205107 | 91939 | 39169 | 8080 | 6065 |1129266
1 percent 1.16 6.23| 17.96: 19.62 | 2k,00] 18,16| 8.14| 3.47| 0.72| 0.54% | 100.00
2 cumulative -
percent, F(D) 1.16 7.39| 25.35. 4k,97 8.97| 87.13| 95.27] 98.74 | 99.46| 100
7% | size range R A o
(microns) 10 b1 5.9 8.2 11.8 | 16.4 23.6 | 33.0 | k7.0 66.0
L percent per I
size range, £(D) | 0.12 1.52] 3.0k| 2.39 2,03 1.11 0.34 0.11| 0.02 0.01
5 geom, av. |
diameter 5 11.9. 16.8, 23.7 32,4 L7k 67.2 95.1 134 190
6 geom, av. T ]
diameter2 25 1k2 282 562 1050 2247 4516/ 9oLk | 17956 | 36100
7 geom, av, o ]
diameter3 125 1690| 4738| 13319 | 34020| 106508 503&7586008&‘240610&6859000
8 percent x Dgy
6 4 302 465 178 861 skl 330 96 103 3561 |
9 percent x ng
29 885 5065| 11026 | 25200 40806| 34760, 31383 | 12928 | 19Lgk| 183576
10 percent x Dzv
145 | 10528| 8509k |261319 |816480)1934185 |2407286298711517323955703860 |14001408

NOTES:

Row 2 is experimental cumulative distribution, F(D), for the whole spray.

Row L is experimental probebility distribution f£(D), for the whole spray.

The sum of row 8 is L D, AN, so that:
- ZDavAN>

Do

D1o

Y AN

3561

100

= 35,6 microns

The sum of row 9 is Y D2 AN, so that:
av

DEO

=)

7.3, L\N) 1/2

AN

_ <18§,516 1/2

100

= 42,9 microns,
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The sum of row 10 is z DSWAN, so that:

— - ZDQVAN>1/5
0 7\ Tan

ﬁga = <%5199i459§>1/5 = 52,0 microns.
100

Also,

=3 2
Dsp =Ds” / Dy

= 76,3 microns.

T - <14,01l+.08
32 S\ axe a7

“\1,8%.76
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