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NOMENCLATURE

Di Large drop diameter

D, Nozzle diameter

a Inclusion diameter

E(z) = mfw z f(z)dz

f(z) Probability density function, Section VII.3

F(z) Probability distribution function, Section VII,?3

f(z) Probability density function estimated from sample, Section VII,4

ﬁ(z) Probability distribution function estimated from sample, Section
VIL. &4

G(z) = 1/[1 - F(z)]

ﬂi distance from double exposure photograph of travel of large

drop of diameter Dy
M Maximum number of large drop size classes

N Number of drops, see VII,3; maximum number of inclusion size
classes elsewhere

Pr(a) Probability of the event «

Re Reynolds number, Section VII, A
T Temperature

v, Nozzle velocity

v Volume

We Weber number, Section VII.4

Xij Number of inclusions of diameter dj in large drops of
diameter Di

Vi Number of large drops of diameter Dy
- Py 1/p-q

7, = [E(Z )1 ; see Section VII, 4

bq E(ZQ)

xiil



Greek

04 Interfacial tension
Qa(ﬂ) = oa gl ot dt; see Section VII.3
) Viscosity, mean of distribution
g Standard deviation
Subscripts
r Refers to receiving phase
s Refers to sprayed phase
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ABSTRACT

The classical emulsion is made up of drops of one liquid
dispersed in a containing liquid. Under certain circumstances, however,
some of the containing phase may form drops within the‘drops of the
dispersed liquid, giving rise to a structure known as a double-multiple
emulsion, The purpose of this study was the investigation of the forma-
tion of these structures as a hydrodynemic pheﬁomenonu

Double-multiplé emulsions were produced using both transient
and steady-state liquid injection, with a cylindrical jet configuration,
Analysis of the spray was by means of high-speed photography,

‘The distribution of the large drops and that of the included
drops were both found to be satisfactorily represented by a log-normal
probability function, The percent of volume and interfacial area
represented by the included drops were found to be most strongly
dependent on inertial forces, A simplified model based on the use
of nozzle parameters was found to correlate satisfactorily percent
included area and volume as a function of Reynolds number and Weber
number, Large size classes of the dispersed phase drops contained
proportionally many more inclusions than did the smaller size classes,

The mechanism of inclusion formation was found to involve the
drawing out of a ligament or sheet from the flowing jet, followed by

the re-coalescence of the free end of this ligament or sheet with the

xiv



main jet body, entraining in the process a portion of the containing
phase, Thus, the inclusions pre-date the formation of the drops of

the dispersed phase from the jet disruption.

XV



I. INTRODUCTION

Before attempting a detalled discussion of the work covered
in this dissertation, it is necessary to devote a little time to
defining just what is meant by a "double-multiple" emulsion. Multiple
emulsions are encountered seldom enough in the literature that it is
well to clear up at the outset some possible sources of confusion in
terminology.

The classical emulsion is made up of a number of minute
drops of one liquid within a containing phase of another liquid. The
two liquids are commonly referred to as the dispersed phase and the
continuous phase respectively. In the simplest case we have the
situation deplicted in Figure 1, where there is a single dispersed
phase and the containing phase is truly continuous in the sense that
any two points in the containing phase can be joined by a line lying
entirely within that phase,

Under some clrcumstances, however, it is possible to get
some of the containing phase within the drops of the other phase, as
shown in Figure 2, making the containing phase no longer continuous.
Here the terms "continuous phase” and "dispersed phase" lose any
meaning as applied to the resultant emulsion., (They wili, of course,
have some relevance in the sense that one normally creates an emulsion
by adding what can be termed the "dispersed” phase to the "continuous"
phase. ) Emulsion structures which lack a continuous phase are norm-

ally referred to as multiple emulsions.,
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Multiple emulsions structures can be created in surprising
complexity - for example, Clayton(l9) cites an example of a gquingue-
multiple emulsion, shown schematically in Figure 3. The level of
the multiple emulsion might be defined as the maximum of the minimum
number of phase boundaries it is necessary to cross in going from any
point (xi,yl,zl) in the outermost phase to any other point (xg,yg,ze)
of the system. Thus in Figure 3 we can see that it 1s necessary to
cross five phase boundaries in going from point 1 to point 2. In the
present study we are concerned with multiple emulsions of the "double-
multiple" type shown in Figure 2.

To avoid confusion, it should be pointed out that there is
often reference in the literature to "dual" emulsions, This usage
usually refers to pairs of liquids which, through the use of different
emulsifying agents, will form émulsions of both the O/W and W/O types,
and will frequently invert from one type to the other upon addition of
a suitable reagent, These are conjugate systems, but not co-existing
systems; that is, at any given time only a W/O or only an O/W emulsion
is present, Obviously a pair of liquids must have the "dual" property
in order to form stable "double-multiple" emulsions,

As is noted in the literature review, multiple emulsions as
a class are not new, The early literature is primarily concerned with
their production as an inversion phenomenon, i,e.,, through the addition
of the disperse phase or a suitable reagent to a simple emulsion, caus-
ing the structure to invert from O/W to W/O or vice versa, in the
process trapping some of the original structure in the inverted emul-

sion., Later studies noted that there seemed to be some hydrodynamic
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factors involved as well - for example, the same effect could some-
times be produced by shaking or stirring, These later studies were
purely observational in nature, with no quantitative work being
done on mechanism or prediction of effects.

The present study was motivated by an observation by
R. H. Boll during his doctoral work at the University of Michigan,
Boll was concerned with determining specific surface in liquid-
liquid sprays using a light transmittance method, The sprays were
produced using transient high-pressure injection through a conical
spray nozzle, Certain pairs of liquids were found to give dispersions
which were double-multiple emulsions,

The increased surface area that is available in a multiple
emulsion offers certain obvious adventages for mass transfer operations,
Boll's work suggested that one might be able to produce multiple
emulsions conveniently through liquid-liquid injection, as opposed to
the cumbersome inversion method., If one could only define the major
variables and predict their effects, it might be possible to upgrade
the efficiency of many operations involving mass transfer,

At the outset there are a number of obvious questions:

1) Can this be done in pure systems? (All the

reported data are for heterogeneous systems. )

2) Is this strictly a transient phenomenon? (If so,

it will be considerably more unwieldy to adapt
to commercial use, )

3) What is the mechanism?



L) What are the important independent variables,
and, once found, what are the dependent vari-
ables which will exhibit a correlation with
these independent variables?

5) What form, if any, of probability distribution
function is followed by the drops? (If the
probability distribution can be defined, sampling
can be reduced and systematic definition of samp-
ling error is pbssibleo)

The consideration of these questions and several others which arose
in the course of the research i1s the essence of the work described in
this dissertation,

There is one more matter of terminology that must be raised

at this point., In the double-multiple emulsion, one has essentially

two classes of drops (see Figure 2), The drops contained within the

large drops, i.e.,, the drops of the same composition as the external
phase, will be referred to throughout as the inclusions; the larger
drops which are of composition opposite that of the external phase
will be referred to as the large drops, This is an Important point,
as it is necessary to make this distinction many times in the course

of the work presented here.



IT, LITERATURE REVIEW

One of the earlier observations with regard to multiple

emulsions is made by C, V., Boys in his classic treatise Soap Bubbles -

Their Colours and the Forces Which Mould Them, Boys notes that the

liquid pairs "petroleum" and water, and orthotoluidine and water
will produce multiple emulsions, Boys' work was one of the earliest

found which makes reference to liquid-liquid multiple emulsions (circa

T

1900). If, however, we do not restrict the term "multiple emulsion"
to liquid-liquid systems, the history of observation of multiple
emulsions reaches back perhaps to the first individual who discovered
the joy of blowing ordinary soap bubbles, Boys indicates that written
reference to bubbles has been made as early as Ovid and Martial. Here
we must restrict our attention to liquid-liquid systems,

There is seldom any mention of multiple emulsions in the
published literature from 1900 to the present day, The few instances
in which some note is made are usually in conjunction with another
matter entirely - for example, as when Boll(8) encountered multiple
emulsions in the course of his work on specific surface in liquid-

(63)

liquid sprays, or Pavloshenko and Yanishevskii in their work on
interfacial area of mechanically stirred.liquid mixtures,
Occasionally, pictures are published in the literature which
show what might be multiple emulsion structures but have been given no
cognizance by the authors, Ranz(67) shows a plcture of a carbon

tetrachloride-into-water spray (the same system as used in much of

-6-



this research) which seems to show a well defined multiple emulsion;
however, no mention of the phenomenon is made in the accompanying
article, Similarly, Scott, Hayes, and Holland(8l) show a picture
of a kerosene-water dispersion - another system which will support
multiple emulsion behavior - that appears to show multiple emulsions,
but with no comment made in the accompanying article. It should be
noted that in the dense dispersions shown in each of these articles,
camera depth of field might give a false indication of multiple
emulsion structure by picturing drops behind or in front of a large
drop as inclusions.,

Even what is perhaps the best known reference on emulsions,

Clayton's The Theory of Emulsions and Their Technical Treatment,(l9)

has only two paragraphs on multiple emulsions, This is a reference
work which has been through five editions from 1923 to 1954, including
German and Russian translations, Such a situation tends to make
literature surveying in the multiple emulsion field frequently more
fortuitous than systematic,

In the 1920's and 1930's, several papers were published
treating the subject of dual emulsions, which, as was pointed out
in the introduction, is closely related to that of multiple emulsions.
A good summary of most of this work can be found in Clayton, The most
useful of these articles with respect to the work considered here are
probably the ones by Woodman,<9l’92) and the one by Cheesman and King,(l6)

Cheesman and King made an extensive study of the stability

of dual emulsions using some 16-20 different emulsifying agents, For



future work on the double-multiple emulsion systems studied here
it may be possible to find stabilizing surfactants from this list,
Two other remarks of interest are made, A paper by Cassel (Acta

Physiochemica U,R.S,8., 6, p. 289 (1937)) is cited which makes the

observation that stabilization of dual emulsions is impossible on
thermodynamic grounds, and also cited is a work by Sugden (J.A.C.S.,
D, 174 (1926)) which notes that in some dual emulsion systems the more
easily formed system - that is, O/W or W/O - is less stable and vice
versa.,

The interesting thing with regard to Woodmen's work is that
he was able to preferentially create either O/W or W/O emulsions with
a glven pair of liquids by varying his method of shaking the container.
This indicated that hydrodynamic considerations could be controlling
in the dual emulsion case, and gave encouragement to a possible hydro-
dynamic mechanism for the double-multiple emulsion case,

Mos£ of the work on dual emulsions is useful in only the
most general sort of way for double-multiple emulsion work., Although
the dval property is necessary for the stable double-multiple case,
the mechanism presented here indicates that this is truly a stability
relationship, and not a requisite for formation of double-multiple
emulsions. Dual emulsion systems can indicate liquid pairs and sur-
factants which will probably have good success in the creation of
double-multiple emulsions, but any more specific conclusions are

hardly Jjustified,



In recent years, there have been two articles which make
some useful observations with regard to multiple emulsions, and, in
particular, with regard to multiple emulsions that apparently have
been produced as a hydrodynamic phenomenon, The first of these is

6%)

the article by Pavloshenko and Yanishevskii( on interfacial ares
of mechanically stirred liquids. This periodical is available in

English translation as the Journal of Applied Chemistry of the U.5.5.R.

Pavloshenko and Yanishevskii were concerned with the corre-
lation of interfacial surface area created by agitation of two liquid
phases in a container using a mechanical stirrer., They observed
multiple emulsions in the system machine oil into water, and show a
photograph similar to some of the ones taken in conjunction with this
dissertation, They also note observation of multiple emulsions in
the medicinal petrolatum into water system,

The conclusion reached in this article is that the multiple
emulsions seemed to be favored by dispersing a high viscosity liquid
in a low viscosity medium., This is somewhat at odds with the results
presented here, and is also at odds with some of the data in the article,
which notes that some multiple emulsion structures were produced in the
machine 0il into glycerol system - obviously a viscous into viscous,
rather than a viscous into non-viscous system, This point will be
discussed later:; at the moment it will suffice to say that this appears
to be a stability phenomenon.

Two other remarks are made which are of interest., First, a
decrease in surface area with increase in interfacial tension was

detected, a result in agreement with the results obtained here, Seconﬂ,
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they remark that the two interfaces (in their double-multiple emulsion)
differvgreatly from a hydrodynamic standpoint,

No gquantitative work was done on the multiple emulsions as
they were an observation incidental to the main purpose of the research,
One comment that might be in order is that the observations of the
multiple emulsion structures were made after the agitator was turned
of f rather than in the dynemic system. This, of course, tends to make
stability toward coalescence of far greater effect in the results
obtained,

The second publication in recent years that is worthy of
more than passing discussion is the one by R. H, Bc&l,(8) which, as
was already mentioned, furnished the impetus for the research presented
here, Boll, like Pavloshenko and Yanishevskii, was studying interfacial
area of liquid-liquid dispersions, but rather than creating the dis-
persion by mechanical agitation, was using a conical spray nozzle and
transient injection, The multiple emulsion formation was an extremely
undesirable factor here, since the analysis was by light transmittance
methods which were hardly compatible with the abnormal drop structure
obtained.

Boll observed multiple emulsions in the SAE 10 motor oil and
water, and kerosene and water systems, As in the article by Pavloshenko
and Yanishevskii, these systems both involved viscous liquids, Also, in
both articles, the systems which exhibited multiple emulsion behavior
were highly heterogeneous, Boll studied no highly viscous pure systems,
but did study the carbon tetrachloride-water system, and observed no

multiple emulsions, This is a system which the present research has
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shown will support multiple emulsion behavior, although coalescence is
rapid. Again, later discussion will show why this stability consider-
ation rectifies the apparent contradiction,

The bibliography shown in the Appendix is not intended to
be exhaustive, In general, the field of sprays is very well covered
in the bibliography by De Juhasz(25> listed., Rather, the listing
here is intended to bring together some of the articles with observations
and techniques which suggest possible application to the study of mult-
iple emulsion formation in a dynamic system, References are listed for
the general spray considerations, the various aspects of drop mechanics,
the surface chemistry considerations, the statistical and experimentsal

design questions, and the photographic problems.,



ITTI, PRELIMINARY CONSIDERATIONS

Prior to the construction of the equipment which was used
for the majority of the data obtained in this study, it was necessary
to do some qualitative work to determine approximate ranges for opera-
ting variables and to define an appropriate method of analysis, It is
also necessary at this point to consider some general aspects of the

spray process with regard to interpretation of data presented later,

III,1 Investigations with Microscope and Well Slide

The first experimental effort was an attempt to create
multiple emulsions using a simpler flow geometry than a conical spray.
Toward this end a well slide was constructed of acrylic resin and a
hypodermic needle and syringe used to inject the sprayed phase into
the stagnant receiving phase, Examination was by means of a Bausch
and Lomb binocular microscope.

First the system water into kerosene was tried to see if
this system (which produced multiple emulsions for Boll(8) with a
conical spray nozzle) would produce multiple emulsions with simplé
cylindrical jet, Multiple emulsions were produced and, as Boll remarked,
the emulsions were "packed in," In other words, the included drops had
the appearance of filling the parent drop, as shown in Figure 4, very
much as one might fill a cellophane bag with marbles, This indicated
that whatever mechanism was active with respect to producing the multiple
emulsions from a conical spray nozzle was active in the breakup of the

simple cylindrical jet., Since the cylindrical jet represents a much
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simpler type of flow geometry than the breakup of a conical sheet,
the investigations were carried on in this simpler system for the
remainder of the research,
The next effort was toward producing multiple emulsions
in a homogeneous system, Two of the systems where Boll had failed
to produce multiple emulsions were the benzene-water system and the
carbon tetrachloride-water system, Investigation using the well slide
showed no multiple emulsions formed, The resistance of mutually insol-
uble liquids to interpenetration across‘the dividing interface is strongly
dependent on interfacial tension, so the next step was an attempt at
reducing interfacial tension to reduce iﬁterpenetration resistance,
Both powdered and liquid commercial detergents were used for
the benzene-water system, Some multiple emulsions were produced and,
with this encouragement, a search was made fog a system with a suffic-
iently low interfacial tension that it would not require the use of a sur=-
factant to promote multiple emulsion formation, Such a system was
found in the isobutanol-water system, Interfacial tension in this
system at room temperatures is about 2 dynes per»centimeter (as opposed
to 30-60 dynes per centimeter for most common liquid pairs), The
igobutanol-water system yielded multiple emulsions without surfactant
addition, and represented the first verification experimentally of
the possibility of multiple emulsion formation in homogeneous systems,
that is, systems without some sort of third component added to promote

multiple emulsion formation,
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Following this discovery, further work was done on the carbon
tetrachloride-water system and multiple emulsions were produced with
common household detergents, and with sodium lauryl sulfate,

In all the work done under the microscope, there were several
common factors with regard to coalescence of the emulsions produced,
First, the more highly heterogeneous the system, the more slowly coales-
cence proceeded, Very pure phases yiélded emulsions with coalescence
times of the order of seconds or fractions of a second, Second, the
order of stability of the inclusions was higher than that of the large
drops - for example, it was possible to observe large drops containing
inclusions migrate to an interface and coalesce, with no effect on the
inclusions, This is shown schematically in Figure 5, As the large
drop coalesces with the essentially infinite body of fluid, the surface
forces snap the interface back to a straight line, and impart a not
inconsiderable acceleration to the inclusions, but without causing them
to coalesce with one another, Third, it was observed that the order of
stability of a small drop with respect to another small drop is higher
than with respect to an interface of larger curvature; all inclusions
produced seemed to coalesce out through the phase boundary of the parent
drop rather than coalescing with other inclusions in the same drop,

It was also found that it was possible to produce multiple
emulsions in pure systems through = the use of Dow Chemical Company
"Methocel," This is a water soluble cellulose gum which does not have
an extremely pronounced effect on the interfacial tension in the amounts

required - this tended to indicate perhaps a stabilizing effect rather
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than a true effect on the promotion of multiple emulsions, If so,
it was felt that study at shorter times after formation of the
emulsion might reveal multiple emulsions which coalesce too rapidly
t0 observe using the long time delays associated with a sample cell

and microscope,

I1I.2 Investigations Using Transient Equipment

Accordingly, the next experimental investigation was carried
out using the spparatus shown in Figure 6, an arrangement very similar
to that used by Boll(8) in his work, The apparatus consists of a free-
floating shaft which rests on a piston, The shaft can be loaded with
lead weights, and is held in place with a pin., The piston fits in a
stainless steel cylinder with a capacity of approximately 1 cm°5, the
end of which is threaded to accept various spray nozzles, The nozzle
is immersed in a transparent sample cell containing the receiving fluid,
To spray the liquid, the pin is pulled from the shaft and the gravity
force on the welghts provides pressures up to about 1500 psi, The process
is essentially a transient one, since spray times are very short (maximum
time of the order of one second).

The nozzle used was a conical spray nozzle with the internal
components removed, so that a simple cylindrical jet was obtained, The
spray was observed by means of high-speed photography using the lights
and camera described in the section on experimental equipment. A
trigger incorporating a microswitch was designed and built to fire the

lights at any desired stage of the spray process,
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A series of photographs obtained with this equipment are
shown in Figures 7 through 12, These are not photographs of a
single.spray, but are a series of photographs taken at successively
later times on the same system but on different runs, Work with
this equipment resulted in two conclusions: first, that it is possible
to produce multiple emulsions from a cylindrical jet using the carbon
tetrachloride-water system without surfactent addition - this conclusion
was possible because multiple emulsion drops could be detected at the
edges of the spray zone; and second, that it was necessary to go to
lower pressures to decrease spray density to the point that more of
the drops could be photographically resolved.

It was not possible to use this transient type of equipment
for the lower pressures required, as the friction between the piston
and cylinder became important enough that pressures could not be
determined accurately., OSpray times were also too low to permit more
than one photograph per run, Consequently, 1t was necessary to build
completely new equipment for the taking of quentitative data, Before
discussing the experimental equipment used for the quantitative data,
we will first discuss some of the general considerations involved in

a sultable system of analysis,
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IV, ANALYSIS OF SPRAYS

A number of techniques have been described in the literature
for general spray analysis, All have their particular advantages and
disadvantages; however, not all are readily adapted to analysis of
multiple emulsions, where one must not only be concerned with the main
drop distribution, but with the distribution of the included drops as
well,

A good summary of the various methods can be found in the
report by Putnam(65), et al, ©Some methods depend on the physical
collection of the drops, either on a specially coated slide or screen,
or in a bath of a particular receiving fluid, These methods are
frequently adequate for liquid-into-gas sprays, but suffer from certain
disadvantages, such as distortion of the drop under its own weight and
unequal eveporation rates of drops in the various size classes. Even
without these disadvantages, the difficulty of introducing a collector
into a liquid-liquid spray is sizeable,

Ranz(67) sampled some liquid-liquid sprays using a collector
which was essentially a box with sliding, rubber-band-loaded top and
bottom, With this apparatus it is possible to effectively cut a trans-
verse slice from the spray. It does, however, introduce perturbation
into the flow field, and furthermore gives a space-wise rather than
the desired time-wise distribution because of varying drop velocities.

Other methods of spray analysis require the impaction of

the spray upon a coated slide or suitable surface. The traces left
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by the droplets are then measured to determine the spray distribution,
This system obviously will not adapt to multiple emulsion study.
Another technique involves the spraying of an artificial fluid -
e.g., paraffin or wax - which can be solidified and the resultant
particles screened or counted. Again, this method is not adaptable
to multiple emulsions because of the opacity of the fluids and the
difficulty in controlling the physical properties of the sprayed
fluid over the desired range. Certain electronic methods use the
insertion of a probe into the spray withréutomatic analysis based
on drop impacts., This system introduces a perturbation in the flow
field and, which is more serious, cannot discriminate between ordinary
drops and drops with included phases,

There are in addition certain optical technigues which have

81)

been applied to spray analysis, McDonough(55) and Scott( have used
a light transmittance method for the analysis of interfacial areas in
orifice mixing of immiscible liquids., This method has the advantage

of extreme rapidity, but gives only the total interfacial area and does
not permit discrimination between drops and inclusions. It is also
necessary to calibrate the equipment using the photographic technique
which we will discuss next (and which is the method of analysis used

in this research), If some way can be found to discriminate using a
light transmittance technique between external drop area and area con-

tributed by inclusions, this would be a most desirable method of

analysis because of the speed and lack of expense for film, etc.
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The photographic technique used in the course of this
research has been known for some time, but was brought to its full

application by York in 1949, (93)

The method consists of taking an
actual photograph of the spray droplets with high-speed still-picture
photographic equipment, Double-exposure pictures are taken as well
as single exposures, A known, very short time delay is used between
the two exposures of the double-exposure shots, The single-exposure
ph@tographs are then counted - i.e., the number of drops in each of
the selected series of size classes are determined, This gives an
instantaneous, or space-wise drop distribution., The double-exposure
photographs are then measured to determine the distance between
successive images, and thus the velocity, of each size class of
drops. By weighting the space-wise distribution with the drop
velocities, one can obtain the desired time-wise spray distribution,
This process has certain disadvantages. There is a human
factor of judgement involved in the counting process, and all the
developing, counting, transcribing, etc,, tends to grow somewhat
tedious, It is, however, the only method which is applicable to
multiple emulsion work at this time, since only by direct visual
observation is it possible to discriminate between the large drops
and the inclusions, A more detailed discussion of certain of the

factors in analysis will be made in the following sections,



V. EXPERIMENTAL EQUIPMENT

The experimental equipment used for the majority of this
investigation can be divided into four categories:

1) Liquid injection system.

2) fhotolights and electronic time delay system.

3) Camera, film, and darkroom equipment.

4) TInterfacial tension determination,

V.1l Liquid Injection System

Figure 135 shows the physical relationship of the camera,
injection equipment, and photolights while taking data. Valves 2, 3,
and 4 are 1/8" needle valves, while valves 1 and 5 are petcocks, The
injection system consists of a charging funnel, a reservoir, a nitrogen
supply to pressurize the reservolr, a metering system on the nitrogen
stream, and a method for attaching a nozzle to the outlet stream from
the reservoir, The injected fluid passes into the stagnant receiving
fluid which is contained in the sample cell,

All lines shown in Figure 13 are 1/4" copper tubing, The
reservoir is fabricated of stainless steel pipe, The funnel is a
sfandard pyrex lab funnel sbout 3" in diameter, and is attached to
the system by a short length of clear plastic tubing. This tubing
serves as a sight glass for the liquid level in the reservoir while
charging the system.

Pressure is supplied by a standard nitrogen cylinder, and

is regulated with an ordinary nitrogen pressure regulator. A ballast
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tank fabricated of steel pipe coupled with a throttling valve (4) damps
out pressure fluctuations caused by the pressure regulator., Valve 5
is a petcock used to shut off the nitrogen cylinder while charging the
reservoir to avoid the slowness of using the cylinder valve,

The nitrogen stream was metered at a known pressure by a
rotemeter, The pressure gauge is indicated as dial-type, however,
both dial-type gauges and manometers were used. Calibrations for
the pressure gauges are given in the Appendix, The rotameter used
was a dual-float type manufactured by the Manostat Corporation, New
York, New York, catalog number FM1O43T, The flowmeter had spherical
floats, one of stainless steel and one of sgpphire, Calibration curves
for the pressures used are given in the Appendix. Room temperature was
essentially constant - it was recorded, however, as a routine observa-
tion - but no temperature correction was required,

As nozzles, standard Becton, Dickinson, and Company hypodermic
needles were used, except that the ends were ground flat and the exit
hole reamed, These nozzles were checked under a microscope to verify
smoothness and lack of eccentricity, and the inside diameters are
tabulated in Table I, L/D ratios were fairly large; however, many

(30,31,32,94)

studies have indicated that this will not be a significant
varisble for the work considered here, The main effect of high L/D
ratios is on discharge coefficient, and here the flow rate was measured
directly.

The needles were attached to the copper tubing by febricating

a connector using a Becton, Dickinson, and Company standard adapter
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TABLE I

DIAMETERS OF HYPODERMIC NEEDLES USED AS
INJECTION ORIFICES

Size Designation Inside Diameter,
Number ‘Millimeters

13 1.87

15 1, k2

16 1,22

17 1,0k2
19 L 6l2
20 .61k
21 »532
22 120
oL 31T
25 277

27 ,229
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with a female "Luer-Lok" fitting for hypodermic needle on one end
and a male thread on the other, The "Luer-Lok" fitting accepts the
standard male "Luer-Lok" fitting on the hypodermic needle, The male
thread was of a non-standard type, and so was filed smooth, The
resulting surface was silver soldered into one side of a standard
1/4" copper tubing connector, which then was attached to the copper
tubing from the reservoir,

The sample cell which held the stagnant receiving phase was
fabricated of 1/4" safety plate glass held in an angle iron frame,
The five sheets of glass which comprised the bottom and four sides
of the cell were held together with Carter epoxy resin glue., Some
difficulty was experienced with leakage, and so the cell was also
caulked on the outside with litharge-glycerol cement, This mitigated
the problem, but no means was found to obviate it altogether.- a cell
fabricated of a continuous piece of glass would do this but the cost

is prohibitive,

V.2 Lights and Time Delay System

Photolights that were used were General Electric catalog number
9%364688G, These lights give an extremely intense flash with a time
duration of 1-2 microseconds, The lights were triggered with two time
delay units constructed as shown in Figures 14 and 15, These units
use number 2050 thyratrons for triggering, and can be adjusted to give
time delays varying from about 10 microseconds to 1500 microseconds
using the internal R-C network. Longer delays can be produced by

adding an external capacitor, The two delay units were used in series,
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with the trigger pulse to the first unit being supplied with a
pushbutton, The first unit fired the first light and simultaneously
supplied a pulse to the second delay unit, The second delay unit was
set for the desired time delay, and upon receiving the pulse from the
first unit delayed the desired interval and fired the second light.
Time delays were measured each time the lights were fired
by triggering a Hewlett Packard Model 52L4B counter (with a Model 526B
time interval unit) from the pulse which triggered the lights, Prior
to use of the light system in experimentation, checks were made using
photocells to ensure that the response time of the lights, i.e., the
time between receipt of the high voltage pulse and the flash, was

negligible compared to the delays used,

V.3 Camera, Film and Darkroom Equipment

Two cameras were used - one with a magnification of 10X and
the other with magnification of 2,6X, All counted data was taken using
the 10X camera. Camera magnification, lenses, and depth of field cali-
brations are shown in the Appendix, Film used was Kodak Contrast Pro-
cess Ortho 4" x 5" cut film. This is a fine-grained orthochromatic
film with an ASA tungsten rating of 50, The film was developed for
five minutes at 68°F, in Kodak D-11 developer, rinsed for 30 seconds,
placed in Kodak Acid Fix for 10 minutes, rinsed for 30 seconds, placed
in Kodak Hypo Clearing Agent for 2-3% minutes, rinsed for 10 minutes,

and dried.
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V.4 Interfacial Tension Determination

Interfacial tensions were determined using a Cenco (Central
Scientific Co.) interfacial tensiometer type 705#5, Manufacturer's
serial number for this instrument was 410; the serial number of the
Deﬁartment of Chemical and Metallurgical Engineering was C7-8. The
platinum ring used had a circumference of 5.998 cm. and was also
manufactured by the Central Scientific Company (model 70542),

It is interesting to note that in using a ring type tensio-
meter for interfacial tension (as opposéd to surface'tension) wOork
it is necessary to lower the ring rather then raise it to avoid
contamination by the second phase, This was not found to be an
important consideration in work of the order of accuracy required
here, but in more precise determinations an appreciable error can
be introduced. Even though there was not a great difference in the
readings obtained by raising and lowering the ring, all determinations
were made from the values obtained by the conventional lowering method,
Between each reading the ring was rinsed in potassium dichromate -
sulfuric acid cleaning solution and rinsed in double distilled water
as it was found that residual contamination after one reading affected
reproducibility., TUnder very strict laboratory conditions, a ring-
type tensiometer can be made accurate to .05 dyne/cm,, far in excess

. of the requirement for this work, The ring-type tensiometer has the
adventage of speed over some of the other methods for interfacial
tension determination such as capillary rise, drop weight, pendant
drop, etc. A calibration curve for the interfacial tensiometer is

given in the Appendix.



VI, EXPERIMENTAL PROCEDURE

In teking data, the camera was first focused on the spray
issuing from the orifice, This was done by using a ground glass
screen in place of the film, and using a General Radio Corporation
Model 1531A Strobotac for illumination, By setting the Strobotac
for relatively low flashing rates it was possible to effectively
"stop" the spray process for focusing purposes. This was a new
technique in conjunction with the photographic‘method of analysis,
and eliminated much of the trial and error focusing necessary when
using a steady source of light., Most of the spray could be included
in the field, so it was not necessary to traverse the spray to remove
effects of non-uniformity.

Experimental conditions during the course of a run were
recorded on a standard mimeographed form, and pictures were normally
taken in groupé of 24k, After developing and drying, each negative
was stamped with an identification number and the corresponding
number stamped on the data sheet, Approximately 1000 pictures were
taken in the course of the investigation,

The negatives were examined using a Jones and Lamson Bench
Comparator, which projected an image of the negative on a ground
glass screen, and gave a magnification factor of 10, so that the
2,6X negatives were examined at a total magnification of 26 and the
10X negatives at a total megnfication of 100, In Figure 16 through
19 are shown typical single and double flash shots., TFigure 17 and

-35-
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19 show the appearance of the negative as it was counted; Figures
16 and 18 are conventional contact prints from the negative, Con-
siderable detail has been lost in these prints over the original
negative, but it is still possible to distinguish the inclusions
nestling in some of the parent drops, The original negatives have
sufficient detail to permit measurement of the diameters of the
inclusions as well as of the parent drops.,

The drops were counted using a transparent template made
by engraving a scale on a piece of clear photographic film, The same
template was also used for distance measurements for the double-
exposure photographs, The appearance of the drops when magnified an
additional 10 diameters over the magnifications in the photographs
presented here is much as shown in Figure 20, It can be demonstrated
that the inertial forces tend to control whether the inclusions rise
or sink with respect to the main drop. The causes +the clustering
shown in Figure 20,

Two remarks should be made at this point with regard to
the human error in the analysis. First, the Jjudgement factor as to
whether or not a drop is in focus is much less important than in the
usual spray analysis, because primarily relative areas, volumes, etc,
are being measured, This will become apparent in the discussion of
the analysis of the counted data, Second, the clustering of the
inclusions in either the top or bottom of the parent drop makes
analysis more uncertain, since it is difficult to estimate numbers

and diameters of drops that are partially, or in some cases totally



Figure 20, Schematic Disgram of Drop Appearance
During Counting,



obscured, This tends to give results which may be systematically

low for the included area and volume. The error should be more

nearly self cancelling for diameter distribution measurements, but

will still contain some bias since it is easier to obscure a small

drop totally then a large one, In effect, this would tend to skew

the distribution toward the large size classes, Considering the
relative numbers of drops in the small and large size ranges, however,
coupled with the log normal form that the distribution takes as pointed
out below, the effect on distribution measurements should be negligible,

With some high rates of flow, difficulty was encountered in
getting a sufficiently non-scattered light beam from the object drop
to the lens, resulting in a loss of contrast., It was possible to
overcome this difficulty to some degree by using the arrangement
shown in Figure 21 to examine the negatives, The negative is illumi-
nated by glancing light from an intense light source (in this case,
light from a microscope illuninator), This system makes the drops
in focus stand out from the background, and also helps in discrimina-
tion between in-focus and out-of-focus drops.

Typical drop travel data obtained from the double-exposure
photographs is shown in Figure 22, Points shown are averages of many
drop measurements; the velocity of drops of a given diameter will show
a considerable range, and averaging facilitates the smoothing of the
data, As can be seen from this typical run, velocity differences are
more pronounced in the lower size ranges, as would be expected, Be-

cause of the shape of the parent distribution, the points plotted
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representing the lower size ranges represent a larger sample of drops
than those at larger diameters,

From counting the single-exposure photographs, one obtains
the distribution of large drops within a preselected series of size
ranges, and the distribution of inclusions within another preselected

series of size ranges according to the diameter of the parent drop.

The counted data obtained can be depicted as shown in
Figure 23, For M preselected size ranges we can characterize
the diameter of the large drops by the mean diameter of the range,
denoted by D,p(1 <m < M; m = integer). Similarly we can preselect X
size ranges for the inclusions and characterize them by their mean
diameter dn(l <n<Njn = integer). Associated with the vector Dy
(i = 1,2,3 ... M) there will be two vectors obtained from the drop
counting process, The first is the distance vector, which we denote
by ﬂi, and which represents the distance traveled by drops in the
respective size range obtained from the smoothed data as shown in
Figure 22, Coupled with knowledge of the time delay used, ihis
vector will yield our velocities, The second vector represents
the number of drops, NP of diameter Di which we observe in counting
the single-flash photographs.

We also obtain a matrix of values X5 (i =1,2,3 ... M:
j=1,2,3.,. N), where x . (1 <m <M;1<n<DN) denotes the number
of inclusions counted of size d, within a parent drop of size Dm.
This data, coupled with the data on flow rate, interfacial tension,

etc., 1s fed to a computer program which carries out the routine

calculations,
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With regard to interfacial tension, it might be mentioned
that checks were made on the fluids both before and after spraying
to pick up any contamination effects from the equipment, No
appreciable effects were found, and the interfacial tension of

the fluids used would remain constant over extended periods of time,



VII. DISCUSSION AND RESULTS OF COUNTED DATA

The experimental system used for the counted data was the
carbon tetrachloride - water system, This system offers several
advantages, First, it has been used by a number of investigators
working in the field of liquid-liquid sprays,(8’57’67) Second, the
non-flammability of carbon tetrachloride made it a convenient liquid
to use in the open sample cell, Third, the first derivative of the
interfacial tension - temperature curve for the carbon tetrachloride -
water system is a known constant (%%i = ,098)(89) permitting ready
estimation of possible temperature effects, Fourth, the system offers
a reasonable density difference, Finally, it‘was desirable to retain
water as one component of the system since so much of emulsion tech-
nology utilizes water as one component.

The selection of the independent variables to be studied
is a sizeable problem in itself. For the moment, we will let it
suffice to say that the independent variables used were nozzle diameter,

velocity through the nozzle, density ratio of the two phases, and

interfacial tension,

VII.1 Ranges of Variables Studied

Three nozzle dismeters were used: Q, 420 mm. (No, 22 hypodermic
needle), 0, 642 mm, (No, 19 hypodermic needle), and 1,042 mm, (No. 17
hypodermic needle). Nozzle velocities ranged from 39 to 902 cm,/sec,,
and interfacial tension was run at two levels, 32,0 and 11,7 dynes/cm.

Density ratio was varied by interchanging sprayed and receiving fluid

_L6-
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with levels of ,63 and 1,60 resulting. For the counted data, all runs
were at a viscosity ratio of approximately 1.0; however, work done on
mechanism was at a viscosity ratio of receiving fluid to sprayed fluid
of about 1000, with the same mechanism operative,
For this research, limits on the operating variables were
these:
1) Nozzle diameters were limited at the low range
by resolution of the camera system, and at the
high range by the size reservoir and sample cell
required.
2) Velocities through the nozzle were limited on
the low side by cessation of multiple emulsion
formation and on the high side by clouding of
the sample cell,
3) Density ratio was limited by the combination of
cost and physical and chemical properties of
avallable liquids,
L) vViscosity ratios are limited both above and below
by the combination of nozzle diameter and pressure
required, ©Small diameter nozzles require excessive
pressures to attain the required flow velocity,
while large diameters have the limitation noted

above.



VII.,2 Typical Raw Data Results

Shown in Table II' are the results for a typical set of
counted data..(Complete raw data may be found in Appendix D, )
This information is fed into a computer program (see Appendix) which
carries ‘out the detailed mathematical manipulation, The diameter
ranges for large drops and inclusions were the same for all runs,
From the counted data it was possible to study two things., First,
it was possible to detérmine a probability distribution function
which would adequately represent the distribution of the large drops
and that of the inclusions, It was then possible to correlate certain
parameters of the process against the independent variables, Table
IIT gives experimental conditions for the various runs and some of the

more important derived data,

VII.3 Determination of Probability Density Functions

In order to use a given function f(z) as a probability

density function there are two primary criteria that must be met:

1@ =0 (VII.3.1)
foo ’?(Z} AZ- = l (con‘tinuous Case) (VII,B,E)
i ?(2_3 AzZ;= | (discrete case)

If these two criteria are fulfilled, and if in addition we can demon-

strate that, for the random variable Z:

R@Z<z)= f-z' {2y d= (VII.3.3)
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we may say that £(z) is the probability density function for Z,

An analogous definition holds for the discrete case, We will here

restrict discussion to continuous random variables, since there is

no discrete density function commonly used in particulate statistics,
In addition to the probability density function, we can

define a probability distribution function as a simple integral

transformation of the density function:

F(z) = f £y dz (VII.3.4)

The random variable Z can be associated with any character-
istic of the spray for which a probability density or distribution
function can be determined., Most small particle statistics work has

associated F(z) or £(z) with either the number or weight distribution

of particles (f(z) = W oor QE), Since we can write:
dz dz
3
Nz

— =V (VIL.3.5)

dN_ dv

—

dz  dz (VII.3.6)

9—-(9—-
z <<
|
I

wZ dN dv
b dz dz

(VII.3.7)

where: N = number of drops

z = diameter of drops

v

volume of drops

or, for estimates from our samples

wz AN _ Y

- a7 AL (VII.3.8)
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we can obviously transpose a number distribution to a weight dis-
tribution, and similarly for other diameter-related functions, It
should be noted that although F(z) and f(z) are associated with the
weight or number distributions the funétions are still written in
terms of the diameter, although this is not necessary.

There have been many probability density functions proposed
for use in spray research. Most of these are some specialization of
(65)

a function of the type: S

B -YZ
I;(7.) = «Z © (VIL.3.9)

The decision as to which distribution to use must be made on purely
pragmatic grounds - it is occasionally possible to justify a given
distribution on theoretical grounds, but almost always by post hoc
reasoning.

We will consider here the use of the three density functions
most common in spray work:

1) The Log-Normal Distribution

2
oy = L -
N € (VII.3.10)

Wheii)=: Qo%'z _ Qo%4zé,
log 0

2
]

geometric mean

g
Gg = geometric standard deviation.
2) The Rosin-Rammler Distribution

ne | —6—2.“
g(zﬁ = bnz @ (VII.3.11)
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%) The Nukiyama-Tanasawa Distribution
n
2 -tz

?m = ol € (VII.3.12)
The log-normal distribution arises as a natural successor to
the normal distribution where ratios rather than differences are import-
ant, i.e, cases where the geometric, rather than the arithmetic mean is
important. The Rosin-Rammler distribution was originally developed for
particulate solids, but has found some application to sprays, and the
Nukiyama-Tanasawa function was developed for liquid-into-gas sprays,(65)

All three of these density functions are integrable as special

cases of the incomplete gamma function:(7)
® (-1 -t
\:(m = f t e dt (VIL.3.13)
0

This is a tabulated function available in standard references. Trans-
formations used for the integration are shown in Table IV, along with
the resultant distribution functions, The Rosin Rammler function is
usually applied to the volume distribution in the form given, and the
Nukiyama-Tanasawa equation to the EE@?EE distribution,(65)

The main difference in the above distributions is that the
log-normal distribution has two parameters, the geometric mean and
variance; the Rosin-Rammler distribution has two parameters plus a
pre-exponential term; and the Nukiyama-Tanasawa equation has a pre-
exponential term and three parameters,

The data can be tested for fit to the various distributions

in the following ways, The log-normal distribution is easily tested
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TABLE IV

TRANSFORMATIONS AND INTEGRALS FOR DENSITY FUNCTIONS

Transformation Distribution Fet,
1 1 1
Log Normal b == Flz) =—FT -
g 22 ( ) 5 J} 22/2(2)
Z
vz
Rosin Rammler L =1 F(z) = Fb (1) = (1-ePx
7
t = bz"
Nukiyama-Tanasawa 4 = é F(z) = 2 T (é)
n RN YA
t = bzn
TABLE V
TYPTICAL LARGE DROP AND INCLUSION DISTRIBUTION DATA - RUN NO., 13
Large Drops
Size Range Cumulative
e, Percent of Drops
0-1 21,7
1-2 Lo, 7
2-3 63,2
5_)_]_ 7459
h-5 83,8
5-6 89.2
6-7 91.5
7-8 93.0
8-9 95.2
9~-10 9.8
Inclusions
Size Range Cumulative
Cr. Percent 0f Inclusions
0-.5 16.6
.5-1.0 L o
1.0-1.5 68.9
1.5-2.0 76.8
2.0-2.5 85.6
2.5-3.0 91.9
500-5'5 95e2
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by plotting on log-probability paper the estimates of the probability
distribution function F(z), These estimates may be obtained from the
computer program as the cumulative percent of drops observed below the

given diameter (in this case, the upper limit of the size range):

~

A o B
F (DW= = (lem €M) (VII.3.1k)
2t
i‘i
%
\f:\ (d,) el gl (14 wéN) (VII.3.15)

Ms

i%
|3=
Plotting the estimates of F(z) versus D; and d4 respectively should

-
"
-

yield a straight line on log-probability paper if a fit to the log
normal distribution is obtained, A typical run is shown in Figure 24
and Table V, (Log normal plots for all runs may be found in Appendix D. )
It should be noted that the end points have been truncated
from the curves since it is impossible to fit a straight line to any
finite consist wusing the infinite range distribution functions applied
here, (Obviously there will be a maximum and minimum diameter for the
particles, while the given distribution functions approach upper and
lower limits asymptotically. )
Since the Rosin-Rammler function shown iis applicable to volumes,
we require our estimates to come from the distribution weighted by the

third power of our random variable, diameter:

F ( Dwﬁ = = . (14 w4 ™) (VII.3.16)
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M W 3

. LLody )

Fldy= Gens .
i{z dixw (VII.3.17)
V=i y=d

These again are readily obtained from the computer program. Now, if we

replace F(z) by (1 - F(z)) in the distribution function, we have:

Sk \
[n—F(z\] = € = E;GA (VII,3,18)
_ 1
where G(z) = EiTETES

taking logarithms twice, we have:

MW[GM:\ = '%%V“u%l"'m&uﬁe (VII.3.19)

This is a linear relationship in log log [G(z)] and log z, Hence a plot
of log log [G(z)] against log z should give a straight line if the data
follows the Rosin-Rammler distribution, Results are shown for the large
drops of a typical run in Figure 25 and Table VI, Fits for inclusions
are similar, For this particular run, values of n = 3,05 and ‘£‘= 865
were obtained, It is interesting to note that associating the given
distribution function with the number distribﬁmion rather than the volume dis-
tribution gives as good a fit (see Table VII and Figure 26), with n = 1,1k
and"6~= 50,2, The variation in n reflects the skewness of the number
distribution toward the smaller diameters and of the volume distribution
toward the larger diameters,

With the Nukiyama-Tanasawa distribution we once again are con-
cerned with the number distribution, with estimates of f(z) obtained as
the percent (rather than cumulative percent) of drops in the given size

range, Here, however, we have three parameters to fit. Dividing the
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TABLE VI

TYPICAL DATA SET FITTED BY THE ROSIN-RAMMLER
FUNCTION APPLIED TO THE VOLUME DISTRIBUTION

Data Set No., 13, Distribution of Large Drops

Drop Diameter  Cumulative Number Log Log [G(D. )]  Log Dismeter

em x 102=D, % = F(D,) x 100 n
1 .019 -k, 097 -2.000
2 .52 -2.646 -1,699
3 2.77 -1.913 -1.523
L 6.34 -1.546 -1,398
5 12,0k -1.254 -1.301
6 18,42 -1,054 -1.222
7 22,87 - .958 -1,155
8 27.29 - .859 -1.097
9 36,64 - .703 -1,046

10 L6, 27 - .569 -1, 000
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Figure 25, Fit of Rosin-Rammler Function to Run

13 Volume Distribution.
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TABLE VII

TYPICAL DATA SET FITTED BY THE ROSIN-RAMMLER
FUNCTION APPLIED TO THE NUMBER DISTRIBUTION

Data Set No., 13, Distribution of Large Drops

Drop Diameter  Cumulative Number Log Log [G(D,)] Log Diameter

em x 1072=D % = F(Dy) x 100 |
1 21.70 -. 9757 -2,000
2 ho, 7h -.6160 -1,699
3 63.16 -, 3628 -1.523
b 4. 93 -, 2212 -1.398
5 83.80 -.1021 -1,301
6 89.23 -,0143 -1,222
7 91.52 . 0301 -1.155
8 93,01 . 0628 -1.097
9 95,16 1191 -1.0k6

10 96, 76 . 1728 -1,000
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density function by z2

ﬁwﬁ[éﬁm] = “‘a o - l,—zh Qﬂée (VII.3.20)

Qur estimates have the form:

and taking logarithms we have:

(b = —;\—b&&—— (1% m &™) (VII,3.21)
LY
WC (cly\)= W " (1¢.n &N) (VII.3.22)

™~
e
ndar

functlon in b and a given a valve of n. Nukiyama

oy
}..l [

Here we have a
and Tanaswa found n = 1/k4 to‘give the best fit, ©Shown in Figure 27 and
Table VIII is the result using n = 1/k, Valués obtained are a =
5.75 x 10° and b = 31,08, These are of the same order of magnitude
as those values obtained by Nukiyama and Tanasaws in their ligquid-into-
gas sprays., In Table VIII and Figure 28 is shown the result of using

= 1/2, No appreciably better fit was obtained,

Since the two more sophisticated functions show no better fit
to the experimental data than the log-normal function, there is no
Justification for using the more cémpliééfed models on the basis of
this work, It has often been said that the normal distribution is to
statistics what the straight line is to geometry, and so it would be
extremely unwise to abandon the log-normal form of distribution without
well based justification,

It is interesting to observe that the log-normal form of
distribution will hold even down into the varicose breakup (see

Section VIII) regime for the large drops (see Figure 29), The change
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TABLE VIII

TYPICAL DATA SET FITTED BY THE NUKIYAMA TANASAWA FUNCTION,
n=1/»4%andn=1/2

Run Number 13, Large Drops

cmy% 102 Dml/2 Dml/u f(sz}ClOO Log [5i§ %(Dm)]
1.0 . 1000 316 21,7 5,336
2.0 141k 2375 21,0 L, 720
3.0 .17%2 L1416 20, b k., 356
Lo . 2000 11.8 3,868
5.0 . 2236 473 8.87 3.550
6.0 .2kkg .95 5,43 3,179
7.0 2646 .51k 2,30 2,671
8.0 . 2828 .532 1. 49 2,367
9.0 . 3000 .548 2,15 2, ke3

10.0 . 3162 .561 1,59 2,201
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Figure 29, Log Normal Function Fitted to Dis-
tribution Data from Varicose Breakup,
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from one type of breakup to the other is reflected merely in changes
in the mean and variance of the distribution.

We have determined above the probability density functions
for the large drops and for the inclusions., We must note, however,
that the distribution for the inclusions has been tréated independently
of that of the large drops. Our data for the inclusions, though, implies
that there may be an additional consideration, The number of inclusions,
X434 is classified not only with respect to the inclusion diameter, but
also with respect to the diameter of the large drop within which the
inclusion is found. The next question one might ask is whether the
same form of distribution function holds for inclusions within large
drops of a specified diameter aé holds for inclusions irrespective of
the large drops; in statistical language, are the marginal and conditional
distributions identical? Based on the data obtained in this study, there
is no adequate reason to reject the hypothesis that the marginal distri-
bution function of the inclusions 1is identical with the conditional
inclusion distribution, given a range of large drop diameters., Shown
in Table IX and Figure 30 is a typical set of data, Note that all the
mean diameters for the inclusions obtained from the conditional dis-
tribution lie within one standard deviation of all others in Table IX,

Figure 30 is a plot of data for one conditional distribution as noted.

VII.4 Correlation of Multiple Emulsion Parameters

The most immediate observation from considering the relation-
ship of the distribution of inclusions to that of the large drops is

that the large drops contain a much higher number of inclusions than
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0
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Typical Data for Conditional Distribution
of Inclusions.
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TABLE IX

CONDITIONAL DISTRIBUTION PARAMETERS
OF INCLUSIONS FOR A TYPICAL RUN

Run Number 10

Large Drop Inclusion Inclusion Inclusion
Size Range Number Log Geometric Geometric Log Geometric
cm x 10 Inclusions Mean dm Mean d, Standard
cm x 10-2 Deviation
L5 63 -1, 9846 .1036 . 2633
5-6 k7 -2.0662 . 0859 . 55TH
6-7 Ly -2,0438 . 0904 . 2920
7-8 52 -2,0025 . 099k . 3270
8-9 53 -1.8626 L1372 .22k
9-10 33 -1.9539 .1112 . 3067

the smaller drops. This can be seen graphically in Figure 31 and Table X,
Stating the matter in a slightly different way, we can say that here the
smallest four size classes contained 83,96% of the large drops and only
15,09% of the inclusions, a ratio of 5.6 while the largest four size

classes contained only .665% of the large drops but 12,89% of the inclusions,
a ratio of 5.2 x 10'2. The number of inclusions per drop is of the order of
10-20 in the largest diameter drops, but less than 1 in the smallest diameter
drops, This observation fits well with the proposed mechanism discussed
below,

A second matter of interest arises with regard to what mean

drop diameter should be used to characterize the distribution of large



Large Drop Number Number
giaieigg %ﬁgﬁ: Inclusions
0-1 519 0
1-2 817 26
2-3 h71 10k
3-L 252 971
L5 148 194
5-6 65 151
6-7 L2 130
7-8 35 131
8-9 32 149
9-10 22 128
10-11 11 71
11-12 12 86
12-13 6 Ll
13-1k 5 3k
1k-15 L 35
15-16 3 Ll
16-17 L 81

NUMBER OF INCLUSIONS PER LARGE DROP
AS A FUNCTION OF LARGE DROP DIAMETER

-70-

TABLE X

Pooled Data From Runs 7, 10, 13, 1k, 15, 16

Nozzle Diameter = .0642 cm.

Inclusions
Per Large Drop

0.

5

()Y

@ O =N

20,

000

.0318
.221
.18
311
. 323
-095
.TH3
. 656

818

455
. 167
.333
.800
. 750
1k,

25
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drops and that of the inclusions, We can define the expectation, E(z)

of a random variable 7 as:

Sle]
F(n) = g 2 £ de (VII, 4. 1)
- o0
Similarly, we can from the expectation write a generalized mean diameter
as:
P P~ %
Z = — g (VII, Lk, 2)
P% S E (2D

Using this defintion, we can write immediately the mean diameters

most commonly used in spray work:

7 = E(z) = "Length" (here diameter) Mean (VII. L, 3)
1o
7 =E (z) = Surface Mean (VII. 4, })
(X~]
Z,.=E(2*) = Volume Mean (VIL L.5)
3
7 = E'(Zz) = Sauter or Volume-Surface Mean (VII. L, 6)
32 E LZ )

The Sauter mean dismeter can be thought of as that diameter
which, if the spray were made up only of drops of that diameter, would
yield the same surface and volume as that possessed by the original

spray. The Sauter mean can be related to specific surface by writing:

3
J _ T [Z,. ) (VII. k. 7)
SPRAY i

Ay = W Lz, ] (VII. 4 8)

where n = number of drops,



(3~

Then:

Aspray _ 6

(VII. 4. 9)

Specific Surface =

spray 730

‘As can be seen from the above definitions, Eéo and. EBO are
merely the second and third moments of the density function f(z), Now
the log-normal distribution is uniquely defined by the geometric mean
and variance, and further, the estimated mean and variance are sufficient
statistics for this distribution. In other words, based on a sample
Y15 Vo5 eeo Yy OF X715 Xqpy «eo Xypy WE CED estimate the mean and variance
but no more information can be obtained from the déta, This is a well known
statistical result,

What implication does this have for our ahalysis? It means that
once we have determined the log-normal distribution to be the best fitting
for the data, it does not mafter in any essential detaill what mean diameter
we choose to correlate against, so long as we estimate variance along with
our selected mean diameter., Certainly some means may give more convenient
graphical representations, etec., but scatter of data will not be affected.
This can be seen graphically in Figure 32, where the first six weighted
distributions of typical data are plotted, with the only change being in
50% intercept (mean) and slope (variance).

It is instructive to plot the points for ElO versus 252 obtained
using the experimental results, Estimating qu from the sample, we can
write (for the inclusions):

- - . 2 -~ 3
[c\m ][&ﬂz _ [{ZZ {58 )(ZZd) Xf}{) (ZZ déxis)(D_dm

Ill \széxa sz;}%i} yZd;'Ku ZZd}ia’é

(VIIA.10)
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and applying the Cauchy inequality:

L) £ ()]

to each bracketed term on the right hand side, using

N

1 ‘

[
/B
i
kL

% 7
db /XI1J Q—i" M‘Tb
and 3/2 \/2 VZ l/Z
- ' = . 'u,"
a; = dé ’Xu ﬁ’i d() 1)

RN

dBL
The equality holds only for a point distribution, and
between z,, and z

32
Figure 33 is the plot of the data obtained here,

is a measure of the spread of the
The

the equality:

d.= d,

(VII, k. 11)

(VII. 4, 12)

(VII, %, 13)

(VII, L, 1k4)

the difference
distribution.

L5° line represents

(VI L, 15)

There is insufficient data to make estimates using Figures 33

and 3k4; however, the apparent relationship of 5;5 and Dy, and dz, and dio

suggests that the mean and the variance of the distributions may be related.,

If this relationship can be elucidated with more data, we may be able

eventually to reduce our distribution functions to one parameter functions.

That is, we can calculate some estimated mean diameter, and then use a

relation of the form:

?>(mean diameter)

q
Il

std. deviation)

q
]

(VII. k4, 16)
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to calculate standard deviation directly, If such an approach is
possible, it would be possible to characterize the spray completely
by simply giving a mean diameter., Figures 33 and 3 suggest that
standard deviation varies directly with mean,

The parameters of most immediate commercial interest are,
of course, the percent included surface area and percent included

volume, defined here as:

_ Total Surface Area of Inclusions
% Included Area = Total External Surface of Large Drops x 100 (VII'&°17)

_ Total Volume of Inclusions

" Total Volume Enclosed by External
Surface of Large Drops

% Included Volume x 100 (VII.4, 18)
Definition was made in this manner so ready estimates of effects on existing
data could be made.

The question of what independent variables to correlate against
becomes somewhat involved here., It is probable that there are at least
seven important independent variables in the process:

1) nozzle diameter

2) velocity through the nozzle

3) density of sprayed phase

L) density of receiving phase

5) interfacial tension

6) viscosity of sprayed phase

7) viscosity of receiving phase

To vary these seven factors at only three levels, using a
complete factorial design with no replication (using higher order inter-

actions to estimate error) would require 57 = 2187 experimentsa(gl)
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Two of the above variables were (in effect) eliminated by
working with liquid pairs of essentially the same viscosity. This
procedure will still give widely applicable results as many liquids
used in dispersion processes have viscosities close to 1 cps, the
value used, This will still leave 55 = 243 experiments necessary
to test the variables separately.

The obvious solution to the problem is to place further
restraints on the system by dimensionless groupings of the variables,
Two of the most widely used dimensionless groups in spray processes
are the Reynolds number, representing the ratio of inertial to viscous
forces, and the Weber number, representing the ratio of inertial to

interfacial forces, here defined as:

_ Davi Ps
Re = . (VIL. 4. 19)
2
We * Dy Vin s (VII, 4, 20)
Y
where D, = nozzle diameter
v, = velocity through nozzle
ps = density of sprayed phase
by = viscosity of sprayed phase
¥y = 1interfacial tension

An extremely naive model, but one which permits a reasonable
correlation of the data 1s a linear model for the relationship of the

logarithms:
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Q'O—ﬁ (% INCLUDED VoLwMmi ) = L ('._ch @ileey] 4 ’6’“‘ (VII. k%, 21)

Qog(‘%:NCLuoeo AREA) = nmzﬁxg[(@gﬁ 'fi ot (VII. k4, 22)

A least squares fit was run on this model and the results are shown in
Figures 35 and 36, These are the best fitting straight lines using
maximum likelihood estimation. The 95% confidence limits are shown
for each case,

Correlation coefficients for these two models were ,88 and
.83 respectively. A check on experimental error was made in runs 8
and 9 of the experimental work, We can estimate error variance using
standard tables of the relative rangea(7) The 95% limits for % included
area were plus or minus 2,25% at about the 17% level, Observed unexplained
variation can be seen from Figure 36 to be of this order of magnitude.
This means the residual variation (scatter) can probably be explained
by experimental error, A similar argument holds for the % included
volume plot,

The scatter is somewhat worse in the % included area case than
for the % included volume correlation. This can be explained to a large
extent by Figure 37, which shows a curvature when % included area is
plotted versus % included volume on log-log paper, demonstrating that
the proposed linear model cannot fit both cases, It is straightforward
to fit a higher order model to % included area, but such models are
notoriously untrustworthy for extrapolation. It would perhaps be

preferable to estimate % included volume by the given function and
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then use an estimate of mean diameter and variance to derive %
included area using the log-normal distribution, since the mean
and variance of the inclusion diameters appear to be quite insensitive
functions,
The linear model of the type:
Area
Log(% included ) = m\hﬁ[&3+mﬂﬂbk]+—@ (VII.k,23)

Volume
was also fitted using multiple regression techniques, with no significant
improvement in correlation, Consequently, the additional parameter was
not introduced, With sufficlent experimental results, a test of the
model:

Area

Log(% included ) =m,logDn+ W\'Lw Ui 10y Q"’% Ps (VIL, k4, 2k4)
Volume +W\4MPR+W\S u‘é)"“s"'v\'\b%}"“m

+W\,Q.cr:a‘( + 4
would probably suggest relationships applicable to a general liquid pair.
Based on the correlations shown here, it is merely possible to conclude
that the linear relationship used can be utilized to correlate data for
a liquid pair with viscosities about 1 cps, This model indicates that
inertial forces play a much more dominant role in the inclusion forming
process than do interfacial forces, Befofe discovery of the mechanism
involved, it was surprising that a correlation based on nozzle parameters
would prove adequate; however, in light of the mechanism discussed below,

it is not surprising that such an approach yields a good first approxi-

mation,



VIII. DETERMINATION OF MECHANISM

In most of the published literature on sprays, it is customary
to distinguish about four stages in the breakup process of a jet exhibit-
ing surface or interfacial tension:

1) Varicose breakup, where the jet is "pinched off"

through the growth of symmetrical disturbances,
(Figure 38).

2) Sinuous breakup, where the jet is broken into
columns through a "flag waving" action, the
columns then disintegrating by varicose break-
up. (Figure 39),

3) Ligament formation, where initial disturbances
are drawn out in the form of ligaments which
detach and collapse into drops. -(Figure Lo),

L) Disruptive breakup, where the jet disintegrates

immediately upon leaving the confinement of the
nozzle,
There are, of course, secondary breakup processes which involve the
splitting of the larger drops after the jet has disintegrated,

In the carbon tetrrachloride - water systgm used for the
counted data, breakup was exterior to the nozzle, with a varying length
of undisturbed jet, as shown in Figure 41, In low viscosity systems
such as this, breakup of the liquid jet always took place over such a
short distance that it was not possible to distinguish mechanism of
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Figure 41, Typical Photograph of Jet Breakup
in Low Viscosity System - 2,6X,
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inclusion formation, Accordingly, runs were made using a low viscosity
sprayed phase (carbon tetrachloride) and a highly viscous receiving fluid
(glycerine),

Results were immediate and gratifying., Shown in Figure 42 to
Figure 45 is a series of pictures taken with this liquid pair at pro-
gressively increasing nozzle velocities, As shown in the photographs,
the high viscosity of the glycerine receiving phase kept breakup of the
jet in the varicose regime., A most embarrassing point in the analysis
of the data to this time had been the question of how the inclusions
could penetrate the relatively stable large drop configuration in order
to get inside., The answer yielded by this set of photographs was that
the inclusions were present in the jet before it disintegrated - the
inclusions literally pre-date the large drops,

Next, pictures were taken closer to the nozzle, to attempt to
catch the inclusions forming, Results are shown in Figures 46 and 47,
The mechanism can be seen to be the sequence of events shown in Figure
48, A ligament or sheet is drawn out from the jet, but instead of

breaking off, it recoalesces with the jet, pinching off some of the

external phase in the process, This elongated form then collapses to yield
a drop or drops within the jet, The same mechanism is operative at various
nozzle diameters, as can be seen in Figures 49 through 55. Figure 52 shows
an inclusion just beginning to form, while Figures 53, 54, and 55 show to
what lengths the pengtration of the jet can reach, as well as the teardrop
shape exhibited by the inclusions after detaching from the external phase
and before being forced into a spherical configuration by the surface
forces, It is interesting to note that a similar appearance can be dis-

tinguished in Figures 7 through 12, the transient case,



-89-

*6°G¢ = ¥ - XOT - 90TJTI0 WoId
‘wo g/1-S ‘oTpesN oTwaepodAH 6T °ON
SUTISVATH 04Ul SPTIOTYOBIZS] UOGIB)

‘CH 2INTTI

‘L = 99 ~ XOT - 99TJTI0 Woxg
‘WO m\arm ‘oTposN oturepodfy 6T *oN
- SUTJISOATH OJUT SPTIOTYOBILS], UOGIB)




-90-

K¢S = Y - XOT - 99TJTIAC WoIq
‘wo Z2/T-¢ forTpesN oTwaspodLH 6T “ON
= 3UTJI20LTH OJUT SPTJIOTYUOBILSI UOQIB)

*Gh aanITd

‘9°g = 99 - XOT - 99TJFI0 Woxg
‘wo g/T-G ‘oTpesN oTwIspodAH 6T °ON
S TTISOATH O3UT SPTIOTUOBILSL UOQIB)

“th INITA




_9]_-

"Gl = 99 = XOT - 99TJITJIQ WOIJ
‘wo Gz ‘orposN oTtwrapodAH 6T *ON
~ JUTJIDATYH 03UT SPTJIOTYSBILSI, UOQIB)

‘L4 eanITd

*9°6¢ = 94 - XOT
=~ 90TJTJI0 9B ‘oTpesN oTuropoddH AT °‘ON
- SUTJIS0ATH O4UT SPIJIOTYOBILE], UOGIB)

‘O eJnITg




-92-

N s

Figure 48, Schematic Depiction of Mechanism.
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Carbon Tetrachloride into Glycerine -

Figure 50,

Carbon Tetrachloride into Glycerine -

Figure 49,

No, 22 Hypodermic Needle - 10X - Re =

No, 22 Hypodermic Needle - 10X - Re =

8.88.

30, 6.
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Another important observation that could be made using this
viscous system was that the coalescence of the inclusions was extremely
rapid, From a jet literally packed full of‘included drops as shown in
Figure 45, a large drop would detach with much the appearance shown in
Figure 56a, The inclusions coalesce rapidly out through the large drop
wall, and by the time the drop reaches the bottom of the cell, it has
an appearance much as shown in Figure 56c, all in a time of the order
of one second,

The rapid coalescence rate indicates that this is perhaps the
reason that multiple emulsions are so seldom observed in liquid-liquid
work., Measurements are usually taken on a stagnant system rather than
a dynamic one, and by the time the observation is made, the inclusions
have disappeared, The systems where multiple emulsions have been
observed, as in the work by Boll and that by Pavloshenko and Yanishevskii
discussed earlier, have either been very viscous systems or heterogeneous
systems with possible stabilizing surfactants,

A logical conclusion would seem to be that the flow pattern
which spawns inclusion formation probably occurs in very nearly all
liquid-liquid processes, but that coalescence is so rapid in most cases
that the inclusions are never observed. For any sort of macroscopic
approach, inclusion surface area would merely be lumped in the mass
transfer coefficient, and coalescence would give observed effects which
would be regarded as anomalies in the transfer coefficient rather than
the interfacial area,

It is instructive to examine some more of the counted data

in light of the proposed mechanism. Since the inclusions are formed
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Figure 56, Schematic Diagram of Inclusion
Coalescence,
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more or less independently of the large drops, we would expect little
or no relationship between the diameter of a large drop and the mean
diameter of the inclusion within that drop, other than the obvious
limitation that inclusion diameter cannot exceed large drop diameter,
Shown in Figure 57 is such a plot, with the observed relation very
nearly flat as would be expected.

The specific flow field which leads to inclusion formation
would seem to be an eddy which forms in the receiving phase at the jet
boundary, and rotates similarly to the vortex rings which exist in the
atmosphere., Such a flow will obviously be induced by the moments exist-
ing in the viscous fluids, This type of rotating motion would be
supplied with energy by the deceleration of the jet; the magnitude
of this deceleration is obvious from the jet swelling observeble in
Figures 46 and 47, Such an eddy would also give a velocity field which
tends to return the free end of a ligament to the jet body, Strong
interfacial tension would tend to prevent such recoalescence, in agree-
ment with the observed data,

It is also interesting to note that inclusion mean diameter
does not change with (Re)(We) (see Figure 58), Since we observed that
the percent included volume and area do change with (Re)(We), this

indicates that the number of inclusions increases but not the diameter,

In other words, we are led to the speculation that the scale of turbulence
which forms inclusions is relatively constant, although the intensity must

change to supply the energy for the additional surface farmation.,
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We should note at this time that a lower limit for inclusion
formation is observable, We must also say there may be an upper limit,
It may be that at sufficiently high injection pressures the internal
pressure of the jet will cause disruption before the flow field observed
here has time to develop, Equipment limitations prevent investigation
of possible upper limits at this time.

A further understanding of the interfacial forces involved
will be necessary before it will be possible to construct a realistic
mathematical model for the mechanism proposed, particularly with regard
to coalescence and with regard to the interfacial tension of an inter-
face under dynamic conditions, It is well known that interfacial tension
can show a strong time dependence, The extreme length to which the
external phase can penetrate the jet may indicate that the interfacial
tension drops sharply when an interface is being strained, When it is
possible to make some reasonable assumptions with regard to surface
forces, one can postulate a variety of eddy strengths and initial jet
disturbance configurations and attempt to see what configurations will
grow and bend back toward the jet, The existence of the large velocity
gradients in real systems will probably require that such modeling be

very naive at the outest,



IX, CONCLUSIONS

This work, as is typical with investigations in relatively
unexplored fields, has frequently grown back two questions for every
one that has been cut off, There are, however, several general con-
clusions which appear well motivated.

Both the mechanism proposed and the data taken indicate that
multiple emulsion formation is not only possible in pure phases, but
probably exists in many present day operations with rapid coalescence
preventing its observation as such, It appears that hydrodynamics
controls multiple emulsion formation, although stabilization is necessary
to its observation,

The application of the log-normal distribution to the large
drops, and to the inclusion marginal and conditional distributions seems
well indicated, The possibility of a one-parameter characterization
would seem worthy of further investigation,

The proposed model for percent included area and volume as a
function of nozzle parameters will probably furnish order of magnitude
results for a given liquid pair; however, caution should be used in
extrapolating. It can be said that inertial forces predominate in the
inclusion formation process, and that the five variables in Reynolds

number and Weber number must all be considered in future work,
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X, RECOMMENDATIONS FOR FUTURE WORK

There are several directions in which future work should be
directed, First, since the experimental error is fairly large compared
to the differences one desires.to measure, there are three alternatives:

1) Re-design of experimental equipment to permit

‘work over a wider range of independent variables
so that changes in dependent variables are larger
with respect to experimental error,

2) Improved analytical technique,

3) Experimental runs with many replicates so as to

permit reduction of experimental error by averaging.

Alternatives 1 and 2 are preferable to alternative 3; however,
to redesign the equipment to permit working over a larger range requires
certain additional knowledge. The most important limitation is the
clouding of the sample cell at high liquid velocities through the nozzle,
In order to circumvent this, a larger, deeper, sample cell could be used
to permit photographing the spray farther from the nozzle where spray
density is less, To do this, one must know the coalescence rate of the
inclusions, and the validity of the spray sample taken, It will probably
be necessary to traverse across the spray to get a representive sample,
Longer focal length lenses will be required,

To improve analytical techniques will be very difficult unless
some way is found to eliminate the human factor in counting, perhaps by
a light transmittance technique,

-10k4-
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In order to remove variation by averaging, it will be
necessary to determine experimental error precisely, This also
involves consideration of variation of error at high percent included
area or volume because of obscuring of inclusions, eté:°

After resoiving the experimental error problem in one of
the three ways suggested, the next logical step is a designed experi-

ment, probably a partial factorial, to test a model of the form:

log (% included volume) = W\\Qam%t)n + My La% Ui

+ WMz M(bs + WA, MFW

I L " W P
Y + A-

(X,1)

sy Log

Results from checking this model at two or three levels should suggest
more realistic dimensionless groups for correlation purposes,

With respect to the suggested mechanism, the first step should
be an investigation of dynamic, as opposed to static, coalescence,
Initial study can probably be done with a drop approaching a flat
interface at various velocities,

Finally, there are any number of independent variables which
suggest themselves for study, such as:

1) nozzle configuration - producing sheets, cones, etc,-

2

nozzle roughness and wettability,

sharp versus blunt edge nozzles,

= W

effect of surfactant type,

ON O

)
)
) vibration of nozzle,
)
)

effect of chemical properties of the liquids,
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COMPUTER PROGRAM

Shown on the following pages (Table XI) is the computer program
used in this work, The program ié written in the MAD language developed
at the University of Michigan. Information regarding this language and
instructions for its use can be obtained from the Computing Center,
University of Michigan, Ann Arbor, Michigan., Execution was by an IBM
709 machine,

Shown in Teble XII are the input variables for the program, In
Table XIII are the corresponding values for Run 10, 1In Table XIV is the
computer output for Run 10, Note the raw data for Run 10 is contained in
Table II. We will consider in order the calculation of the items shown
in the computer output for Run 10,

The nozzle diameter, flow rate, interfacial tension, and vis-
cosity are input variables, The Reynolds number is calculated as:

(consTt ) (4) (Frow) (DENSTY)
Re = (314159 ) (NozD) (vise) (B.1)

and the Weber number as:

G' L,\:’\.«).) (‘4 .3
rs‘ \ ‘“,sq (DE"\\%'\"‘()

We = (AmMAY (NozD)® (B.2)
Velocity through the nozzle is given by:
Nozzle Velocity = (43 (Frew) (B.3)

(3.14159) (NozD)*
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TECOMPILE MAD. EXECUTE, DUMP, PUNCH DEJEET, FRINT OBJECT T2
DIMEMSION CELL C302,MOMENT (200, ENOFT 353, DIAMC303, MEAN 200, 10FK %001
ONUM G102, DENCI03, DIST (307, HUMBERC30, FCTC303, CUMPCTC300, PCTINT T20FK %001
10300, FCI02, KOI00, YCIno, NELEY 300, WC300, SPEEDCI0D , GL300, PRCA0D 20PK__ %001

Z, CUFRC307 REM1 (A7, REMZCEDY , REMAC60Y, REM4 CA0Y, RENS (60D T 4DFE #001
DIMENSION NIMCEO0, 03, LGann, 0 e y ___DFK__$002
DIMENSTON ECPTINCZ0Y, W1 C200, ALPHRCI03, BETAC20Y,512IH0207 OFF %003

START CONTINUE - . , SOFK___#004
READ FORWHT DCARD{. HEIGTH.WIDTH. OEFTH,CONSTT.CONSTZ, CONSTZ,C 6OFK %005

DONET4 ~ 7OFK__#005
WECTOR WALLES DLARDI=%(4EZ0. 50 #E T BOFK  #00G
READ_FORMAT OCARDZ,M.5,7T.L,D0GEM, ENDREM, PHOTOS ' 90PK__ %007
VECTOR UALUES DCARDZ=%612,F10.548 TODFK %008
INTEGER MsS,D0GEM, 1,5, T H, L, ENOREM L 110FK _ #009
TNTEGER W, J, DOLOG, MO 11 T T1OFKA #0170
INTEGER REM1, REMZ,REM3, REM4, REMS 120PK_ #0119
READ FORMAT DLARD3.HUMBERCIT. .. HUMBER CHY 1S0FK  #012
VECTOR YALUES DCARD3=FC4F20.5745 L o _16DPK_#013
RERD FORMAT DLARDA,HISTid. .. 016T LMD ' T70PK 2014
YECTOR VALUES DCARDSG=FC4EZ0,5)#E e ) 180PK__ *015
READ FORMAT DLAROS,OELAYC] Se. . DELAYEMS : T90FK %016
VECTOR VALUES DCARDS=§C4E20.5I#E 200FK %017
READ FORMAT DLAROG, ENORTLI7. .. ENDFTCH+ 13 ZIDFK  #018
VECTOR VALUES DCARDG=G(4E20.5)#% ' 220FK_ %019
READ FORMAT DLAROT,HUMCTS ..« NUMCTS 7 Z30FK %020
UECTOR WALUES DCARDT=3(4EZ20. 50+ 240PK %021
READ FORMAT OCARDS,OENCIS. .. OEHCTS FEOFK #0227
VECTOR VALUES DCARDE=F(4E20.5)%% o , ‘ 260PK_ #023
READ FORMAT OCARDS,REM] (10 ... REMT CENOREND : T Z70PK  #024
YECTOR WALUES OCARDI=%CIZCEI4E N 280FK_ #025
READ FORMAT DLARTD.REMZC1 7. .. REME CENDRENY TZS0FK T ¥026

MECTOR WALUES DCAR1O=FC13CED*E _Z0DPK__ #027
REAU FORWAT DEART 1, REMICT ., RENS CENDRENS - T F10PK #028
WECTOR_VALUES DCARII=ECIZC6)#E : 220FK. 2029
RERD FORMAT DCAR1Z,REN4C1D, .. RENS CENDREND ~ 330PK #0230
VECTOR VALUES DCAR12=513CE)#E v 240PK__ #0321
READ FORMET DEER1Z,REMSCIS. .. REWSCENDREMD i 350FK #0332
YECTOR VALUES DCAR13=3C1ICE0%E - Z6DFPK %033
READ FORMAT DLCART7,DENSTY, CONGTS, CONSTE 420FKG %034
YECTOR VALUES DCARIT=$3E20.5%% 420FKE #035
READ FORMAT DLARTE.N, DOL0G,MOMIN OFK #0326
YECTOR VALUES DCARIBzE313#% _ #037
VECTOR VALUES 0=2,1,0 v v TTTTR038
Dezy=N DPK__ %039
RERD FORMAT DCARIG, HIHCTS 15«  NIHLH, N9 DFK %040
VECTOR YALUES DCARIS=F(4F20,20%% DFK_ +041
READ FORMAT DCARZO,ECPTINCIY...EOFTINCH#1D OPK  #042
WECTOR YALUES DCARZO=EL4E20,50%% DPK %043
READ FORMAT OCARZ1,NOZO, FLOM, GAMMA, VISC DFK %044
YECTOR YALUES DCARZI=T4E20.5%% DPK__ %045
READ FORMAT DCAR2Z,COMSTT: COMSTE, CONSTY DFK  *046
VECTOR YALUES DCARZZ=$3520.5%% DFK %047
FRINT FORMAT GPACE ¥048
VECTOR VALUES SPACEF1M1#E £049

FRINT FORWAT RES1E,RENTC1>.. . REMICENDREMD ' T43DFK %050
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T

CONTINUE ~

_MECTOR WHLUES RES  44DFK_ %051
FE‘tLHHJT.f4.¥FLHM+ﬂE*“ +NOZD#U 1500 #052
ME= £ CFLOW 4. : o COAMMA® (HOZ0LF., 3,30 OFK__ #0532
FRINT FORNET A s GAMHMFS WISC, RE » WE DFK  #054

 VECTOR YALUES RES4) TLE DIAMETER =,E20.5¢, _DFK _%DSS,W_

012H FLOW RATE =,EZC. OFK  #05
LTE2H IMTERFRCIAL TEMSION =, E20.5:0 _*05‘

212H VISCOSITY =.E20.57 ¢DJ5

318H REYMOLOS MUMEER JHea £05

G15H WEBER HWUMEER =,EZ0 055
EFDH = 4. #FLOW-C3, 141 MOZD.F. 2 e e e } #0386
PRINT FORMAT SFONF, £057
VECTOR UHLUEJ_;FQQEWN { YELOCITY THROUGH NOZZLE = ,EZ0.5%F #058

AOJUST= #0059

_mTHF“UbH FET?:FUF_}_LLJ_LLE.ﬂ‘ o o 4E5DPK_ #060
AOJUST=A0JUST+HUREER C1- #061

CRELLCIZ=EHDRTCIH1D-EMORTCID JAeDRk #0682
WHEHEVER DOGEM.E.D, TROMSFER TO AMERN 470FK 2063
WCTD=CENOFTEID#ENDRTCI+133, F. €L 50 GBOFK  #064
WHENEWER I.G.1, TRAMSFEY TO AWAY 4065
PRINT FORMET RES1 o o 49DPK %086
TUECTOR WALUES REST=332HATHIS COMFUTATION USES GEOMETRIC WERNES SODFE %057

0%g S1DPK #067

TRENSFER TO OUT  S2DFK %069
CHMEAN W Ty S EHORTUT S ERDRT O T+ T ez, TEILEE 670
WHEMEMER I.G.1. TRANSFER Ti AWAYZ B 071
FRINT FURNET RES o - E4UFE  #072
VECTOR VALUES RESZ=FIOHOTHIS COMPUTATION USES ARITHMETIC MEAM :
e enezhadRU Al LUMPUTHTION USES HEL] SRR
AWAYZ COMTINUE
GUT T TEANTINGE T T -
WHENEMER DOLOG.E.O. TRAMSFER TO QUT14 £076
FRINT FORNHT RESGH 2077
. VECTOR WRLUES RESSO= quwnrHI' VCOMPUTATION WSES LOGARITHWIC DI
OEMETERSHE )
ouT14 CONTINUE
. LEOFEDR T T EorEE "_ 3
NI CHUMBERCI*DISTAI D #COHS T 3 CPHOTOS#DELAY LIS SOOFK #0381
VClooNCIo+yeI-10 GOOFE 082
RET1_ _ CONTINUE L GI0OFK 083
““““““““ FRINT FORMAT RES3 E2OFE #0824
VECTOR VALUES RES3I=%3 nwithnrva WEIGHTED PERCENTAGES FK 085
FRINT FURMAT RES1®. REMG: CREWMZCENOREMY #0885
FRINT FORMAT RES4 14DFk #0587
VECTOR VBLUES RESA=T11HISIZE RANGE:%24.GHMUMEER. 10, SHEPEED, 5 D EE
02, THRERCENT, 52, 18HCUMULATIVE FERCENT, 52, 1 SHPERCENT-SIZE RANGE GEOFK  #088
JEXS GTOPY #0588
THROUGH RETZ,FOR I=1.1,I.G.H GIOFK #0089
ACPHACIO=WIS T PN Ty
WHEMEVER DOLOG.E.DQ. TRAMSFER TO QUT1Z #091
WCIv= ELOG.WCIzy
CELLCID=ELOG. CENDPTCI+1 30 —-ELUG. CEMDFTCI 2D
auTiz CONTINOE ,
SPEEDCIO=OISTCIZ#CONSTI “OELEYCID N TOOEE
FCTCIo=NCI <100, Avcmy T T10FK
CUMPCTCIO=VCIZ 100, < CNMY T20FK
FCTINTCI =FLTCID-LELLCTY TALFK
FPIHT FHPNRT RESS, EHUPTK D2 ENDPTCI+H1D, HUMBERCIS, SPEEDCID T4DFK

TEOPK T x0




-119-

FEOFK 100

oS, Eva. H1n FiU. FTOFK #1000
RETZ LDHTINUE TIOFKR %101
MOMEMT CO=1. TTOFEE %102
THROUGH RET3. FOR Rzt 1.F,G.5 ) o . FEOPK %103
HOMENT CRI =0 nan #104
GC0r=0a. - i & 105
THROUGH RET4, FOR I=1.1.1.0G.M4 106
FCIazePCTCI* CUCID P, E;}eiDu. #107
MOMENT LRy =F L1 +MOMEMT LR 3 108
RET4 GCID=FCID+GCI~10 S #1092
WHEHEWER CONST3.G.10., THAWSFER TU RET3 #110
FRINT FORNMAT RESS, R e BIOPK #1114
VECTOR VALUES RESE=IGOHTIFRECERBILTITY DENSITY AND OISTRIBUTION BEOFE #1132
OFUMCTIONS WEIGHTED EBY FHTH FOWER OF RANDOM VORIABLE#E ST7OFE %112
FRINT FORMAT RESS QCOFK. #1132
VECTOR VALUES RES9=%11HOSIZE RAMGE.S1%9, 1 1HPROBABILITY .58, __S10FK %114
OZZHCUMULATIVE PROBABTLITY G20FK %114
THROUGH RETS, FOR I=1,1.1.G.M 240FKE  ¥115
FRCTF=FCIo GCHY ASOFK #116
CUFRCII=GCID/GIMD SCOPK #1117
FRINT FORMAT RES10.EMDFTCIZ:ENOFTCI+13,PRCID,CUPRCIS TTOPK #118
VECTOR WALLUES RES1N=%1H .F10.5,4H TO ,F10.5,56,F10.5, 520:F10, 9E0FK %119
05x% F90FK %119
RETS CONTINUE _ 1000FK__ %120
RET3 CONTINUE 1010PK #1241
R=50. £122
IN1 CONTINUE *123
FRINT FORMAT RES11 1020FK %124
VECTOR WALUES RES11=83344MOMENTE OF WEIGHTED DISTRIBUTIGNYS 1030FK 125
PRINT FORMAT RES1S,REMICID...REM3CEMOREMD 1040FK  #126
WHENEVER ©.G. 25, TRHMGEER 1o 0UTS *127
THROUGH RETG, FOR R=0.1.R.G,MOMIN #128
ouTs WHENEVER G.L.Z25, TRRMSFER TO OUTE ¥129
THROUGH RETG. FOR R=0,1.R.G.5 1060FK  #130
oUTE FPRINT FORMAT RES1Z,R.HMOMEMTCRD {O70PK #1231
VECTOR VALUES RES12=%1H . I3, 12HTH MOMEHT = -E15.5%% 108DPK_ #132
RETE CONTINUE 1090FK  #133
FRINT FORMAT RESIZ 1100FK _ *134
YECTOR VALUES RES13=%14H4MOMEHT RETIOS#S . #1325
THROUGH RET7:FOR I=1:1,1.0G.T o 1120FK 136
K=MOMENT CHUMCID D AMOMENT COENC IS 1130PK %137
PRINT FORMAT RES14,HUMCIZ,DENHCIZ.E 1140PK__ #138
‘MECTOR VALUES RES14=F104 RATIO OF ,FS.2, 13HTH MOMENT TO »FS.2 T1SOFK 139
0, 1ZHTH. MOMENT = E15.5%% 1160FK %139
RETY CONTINUE 1170FK  #140
ouT? PRIMT FORMAT RES1S 1180PK %141
VECTOR VALUES RES1S=F5:H4COMPUTATION OF MEANS. WARIAMCES. AND 1190PK  #142
0 STO.- DEVIATIONS#S ) 1200FK. #142
PRINT FORMAT RES18, REM4C12...REM4CEMDREMD Z0DFPKA %143
WHEMEVER B.0G.25, TRAMSEER TO OUTS %144
THROUGH RETS. FOR I=0.1,1.0G. CHOMIH~2D #145
ouTs WHENEVER Q.L.25, TRAHSFER TO OUTY 146
THROUGH RETE, FOR I=0,1.1.G.(5-23 : 147
auT?® MERN=MOMENT CI+1) /MOMEHT T2 1220FK__ %148

VAR= CMOMENT CI+2) #MOMENT CI55- CCMOMENT CI+1 2 /MOMENT LIS, F. 2.2

23DPK  ¥149

WHEMEVER ROJUST.L.2.. A0JUST = Z, #150
VAR=VAR=ADJUS T CADJUST -1 #151
WHEMEVER VARE.L.O.. VAR = 000001 *152
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COMTIHUE

FRINT FORMRT RES3S,I )
_MECTOR WHLUES RESIS=E404 FOR. THE RAMDOM VARIAEBLE DIRMETER O
OTHE: IS, 24HTH WEIGHTED DISTRIBUTION®E

FRINT FORMAT RES3G,MEAN.VAR,DEW

YECTOR WALUES RES3IG=ITH MERM =,E15.
e DS, 1GHSTO. DEVIATION 2,215,588
RETEZ COMTIHUE

CHECK4

5,55, 10RVARIANCE =,E15.5,

12S0FK #1855

e VEGDRK %186

1270FK
1250PK £
1290FK
JLA0NRE_ w188
1310FK #1559

o __WHEMEYER ©.0G.25, TRAMSFIE To_0uTI10. . . #160
THROUGH RET11. FOR I=0,0sL.5.CHOMIMSZ2D #1641
.OUT10 . WHEMEYER R.L.25. TRAMNSFER TO OUTHY e EYE2
, THROUGH RET11; FOR I=0.1.1.G.0(5<2) #163
COUT1Y  PRINT FORMAT RES19.1 _1330FK_ %164
WECTOR VALUES RES19=%474 FOR THE RANDOM VARIABLE C(OIAMETER TO 1340PK  #165
0 _THE FDWER,IS,24H3 0OM THE HOM-WEIGHTED DISTRIBUTIOMSE 1340FKE #165
MEAN=MOWMENTCID 134DFKE #166
__ MAR=MOMENTCZ, #I3-CCMOMEMTCIDI.F. 2,0 _1340PKC_ #1567
VARSVAR*ADJUS T~ CADJUST 1.3 #168
. MWHEMEVER MAE.L.Q., VAR = 000001 $169
DEY=VAR.F. (.52 1340FKD #170
FRINT FORMAT RES3G,MEAN, VAR, DEV i o 1340FPKE #1714
RET11 CONTINUE 1I40FKF 172
WHENEVER f.L.25., TRANSFER TO QUTL #173
WHEHEWER @.G.75., TRONSEER TO oUTZ ¥174
PRINT FORMAT RES22 e 1350FK %175
UECTDR VALUES RESZZ=325H4SURFACE BHD WOLUME RATES 136DFK 176
PRINT FORMAT RES18,REMS<1D,..REMSCEHDREMD 1I70FK - #1777
FRINT FORMET RESSO #1780
YECTOR WALUES RESS0=£9H DIAWETER,S16, 1 ZHSURFACE RHTE;:IU, %179
1T TAVOLONE FATE*E ¥179
SUMSUR=0. #1820
T SURVOC=0. : - T #1581
"THROUGH RETZ3, FOR I=t.1.,I.G.M #1862
SUR=C3. 141 G9% COLFHACT 2. 5, 2. D ¥SFEELL I HUMBER CI1V -~ CFHOTUS#HEL G 183
OTHY S 183
O = T4 S CALPHAC T P U D s EPEED T o+ HUMBER CI 55 7 Ca. #PHOTOS#H B ¥184
OEIGTHY #1584
EUMER=SURFEUMEDR T 155
SUMVOL=WOL+SUMYOL #1586
FRINT FORMAT RES31,4LFHArls, SUR.WOL 187

VECTOR WALUES RES24=%184 SURFACE RATE = LE 25,1 4HYOLUME

H
m
i
in
hl

1420FK %138

ORATE = ,EZ0.5+%

14 Z0PK #1888

RET23 CONT INUE - £189
FRINT FORNAT RESSI #190
VECTOR WALUES RESS1=%1240TOTAL RATES*E £191
FRINT FORMAT RES24,SUNMSUR, SUMYOL #192

FRIMNT FORMAT RESZ

1640FK  #193

VECTOR WALUES ESEYZMOMENTUN AND EMERGY TRAMSFER RATES T
OHROUGH SAMPLE SFACEST

FRINT FORWMAT RESTE,RENSCI Y. .  .RENSCEHOREMD
PRINT FORMAT RESZZ

1GS0FK =194

1GEOFK  #194
CUTETORK T ETeS

1G9DFK__ #196

VECTOR WHLUES RESZZ=%9HODIAMETER. 520, SHMOMENTUM, 510
O14HKIMETIC ENERGY#S

1700PK %197
C1TIORK #1197

SUMOM=D. #1938
SUMEN=D, #1199
THROUGH RETI0,FORI=1.1,1.0G.H1 1T720FK  #200
VCI)_4.1415‘¥LHLPHRfI).=.? 2#DENSTY#COMSTS#5PEEDCI 3 #HUMBERCI D *201
OsCh o #PHOTODS #*201

__BCD= VCI'%ﬂPEED(IJ*CnHJTIf_.
SUMOM=YCT S +51THAN

1740FK %202
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CEUMEH=RC] ?,_+_J_l,91_EJ_4,,_H —. I L E2D0E
FFIHT FORMAT RESI1, Wild, v Kol #2085
VECTOR WELUES FE-?!—IiH SE1S, S, 50, 15, 5,59, E15.5%% 1760FE_ #206
RET1C CONT IMUE 1770FE %207
e FRINT FORMHT RESTI OSSO 'L £ -
FRINT FORMAT RESSZ,SUNOH, SUMEN #209
o MECTOR VALUES RESS2zB11H MOMEHTUM =, EZ20,5, 510, 16HKINETIC EMER _ _#210 __
OGY =,E20.5%% #210
WHEMEWER L.E.D. TRANSFES TO EHD . £211
THROUGH RET1Z,FOR I=1,1.1.05.H 0Pk #212
W1 CIo=CEORTINCII+EDRTIMCI+100 /2, e Py %213
SIZIMCIO=EDPFTINCI+12-EDRTINGID #214
BETHCIX=WICTD S L S 2215
WHENEVER DOLOG.E., TRAMSFER TO OUT13 #216
W1CIxs ELOG. €1l #217
SIZIMCIO=ELOG, CEOPTINCI+10D - ELOG. CEDPTINCIDD ' #2118
auT13 CONTINUE e e e e e e o #2192
RET12 CONTINUE OFE 220
ARD1 =0, e e #221
ADDZ=0. #2272
THROUGH RET1.3,F0R H=i,1,H.G.0H OFK #2232
WHEMEWER COMSTZ.L.(5... TRAMSFER TO HOT 224
PRIMT FORMAT RES3T,ALFHOCHX e #2285
JECTOR VALUES RESI7=T45H4CALCULATIONS FOR TNCLUSTONS IH UROFS OFkK  #226
0 OF DIAWMETER.E20.5*% o o OFK %226
WHENEWER HNUMBERCH.L. <. I0%%, TRANSFER TO HOGO 227
'PRIHT FORMAT RESIS OFk 2228
VECTOR VALUES RESIG=E1990INCLUSION DIAMETER.S14, {HRERCEMTS 57, OFY %229
C18HCUMULATIVE FERCEMTS57. 1SHFERCENT-SIZE RANGE#% %229
CPEICICEE #230
THROUGH RET14,FOR J=2,1,4,G.1 OFkK %231
T R T =HTHSH, T3+008H =15 T ) " OPE %2332
RET14 COMTINUE %233
WHEMEWER UCH.M3.L.COMST 2. TEAHSFER TO HOGO #2234
A0JUST=0. - o #2325
THRODGH RETIS, FOR J=1,1.,J.G.H OF %236
ADJUST=ROJUST+MINCH, I3 . %237
PCTCIZ=T00.¥HINCH, T2 - 0H, HY #2318
CUMPETCA=UCH, J2# 100, ~UCH 1o 0Pk *239
RET1S CONT IMUE OFY #2640
IN2 CONTINUE : £241
THROUGH RETZ0, FOR J=zi:1:d.5.H %242
FCTINTCII=PCTCID 5IFINCID ‘ %243
PRINT FORMAT RES39,W1Cl0FPCTLI2, CUMPCTC S, PCTINT (02 244
VECTOR YRLUES RES39=F1H . E15.5,59,F15,5,510,F15.5,510,F15.7+F 245
RETZ0 CONTINUE $246
MOMENT C0o=1. OF  #247
WHEMEVER [.G.75, TRAMSFER ToO OUT3 ‘ #2482
_ THROUGH RET17, FOR R=1,1.F.G.MOMIN *249
o073 WHEMEMER ©.L.75, TEAMSFER TO 0UT4 - %250
THREQUGH BET17, FOR R=1,1,R.G.5 . DFK_ *251
ouTH MOMENTCRD =0, ' DF %252
: GCOo=0. DF - %253
THROUGH RET14A, FOR J=1,1.J.5.H OP  #254
FCIZ=PCTC %1 CID, PLRY 100, OF %255
HOMENT CRY =F €12 +MOMENT R ' DF 256
RET16 GCIISFCSA+GCI-12 OF %257
- WHEHEVER COMST4.G.10.. TRERMSFER TO RETI7 . #258
PRINT FORWAT RESS,.R DF 259
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. THCLUSION DIAMETER,S10: 11HFROERRILIT .
oY, 53, 2ZHCUNULATIVE PRO ILITY+%
THROUGH RETIT. FOR J=3,1..0,0G.H

FROJIZFCIDAGCND

CUPRCIZ=GC) 2 GoH2 S
PRINT FORMAT RES41,BETHIII,FRCID, CUFRCID .
VECTOR YALUES RES41=F1H -E15.5:59,F15.5,510,F15.5%%_

RET17 CONTINUE

WHENEVER G.G.75., TRANSFER TO IM1
NOT CONTINUE

YOHD =0, 3

NCHY=D.

THROUGH RETY, FOR J=1,1,J.G.M

NCHY=CCBETRCID P 202 #NINCH, D #SPEEDCHI 2+ X CHD
YCHI=CCRETACSY  F. 3. 0 #MTHCH, JD*SPEEQCHI 2 +Y CHD
RET% CONTINUE
RODO1=XCHY+A0D]
ADDZ=Y CHI+AOD2
WCHI=(RCHI #1003/ CCRLPHACHY L P 2, D #HUMBER CH) #SPEED CHY >

YCHI=CYCHI #1002 7 CCALPHACHY L P 3. 2% NUNMBER CHO #SPEED CHO >
B=1.

WHEMEVER CONSTS.L.C5.2. TRAMNSFER TO RET13

WHENEVER ®.L.2S5., TRANSFER TO IMI

ouT1 CONTINUE

NOGO CONTINUE

RET13 CONTINUE
@=100.
Sum=0.

FRINT FORMAT CHECK
VECTOR VALUES CHECK=¥:3HTTOTAL NUMBERS OF DROPS#%
FRINT FORMAT CHECK2 )
VECTOR VALUES CHECEY=%1 THOSTZE RANGE, SZ7, 9HNO. DROFZ,S1G,
Q14HND. INCLUSIONS*$
THROUGH CHECK1, FOR I=1.1,1.G.M
FRINT FORMAT RESIQ, ENORTCIZ.ENDPTCI+12, NUMBERCID,UCI,HND
CHECKT CONTINUE
ROJUST=0.
THROUGH RET18. FOR J=1.1,J.G.H
Udi, J>=0.
THROUGH RET19, FOR I=1.1.I.G.M
ADJUST=ADOJUST + NINCI. >
UCT: JO=NINCI, JO*SPEEDCIAPHOTOSHUCT, 4D

RET1%9 CONTINUE
. SUb=zUCt, J2+5UM
RET12 CONTINUE

CUMFCT COO=0.
THROUGH RETZ1, FOR J=1.1.J.G.H
FCTCJo =100, (1, D> /50UN
RET21 CUMPCT CII=PCTCJD+CUMPCTC =12
PRINT FORMAT RES42
VECTOR YALUES RES42=%4241CALCULATIONS FOR INCLUSIONS BASED 0O
0 WHOLE SFRAYxS
PRINT FORMAT RES3S .
WHENEVER ©.G.75.. TRANSFER TO INMZ
ouT2 CONTINUE
FRINT FORMAT RESZS
ROD3=0.
HOD4=0.
THROUGH RETZ2, FOR I=1.1.1.G.M

e e e e m e e e —————
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e AODE=CALPHACID P, 3,0 *NUMBERCID#SPEEDCIO+ADD4 RO 23 ) -
RETZ2Z CONTINUE #319
PRINT FORMAT RES2S e #320

VECTOR YALUES RES25=%(7{41CALCULATION OF PERCENT OF SURFACE AN %321

N . 00 _VOLUME REFRESEMTED BY IMCLUSIOMS*E e B 321
FPRINT FORMHT RES26 #3222

VECTOR VALUES RES25=%1440DROF DIAMETER,S14,21HPERCEMT INCLUDE *323

0D ARER., SC.Z3HPERCENT IMCLUDED VYOLUME#S 323

THROUGH CHECK3, FOR H=1.1,H.G.M $324

PRINT FORMAT RESZ27,HALPHACHI : XCHI, WCHD *325

VECTOR YALUES RES27=%1H :F10.5,510,E20,5, 57,E20.5+% ¥326

CHECKSI CONTINUE ' ' ¥327
ADD1=A0D1 #7100, ~ADD3 ] %328

o An02=A002% 104, 78604 T %329
PRINT FORMAT RES44,A001.R0ODZ %330

VECTOR VALUES RES44=%444 FERCENT GURFACE REFRESEMTED &Y INCLU %331

05SI10NS =,F10.5-,434 PERCENT VOLUME REPRESENTED BY INMCLUSIONS = %331

1 F10.5%% 331

END C'ONT I NUE ) . PO T Ty e *332
TRAWNSFER TGO START ’ T 1 7ebPK #3337

END OF PROGRAM 1790PK %334

THE FOLLOWING NAMES HAVE OCCURRED ONLY OMCE IN THIS PROGRAM,

TTHEV WILL ACLT BE “ASETGNED TO THE SAME LOCATION, AND
COMPILATION WILL CONTINUE.

CHECK4

CONSTY
DEPTH

ouTy
WIDTH




HETIGHT

WIDTH

DEPTH

CONST1

CONST2

CONST?

CONST4

=
'

[65]
L}

H
3

=
1
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TABLE XIT

INPUT VARIABIES FCOR COMPUTER PROGRAM

Dimension of camera field of view in the direction of spray flow,
Dimension of camera field of view normal to spray flow and normal
to camera lens principal axis,

Dimension of camera field of view normal to spray flow and
parallel to camera lens principal axis.

Arbitrary constant which can be used to change units in which
spray drop velocity is printed out.

Control variable: calculations for inclusion conditional distri-
butions are not calculated if total inclusions Jgi N,N(m,J) <
CONST2 (1 <m < M),

Control variable: for CONST3 > 10, calculation and printing of
weighted large drop distributions is suppressed.

Control variable: for CONSTA > 10, calculation and printing of

weighted inclusion conditional distributions are suppressed,

Number of large drop size ranges.
Highest moment of large drop distribution to be calculated.,
Maximum number of moment ratios to be computed.

Control variable: for L = 0, no calculations involving inclusions

are made,

DOGEM - Control variable: when DOGEM = O, arithmetic means of diameter

size intervals for large drops are used as Di - for other wvalues

of DOGEM, geometric means are used,
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TABLE XIT

INPUT VARIABLES FOR COMPUTER PROGRAM (Continued)

ENDREM - Control variable: ENDREM controls the length of the remark
statements REM1...REMS,

PHOTOS - The number of photos counted for the drop distribution data.

NUMBER(1)...(M) - Total number of large drops counted from the single
exposure photos: NERRE Y, in Figure 23,

DIST(1)...(M) - Distance traveled by the large drops in the respective
size ranges, obtained from a plot such as Figure 22 - 4y...ly
in Figure 23.

DEIAY(1),,.,(M) - Time delay used: for this work, DELAY(1l) = DELAY(2) =
.. = DELAY(M),

ENDPT(1)...(M+1) - Endpoints of the large drop size ranges.

NUM(1)...(T) - Selected moments for numerator of moment ratios.

DEN(1),..(T) - Selected moments for denominator of moment ratios,

N

Remarks which may be printed out

at various places in the output

/

DENSTY - Density of flowing phase,
CONST5 - Arbitrary constant used to adjust units on momentum for output,
CONST6 - Arbitrary constant used to adjust units on energy for output.

N - Number of inclusion diameter size ranges,
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TABIE XIT

INPUT VARIABLES FOR COMPUTER PROGRAM (Continued)

DOLOG - Control variable: for DOLOG not equal to zero, log (Di) is
substituted for D, and log (dj) for d;.

MOMIN - The highest moment to be calculated for the inclusion conditional
distributions,

NIN(1,1)...(M,N) - Total numbers of inclusions counted from the single
flash photographs: X110 %« Xy in Figure 23,

EDPTIN(1)...(N+1) - Endpoints for the inclusion size ranges.

NOZD - Nozzle diameter.

FLOW - Flow rate of sprayed phase,

GAMMA - Interfacial tension.,

CONST7 - Arbitrary constant which may be used to rationalize units in
Reynolds number,

CONST8 - Control variable: when CONST8 < .5, conditional distributions
of inclusions are not calculated or printed.

CONST9 - Not used in program: eliminated in a revision,
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TABLE XIII

COMPUTER INPUT DATA FOR RUN 10

HEIGHT = 1.2 NoM(1)...(T) =1, 2, 3, 3
WIDTH = .96 DEN(1)...(T) =0, 1, 1, 2
DEPTH = .10 REM1(1)...(ENDREM) = RUN NUMBER
CONSTL = 1.0 10 NO 19 HYPO, 130 CC/MIN
CONST2 = ,50 SEE RUNS 8, 9 CGS UNITS
CONST? = 1,0 SAT, CCL4 INTO SAT. H20
CONSTL = 100, REM2(1)...(ENDREM) = LENGTH =
M= 12 CENTIMETERS MASS = GRAMS
S =3 TIME = SECONDS
T=4 REM3(1),..(ENDREM) = blank
L =10 REM4(1)...(ENDREM) = blank
DOGEM = O REM5(1)...(ENDREM) = same as REM2
ENDREM = 26 DENSITY = 1.595
PHOTOS = 7.0 CONST5 = 1.0
NUMBER(1)... (M) = yq...¥y in CONST6 = 1,0

Table IT N=9
DIST(1)...(M) = £i.oody in DOLOG = 0

Table II MOMIN = 3

DELAY(1)...(M) = all values are NIN(1,1)... (M,N) = see Xy7.0. %y
1.55 x 1072 in Table II
ENDPT(1),.. (M+1) = 0, 1 x 1072,

2x 1072 ... 12 x 1072
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TABLE XIII

COMPUTER INPUT DATA FOR RUN 10 (Continued)

EDPTIN(1)... (1) = 0, .5 x 1072, 1,0 x 102,., 4,5 x 1072

NOZD = 6,42 x 107°

FLOW

I

130,
GAMMA = 32,

VISC = 1.0

]

CONSTT = 1.0

CONST8

1000,

CONST9 = 1.0
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SIFE RANGE EROBRBILITY CUMILETIVE PROBAEBTILITY
. Q0000 TO L1000 004103 LO0S03
01000 TO L2000 LOG848 _— 1
02000 TO 03000 L0220 17470
L03000Q _TO 04000 L1Q3202 —e A -
. 04000 TO 05000 LA07T74 . 33545
. 0S000 TQ 05000 L7355 L4590
. Q6000 TO 07000 L8309 , 54209
LQ7000 TO LO2000 L1 2094 TS <1 Y 2 P S
. 08000 TO 02000 L0009 LTEDH

___________ .09000_T0 _____. 10000 08175 . 55086

. 10000 TO L1000 LD8042 L, 93128
L 11000 TO . 12000 LOE8TE 1.00000

PROBABILITY DENSITY AND OISTRIEUTION FUNCTIONS WEIGHTED BY 3TH POUWER OF RANDOM YARIABLE

CUMULATIVE PROBREBILITY

SYZE RANGE FROBAETLITY
. 00000 TO .01000 .00032 . 000322
01000 10 02000 01612 .01644
.02000 TO .03000 .04011 . 05655
. a3000 70 .G4000 L O5660 J11315
.04000 TO .05000 07611 . 18926
TTTTTTTTTTROS000 TaT T nendn . 0E 350 L2576
.06000_TO . 07000 . 02478 L 33752
07000 T0 . 08000 14239 L 47992
___________ 08000 TO 09000 14156 R 621483 .
- 0900070 . {oo0g 12191 . 74339
____.10000 TO__ .11000 . 13255 57594
.11000 Ta . 12000 12406 1.00000
PROBRBILITY DENSITY AND DISTRIEUTION FUNCTIONS WEIGHTED BY ___4TH FOMER OF_ RANDOM VARIABLE

SIZE_RANGE PROBABILITY CUMULATIVE PROBREILITY
.00000 T .o1000 ~.00002 .00002
.01000_T0 02000 Q00340 . T -
. 02000 T0 03000 01233 .01595
.02000_T0 .04000 .02535 204130 _ -
. 04000 T0 .05000 L04383 . 08514
.05000_TO . 056000 . 04470 12984
06000 T0 . 07000 ,07052 L 20036
.07000 TO . 08000 13668 23704
. 08000 T0 . 09000 15400 .4u104
.09000 TO 10000 14823 ) L6327
. 10000 10 11000 L7813 L B1740
.11000 To. . 12000 . 18260 1.00000
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WOWENTS OF WEIGHTED DISTRIBUTION

OTH MOMENT = L1O000E 01
1TH MOMENT = . 25920E-01
“““““ ZTH FAOMENT = I TSZZESOE
ITH MOMENT = . 73399E-04
""""""" FTH WOMENT 277" E7I4VESOS

MOMENT RRTIOS

RATIN OF 1.00TH MOMENT TO LOOTH MOMENT = L, EEGZ0E-01
___RATIO OF_ 2,00TH MOMENT TO__1.00TH MOMENT = L4445 3E-01 o

""" RATIO OF  3.00TH MOMENT TO  1.00TH MOMEMT = L PEITEE-OZ

RATIO OF 3.00TH MOMENT TO__ 2.00TH MOMENT = LGITORE~-01

COMPUTRTION OF MEANS,

VARIAMNCES,

AMD_5TD.

FOR_THE RANDOM_VARIABLE

MEAN = L 2SRI0E-~01 VARIANCE = 4E098E~-03
FOR THE_RAMDOM VARIABLE DIAMETER_OM THE
MERAN = 444 53E-01 VRRIAMCE = EEETTE-D3

FOR_THE RANOOM VARIABLE

DIAMETER 0N THE £TH

STO. DEVIATION =
WETGHTED DISTRIBUTION

MEAN = LGIT02E-01
FOR_THE_RANDOM VARIABLE

VARIAHCE =

COIARMETER TO THE FOWER

204 2E-DZ

ST0. DEVIATION

MEAN = L10000E 01

VRRIAHCE =

COIRMETER_TO_THE FOWER

L OO000E

alxs STO. DEVIATION =

25RZ0E-1
FOR THE RANDON WARTABLE

WARIANCE =
COIAMETER TO THE POWEE

LAR03T

. L O0O00OE 00
12 04 THE MOM-WEIGHTED DISTRIBUTION

E-03 STO. DEVIATION =

MEAN = LTISE2E-D2

VARIAQMCE =

5T0O. DEVWIARTION =

SURFACE AMD VOLUME RATES

LENGTH = CENTIMETERS MHES = GRAMS TIME = SECOHDS
DIAMETER SURFACE RATE VOLUME RATE

L SOO00E-02

L20IV4E-01

JB9TEE~-04

L2191 7E-H
o OH THE HOM-WEIGHTED DISTRIBUTION

4407 IE-0F

. 1S000E-01 . 34559E 00 LEEG4TE-D3
.25000E-01 LS1T25E 00 . 21553E-02
. 35000E-01 LSZT40E 00 .30415E-02
. 45000E-01 .54529E 00 L 40897E-02
. S5000E-01 L 37225E 00 . 34123E-02

e __sGSDOOE-OY________ ,42052E_00 L 455STE-02
. 7S000E-01 LE121ZE 00

____________ LBS000E-01 L S3E94E_0O0
. G5000E-01 L41375E 00 .
. 10S00E_00 L40701E 00 LT1227E-02
L 11S00E 00 . 24782E 00 L GEGGAEE-0

TOTAL RATES
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MOMENTLM BHD _ENERGY TRAMSFER RATES THROMGH SAMPLE SPACE e
LEMGTH = CEMTIMETERS MASS = GRAMS TIME = SECONDS
DIAMETER T TMAOMENTUM KINETIC EMERGY
___________ L SO000E-02 o I249GE-04 , 12345E-03 e
L 1SDO0E-01 L16584E-02 L 11234E-01
. 2S000E-01 41252E-02 I2A0ZE =01
. 25000E-01 ,55215E-02° L 52581E-01
L 45000E-01 LTE276E-02 __ JTBZTGE=01 -
. SS000E-0O1 LES311E-02Z . 71632E-01
____________ GI0QUE-D1 ___ LEFI93E-N2 2 10S4BE OO -
. 7SO0DE-0O1 L14%45E-01 L19369E 00
. B5000E-01 L 14559E-01 LZOGESE Q0
, SS00DE-0O1 T 12539E-01 . 19213E 00
______ LI0SO0E 00 13633E-01 ,22428E 00
C11S00E on L12760E-01 . 22433E 00
TTTYOTAL RRTES o _ o
MOMENTUM = . 10285E 00 KIMETIC ENERGY = A293E 01
ERLEULRTTONS FOR TNCLUSIONS 1N DROFS OF DIAMETER . SD00DE~02
INCLGETON DIRMETER PERCENT EOMULHTIVE PERCENT
CALCULATIONS FOR INCLUSIONS IN DROPS 0OF DIAMETER . 15000E-01

____INCLUSION DIAMETER PERCENT CUMULATIVE FERCEMT
. 25000E-02 £4.61538 84.61538
. _.TSOQOE-Q2 . 15.38462___ _______________ 10000000 ______ B}
L1Z2500E-01 , 00000 100.00000
.. 17500E-01 00000 100,00000°
. 22500E-0 . 00000 100. 00000
. 27500E=Q1 - Q0000 100,.00000 .
. 32500E-01 . 00000 100.00000 .
___________ L3TSO0E-00 . ____.00000__ N 0000000
.42500E-01 .00000 100. 00000
MOMENTS OF MEIGHTED DISTRIBUTION
OTH _MOMENT = +J0000E 01 e
1TH MOMENT = . 32692E-02
2TH_MOMENT_ = L13942E-04 -
3TH MOMENT = .TB1ZS5E-07
__4TH MOMEMT = L, 51283E-09 _
MOMENT RATIOS
RATIO OF 1.00TH MOMENT T1Q. .OOTH MOMENT = L 32692E-02
_____ RATIO _OF _ 2.00TH_MOMENT_T0O__1.00TH MOMENT = . AZG4TE-D2
RATIO OF 32:00TH MOMENT TO 1.00TH MOMENT = . 23397E-04
RATIO_OF __3.0Q0TH_MOMENT TO__2,00TH _MOMENT = SE034E-02




COMPUTATION OF WMERMS.

«135=

WERET

AMCES, AMD

B0,

DEVTA

TIOHS

FuR THE FHHNHH ”HPTQELE GIAMETER 0H THE OTH WEIGHTED DISTRIBUTION
MERHN = 1P WARTAMCE = AEZSGE-05 570, DEVIATION = ASTITE-0Z
““““““ fﬁﬁ”?ﬁé“iﬁﬁﬁun VERIHELE DIGMETER 0OM THE I TH WEIGHTED OISTRIEUTION
MEAM = LG PEETE-O2 VAR TENCE = LG1EE1E-0S oTo. DEMIATION = L 243TOE-OZ
"""" ﬁﬁﬁ‘?ﬁﬁ“iﬁﬁﬁﬁﬁ‘ ARIAELE DIAMETER 0OH THE TH WEIGHTED DISTRIEUTION
MEAN = LSGOI4E-02 VAR IGHCE = L BITEIE-05 SIO. DEYISTION = L2SZS1E=0Z
FOR THE RRANOOM VARIAELE COIRMETER TO THE F : 0% 0OM THE HOM=WEIGHTED DISTRIBUTION
MERM =______.10000E 91 ______ VERIANCE = QOOQQE QU __ SI0. QDEMIATION = LOO000E_ D0
"""" FOR THE RAHDOM VARIABELE <OIRMETER T THE FOWER 12 0OM THE HON-WEIGHTED DISTR IEHTIHH
MERM = . 32692E-02 ____ MHERIAMCE = L2ES44E-05_____STO._DEMIBTION = . .18040E-02
"""" FOR THE RAHDOM VWARIABLE (OIAMETER TO THE FOER 23 BN THE HON-WEIGHTED T 1on
MERAN = LA 3DG2E-04 . VERIAMCE = . -3 STD, DEVIETION = 1E040E-04
CALCULATIONS FOR_ IMCLUSIOHS IM_DROPS_OF DIAMETER . w2S000E-01_ .
INCLUSION DIAMETER
L 2S000E~-02
N '._;GY'IHE -
FEO0E~01 100, 00000
ATEROE-O nauon ______ 00 OO0
. 22500E-01 L Q0000 100, 00000
. 2TS00E-01 L O00an 1060, 00000
L 322300E-01 L D0nan 10000000
L 3TS00E-01 P L L 1010 | X1 1
§Z8500E-TY - . Qoooo 100, 00000
MOMENTS OF WEIGHTED DISTRIEUTION
OTH WMOMENT S +1000CE 01 ____ . _ o
1TH MOMENT = I4GFE-N2
2TH MOMENT = SESE-N4
3TH MOMENT = TSSGTOE-DE
4TH MOMENT = LG1E09E-N2

MOMENT RATIDS

RATIQ OF 1.00TH MOMENT TO JOOTH MOMEHT = LEBI4GEEE-DO2
RATIOOF 2. 00TH MONERT TO 1. 00TH WMOMENT = CEEETGE-DZ
RATID OF 3.0Q0TH MOMENT TO  1.Q0TH MOWEMT = L BEOGSE-04
RATID OF 3.00TH MOMENT TO  2.00TH MOMEMT = LA EEE-01

COMPUTATIOM OF MEANS,

WARI

BNCES. ANHD_ETD,

DEVIATIONS

FOR_THE RANDOM VARIABLE OIAMETER QW THE ___ OTH WEIGHTED DISTRIBUTION ____ ..
MERM = LG3462E-02 VARTANCE = STO. DEVIATION = . 3EEI4E-02
FOR THE_RAMOOM VARIABLE DIAMETER OH THE ____1TH WEIGHTED I DISTRIBUTION
MEAN = CBRGTEE-0Z VARIAMCE = STO. DEVIATION = . IGSEIE-0Z
FOR_THE RANOOM VARIABLE DIAMETER OM THE DISTRIEUTION
MERN = L 10168E~01 VARIAMCE = STO. DEVIATION = L 29ER1E-02
FOR_THE_RAHOOM VARIABLE COIAMETER TO THE THE _HOW-WEIGHTED DISTRIBUTION
MERN = . 1O000E 01 WARTAMCE = 5TO. DEWIATION = . OODD0E G0
______ FOR _THE RANDOM VARIABLE COIBMETER TO_THE POUER 120N THE_NON-WEIGHTER DISTRIBUTION
MEAN = LEI4GRE-O2 VARTAHCE = L THEO4E-D4 STO. DEWIATION = L 3BIIIE-0Z
FOR _THE RANOOM WARTABLE COTAMETER T0O THE POWER £> OM THE HOM-WETGHTED DISTRIBUTION
MEAN = L S49GIE-04 VARTAMCE = .31 394E-08 STO0. DEWIATION =

L SE0Z0E-D4
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L 3S000E-01

THCLOSTON DIEMETER FERCENT CUMULSTIVE FERCENT
. 2S000E-02 1315789 13.1578%9
EED 31,.57895 44, 73604
L1 2500E-01 . 34, 21053 72.94737 L
""""""" R 15.78947 4. 73684
L 22S500E-01 5.263106 100, 00000
“““““““““ TATEHUE-D] - L. 00000 100, 00000
. 32S00E-01 . 00005 100, 00000
. 27300E-01 L 0ooon 100, 00000
o 232300E-00 ooooo 100, DOood
e —_—
. MOMENTS OF WEIGHTED DISTRIEBUTION
e e e — —
. OTH MOMEMT = A OOOOE Oy e e
1TH MOMENT = LIO92T1E=-01
ZTH MOMENT = L14T04E-03F
3TH MOMENT = . 22492E-05
. 4TH MOMENT = e AT S A T

MOMENT RATIOS

RATIO OF
RATIO QOF

1. 00TH MOMENT TO
2.00TH MOMENT TO

LOOTH MOMEMT
1, 00TH, MOMENT

"""""""""""""""""""""""""" Soezie-ar T T
L 13464E-D1

RATIO OF
RATIQ OF

3.00TH MOMENT TO

1.00TH MOMEHT

L 20595E-03

COMPOTATION OF MEANS. VERIANGES, WHO ST0.

DEVIATIONS

FOR THE RANDOM VARIABLE DIAMETER OM THE

OTH WEIGHTED

DISTRIBUTION

MEAN = .10921E-01 YARIANCE = L ZESZIE-04 5T0., DEVIATION. = . 53405SE-02

FOR THE RANOON VARTABLE UIAMETER ON THE TTH WETGHTED DISTRIBUTION

MEAN = . 13464E-01 VARTANCE = 25 34DE-04 5T0. DEVIATION =  S0ZIDE-02

FOR THE RANDONM VARIRELE GIANMETER ON THE ZTH WEIGHTED DISTRIBUTIGH

MEAN = L 15296E-01 YARIANCE = L Z2EI9E-04 STO. DEVIATION = L ATEAIE-0Z

FOR THE RANDOM UARIABLE COIARMETER TO THE FOWER 03 ON THE HOM-WEIGHTED DIZTRIBUTION
_______ MEAN = .10000E 01 ____ VARIANCE = LO0Q00E_ 00 STO0. DEVIATION = . QOOO0E_0Q

FOR THE RAWDOM VARTABLE CUIAMETER 7O THE POWER 13 ON THE NOM-WEIGHTED OISTRIBUTIGN
_______ MEAN = . 10921E-D WARIANCE = LETTTOE-04 _____STD. DEVIATION = . 5263TE-0Z

FOR THE RANDOM VARTABLE COTAMETER T0- THE FOWER 23 ON THE NOM-WEIGHTED OISTRIEBUTION

MEAN = . 14704E-03 VAR IANCE = 1 E034E-0F L 2E6ZE-D3

STD. DEWIATION =

CALCULATIONS FOR: INCLUSIONS IN_DROPS

INCLUSTON DIAMETER PERCENHT CUMULRTIVE PERCENT
. 25000E-02 17.45032 1746032
. TS000E-02 14, 28571 S.74€03
« 12500E-01 44, ddd44 TE. 19048
« 17500E-01 2.52331 85.71428 . _——
. 22500E-01 111111 96. 22540
L 27S00E-01 1.58720 92,4127
. 32500E-01 1.358730 10G.00000
« 37S00E-O1 00000 ipg.ooopo
. 42500E-01 . 00non 10000000
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MOMEMTS OF WEIGHTED OISTRIEBUTION

D]
—
T
=
=
Do}
=
M
jurc
it

1TH MOMEMT
2TH MOMEMT
ITH MOMENT
GTH_ WOMENT

(IR I

RATIO OF  1.00TH MOMENT TO . 0OTH MOMENMT = _ .
RATIOGF Z.00TH MOMENT 70 1.40TH MOMEHT =
RATIO OF  3,00TH MOMEHT To 1. 00TH MOMEHT =
RATIO OF Z2.00TH MOMEWT To 2.00TH MOMEMT =
COMPUTATION OF MEAMS. WARIAMGCES. RWD_STO, DEMIATIONS e
o _FOR_THE REHOGH_VWARIAEBLE DIAMEIER OM_THE QTH MEIGHTEQ DISTEIBUTION .
MEEN = A218IE-01 YARTAMCE = L 45059E~-14 STO. DEVIATION = LET1ZGE-02
FOR THE_RANDON IABLE DIAMETER_OM THE 1TH WEIGHTED RISTRIBUTION .
MEAN = LISEZZE-0O1 VARIANCE = LG4 IRE-4 5TD. DEVIATION =  GGEZSE~0Z
FOR THE RAMDOM MARIAELE DIAMETER OH THE STH WEIGHTED DISTRIBUTION
MEAM = L 1E533E-01 VAR IANCE = L4711 TE-04 STD. DEVIATION = L BBEGZE-DZ
FOR THE RANHOOM YARIAELE ¢DIAMETER T THE FOWER 03 OM_THE MON-WEIGHTED DISTRIBUTION
MEAM = L10000E O VARTAMCE = LOOO00E 0o STD. DEVIATION = L QOOO0E 00
_____ FOR THE RANDOM WRRIABLE COIAMETER TQ THE F oo V2 DM THE MOM-WEIGHTED DISTRIBLTION
MERN = A 2183E-01 VARIANCE = 5TD. DEYIATION = L GEEIE-OZ
FOR THE RANMDOM WARIABLE COIAMETER TO THE MOW-WEIGHTED OISTRIEUTION
MEAN = A SETEE-03 VARIANCE = 570, DEWIATION = L1958 3E~03
T CALCUCATIONS FOR INCLUSIONS IN DROPS OF DIANMETER . SS000E-01
THCLOSTON DIAWETER o FERCENT CUMULATIVE FERCENT
. 2S000E-D2 21, 91489 31.91439
. TSULUE~-0Z Z7.65957 S5, 57447

______________ Zo00e-01
S TTSU0E-T
LZ2SO0E-01

L 2TS00E-01

68, 08511
20.251068
21.48935
93.61702

» 32500E-01 27. 5 4
. 3TS00E~01 IT.ET234

. 42500E-01

100.00000

________ OTH MO EN T = e O O
TTH MONMENT = 1 E-0i
2TH MOMENT = .2 E-03
2TH MOMENT = . 57Z04E-05
4TH_MOMENT = LAFIZEE-D5

MOMENT AT IS
RATIO OF 1.00TH MOMEMT TO  .0O0TH MOMENT
RATIO OF _Z.00TH MOMENT TO  1.00TH MOMEHT
RATIO OF Z.00TH MOMEMT TO  1.00TH MOMENT
RATIO OF 3. 00TH MOMEMT TO 2

IS (F )
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COMPUTRTION OF MEANS.

VAR IAMCES,

AHD 5TO

DEVIATIONS

FOR THE RANOOM VARIRBLE DIFAMETER 0N THE 0OTH WEIGHTED DISTRIBUTION
MEAN = 1 1436E-01 YARIANCE = . B4496E-04 5TO. DEVIATION = LIT202E-02
TTFOR THE FEHOOM VARTABLE UIAMETER ON THE 1TH WEIGHTED DISTRIBUTION -
MEAN = L 19S23E-01 VAR IANCE = LAZ163E-03 ST0. DEYIATION = LA 1GEIE~-01
TTFORTTHE RENOOM VARIGELE UIAMETER ON THE ZTH WEIGHTED DISTRIBUTION
MEAN = L 28R21E-01- VARIAHCE = L 11303E-03 STD. DEVIATION = A0 IRE~01
FOR THE RENDOM WARIRBLE CODIAMETER TO THE FOWER O» OH THE HOM-~WEIGHTED DISTRIBUTION
MERN = . 10O000E 01 VARIANCE = LODOD0E DO STO. DEVIATION = LDDOODE 00
"FOR THE RANDOM VARIABLE CDIAMETER TO THE POWER 12 OH THE NOM-WEIGHTED DISTRIBUTIOH
MEAN = - JA1436E-DT VARIAMECE = LIZ4BEE-04  =5TOD. DEVIATION = L DE1GIE-OZ
TTFOR THE FAMOOM VARIRELE COIAMETER TO THE PAOWER Z2 OM THE NOM=-WEIGHTED DISTRIBUTION
MEAN = L2232TE-03 VAR IANCE = L1Z141E-06 ST0. DEVIATION = . 34844E~03

L GS000E-01

INCLUSION DIAMETER PERCENT CUMULATIVE FERCENT
. 25000E-02 Z5. 00000 25. 00000
. TSOD0E-Q2. ___20,45455 — 45.45455 .
. 12500E-01 34, 09091 79.54545
. 17S00E-01 o 11,36364 90, 20909 .
. 22500E-01. 2.27273 93.15182
. 27S00E-01 . 00000 93.18182
. 3Z500E-01 G.81818 100. 00000
. 37S00E-01 00000 100,00000
L 4Z500E-01 . Dona0 100, 00000
MOMENTS OF WEIGHTED DISTRIEUTION
OTH MOMENT = . 10000E 01
TTH MORENT = CIT136E-01
2TH MOMENT =  134GGE-D3
3TH MOMENT = . 39G4SE-0S
e ¥TH_MOMENT = __21D153E-06
MOMERT RATIOS
RATIO OF 1.00TH MOMENT TO  ,00TH MOMENT. = 111 2EE-01
RATIOTOF  Z.00TH WOMENT TO ~1.00TH WOMENT = L 1GSBZE-01
RATIO OF 3.00TH MOMENT TO 1.00TH MOMENT = . ISS99E-03
RATIO OF 3.00TH MOMENT 10 Z.00TH MOMEMT = L Z14G9E-01
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COMPUTATION OF MEAMS. VARIAMCES. HAND_STD, DEVIATIOHES

FOR_THE RAHDOM_ VYA ELHEﬁJi_erﬂ@iIEE_JIU_Jlﬂi___ H WETGHTED DISTRIBUTION _____ .
WERIAHCE = STO. DEVIATION = LTEYTZE~-02

___________________________________ OIAMETER o _ THE QISTRIBUTION ____ ..

HEAN = .1eda_E—n1 VARIGHCE = 5 5TO. DEVIATION =  HOESE~OZ

FOR THE RAMDOM VERIGELE DIAMETER OM THE TH WEIGHTED DISTRIEUTIOH

MEAN = L214G9E-01  WARIBHCE = « SOSEEE-D4 STD. DEVIATION = LASITRE-OZ

FOR THE RAMOOM YARIABLE COIAMETER TO THE FOWER O3 0O THE HOM-WEIGHTED DISTRIBUTION

MEAN = L1DOD0E Of WARTANCE = L OO000E oo STO. DEVIATION = , QOO00E 00

FOR THE R““99Pl-!@ﬁlfﬂ@EE;JﬁélEHEi[EE-LUl-ItE&JEQE@ﬂi _____ 12 _0H THE MOM-WETGHTED DIY vIiaoW __ .
““““ REAN = 11136E-01 VAR IGNCE = LGEOEG0E-O4 STO. DEWIRTION = . ]

FOR THE RANDOM VARIAELE <DIAMETER TO THE FOWER 27 _0OH THE MOM-WEIGHTED DI=) 1T 10M

MEAN = L 1B4GEE-03 VARTANCE = LETEIZE~-OT STO. DEWIATION = SR AEE-[3

CALCULATIONS FOR INCLUSIONS IM DROFS OF DIAMETER SO00E-01

INCLOSTON DIRMETER PERCENT CUMULATIWVE PERCENT

, 2EA00E-DR :

CTEO00E-D2
____________ JAZSODE-O1
LA FS00E-07
____________ L22S00E-01
L 2TS00E~-D1
. 2ZS00E-01
L3ATI00E-O1
.4~5UUE 01

Ti.15385

B0.T76923
90, 384501
22, 30769
D6, 15385
98.07692
100, 00000

Rt o o o o e i o o o 8 . e > " 03 (8 T S ot P Sy S K M St e S S o o S ok e g
e e ——
X MOMENTS OF WEIGHTED DISTRIEUTION
R OTH WOMENT = . 1O000E A
TTH HOMENT = . 12782E-01
2TH MOMENT = L 25433E-03
3TH MOMENT = LG5126E-05
4TH_MOMEMT = _ L 19570E-05 - e
E e e e e e e e e e e e e o e e e e

MOMENT RATIOS

RATIO OF 1.00TH MOMEMT TO LO0TH MOMENT = LA 2TEEE~-O
RATIO OF  2.00TH MOMENT TO 1.DUTH MOMEHT = L1HERTE-DO1
RATIO OF 3.00TH MOMENT TO LO0TH MOMEMT = LS09ZBE-03
RATIO OF 3-UnTtLJlQUEI{[_IEL_;;LEDTH MOMENT = wESEOTESON . S
TTTTTCOMPOTATION OF WERNS. WARIANMCES, AMO STH. DEUVIATIONS
FOR THE RANDOM WARIABLE CIAMETER OM THE OTH WEIGHTED COISTRIBUTION
______ MEAN = ,12782E-01 VARIAHCE =  BIEEZE~C4 STO. DEVIATION = LIEZO9E~02
FOR THE RANDOM VARIABLE DIAMETER 0N THE TTH WEIGHTED DISTRIEBUTION
______ MEAN = .19887E-01 VAR IANCE = LIS99E-03 STD. DEWIGTION = AOTTOE-01
FOR THE RANDOM VHRIRELE OIGWMETER ON THE ZTH WEIGHTED DISTRIBUTIOH
MEAN = L 2SBOTE~-0O1 VAR IANCE = L 11998E~023 STO. DEMIETION = L 109S4E~01
FOR THE RAMOOM VARIABLE COIAMETER TO THE FOWER 02 ON THE HOM-WEIGHTED DISTRIBUTICOH
______ MEAM = .10Q00E 01 _____ VARIAWCE = LODOO0E 00 570, CGEVIATION = LOOCO0E 00
FOR THE EAMDOM WARIAELE COIBMETER T0 OM THE HOM-WEIGHTED CISTRIBUTION
______ MEAM = L 12782E-01 WARIANCE = \ ; S5TO. DEVIATION = L ISPE0E-0Z
FOR THE ERHOOM VARIAELE (OIAMETER TO THE anEF 23 OH THE MOM-WEIGHTED DISTRIBUTION

MEAHN = 2T IIE-03 VARISBHCE = L1 AZ02E-00 STO. DEWIATION = L JGEII4E-03
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_________________________________________________ Nt e e

CALCULATIONS FOR _INCLUSIONS IN_ORQPE_OF GIAMETER . ____ L REOONE-0 o
IqCLUSION DIAMETER PERCEMT CHMUE BTIVE PERCENT
L 25000E-02 T.547T17 7.34717
___________ > LS000E-02 - S EE033 - 13 0T e
. 12500E-01 41.50943 S4.71692
L1F900E-01 18, 85792 : 132.58491 S .
. 22300E-01 22.64151 96.22641
ratSQUE-D1 00000 26,22641
. 32500E-01 3.77358 100.00000
. 2TS00E-11 L0000 100,.00000_ __
. 42500E-01 . 00a00 100. 00000

OTH_MOMENT = __+10000E 01_
1TH MOMENT = .15425E-01
2TH MOMENT = . 28078E~03
3TH MOMENT = . S7214E-05
______ 4TH_MOMENT =_ L 12814E-06 .
WOMENT RATI0%

RATIO OF 1.00TH MOMENT TO JOO0TH MOMENT
RATIOD OF 2.00TH MOMENT TQ 1.00TH MOMENT
RATIO OF 3.00TH MOMENT TQ 1.00TH MOMENT L3T093E-03
RATIO OF 3.00TH MOMENT TO  2.00TH MOMENT L 2037TE-O1

L19425E-01
. 18203E-01

Pt

COMPUTATION OF MEANS, YARIAMCES. AND_STD, DEVIATIOHS

FOR_THE RAMDOM VARIBBLE DIAMETER QN THE __ I 1) IH__IJLELGH.I_E.E_D_I.EIEIB_U_’LmH ___________________________

MERN = . 15425E-01 VARIANCE = . 43GEGE-04 5TD. DEVIATION = L GEOTGE-0Z
FOR THE_RANDOM VARIABLE DIAMETER_OM THE 1TH WEIGHTED RISTRIBUIION _____________________.__
MEAN = . 18203E-01 VARIANCE = . 40327E-04 STD. DEVIATION = .63S04E-0ZF
FOR_THE RANDOM VARIABLE DIAMETER OM THE ZTH WEIGHTED DISTRIBUTION
MEAN = L2037 7E~O1 VARTANCE = . 41948E-04 STD. DEVIATION = .G47GJE-0Z
FOR_THE RANDOM_VARIABLE CDIAMETER TD THE POMER 0 ON_THE_NON-WEIGHTED DISTRIBUTION
MEAN = -10000E 01 VARIANCE = . 0000UE 00 5TD. DEVIATION = . DOD00E 00
FOR THE RANDOM VARIABLE (DIAMETER_ TO_THE FOMER 12 _ON _THE. NON-WEIGHTED DISTRIBLITION
MEAN = . 15425E-01 YARIANCE = .4ZBAZE-04 STD. DEVIATION = . 654GIE-0Z
FOR_THE RANDOM VARIABLE (DIAMETER TO THE POWER 23 0N _THE MON-WEIGHTED DISTRIEUTION
MERN = .Z8078E-03 VARIANCE = . 49304E-07 STO. DEVIATION = . 22Z05E-03
CALCOLATIONS FOR TNCLUSTONS TN DROPS GF OIAMETER 9S00DE-01
INCLOSTUN OTHWETER FERCENT COWULATIVE PERCENT

. 25000E-02 15.15152 15.15152
. 75000E-02 27.27273  42.42424
B . 12500E-01 1518182 60, 60606
. T7500E-011 15.15152 75.75758
. 22500E-01 12,12121 87.87879
. Z27500E-01 6.06061 93,93939
. 32500E-01 3,03030 96, 96970
. 37500E-01 . 00000 96, 96970

e+ 82500E-01 2,03030 . 1.00, 00000
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MOMENTS OF WEIGHTED DISTEIEBUTION

1TH MOMENT L 1E01EE-M
2TH MOMEMNT L 28504E-03
2TH WMOMENT
4TH MOMEMT

. 729Z1E-05

oM b

CMOMENT RATIOS
RATIO OF  1.00TH WOMENT TO  .0OTH WMOMENT = CTa01SE-01
RATIO OF  2.00TH MOMENT TO  1.00TH MOMENT = L 20338E~01
RATIO OF 3.00TH MOMENT TO  1.00TH MOMENT = L S20Z0E-D3
RATIO OF 2.00TH MOMENT TO  2.00TH MOMENT = L 25583601

COMPUTRTION OF MEANS. VARIANCES, AHO 570, CEWIATIONS

FOR THE RANDOM WARIABLE DIAMETER OH THE OTH WEIGHTED DISTRIBUTION

______ MEANM = .1401SE-01 __ VARIANCE = L91383E-04 5T0. _DEVIATION =  IE594E-02
FOR THE RAMDOM VARIAELE DIRMETER 0OM THE 1TH WEIGHTED DISTRIBUTION
MEAN = .20338E-01__ WARIANCE = L100ME-02 ____STD. DEVIATION = . 10429E-01
————— FOR THE RBHOOM VARIRBLE OIAMETER OM THE Z2TH WEIGHTED DISTRIBUTION
MEAN = CL2SS8IE-01 VERIANCE = S1124TE-0O3 STO. DEVIATION = LOES2E-01
FOR THE RAMDOM VARIABLE COIAMETER TO THE FOWER 0 0OM THE HWON-WEIGHTED DISTRIBUTION
______ MEAN = . 10DO0E 01 VARIANCE = LO0000E 00 5TL. DEMIATION = LI0O00E D0
FOR THE RAMDOM VARIABLE <OIAMETER TO THE FOWER 12 0O THE MOM-WEIGHTED DISTRIBUTION
______ MERN = . 14015E-01 __ WARIANCE = LERGIIE-O4 _____STO. DEVIBTIOH.= L 94135E-02
FOR THE RAMDOM VARIABLE {DIAMETER TO THE FOWER 22 0OM THE HOM-WEIGHTED DISTRIBUTION
MEAN = L 2SS04E-03 VARIANCE = LA IEETE-DOG STD, DEMIATION = L AGSEIE~D3
CALCULATIONS FOR IHELUilgﬁgﬂ;@_gﬁgﬁg;ﬂEﬂg;BﬂgIEEﬂ___n“__“_LLQEQQg_QD __________________________
INCLUSION DIGMETEER PERCENT CUMULETIVE FPERCENMT
. 25000E-02 L0000 Q0000
LTSQoE-2 L0000 - B v | U
. 12500E~011 0. 00000 20.00000
L 1TS00E-0 55.00000 e 243.,00000________ - -
. 225300E~-01 L Q0000 25.00000
L 27S00E~O1 5. 00000 90, 00000
. 32300E-01 S 0000 25, 00000
. 37S0NE-0] . 00000 95.00000 o
L 42500E-1 5. 00000 100, 00000

__OTH_ MOMENT = __.10000E 01 -
TTH MOMENT = L 1ES00E-01
2TH HOMENT = L 3VGISE-0Z
3TH MOMENT = L10128E-D4

4TH HMOMEMT 3054 1E-DA

MOMENT RATIOS

RATIO OF 1.00TH MOMEMT TO JOTH MOMEHT
ERTIO OF 2.00TH MOMENT TO LOOTH HMOWMENT
RATIO OF  3.00TH MOMENT TO LO0TH MOMEHT
RATIO OF  3.00TH MOWMENT TO  2.00TH HOMEMT

L 1E500E-01
L21419E-01
LS54T4TE-D3
L 2S960E-01

— -

M H HIH

3




COMFUTRTION OF MEAWS, VARIAMCES. AMD 5T0, DEVIATIONS

MEAN = L 18S00E-D1 VARIANCE = L SEE4ZE-D4 STO. DEVIATION = . 75394E-02
_FOR THE RAHDOM VAEIARBLE DIAMETER_OH THE 1TH WEIGHTED DISTRIBUTION ___ - —
““““ MEAN = L21419E-01 WARIANCE = . 9I364E-04 STO. DEVIATION = . 96625E-02
FOR_THE RANDOM VARIABLE DIAMETER OH THE 2TH WEIGHTED DISTRIBUTION
MEAN = . ZESE0E-01 VRRIANCE = L 12629E-03 STD. DEVIATION = L 11238E-01
FOR_THE RAMDOM_VARIABLE C¢OIAMETER _T0 THE_FOWER 02 _ON_THE_MOM-WEIGHTED DISTRIEUTION
MEAN = .10000E 0 VARIANCE = L O0000E 00 STG. DEVIATION = . 00000E 00
FOR THE RAHDOM VARIABLE COIARMETER_ TD THE FOWER 17 .0H THE_ MOW-WEIGHTED DISTRL

MERM = . 18500E-01 VARIANCE = LG 000E-04 STD. DEWIATION = SE-0
FUR THE RANDOM VARIABLE (DIAMETER TO THE FOMER 23 _0OH THE HOM-WEIGHTED DISTRIBUTION
MEAM = « IDEISE-D3 VARTAMCE = L1 R40E-D6 %T0. DEVIATION = L ARES2E-03
CALCOLATIONS FOR THCLUSTONS IH DROFS OF DIAWMETER ' LHIS00E OO
ITHCLOET0H DIEWMETER FPERCENT CUMULRTIVE FERCEHT
. Z5000E-D2 L O0000 L 00000
. ToR00E-QOZ Gl BEEGT G EEEET
_______ L12S00E-01 52,33333 0. 00000
“““ .1 TS00E-0O1 ZELRERGET B85, 66667
L 22500E-1 . 00000 - 86.66HET
. 2 TOUlUE-TT . ooaGn G, EEEGET
. 32500E-01 13.332333 100, 00000
. 27S00E-01 L 00000 100. 00000
e ____x42800E-DYV_ LOooone 100, 00000
Jom e e v i e e = —— o (o T Tk b o T
MOMENTS OF WEIGHTED DISTRIEUTION
B e o e ot it . o e s i Gt 08 e o o B 0 B 45 e s ot G S
i O H MOMENT = L O000E O e
1TH MOMENT = L I51TETE-H
. 2TH MOMENT = . 30ISEE-NZ
3TH MOMENT = . TOTE0E-05
i 4TH MOMENT = « 18T00E~-04 o
B e e et e e e e e e e e e e e e e e et e e e e et e e e e

MOMENT RATIOS e,
RATIO OF 1.007TH WMOWMENT 1O  .0O0TH MOMENT

RATIO OF _ 2.00TH MOMENT TO _ 1.00TH MOMENT
"RATIO OF 3.00TH MOMENT TO 1.00TH MOMENT

RATIO OF _3.00TH MOMENT TO . 2.00TH_MOMENWT

191 49E-01
L 42769E-03
LEEESTE-O1

oot

COMPUTHTIUN OF MERNS. WARIAMCES, AMO 5T0. DEVIATIOME

FUR THE RHMOOM VARIHBLE UIAMETER ON THE OTH WEIGHTED DISTRIBUTION

MERN = L1G1ETE-DT VARIANCE = . S166TE-04 STOD. DEVIATION = . 71880E-02
TTTTTFOR THE RBNOOM VARIHELE GIBMETER ON THE TTH WEIGHTED GISTRIBUTION

MEAN =, 19149E-01 VARIANCE = L TE0G1E-04 STD. DEVIATION = . 87213E-02

FOR THE RANDON. VARIABLE GIAWETER ON THE  2TH WEIGHTED DISTRIBUTIGON

MEAN = L ZZESTE~01 YARTGHCE = LET4ZIE-04 ST0. DEWIATION = . 93S0SE-02

FOR THE RANDOM VARIABLE COIAMETER TO THE FOWER 0 ON THE HOM-WEIGHTED DISTRIBUTION
_______ MEAN = .10000E 01_____ WARIANCE = LOO00DE_ OO STD. DEVIATION = L 0O000E_00
' FOR THE RANDOM VARIABLE COIAMETER T0 THE POUER 13 OM THE NON-WEIGHTED DISTRIBUTION
] MEAM = L 1GIETE=O1 VARIANCE = L 48Z22E-04 5T0. DEVIATION = . 6944 2E-02

FOR THE RAHDOM VARIABLE {ﬁ]ﬁMETEE TO THE FOWER 22 OM THE NON-WEIGHTED DISTRIBUTION
MEAN = L A0AERE-03 VARIANCE = SS1ISG6E-07F STO. DEVIATION = L3201 92E-03
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MO, THELUSIONS

Q000 TO 193, 00000 R alntnin]u]
L0000 T L0000 304,00000 7
TTTTTTTTT p2o0n 1o 140, 00000
L03000 To L 04000 6.2, 00000 .
__________ . 04000 1O L 05000 36. 00000 z.
. 05000 To L0000 15, 00000 47
RELEVIREE L7000 11, 00000 G &
L7000 TO LE000 11. 00000 52
08000 TOO 09000 7.00000 §3.00000
09000 T L0900 4.00000 2i.00000 R
'''''''' Lioooa Ta T LiTogo 3.00000 20, 00000
, 11000 TO Jlz2onn 2. 00000 15, oooog
CALCULATIONS FOR INCLUSIONE BASED OW WHOLE SPRRY e
IMCLUSION DIGMETER FERCENT CUMULBTIVE PERCENMT
. 2S000E-02 19, 77865 19.

, TE00NE-D2
L12300E-01
_1TS00E-01

e

L Z2300E-01
2VS00E-01

a4

. A2S00E-01

. 37SO0E-D1
Ta3S00E-O1

p R G RR ) (S e s s Bl 48
O 00 00 [P fug ey 00 O

—

Rateinininl

OTH MOMENT = J10O000E O
1TH MOMEHT = L12TTRE-O1
2TH MOWEHT = L 23120E-03
3TH MOMENT = . S52335E~-05
4TH MOMEMT = . 1 4OG0E-05

MOMENT RATIOS

RATIO OF 1.00TH MOMEMT TO LOO0TH MOMEMT =
RATIO OF 2 00TH WMOMENT T4 1.00TH MOMEHMT =
RATIO OF Z.00TH MOMEMT TO  1.00TH MOMENT =
RATIO OF Z.00TH WMOMEMT TO  2.00TH MOMEMT =

MARTAN

. FOR_THE RANMDOM VARIREBLE DIAMETER QH_THE OTH MWEIGHTED DISTEIBUTION ________ o ___
MERN = A Z7TEE-O1 VARIBNCE = EE072E-04 STO. DEWIATION = , BZSOGE-02
FOR THE RAMDOM VARIABLE DIAMETER_ON THE 1TH WEIGHTED DISTRIBUTION -
MERN = L12093E-01 YARIANCE = CE240BE-04 STO. DEVIATION = 907 79E-02
FOR THE RANDOM VARIABLE UIGMETEE DN THE H WEIGHTED DISTREIEBUTION
MERN = . 22EATE-O1 VARIANCE = 959456 ~04 STO. DEWIATION = . 979S2E-02
FOR_THE_RAHDOM VERIABLE CODIAMETER TO THE FOWER 03 OH_THE MOM-WEIGHTED DISTRIEUTION
MERN = L10000E 01 YARIANCE = . 00000E 0d STO. DEVIRTION = . 00000E 00

____FOR THE RAHDOM VARIABLE (OIAMETER TO_THE POWER_ 12 _0H THE HOM-WEIGHTED DISTRIBUTION
WERM = L ETTRE-O WERIANCE = LGTY STO. DEVIATION = .BZ407E-0Z
FOR_THE RANOOM YERIABLE (DIAMETER TO THE FOWER 23 0N THE HiH-WEIGHTED DISTREIBUTION
MERH = L Z3120E-03 VERIANCE = ET14GE-07 STD. DEVIATION = L 29521E-03
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CALCULATION OF FERCENT OF_SURFACE AMD VOLUME EEFRESEMTED EBY IMCLUSIONS

DROP DIAMETER FERCENT IMCLUDED ARER PERCENT IMCLUDED YOLUKE
. 00500 BI45E-03 , 3249GE-04
. 01500 ZE499E DO SOBIBOE-O1_
. 02500 . 24500E 0O . 99643E 00
LO3SR0 JTZANDE OV JBIG42E O
. 04500 L1GES3E 02 L68T92E O
. 05500 L2I127E 02 L\0773E 0%
. 06500 L 17423E 02 LST744E 01
. 07500 .21374E 02 LT29T6E O3
. 03500 L29424E 02 . 70538E 01
___________ 09500 o kZEOSGE 02 L TOIGBE O
RGE LZI9G1E 02 .53327E 01
. 11500 L 17557E 02 . 34895E 01

FERCENT SURFACE REPRESENTED -BY IMCLUSIOWE = 16.93234
PERCENT WOLUME REFRESEHTED EBY IHCLUSIONS = G, 01691
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In the velocity weighted percentages, number is from input

data. For the mth size range:

Corsmanee ) [eoneri
DELAY ()

Speed(m)

(B. k)

Percent for the mth size range is figured as:

Percent(m) = \oo;}»uNAﬁc&(wkliseegn(ij (5.5)
Y [Numesedn) ] Tspeen(ay )

Ty

and, for the mth size range, cumulative percent is:

Wi
Cunulative Percent(m) = ) PereenT () (B.6)
T

Percent per size range is:

PeocenT (wm)
ENDPT(mt) = ENDPT (w)

(B.7)

Percent/Size Range (m)

The probability density and distribution functions represent
various weightings of the velocity weighted distribution by the indicated
powers of the mean diameter of the size range., For the mth size range in
the density (probability) function weighted by the Rth power of the mean
diameter, Dm, of that size range:

®

= (Dw) Pepcent (W\
?(L(M} = " = W
Y, (D) Percent (1)
I=

(B.8)

and:

™M
COMULATWE PloARiLrr (wY =y PelT) (B.9)
. 1=t
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The moments of the weighted distribution are calculated as,

for the Rth moment:

| d R
MomenT (R) = —= 12-\ LD PeeenT (1) (B,10)

Moment ratios are self-explanatory.

Means, variances, and standard deviations are calculated for

the Rth weighted distribution as:

Mean = Moment (R+ 1) (B,11)
Moment (R)
Z iuqm(%&(ﬂ

Variance = MoMGNT(@-\-’D_ MDM‘&N'\'LQ-\'\) I=! (B,le)

MomenT (R) | MoMenT (R) (iﬁuw%ﬂﬂ)-\‘

T=1

s . \1/2

Standard Deviation = (Variance) (B,13)

For the mean of the variable diameter to the power R on the non-weighted

distribution, we have:

Mean = Moment (R) (B.14)

M
> _Z NumMBER (T)
Variance =(Moment (2R) - [Moment (R)] ) (%S‘ (B,15)
N
I=

ek @) 1.

It should be noted that whenever the variance = 0,, the computer sometimes

will retain a very small negative number instead, This is always replaced

automatically by a value of 10'6 for the variance to avoid stopping the

machine by attempting to take the square root of a negative number in

computing the standard deviation,

Surface and volume rates are calculated as, for the mth size

range (Note D, comprises the diameter column):
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"
(3.%59) (D) [speen I L urv e (a) )
Surface(m) (PHovos) (REVGTH) (B°l6)
and
Y (O [ (I L AN
_ (30415a) (D) [seeeo(w)]LNumpeE (w
VOlU'me(m) o (L) (ProTos) (M GTRY (B° 17)
and the total rates are simply:
™M
Total Surface = ) Surface (I) (B.18)
T=1
™
Total Volume = > Volume (I) (B.19)
I=1

Note these represent the total volume and surface of the large drops pass-
ing through the camera field per unit time without regard to the inclusions.
Similarly, the momentum and energy (kinetic energy) transfer

rates are calculated without regard to the inclusions as:

3 =
Momentum(n) = ‘£§JﬂSQ)(DM)UD@MST%)CLDNST5>EN0M@€KLWQXE§FEEDLw)i (B.20)
LI eToD) ‘
s 't AN cCo () Tl
Energy(m) [Mome dTum ¢ 3_',(\5?&1&/( Alcons (B.21)
and for the total rates:
™M
Total Momentum = ). Momentum (I) (B.22)
I=1
™M
Total Energy = E: Energy (I) (B,23)
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Now, for the inclusions in the mth size class of large drops,

i.e., drops with mean diameter D , we have for the nth inclusion diameter:

- EDPTIN(M)F E0CTIN (W
d\“ z (1gnt N) (B‘,El#)

and as in the calculation for the large drop distribution:

Doo A0 NN Cwyn))

Peree Nt (W) = R (B.25)
Z ‘\j”\] (M\J)
Jg =\
CUMULATIVE PERcENT (W) = ) PECCENT () (B,26)

J=1
Although space does not permit the inclusion of the weighted
conditional inclusion distributions, the program will also figure these
in a fashion similar to that for the large drop distribution; e.g., for
the nth inclusion range in the mth large drop range, we have for the Rth

weighted distribution:

R
Palwye Lded LPERGNTON] (2.27)

$ 14, Lrereens 9]

3=

and.
|49

Cumulative Probability(n) = E: Pe (3) (B,28)
J=

Again, as for the distribution of iarge drops, the Rth moment:

Qe

N r
moment (RY = mo=— Y (d) [Pencent (3)] (B.29)
3=

Note that in the above we have used PERCENT (n), and for the

large drops we spoke of PERCENT (m). For inclusions, PERCENT (n) is
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defined in Equation ( B.25); for large drops, PERCENT (m) is defined in
Equation ( B.5 ).

Moment ratios, means, variances, and standard deviations are
calculated as for the large drop distribution, except the last factor
in the variance becomes:

Z NN (w3 1

N |
B (w JXJ— L |
YT

Note that whenever there are no inclusions in a given large

(B,30)

drop class, the computations are skipped tc save computer time,
Total numbers of drops are tabulated by large drop diameter Dia

For the mth size class:

lo Drops = Number (m) (B.31)

N
lo Inclusions = ) NIN (m,J) (B.32)
3=t

In the calculations for inclusions based on the whole spray, we
st wvelght the inclusions by the velocity of the large drop which contains
them, Therefore, in these calculations, for the nth size class of inclu-

sions, of diameter d,:

M -1
Y [seecn(z)}Imn (e W

Percenw(wy = 20 2] - (3.33)
Y Y [areen (1yITam .
I=t I=\
N
cumuative pPegeerlt (W) = Z ERCENT (3) (BOBL‘-)

J=
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Again, there are no weightings of the marginal distribution
shown; however, the calculations can be done using this program as they
could for the conditional distributions, Calculation of moments,
moment ratios, means, variances, and standard deviations is the same
as for the conditional distributions, except the last factor in the

variance becomes:
[

i 2wz
rary (B.35)

[ i Z mM('I;J)} =\

I~y J=1)
Percent surface and volume represented by inclusions is classified

by large drop diameter, Di’ and is calculated, for the mth size class, as:

N 2
L [omde, I,

- (\00.) J=1
67:: AREA (W\) = [Num?aé?x(,\m)—_) EDW:]L (Bv 36)

N 3
(3
R ;‘[Mm( 1 Td5) 5 5)
[oumeer.tw)) LD0°

[ VoLUME (m) =

and for the overall spray (last two lines of output):

moA y
Z Z [sfeen I TN G, [AJ]
(loo Y37 344
(B.38)

" Z
> Cspeen (1) ITNumseR (1] O]
T=\

oveeas %o neca =

Mm o 3
Z z ESPEEDL:\]LmM:,;)}[ AJ]

L\DDA\ T J=|\

o 3
Z [seeep (T)][NUmBEL @Yo )
I=

(B.39)

| OVEZALL S)o VoLume =
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C.l, Rotameter Calibrations

Shown in Figures 59 and 60 are the calibration curves for the
Manostat Corporation FMLOL3T Flowmeter used to measure flow rate of the
dispersed phase through the orifice. Flow rate was measured by measure-
ment of the flow of displacing nitrogen, and curves are presented for
nitrogen pressures (measured on upstream side of rotameter) of 34,7 psia,
and 149,9" mercury absolute,

Calibration curves were drawn from volume-time measurements
with a fluid actually flowing from the liquid reservoir, The timing
device used was a Hewlitt-Packard counter with an accuracy of .00l second,
and samples of the liquid were collected in a graduated cylinder in such
quantity as to reduce both time and volume measurement errors to less
than l%o Readings were reproducible, and the presence of two different
floats permits averaging the two readings (when both are on scale) while
using the calibration curves,

It is possible to make a mathematical prediction of the cali-
bration using a "Predictability Chart" which is supplied by the manufacturer,
The values calculated with the aid of this chart for the 34,7 psia pressure
are shown in Table XV, Although the agreement is good, the calculated
curve falls somewhat above the measured points, and so the measured cali-
bration, since it was representative of actual conditions, was the one

used in all cases,

C,2, Calibration of Tensiometer

The tensiometer used in this research was of the DuNouy type,

manufactured by the Central Scientific Company, and bore the serial
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TABLE XV

CALCULATED CALIBRATION CURVE FOR ROTAMETER TYPE
FM1O43T WITH NITROGEN FLOWING AT T7O°F AND 34,7 PSIA

Flow Rate - ml,/min, @ T70°F, 34,7 Psia

Scale Reading Stainless St, Float Sapphire Float
1 3.52 1.79
2 7.95 L, ok
3 15,4 7.6

26.3 13,2

5 b1.6 21,1

6 60.6 32, L

7 78. 4 k2,7

8 99.0 56,6

10 137.0 83.8
12 173.0 110.0
14 222,0 142,0
16 269.,0 170.0
18 318,0 181.0

20 359.0 251,0
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number C7-8 of the Department of Chemical and Metallurgical Engineering
Department of the University of Michigan, The platinum ring used with

the tensiometer had a circumference of 5,998 cm, , and was also manufactured
by the Central Scientific Company. Company catalog number on the inter-
facial tensiometer is 70545 and on the ring 70542,

Calibration method was as follows: the ring was attached to
the tensiometer in the normal fashion, and a small piece of stiff paper
placed across the top of the ring to act as a pan for weights, The
instrument was zeroed, and then weights from 100 to 1100 gm, were placed
on the paper and theltensiometer re-zeroed, This gave a scale reading
in dynes/cmo (the instrument is designed to read directly).

Knowing the weight added to the ring, and the diameter of
the ring which it was proposed to use, and assuming the gravitational
acceleration to be essentially 980 cm,/secag, one can calculate what
the scale reading should actually be, Since the ring‘is used to rupture
two liquid surfaces, the force (mass of weight times acceleration of
gravity) is distributed over twice the circumference of the ring, In

other words:

Calc'd Scale Reading = —&— (C.2,1)

Z.c%c
where: Calc'd Scale Reading = Dynes/cmo
m = mass in grams
a = 980 cm/sec?
¢ = circumference of ring, cm,
1l gm.,m.cm,

8 = To oD (conversion factor)
yne sec,
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Results are shown in Figure 61, and the corresponding values

shown in Table XVI,

TABLE XVI

CALIBRATION OF TENSIOMETER C7-8

Ring circumference: 5,998 cm,

Mass of Weight Calculated Scale Observed Scale
mg. Reading, Dynes/cm, Reading, Dynes/cm.
100 8,2 8.3
200 16.3 16, k4
300 2k,s 2k, 3
400 32,7 %2, 4
500 4o.8 ho.7
600 49,1 48,5
700 57.2 56,7
800 65. 4 6k, 6
900 73,6 72,8
1000 81. 7 81.1
1100 90. 0 89.1

C.3. Calibration of Pressure Gauges

Pressures involved in the course of this research were measured
in two ways - first, by dial-type pressure gauges, and second, by mercury
manometer, The mercury manometer obviously needs no calibration other than
assurance that the scale is properly graduated and that the proper fluid

is used. A commercial mercury menometer was used, model M184 manufactured
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5

Figure 61,
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by the Meriam Instrument Company, serial Cl7 201 of the Department of

Chemical and Metallurgical Engineering of the University of Michigan,
The dial-type pressure gauges used were 0-60 psi, serial

C2 111 and 0-30 psi, serial C2 hos - again both serial numbers are

from the Chemical and Metallurgical Engineering Department of the

University of Michigan. These gauges were both calibrated using a

standard dead-weight gauge testing apparatus, with the results shown

in Table XVII,

TABLE XVII

CALIBRATION OF DIAL-TYPE PRESSURE GAUGES

Observed Pressure True Pressure
psi psi
Serial C2 111 L5 5,
10, 10,
15, 15,
20, 20,
25. 25,
30, 30.
55, 35,
Lo, Lo,
b5, L5,
50, 50.
55, 55.
60, 60,
Serial C2 495 4,8 5,
10, 10,
15,2 15,
20,2 20,
25.2 25,
29.9 30,

C.4. Camera Calibrations

Two calibrations were made on each of the cameras used in this

research - one for magnification and one for depth of field. Both cameras
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used 50 mm, Argus lenses, the 2,6X camera having £/2.8 to f£/22 stops
and the 10X camera remaining fixed at f/5,5.

Magnification calibrations were made by photographing the barrel
of a hypodermic needle which had been measured with a micrometer, The
resulting negative was enlarged by a factor of 10 diameters and the dis-
tance measured using a ruler with ,01" subdivisions,

It should be further noted that camera magnification will vary
slightly depending on the focus setting of the lens, This was checked
and not found to be an appreciable consideration, but in order to be
systematic all maegnifications were measured and all data taken with the
lens focus setting on infinity.

Depth of field measurements were made similarly, except that
the barrel of the hypodermic needle was inclined at about a 60° angle
with the camera axis, From knowledge of the angle and by measuring the
length of the barrel shown in focus on the negative, depth of field
measuyrements were obtained, Results are summarized in Table XVIIT,

Depth of field was also calculated, and it was found that
drops which would appear to be in satisfactory focus can correspond
to a sizeable circle of confusion as compared to the sizes of circle
of confusion commonly used in photographic work,

TABLE XVIII

DEPTH OF FIELD CALIBRATIONS FOR 2,6X AND 10X CAMERAS

f stop depth of field, mm,
10X camera
3.5 1-2
2,6X camera 5.8 5l
L, 3.9
5.6 bk
8. 5,4
11, 6.9
16, 8.3
22, 10,3
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TABLE XIX
RAW DATA - RUN NUMBER 1

System! Saturated CCl) into saturated Hgo
Flow Rates 275 cm3/m!rn.

Nozzle Dismeters ,1042 cm,

Interfacial Tensions 32,0 Dynes/cm
Viscosity of Flowing Pheses 1,0 cps,
Density of Flowing Phage: 1,595 gm/ em?
Time Delay: 2,54 x 10-3 sec,

Large Drop Size O,~ l.- 2,~ 3. 4. 5. 6. 7,- 8- 9,- 10,- 11,- 12,- 13- 14 . 15.-. 16.- 17.- 18,- 19,- 20.-
Renge, em,x10° 1, 2, 3 4 5 6 7. 8 9 10, 11, 12, 13, 1k 15, 16, 17. 18, 19, 20. =21,

No, Large Drops 36 86 99 65 32 19 12 6 5 4 7 1 0 0 3 6 0 1 0 0 1

Avg, Distance,

em, x 102 3.9 53 64 7,2 7.7 81 84 87 88 88 88 88 88 88 88 88 88 88 88 88 8.8
6,-.5 0 0 0 1 ©0 O 5 O0 0 1 1 0 0 0 0 3 0 0 0 0 0
Nmbei 5-L00 0 0 O 1 2 2 o0 3 6 13 0 0 0 0 5 0 3 0 0 0
of In. 1,0-,5 0 O 1 o 7 3 7 1 8 & 18 0 0 0 5 1k 0 e 0 0 3
clusionsl.5-2,0 0 O ‘ o 1 1 3 k4 1 2 5 0 0 0 0 6 0 6 0 0 0
by Size 2,0-2,5 0 -0 O v 0 1 L2 1 7 8 10 1 0 0o 1 9 0 6 0 0 2
Renge, 2,5-3,0 0 ©O0 O ©O0 O 2 0 1 1 2 0 1 0 0 0 4 0 2 0 0 0
emx1023035 0 o o0 o0 1 1 1 1 0 0 0 4 4 0 0 0 0 L

o\
o

3540 0 0 0 0 ©0 O o0 O

bokt5 o o 0o o 0 O 0 O 1 2

TABLE XX
RAW DATA - RUN NUMBER 2

Systems Setursted CCly into Saturated Hy0
Flow Rate: 275 cmd/min,

Nozzle Dismeters ,1042 cm,

Interfacial Tensions 32,0 Dynes/em.
Viscosity of Flowing Phases 1.0 eps.
Density of Flowing Phase: 1.595 gm/cmd
Time Delay: 2.54 x 10-3 sec.

Large Drop Size 0~ l.= 2.- 3« 4. 5. 6. 7.. 8- 9.- 10.- 11,- 12,- 13- 14 15.- 16,- 17.~
Range, om, x 102 1, 2, 3 4 5, &6 7. 8 9, 10, 1, 12, 13 1k 15 16, 17. 18

No. Lerge Drops 16 57 70 % 19 9 7 4 3 3 6 1 0 0 0 b 0 1

e I 59 s 64 7.2 77 81 84 87 68 86 688 88 88 68 88 88 68 88
Number 0.-.5 0O 0 0 1 0 0 o o 0 0 1 0 0 0 0 3 0 0
of .5-1,0 0 o o o 1 1 2 0 3 1 12 0 o 0 0 5 0 3
Inclu-  1.0-1,5 o 0 1 o 6 3 6 0 L 5 15 0 0 0 0 14 0 i
’iﬁf 1,5~2,0 ¢} 0 0 1 1 3 3 1 1 2 L4 0 0 0 0 5 0 6
Size 2,0-2,5 0 0 0 0 0 2 1 0 1 3 6 1 0 0 0 7 0 6
Renge,  2,5-3.0 0 0 o 0 0 2 0 1 0 3 0 1 0 0 0 3 0 2
em, x 3,0-3.5 0 0 0 0 1 1 0 0 0 0 3 0 0 0 0 2 0 0
102 3,5-4,0 0 o 0 0 0 0 0 o 0 0 2 1 0 0 0 1 0 0
b,0-k,5 0 0 0 0 0 0 0 0 1 1 4 0 0 0 0 3 0 4
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DROP DIAMETER, Cm
Distribution Plot for Run 4.
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TABLE XXITI
RAW DATA - RUN NUMBER 6

System: Saturated CCly, into saturated Heo
Flow Rate: 22 emd/min,

Nozzle Diameters ,0420 cm,

Interfacial Tension: 32,0 Dynes/cm,
Viscoslty of Flowing Phaset 1.0 cps,
Density of Floving Phage: 1,595 gm/cmd

Time Delay: 2,52 x 10-° sec,

Large Drops Siz Op» L= 2,« 3, 4. 5. 6- 7, 8-~ 9~ 10,- 11,
Range, cm, x L 1, 2, 3, b, 5. 6. 7o 8. 9 10, 11, 12,
No. Large Drops 61 P2 126 T8 b1 37 30 33 25 25 8 1
Avg., Distance
cm, x 102 2,4+ 32 &3 L8 50 51 53 sk 54 5.6 5.6 5.8
Number  0,~ ,5 0 ) 21 13 13 8 8 6 12 10 1 » 0

of .5-1.0 ) L 15 16 9 9 21 19 12 22 7 3
Inclu- 1,0~L,5 0 0 1 6 3 10 13 14 20 13 2' "0
silons

by 1,5-2,0 ] 0 1 2 3 3 5 8 6 8 1 0
Size 2,0-2,5 0 0 0 0 0 2 L 8 8 4 2 1
Range, 2,5-3.0 0 0 0 1 o0 1 2 1 13 1 0
emy X 3,0-3,5 0 0 0 0 0 0 0 1 1 1 0 0
10? 3.5-4,0 0 0 0 0 0 o 1 0 o o0 1 0

4,0k, 5 0 0 0 0 0 0 0 0 0 1 1 0
TABLE XXIV

RAW DATA -~ RUN NUMEER 7

System: Saturated CCl) into saturated H)O
Flow Rates 190 cw)/min,

Nozzle Diemeter: ,0642 cm,

Interfacial Tensions 32,0 Dynes/cm,
Viscosity of Flowing Phases 1,0 cps.
Density of Flowing Phase: 1,595 gm/cm’
Time Delsys 1,10 x 10~3 sec

= 6y~ Tow 8, 9,- 120,- 11,- 12,- 13,- 1k- 15,
7. 8 9 .10, 11, 12, 13 1k 15 16,
6 6 8 5 4 L 3 3 2 0

Large Drop Size 0= lo= 2,% 3.~ k4= 5
Renge, cm, x 102 1, 2, 3, L, 5. 6
No, Lerge Drops 40 67 50 3L 17 12

Avg, Distance,

cm, x 102 2,0 2,2 2% 26 28 30 32 34 35 37 39 kil kL3 k5 k7 - ko
0Or=e5 0 0 0 0 0 0 2 1 2 6 5 4 1 1 1 0
Number  ,5-1,0 O 0 2 2 L 5 1 1 1 6 6 6 L 3 1 0
of L0-L5 © 0 0 2 1 1 2 1 5 b 6 4 5 7 6 0
Inclu- 1,5-2,0 O 0 0 1 0 0 0 0 0 2 5 L 1 4 0
Si:;s 2,0-2,5 0 0 0 0 1 1 1 2 3 1 4 5 1 b 2 0
Size 2,5-3.0 0 o o 0 1 0 0 1 1 0 0 3 0 1 0 0
Renge, 3,0-3,5 O 0 0 0 0 1 1 0 2 1 0 0 2 0 1 0
em, x 3,540 0 0 0 0 0 o 0 o 0 0 1 0 0 2 2 0
102 bods o o o0 O O O o0 0 0 0 0 1 0 2 0 0
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Large Drop Size O, 1,-
Range, cm, x 102 1, 2,

No. Large Drops 108 151
Avg, Dis%ance,

em, x 10 1.8 2.1
Number 0,=.5 0 T
of .5-1,0 0 1

Inclu~ 1,0-1.5 © 0
sions

by 1,5-2,0 0 0
Stze 2,0-2,5 0 0
Range, 2,5-3,0 0 0
em, X 3.0=3,5 0 0
102 3.5-4,0 0 0

1"- O'J"'a 5 O O

Lerge Drop Size
Renge, cm, x 10

No, Large Drops

Avg, Distance,
cm, X 1

Number of 0.=,5
Inclusions ,5-1.,0
by Size 1.0-1.5
Range, 1,5-2,0
em, x 10° 2,0-2,5
2,5-3.0
3.,0-3,5
3.5-4,0

4, 0-k,5

System: Saturated CCly into saturated Hy0

-166-

TABLE XXV

RAW DATA - RUN NUMBER 8

Flow Rate: 130 cmd/min.
Nozzle Dismeter: ,0642 cm,

Interfacial Tension: 32,0 Dynes/cm,
Viscosity of Flowing Phase: 1,0 cps,

Density of Flowing Phage: 1,595 gm/emd,
Time Delay: 1,55 x 103

2,
3.

61

2.5

13

System: Saturated CCl) into saturated H20

3!'
b

b, -
Se

19

RAW DATA - RUN NUMBER 9

Z o
6 6
3.4 3,8
L 3

2 7

1 14
2 5

3 0

0 0

0 1

0 0

0 0

TABLE XXVI

Flow Rete: 130 cm”/min,
L0642 cm,

Nozzle Diemeter:
Tnterfacial Tension: 32,0 Dynes/cm,
Viscosity of Flowing Phage: 1.0 cps,
Density of Flowing Phage: 1,595 gm/
sec,

Time Delay: 1.55 x 10=D

0, =~
1,

85

1.8

1.~
2,

153
2,1

2,~
30

79

2'5

30
L,

32
2,8

o &= F

Y]

sec,

4, -
5.

17
3.1

Te=

I

b1

W W

11

11

8. -

em?

6,~-
7.

5.
3.8

-F‘T\)HO\N

o

10,- 11.~
11, 12,
1 1
5.1 5.5
0 0

0 0

0 8
10 2

0 0

0 0

0 0

0 0

0 0
8.- 9.-
9, 10,

6 1
b4 48
¥ o

3 0

1B 1

7 0

10 1

0 0

2 0

0 0

0 1

o O

[=
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% OF DROPS SMALLER THAN GIVEN DIAMETER .
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Figure 69, Distribution Plot for Run 10.
(For Raw Data See Table IT)
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Lexge Drop Size
Renge, cm, x 1

No, Large Drops

Avg, Dis‘%a.nce,

em, x 10
Number Oe=e5
of «5=1.0

Inclusions 1,0~1.5
by Size 1.5~2.0
Renge, 2,0-2,5
em, x 107 2,5-3,0
340-3.5
3,5-k,0
L4, 0-k,5

0.~
L

104

ko

Large Drop Size
Range, cm, x 10

No, Large Drops

Avg, Distence,
cm, x 1

Number of

Inelusions

by Size 1,0-1,5 O 0
Range, 1,5=-2,0 O 0

em. x 108 2,0-2,5 0 0 0

0.-5,
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TABLE XXIX
RAW DATA - RUN NUMBER 13%

System: Saturated CCl) + 6.6 cm3/ge.'|.. "Alkaterge C" into saturated Hy0
Flow Rete: 45 cmd/min,

Nozzle Diemter: ,0642 cm,

Interfacial Tension: 11,7 Dynes/cm,

Viscosity of Flowing Phagset '1,0 cps,

Density of Flowing Phase: 1,595 gm/ o

Time Deley: 2,61 x 10~2 sec,

#For Distribution Plot See Figure 2k,

.- 2~ 3= k- 5- 6, T,- 8- 9~ 10.- 1L~ 12,
2, 3, L, 5. 6. Te 8. 9, 10, 11, 12, 13,

9% 87 8 3 20 8 5 7 5 o 3 2

La ks k7 50 52 55 57 59 6.1 63 6.5 6.8
1 i 0 8 4 i 2 5 7 0 1 Y
0 1 3 6 7 6 0 8 0 o 1 L
o +» 3 7 9 2 3 10 5 0 7 3
0 1 0 2 5 1 3 0 2 0 3 1
0 0 0 1 2 0 0 0 3 0 L L
0 0 0 1 3 0 0 3 0 o 1 3
6 o o0 o o0 o0 1 1 1 o0 0 1
0 0 o 0 0 0 0 0 1 0 1 2
0 0 0 0 0 0 o 1 0 0 2 0
TABLE XXX

RAW DATA - RUN NUMBER 14

System: Seturated OCLy + 6,6 cm’/gal, "Alketerge C" into
sa‘burate% 1,0, .

Flow Rate: 90 cm /min.

Nozzle Diesmeter: ,0642 cm,

Interfacisl Tensions 11,7 Dynes/cm.

Viscosity of Flowing Phege: 1,0 cps.

Density of Flowing Phese: 1,595 gm/cm

Time Delay: 2,60 x 10~ sec,

Op= 1,= 2, 3,- kb~ 5, 6,-° T,= 8=
. 2, 3 4 5, 6, 7. 8

95 162 L 25 2% 5 5 2 1
1,5 22 28 35 Yo %9 55 55 5.5
o 2 5 3 7 7 4 b 0
5,-1.0° 0 5 5 6 29 17 11 k4 2
T3 o 8 Bk 3
1 7 0 k4 5 1 2
1 3 1 1 2 1

2,5-3.0 0 0 0 0 2 2 0 2 0

3.0-3,5 0 0 ¢] 0 1 0 0 0 1

1k, -

1.

15.-
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Lerge Drop Size
Renge, cm, x 1

No, Large Drops

Avg, Disgance,
em, x 10

Number of Ou=e5

Inclusions ,5~1,0
by Size 1.0-1,5
Range, 1.5~2,0
om x 10%  2,0-2,5
2,5-3,0
3.0-3.5
3.5-4,0
4,04k, 5

Large Drop Size
Renge, cm, x 107

No, Large Drops

Avg, Distance,
em, % 1

Number of 0O,=,5
Incluslons ,5-1,0
By Size 1,0-1,5
Renge, 1..5-2,0
cm, x 10° 2,0-2,5
2,5-340
3,0-3.5
3.5-4,0

L,0-k,5

P o

34

2.0

-17%-

TABIE XXXTI

RAW DATA ~ RUN NUMEER 15

System: Saturated Hy0 into saturated CCly

Flow Rates
Nozzle Diameter:

Interfacial Tensions
Viscogity of Flowing Phese: 1,0 cps.
Density of Flowing Phase: 1,0 gm/c:m3

80 cmd/min,
0642 om,

32,0 Dynes/cm,

Time Delay: 1,51 x 10~ sec.
2, 3.- k- 5. 6,- T.-
3. . 5% 6, T. 8,
66 36 1+ 7 7 3
2,0 2,0 20 20 20 20
2 b 5 2 3 3
B 1 5 5 T 6
3 8 2 2 6 1
0 0 1 0 1 5
0 o 1 o o0 2
0 0 0 2 0 0
0 0 0 1 0 0
0 0 0 0 0 0
0 0 0 0 0 0

TABIE XXXII

RAW DATA - RUN NUMBER 16

8,~
%

2,0

= W\ 0

9. -
10,

2,0

System: Setursted H,0 into setursted CCL)

Flow Retes
Nozzle Diemeters

55 em

> / min,
L0642 cm,

Interfaciel Tensionis 32,0 Dynes/cm.

Viscogity of Flowlng Phagse: 1,0 cps
Density of Flowing Phese: 1,0 gm/cm5
Time Delsys 1,51 x 1072 see,
2,~ 3, k- 5.« 6,- T.- 8.~
3. L, 5. 6. T. 8. 9
57 29 23 4 5 8 6
2,0 2,0 2,0 20 20 20 20
2 0 3 0 0 2 0
13 b 6 I 6 8 5
2 2 1 7 5 4
0 o b 0 1 b 2
0 0 1 0 0 L 3
0 o] 0 [¢] 1 0 1
0 0 0 [0} [0} 1 (¢}
0 (¢} 0 0 0 0 0
0 -0 0 [¢] o} 0 ¢}

9o~
10.

10, -
11,

10, =
11,

2,0

o

B W

12, -
13.

2.0

13, -

13, ~
1k,

2,0

1, -
15.

2,0

1k, -
5.

2,0

15, -
16,

2,0

15.-

16, -
17,

2,0

25
25

nowWwoW
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DROP DIAMETER,Cm
Distribution Plot for Run 16,
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Figure Tk,

Distribution Plot for Run 15.

Figure 73,
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TABLE XXXTIII
RAW DATA ~ RUN NUMBER 17

Systemt Saturated H,0 into saturated CCly
Flow Rete: 31 cm”/min,

Nozzle Diemeter: ,0420 cm,

Interfaclal Tension: 32,0 Dynes/cm.
Viscosity of Flowing Phase: 1,0 cps,
Density of Flowing Phase: 1.0 gm/emd

Time Delays 1,51 x 10-3 see,

Lerge Drop Size O, L= 2= 3~ k- 5. 6,- T7.- 8- 9,- 10~ 1l.~ 12,~ 13,-
Renge, cm. x 10 1, 2, 3 L, 5e 6, Te 8. 9, 10, 11, 12, 13, 1k,
No, Lerge Drops 5 51 37 26 17 7 5 7 5 3 1 1 0 1
Avg, Distence,
em, x 10 2,0 2,0 20 20 20 20 20 20 20 20 20 20 20 2.0
Number of 00=.5 0 0 0 0 0 0 0 0 1 1 0 0 0 0
Inclusions  5,-1.0 0 0 L 1 ) 2 1 1 0 3 0 6 0 0
by Size 1,0-1.5 0 0 0 3 0 1 0 0 3 3 0 3 0 0
Renge, 1,5-2,0 0 0 0 1 0 0 1 0 1 2 0 0 0 0
. % 10°  2,0-2.5 0 0 0 0 0 0 0 0 1 2 0 0 0 0
2,5-3,0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
3,0-3.5 0 0 0 o 0 0 o 1 1L o o 1 0 0

TABILE XXXIV
RAW DATA - RUN NUMBER 18

System: Saturated H 0 into saturated OCly
Flow Rete: 112 cmd/min,

Nozzle Diemeter: .O420 em,

Interfacisl Tension: 32,0 Dynes/cm,
Viscoglty of Flowing Phases 1,0 cps,
Density of Flowing Phaset 1.0 gm em,
Time Deley: L.51 x 1073 gec,

large Drop Size Qo= lo= 2= 3,- b 5. 6,- T~ 8.~ 9.~
Range, em, x 10 . 2, -3 kW 5 6 7. 8 9. 10,
No., Large Drops 67 19 ks 25 11 5 0 1 2 1
Avg, Distance,

cm, X 1 2,0 2,0 20 20 20 20 20 20 20 20
Number of © =,5 0 0 0 1 2 0 0 0

0

Ineclugions ,5-1,0 0 0 1 2 5 0 8

by Size  1,0-L.5 0 0 3 3 2 0 7 0 5

Range, 1,5-2,0 0 0 0 1 2 0 2

em.x10° 2,025 o0 o0 O o ©o o0 2 0 0 0
2,5-3,0 0 0 0 0 0 0 1 0 0 0
3,0-3.5 0 0 0 0 0 0 1 1 1 0

3,5-4,0 0 0 0 0 0 0 0 0 1 0



IIUIWIHIWIUHII)lllllllll!lllﬂIIIMHINIIIIllllllfllll

5 03023 7633 6-

o
N\
O
N o
X
RN %
~
&p>
AN N
\\ \\
Sy, 4
”'%0)\\\
o)
i \\>E %
Nt
-
o
—®
2 8 & 8§ E R g3 & ¢ = o
¥313WVIQ N3AID NVHL H3TIVYWS SdO¥A 40 %
XY
T =)
Ney
N\
Na.
)
%,
Yoo
Y
’>\\
N O
) \
N - \
%)
4'/\ \ .
oS o
AN =
N
AN
o
»
8% &8 &8 8 R 888 R L ¢ »© w~ -0

H3L3WVIO N3N NVHL ¥3TIVWNS SdOMA 40 %

DROP DIAMETER ,Cm

DROP DIAMETER ,Cm

Distribubion Plot for Run 17,

Distribution Plot for Run 18.

Figure 76.

Figure 75.



