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ABSTRACT

The object of this investigation was to find a
method for predicting the deformation of non-oscillating
ligquid droplets which are moving in liquidvmedia, from a
knowledge of droplet size and the physical properties
of the continuous and dispersed phase systems., The
deformation of thirteen liquid-liquid systems was
experimentally studied in this investigation, and these
systems are listed below, the dispersed phase given
first:

1. Nitrobenzene in water
2. Carbon tetrachloride in water
3. Water in methyl isobutyl ketone
4, Water in hexane
5. Bromobenzene in water
6. Aniline in water
7. Nitrobenzene in glycol
8. Glycol in hexane
9, Water in corn oil
10. Glycol in benzene
11. Water in benzene
12, Benzyl alcohol in hexane
13. Glycol in methyl isobutyl ketone
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DPata for the last three systems could not be obtained

for experimental reasons.

The existing empirical graphical correlation of
Harmathy predicted the drop deformation (in the form of
eccentricity) of the systems studied in this investigation
and in the literature with an average absolute deviation
of 13.6 percent. Five new empirical correlations were
obtained for predicting drop deformation as eccentricity.
The following two correlations have been recommended
for use:

E=1.0 + 0.123E6

E=1.0 + 0.091we?9°

where,

E

the droplet eccentricity

Eb6 = E6tvés number

We = Weber number
The average absolute deviation of the calculated
eccentricities from observed eccentricities for the ten
systems used in this study and 39 systems reported in
the literature are 7.8 and 6.2 percent for the above

two correlations, respectively.
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I. INTRODUCTION

Many of the physical separation and chemical
reaction operations in the field of chemical engineering
regire intimate contact of two immiscible fluids.
Examples of these operations are gas absorption and
liquid-liquid extraction. In the case of liguid-liguid
systems, often one liguid is dispersed in the form of
droplets in the other liguid ir order to provide a
maximum surface cbntact area between the two liaquids.

A familiar example of one type of equipment used for this
purpose is a spray column. The design of such equipment
requires knowledge of droplet mechanics, interfacial area
(shape and number of droplets), gross flow patterns of

the two phases, and the rate of interphase mass transfer.

Iiquid droplets traveling through a liquid
medium behave differently than solid spherical particles.
When a liquid drop moves through another liguid medium,
the following may occur: (a) circulation of the
constituent liquid may take place inside the drop,
(b) the drop may be distorted in shape, (c) prolate-
oblate oscillation in drop shape may occur, or (d) the

droplet may breakup into smaller droplets (4). Droplets



in liquid media fall or rise, depending upon the densities
of the two liocuids. Small drops travel straight, but as
the size increases, motion becomes zigzag depending upon
the physical properties of the systems. The velocity of
the drops in ligquid media can be calculated from the

empirical correlation of Hu and Kintner (8).

The surface area of a drop depends not only upon
its size, but on its shape. Since liguid drops are seldom
perfect spheres, their surface area can not be accurately
calculated by a knowledge of volume alone. As the droplet
becomes distorted, its surface area increases. Since heat
and mass transfer rates depend on interfacial area of
the dispersed phase, it is very important to know the
accurate surface area of the drops. The rate of mass
transfer to droplets is also related to the shape of the
dispersed particle as indicated by the work of Skelland
and Cornish (21). Therefore, the object of this
investigation is to obtain an accurate method of predicting
the surface area of distorted non-oscillating drops
moving in liqﬁid media from a knowledge of system

physical properties and droplet volume.



IT. LITERATURE REVIEW

A. Introduction to Drop Mechanics

Particle mechanics is of considerable importance
in the field of chemical engineering. The following
cases may occur in practice: (1) the motion of solid
particles in a gas or liquid media, (2) the motion of
cgas bubbles in a liquid media, (3) the motion of Jiquid
droplets in a gaseous media, and (4), the case with
which the present work is concerned, motion of liguid

droplets in a liguid medium.

The velocity and the drag coefficients of particles
have been extensively studied for all the cases mentioned
above, and a good summary is available in the Chemical
Engineers Handbook (18). The gas and ligquid particles
differ from rigid particles in that their shape deforms
easily and in that motion (eirculation) occurs within the
particle. Investigetions of the shape of liquid droplets
and their deformation are reported in the literature (6,
7, 11, 13). There is, to this date, no satisfactory
empirical or theoretical method available which can be

used to predict the shape of liquid droplets wher in



motion relative to another liouid.

A brief survey of particle mechanics connected

with the present investigation is presented here.

B. Mechanics of Rigid Particles

The mechanics of rigid particles is the simplest
of those mentioned above, and an understanding of it is
necessary before we extend the investigation to liouid

droplets.

A rigid particle in motion, under the influence
of a uniform gravitational field, accelerates first and
firally reaches a constant maximum velocity known as
the terminal velocity. The friction between the particle
and fluid, arising from relative motion between the two,
increases with velocity until the frictional resistance
or drag equals the accelerating force and the terminal
velocity results. A mathematical relation between the
forces exerted on the particle during motion is presented
in Brown (2). The drag force on the particle is given
by - (18)

F. = g__A-';)—B‘__U. (2.1)

a
2 &



and the terminal velocity is given by,

_— QgM(ﬂd"pc) |
E R Pty (2.2)
where, |
M = mass of partiqie, 1b

Fd = drag force on the particle, 1b force

= drag coefficient
A = projected area of the particle in the
direction of motion, £t°
= velocity of particle, ft/sec

Uy = terminal velocity of particle, ft/sec

[% = density of particle, 1lby/ £43

R

"

density of liquid, 1b_/ £4°

The drag coefficient, C, is a function of the
Reynolds number, Re (=déUt[%443).IFor Reynolds numbers
less than 0.3, flow is in the Stokes' Law realm, i.e.,

laminar flow region. Drag is fully viscous in this region,

and the viscosity of the fluid is an important factor in
determining the resistance to flow. Drag also depends
upon the shaps and orientation of the particle with

respect to the direction of motion. In the Newton's



Law region, i.e., Re between 1,000 and 200,000, the
particle assumes a position which offers maximum

resistance (18).

Pigure 1 represents the flow pattern round a
falling solid sphere. Figure la represents flow lines
where Stoked ILaw holds (Re<1l). Figure 1b is for higher
velocities. The boundary layer increases in thickness
from point A around the sphere until at a certain point,
S, separation occurs and a new streamline is formed on
the sphere. At still higher sphere velocities, eddies
and vortex rings are formed behind the sphere (Figure le).
At further increasing speeds, the separation point of
the streamlines moves forward along the sphere to point
'A', The eddies introduce increased resistance to flow,
and the viscosity of the continuous phase liquid becomes
less important. The viscosity beéomes a negligible
factor in determining the resistance‘when the flow
conditions become completely turbulent (Re >1,000).

The drag coefficient, C, is fairly constant (C=0.44)
in the Re range 1,000 - 200,000.

C.-Mechanics of Droplets in Liguid-Liquid Systems
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Pigure 1, Flow pattern around a falling solid sphere,




1. Formation of Liguid Droplets. Drops are

generally formed by forcing the licuid through 2 nozzle
or nozzles into the continuous phase liguid. Pulsating
sieve plates, rotating discs, and other means are also

used to form the liguid droplets.

" For drop formation from single nozzles at low
nozzle flow rates, drops form individually at the nozzle
tip and grow in size until bouyance force (or gravitational
force) overcomes interfacial tension forces holding the
droplet to the nozzle, and the drop is released. At
higher flow rates, jets, are formed or in some cases
even atomized sprays of droplets may result (11). The
rate of drop formation affects the drop volume after
detachment (10). Null and Johnson (16) give a correlation
which predicts the volume of individual drops formed at
single nozzles within 20 percent accuracy throughout
the range of nozzle flow rates for which uniform drop

sizes are obtained.

2. Terminal Velocity. In case of liquid-liquid

systems, the droplet fall (or rise) velocity, shape,
drag coefficient, and the internal circulation within

the liquid droplets are 411 interdependent. The fluid



mechanics aspect of the problem is very complex and does

‘not yield to an easy analytical solution.

Like solid particles, droplets after formation
first accelerate and then reach a constant terminal
velocity. The terminal velocity depends upon the size
of the drop and physical properties of the system.

Figure 2 is a typical plot of terminal velocity versus
equivalent drop diameter. Curves similar to Figure 2

have been reported in literature by several authors (4,
8,11,13). The terminal velocity increases almost

linearly with drop diameter up to a certain poirt,

region 1 to 2 in the Figure 2. Thereafter, the slope
decreases and a peak is reached (point 3). With further
increases in drop diameter, the terminal velocity starts
decreasing (region 3 to 4) and then gradually the curve
becomes almost horizontal (region 4 to 5), i.e., the
terminal velocity becomes practically constant. A stage
is reached at which any further increase in drop diameter
results in the breaking of the drop into smaller droplets.
For comparison purposes, the dashed curve on Figure 2
represents the qudlitative behavior of a solid sphere.
Notice that no peak is observed in the region where

liquid droplets exhibit a peak.
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solid sphere”’
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Pigure 2. Terminal velocities of liquid drops in liquid

media as a function of drop diameter.
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Figure 3. Hu and Kintner correlation for terminal

velocity of liquid droPs,(S).
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The peak velocity is the maximum velocity that a
drop in any liquid system can attain. Licuid systemns with
smaller density differences,l&ﬁ% between the continuous
phase and dispersed phase ligquids have lower peak
velocities than those systems having greater[&/y(lo,ll).
At the peak velocity, drops start oscillating between
the oblate and prolate shape. Drops, larger in size
than those corresponding to the peak velocity (point 3),
have oscillations and occasionally move 1in a zigzag
path instead of a straight path as smaller size drops.
The actual vectorial velocity of drops having zigzag
motion is higher than the apparent measured velocity (8).
Calculation of the peak velocity is described in the

following section.

Hu and Kintner (8) have presented a correlation

for nine liguid systems in the form of a single curve,

Apie )

Pigure 3 relates the drag coefficient (C— 3
Pe de Ut ﬁ%Uf

Weber number (We= ————7—- ), Reynolds number
deUtﬁ% gt ﬂ% CT

(Re= —TET_— ), and a physical property group (P= AJD

c

The curve which is a plot of 1og(C~We-PO'15) verqus

1og(Re'PO‘15), can be used directly to vpredict the

terminal velocity of a drop when equivalent droplet

diameter and physical properties of the system are known.
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The error involved in the prediction of Ut ig cenerally
less than 10 percent. The range of Re covered in the

investigation was 10 to 2,200,

Klee and Treybal (13) studied the fall of single
liquid drops for eleven systems in which the interfacial
tension ranged from 0.3 to 42.4 dynes/cm. Through
dimensional analysis of . |

£(a,,Ur8 Moy R, AP,0) =0 (2.3)
they obtained the relation

(lég)a (ééésb Re® Weh ¢d = m (2.4)
Ha e
The exponents 'a', 'b', 'e', 'h', and 'j'; and coefficient

'm' are empirical constants. They proposed two eguations

for calculating the terminal velocity of the drops:

05,2 0—5.18We-o.169 (2.5)

1]

Re

Re = 0.00418 02+ lye~1.81

(2.6)
Equation (2.5) applies to the region where U, increases
with drop diameter, and equation (2.6) aoplies to the
terminal velocity region to the right of the peak
(Figure 2). The errors involved in the use of equation

(2.5) and equation (2.6) for the authors'(Klee and Treybal)

data are correspondingly 4.15 and 2.82 percent . The

* Symbols are defined irn Nomenclature, page 110.



data of Hu and Kintner (8) show 15.2 and 5.5 percent
erfor resvectively, for the egquations (2.5) and (2.6).
Klee and Treybal inferred that the Hu and Kintner
correlation is good for high interfacial tension systems,
and thus equations (2.5) and (2.6) are good for systems
having low interfacial tension. The velocity data of
Keith and Hixson (11) show a 4.5 percent error when

compared with the Klee and Treybal correlations.

Johnson and Braida (10) report verification of
the Hu and Kintner correlation with their data of organic-
agueous systéms. However, they suggest a continuous phase
viscosity correction factor for the correlation to
correct for the effect of high cdntinuous phase viscosities,
Their new correlation is a plof of Ln‘C-We-PO'lq/UkVpﬁfnﬂ:

O'15). This new correlation fits all their

versus In(Re/P
data, including systems which had 28.5, 60, and 75
percent glycerine as the continuous phase and which

could not be fitted on the Hu and Kintner plot.

In the turbulent region (Re>500), Harmathy (7)
shows that the terminal velocity is independent of

drop diameter.

U, = 1.53 (5‘}?@)* | (2.7)
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Flzinga and Banchero (4) studied the effect of
surface active agents on the water and Dowtherm A+E
system. Comparison of the observed terminal velocity
with those calculated from the Klee and Treybal (13)
and Hu and Kintner (8) correlations show that very pure
liquids have higher velocities than those predicted by
both of the correlations. The correlation of Klee and
Treybal predict terminal velocities which are close to
the observed value for the systems treated with surfactant
powder. Elzinga and Banchero conclude that surfactants
affect drop velocities regardless of changes in such
physical properties of the systems as interfacial tension,

density, and viscosity.

3. Peak Velpcity. The peak velocity has been
described in the previous section. The distinct break in
the Hu and Kintner correlation, Figure 3, is in the
Reynolds number region approximately corresponding to
that where the peak terminal velocity occurs. Hu and

Kintner found that at the peak velocity

(v,), = 1.23 (CT) p-0.238 (2.8)
2.3
or  (Uy), = 1.23 (&) (wcg y=0-238 (2.9)

and peak velocity, (Uy) p’»is independent of drop
dienevere Thay LREN

r observed that
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(We) = 3.58 (2.10)

and thus (a )

i

3.58 <D:>/<Ut>f, (2.11)
Johnson and RBraida (10) noticed that the drop
begins to oscillate as the drop size approaches the peak
value of the terminal velocity. The eguivalent drop
diameter at peak terminal velocity, (de)p, can also be
obtained by simultaneously solving Klee and Treybal's

equations (BEquation 2.5 and 2.6) given on page 12.

4, Wall Effect on Velocity.When the anrnular snace

between drop and walls holding continuous media is small,
wall effects appear. The terminal velocity of the drop is
reduced, and in some cases, the shape of the droplet may
be altered because of the proximity of the walls. The
following relation of Strom and Kintner (19) gives an
estimate of the reduction of droplet velocity as a

function of the droplet to column diameter ratio:

2 104‘3
U, =0y 1-(a,/D) a,/D<0.5 (2.12)
where, de = equivalent drop diameter, cm

= diameter of the column, cm

U, = terminal velocity in restricted media, cm/sec

® = terminal velocity of drop in infinite nedia,
em/sec
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The proximity of the wall causes turbulence in the
continuous phase and induces oscillations in the drop

shape.
Harmathy (7) presents the correlation

Uy .88 1-(=2)° 2 B (dey3/2| ,le (2.13)
S— pd > — . t———— —— O\-Q.B 2.13
Vo (E6)* eyd 3 1+E6 °D D

14(32)

which can be used to predict the terminal velocity of

drops, including cylindrical drops, in the region Re>500.

5. Drag Coefficient. The force balance (9) for

the vertical motion of a drop through a stagnant

continuous phase of infinite extent can be written as:

?dﬁﬁ%i Irde g (R Q)‘UC dzﬁ: (2.14)

The drag coefficient, C, is defined as:

. C drag x 1/(QLU2e,) (2.15)

frontal ares

Because of the undefined shape of a liquid drop, the
geometry is usually assumed to be spherical and the
value of C allowed to vary tq adjust this assumption to
the actual facts. To integrate equation (2.14), the drag

coefficient must be known as a function of other variables.
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Figure 4 is a typical ploé of C arainst Re on a
log log scale. Hu and Kintner's studies (8) of the drag
coefficient of liquid drops for nine systems show no
marked difference between the C of liquid drops and that
of rigid spheres up to a Re=300. After the limiting Re
range is passed, the In(C) versus In(Re) curves for the
ligquid systems depart from the curve for solid spheres,
but still retain a somewhat similar pattern. At first,

C decreases only very slightly with increasing Re for a
rather large Re range, but when the Re reaches a certain
value, C starts to increase abruptly within a narrow
range. The onset of drop oscillation is the cause of this
abrupt change. After the abrupt rise, the curve proceeds
at a more or less constant slope until the critical drop
size is reached and droplet breakup occurs. The range of
Reynolds number where the drag coefficient stays somewhat
constant corresponds to the region where zigzag motion
and drop oscillation occur. The probable reason that C
remains constant is that the apparent velocity is lower

than the actual vectorial velocity.

Drag coefficient, C, versus Reynolds number, Re,
curves similar to those of Hu and Kintner were obtained

by Licht and Narasimhamurty (15), and also by Klee and
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(Stokes' low _Various .
4 liquid-iiquid
N systems
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~
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| A~~
Curve for rigid spheres” - .
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Figure 4. Drag coefficient of liquid drops in liquid

' media as a function of Reynold number. (3.

9)) 10

|

Direction
of drop
motion

Figure 5. Circulation within a liquid drop.(23.

N

Pigure 6. A spheraidal’ shaped liquid drop.
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Treybal (13). The drag coefficient for all ten systems
that Klee and Treybal studied fell below the curve for
rigid spheres in the low Re region. This difference in
behavior is very likely because of intermal circulation
within the drops. Johnson and Braida (10) found that C
versus Re curves for liquid drops in the low Re range
fall close to that for solid spheres. They observed that
the slight difference between the curves for solid spheres
and ligquid drops is due to possible distortion of the

shape of liquid drops.

Harmathy (7) by dimensional analysis has shown that
C = £(Es) (2.16)
His plots of C*/Cgq against ES resulted in a smooth curve
and support his theory. C* is the drag coefficient of the
drop and Cgq is the drag coefficient of = sphere having a
diameter egquivalent to that of the drop, Ed is Edtvds

number,

Elzinga and Banchero (4) report C versus Re curves
in the low Re region for liquid droplets. The curves show
the same general pattern as found by previous authors
and fall below the curve for solid spheres. The previous
workers explained the lower values of C for liquid drops

by attributing the phenomena totally to the absence of
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skin friction because of circulation within the droplets.
Elzinga and Banchero point out that skin friction is a
small fraction, only about ten percent of the total drag
in the low Reynolds number region. The observed reduction
in C for liquid drops is sometimes as high as forty
vercent. Therefore, internal circulation must have
additional effects on drag besides lowering the skin

friction.

6. Circulation within Droplets (25). When liguid

droplets travel through a viscous continuous phase, the
surface of the drops is carried from the forward
stagnation point to the rear by cshear at the interface.
Unlike a rigid sphere, the droplet surface is mobile. It
has been observed that the lower the interfacial tension,
the higher the mobility of the drop surface; therefore,
the possibility of internal circulation is increased. The
mobility of the drop surface and internal circulation
decrease the drop drag coefficient below that for solid
spheres. The effect of internal circulation is to reduce
the boundary layer thickﬁess and, for the extreme case,
i.e., full internal circulation, the boundary layer
thickness is zero. The critical drop diameter at which
full internal circulation is reached is given by Bond

and Newton (1) in the following empirical expression:
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go b
° glﬁh"{ﬁbl

where, (dg), is critical drop diameter.

(3 ) = 2.

e

(2.17)

Bond and Newtor!s data show that the circulation
begins where drop diameter, d,, is about O.l(de)c , and
is completed when de = (de)c. Thus, the above empirical

equation must be considered as only an approximation.

Surface-active substances, which are strongly
absorbed at ligquid-liquid interfaces, may prevent surface
motion and internal circulation by making the surface
relatively rigid. It can be expected that rates of fall
(or rise) will be closer to those expected for rigid

spheres. This has been widely observed (4).

7. Shape. A moving drop is distorted by the local
forces acting on its surface. These forces are caused by
differences in hydrostatic head, shear stress, internal
and external fluid motion, and interfaciél tension. The
distortions are of two basic types: those of an
equilibrium nature, and those of an oscillating nature
resulting from vibrations about this equilibrium

position (9).



The drag coefficient is a function of the shape of
the moving particle. Any distortion in the shape will have
a marked effect on the motion of the fluid particle. In
addition, such distortion would have an effect on the
magnitude of the surface area of the drop and, thus, on

the rate of heat and mass transfer.

The shape of fluid particles is determined by the
forces acting along their surface. The pressure exerted
by the surrounding fluid on a moving sphere is not
uniform. The pressure distribution is not exactly known
even for the simple geometry of a sphere. Within a drop,
since the fluid motion is slight, the pressureis eseentially
uniform except for gravitational head. Since the pressure
distribution around moving liguid droplets is not known,
the theoretical calculation of the shape can be assumed
to be spheroidal (see Figure 6) with axis in the direction
of motion and deformation expressed as eccentricity.

Eccentricity, E = %

where, a = horizontal diameter

and b

vertical diameter

. Qualitative observations of droplet shape by Licht
and Narasimhemurty (15) in 1955 are summarized below:

1. The smaller size drops are less deformed than
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larger ones and are more nearly spherical.

2. Some of the deformed drops in the larger size
show unsteady-state vibrations (oscillations)
in shape.

3. Deformed but non-oscillating droplets fall
with an uniform velocity.

4. Drops with vibrations show unequal velocities
of fall when the time interval for the measure-
ments of droplet velocity is reduced.

5. Larger drops fall in zigzag paths.

6. In many cases there is no axial symmetry in

the shape of the drops.

Keith and Hixson (11) photographed moving drops
and measured the ratio of maximum to minimum diameter.
The eccentricity which they reported is the average of
a large number of drops (of the same volume) which were
sometimes oscillating. They observed that eccentricity
of drops is directly proportional to drop size and
difference in liquid densities and inversely proportional
to interfacial tension. The eccentricity varies almost

linearly with equivalent diameter. (See Figure 7.)

Klee and Treybal (13) also reported observations

similar to the above. They measured the average
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eccentricity of the drops and found that the relation
between the eccentricity and eouivolent drop diameter
is substantially linear for all but the cmallest drov
sizes. (Srce Pigure 9.) They found that the logarithm of
the «lope of the slope of eccentricityv curves of the
different systeme, i.e., %og(ﬁ%g) of the systems, when
Plotted agairst log(éﬁji- ) of the systeme resulted in

a stranicht line. (Hee Figure 10.)

Neither Feith and Hixson nor Klee and Treybal
have presented any correlation which could be used to
vredict the eccentricity of licuid drowns of a system,
The E versus de sraphs are good only for those systems

for which they are plotted.

Although, the slope of E versus de curves of a
system for which:ﬁﬂ)and Jiare known can be calculated
from Klee and Treyvbal's graphical correlation of
log(j%EJ versus 1og(£§f~.5), the slope is not useful

e oft
unless at least one value of E corresponding to de is
¥nown. Notice that the curves do not pass through the
oricin. (See Figures 7,8 rnrd 9.) Therefore, the voint at
the crigin can not be used with their correlation. Lven

if one value of the eccentricity and corresvording

egquivalent drop diameter were known, this method has e
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gerious drawback in that the calculated eccentricity may
not be accurate enough for small size droplets for which

ecentricity, E, is not directly linear with de’

It has been observed that viscosity of the
disperséd phase liquid affects the magnitude of the drop
deformation. Garner and Tayeban (6) noticed, Figure 8,
that 2-ethylhexane 1.3 diol drops (L%_: 85 c.p.) have
lower eccentricities than corresponding benzyl alcohol
drops Qid = 5.3 c.p.) although the density differences
and interfacial tensions of the two systems are very
close. The continuous vhase liquid was wate; in both

the cases.

Elzinga and Banchero (4) have reported that the
addition of minute quantities of a surface-active agent
greatly reduced droplet distortion for one of their
systems. They speculate that the surface-active agent
may have reduced internal circulation and that the reduced
internal circulation resulted in less deformation. They
pointed out that easily measured properties such as
interfacial tension, density, and viscosity would not

detect the presence of surface-active agents.,
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Harmathy (7) suggests that the chape of drops is
2
a function of Edtvdés number (= Aﬁi ). An analyticel
study of the forces acting on the moving drop which

leads to this conclusion is given below.

The following assumptions are made to simlify the

analysis:

1. The drop is moving upward at its terminal
velocity, i.e., the accelerating forces are
balanced by the retarding forces.

2. The drop is symmetrical about its vertical
axis, and its meridian curve is r = f(z)

(Figure 11).

The equilibrium of the forces is expressed by

pi = phd + Bt phS (2.18)
where, Py = Dy, *+ AEz (2.19)
Py P, *+ (82 + Déh (2.20)
b =0} ) (2.21)

and under turbulent flow conditions

2
- ébUi-
Ppa= =5 ¥D, 4 (shape,X) (2.22)

1 =By =By, and pyg =1
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thus p

2
T 1 Lot
10 = Pa v RER T Rez + Olg vy )+ (2.23)

1

combining equations (2.18) and (2.23) one has

2
P R A | Lo - _
(pc-ﬁd) g7 +01(ﬁ1+ §2+ -E-O) -5 [l - phd(shape,O()] =0
' (2.24)
using 'dd as the characteristic length equation (2.24) in

dimensionless form becomes

2 U2 _
iz 2ol 2 PR 5 (emee ] <0
0 (2.25)
where, z = 2z/de FozRO/dQ I_{:L:Rl/de, and R2=R2/de

Equation (2.25) represents the relationship between the
shape of the drop and the characteristics of the drop.

It can be assumed to represent a relationship of the

form
2 2
) (snape, ELL% A& - o (2.26)
or fl(shape, Es, We) =0

In the turbulent flow region

4 AfGe
= “\/azj__zj (2.27)
jors 3G )
112
_ G  gAP
/%th_ _3.%%,{ (8Pay (2.28)

We = f%’Ed | (2.29)

C is known to remain constant in turbulent flow region
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(for solid particles, 1,000<Re<200,000) and is a
function of shape only. Therefore, from egquation (2.29)
We = fg(shape, E5) (2.30)

The Weber number, We, can be eliminated from equations

(2.26) and (2.30) to give:
Shape = f3(E6)b (2.31)

This would indicate that in the turbuleht flow
\region for a giveh particle shape and E§tvds number, the
Weber group does not impose an additional restriction
on equation (2.26). Although Harmathy chose to eliminate
the Weber group, the following relation would have
applied equally well in the turbulent region:

Shape = t,(We) y (2.32)

Nomenclature of Harmathy:

'pi = internal pressure
Ppg = hydrddynamic pressure
Prg = hydrosfatic pressure
R = Ppressure due to “int‘erfaé‘ial forces
Pyg = intgtzﬁiwprbaﬁura,ét'the leading point 'O!

P, = atmospheric pressure

de = equivalent diameter of drop
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r = distance variable in the horizontal direction

ks
8]
{]

distance variable in the vertical direction

R
i

latitude on the particle surface,dimensionless

UJG = terminal velocity of the drop
RO = principal curvature at point 'O

Rl,R2 = prineipal curvatures of drop surface

C = % é%%L%% y drag coefficient
c

ES = 4—%%%2 , Eotvés number

We = ééz%FLﬁi y Weber number

Figure 12 is the plot of eccentricity against
Edtvds number as obtained by Harmathy. Points show a
large deviation from the smooth curve drawn by the author.
Thus, Figure 12 does not exactly prove Harmathy's
suggestion that shape or eccentricity of a drop is a
function of the E6tvés number. However, Harmathy explains
the scatter by assuming that some of the drops were
oscillating and the reported eccentricity may not be the
true average eccentricity. One should also remember that
if equation (2.27) is not applicable (i.e., Re<1,000)
then one is restricted to the more general function

Shape = f(We, E5)
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Harmathy has not given any equation for the smooth
curve in Figure 12. (However, the author of this thesis
fitted a third order polynomial to the curve to aid in
comparing the Harmathy correlation with those developed
in this work.) Pigure 12 includes some points which
represent the eccentricity of liguid drops falling in
air or of gas bubbles rising in ligquid media. The curve,
therefore, is not drawn strictly for the liquid-liguid
systems alone, and this makes its use uncertain for
predicting the eccentricity of liguid drops moving in

ligquid media.
It can be concluded, therefore, that there is no
satisfactory method available which can be used to predict

the eccentricity of ligquid drops moving in liguid media.

8. Oscillation. In a certain characteristic range

of diameters, liquid drops oscillate about their
equilibrium shape. This phenomenon has been observed by
many investigators (4,6,10,11,13,15,19). A table is siven
in Journal of Chemical and Engineering Data (14) which
shows the equivalent droplet diameter ranges, obtained by
visual observations, for a number of liguid-liquid systems

where oscillation occurs. The presence of droplet

oscillation is found to enhance the mass transfer and
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heat transfer rates over those of non-oscillating drops (6)

According to the recent paper of Schroeder and

Kintner (20) on drop oscillation:

1.

Oscillation begins at or near the drop size
corresponding to the peak velocity on the
terminal velocity versus equivalent droplet
diameter curve. (See Figure 2)

A necessary condition for oscillation is the
presence of a vortex trail which is the driving
mechanism for oscillation. This recuires a
Reynolds number of at least 200.

The oscillation described by the authors was not
nozzle induced and did not decay with time.

Drop breakup is not caused by normal oscillation.
Velocity of fall does not affect the frequency
of oscillation provided the vortex trail is
present to drive the drop oscillation.

Dispersed phase viscosity has very little effect
on oscillation except at high viscogsities where
it damps them out.

Continuous phase viscosity does not affect
oscillation as long as the vortex trail is

present. The vortex trail is damped out, however,
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gt a fairly low continuous phase viscosity.

8. The only type of oscillation the authors
observed is the oblate-prolate type. This
degenerates as the drops become large to random
wobbling. Surface fluttering is observed in
some systems but is not normally called

oscillations.

9, Maximum Drop Size. Hu and Kintner (8) while

investigating the fall of single liquid drops through
water found that the maximum or critical drop size of
the system, above which the droplet breaks into smaller

droplets, is dependent on the criterion:

C*We = constant
This leads to an equation for estimating the critical
drop size from the density difference and interfacial

tension of a system. The expression is

-2 0.0.5
dg = (1.452 x 10 3 ) (2.33)

10. Effect of Shape on Mass Trangfer: Mass

transfer coefficient are usually represented in form of

8 dimensionless relation, e.g.,

Sh = aIRea‘Sca3 (2.34)
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_%v_lz a (_J/_IC_@)%(Z%%;)% (2.35)

The dimensionless groups require the characteristic
dimension 47 representing the geometry of the body. In
case of mass transfer between a spherical particle and
the surrounding medium, Skelland and Cornish (21) have
shown that the equivalent spherical diameter de is not
the characteristic length but 4 defined as

4~ = total surface area of the body
1 ~ perimeter of the body normal to Ilow

Skelland and Cornish (21) measured the individual
continuous phase mass transfer coefficient, k, , for
oblate naphthalene spheroids in air. In their study they
used spheroids of eccentricities 1, 5/4, 5/3, 2/1, 5/2,
and 3/1, each having a major axis length of one inch.

Their attempts to correlate ko, in the form

iq = 35?301/3 = a; Re®2 (2.36)
are shown in the FPigure 13 and 14. In Figure 13,
characteristic dimension de was used, which resulted in

a regular scattering of the data for the various spheroids.
When the characteristic dimension d; was used all data

fell on a smooth curve, Figure 14. The equation

representing the curve in Figure 14 is
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jgq = 0.74 Re]O"? (2.37)

The characteristic dimension, d;, in case of
Spheroids can be calculated theoretically, as shown
below, if the equivalent diameter de and eccentricity E

are known.

Eccentricity E = %%-', I

N2

Volume of a spheroid formed by revolving the

Qlipse around its minor axis = %’-'n’a'Qb'

It
o
oY
®

: 2
Surface of spheroid = 21a'? +J2. In(y=g)

Perimeter of spheroid at its major axis = 27ra’

2.
1S°ué ;fii Ster = T;?a'o [2/179-'2 + -;ﬁ' Ln(%i%] (2.38)
[ 2
1 bl l+e
dl=§ ~28.'+5'--'E-]:,n(T_--.g]
[ 2
=% |20'E+ §, 2 Ln(1+2)]
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ITI. EXPERIMENTAL

A, Object of Investigation

The object of this investigation is to obtain
data on the deformation}(eccentrioity) of liguid drops
falling in continuous ligquid media. Special emphasis is
placed on the eccentricity data of drops in the low
viscosity medisa QLC<ZO.7 c.p.) and the high viscosity
media-gucj>2.0 ¢.p.). Besides eccentricity of the drops,
their velocity and volume are also required. Densities,
viscosities, and interfacial tension of the systems mast

also be determined.
B. Materials

All the chemicals used in this investigation are

described in the appendix A.

C. Systems

The dispersed phase liquid together with the
continuous phase liguid constitute a system. In all,
thirteen systems were experimentally studied in this

work, and are listed in Table TI.
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List of Liquid-Liquid Systems Experimentally Studied

No. Dispersed Phase Continuous Phase
1. Nitrobenzene Water
2. Carbon tetrachloride Water‘
3. Water Methyl isobutyl ketone
4. Water Hexane
5 Bromobenzene Water
6. Aniline Water
Te Nitrobenzene Glycol
8. Water | Corn oil
9. Glycol Benzene
10. Glycol Hexane
11. Water Benzene
12, Benzyl alcohol Hexane
13. Glycol Methyl isobutyl ketone
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Continuous and dispersed phase liguids were
selected which were practically immiscible. Before
starting any experiment the continuous and dispersed
phase liquids were mutually saturated for 48 hours or
more, This precaution was taken to avoid a change in
volume of the drops because of mass transfer between the
two phases. The exception was corn o0il and waterj this
system was in#estigated without prior‘saturaticn. In
all cases the continuous phase liquid had a density
lower than that of dispersed phase liquid, and hence the

droplets fell through the continuous phase.

D. Physical Properties

The relevant physical properties of interest in
this work are densities and viscosities of the continuous
and dispersed phasee and the interfacial tension between

the two phases.

All the physical properties were measured at the
same temparature at which the eccentricity experiments

were performed.

Dengity. Density measurements were made with a
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pycnometer which was calibrated with distilled water.
The density of distilled water was obtained from Chemical

Engineers Handbook, 4th Edition (17).

Viscosity. Viscosity measurements were made with
an Ostwald viscometer. The value of the viscosity of
distilled water which was used for calibration was

obtained from Handbook of Chemistry and Physics (26).

Interfacial Tension. The interfacial tension

between the various continuous and dispersed phases was
measured by means of a Cenco duNouy Ring Tensiometer
(70540), series no. 630. The correction to the apparent
interfacial tension was applied in accordance with the
instructions of Central Scientific Company, Chicago,

I1linois,

All the physical properties are listed in
appendix B, Table IV,

E. Apparatus

A schematic diagram of the apparatus is shown in

Figure 15. The major equipment used in this investigation
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Figure 15. Schematic diagram of the apparatus for

studying the shape of liquid droplets
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is described below:

Glass Column. 'C', in Figure 15, is the Kimax

glass column,

I.D. =T7.6cm

Height= 93 c¢m
'W' and 'W' are two optically plane parallel glass
windows ir the middle of the column. The bottom of the
column is blank flanged with a stainless steel plate.
The plate is tightened to the Kimax flange on the bottom

of the column.

The column, when held vertically with the help of
clamps in a steel frame, serves as a container for the
continuous phase liquid through which liguid drops fell.
The windows in the column provide access for photographing
the falling drops without introducing distortions in

the pictures.

Buret. 'B' is a 50 milliliter buret which has =
straight tip with a flange instead of the usuél gstopcock.
The flange is made to hold a Teflon needle valve (des-
cribed below). The buret is clamped above the glass column

along the axis. The dispersed phase liquid is stored in
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the buret; the volume of drops discharged into the

continuous phase can be read on the buret.

Needle Valve, A Manostat Teflon needle valve 'V!

is used. As described above it is attached to the lower
tip of the buret, the other end of the wvalve holds the
various size nozzles. The function of the valve is to
control the flow rate of the dispersed phase into the

nozzle and thus control the rate of drop formation.

Nozzles. Two types of nozzles were used: (1)
hypodermic needles of sizes 15, 16, 18, 20, 23 and 27;
(2) self-made glass nozzles of different throat sizes.
The back end of the glass nozzles was shaped into a

small flange to fit the needle valve.

Camera. A 35 mm Nikkorex F camera with 55 mm, f/2

lens, was used for photographing the drops.

Light Source. A 300 watt Westinghouse Movie Flood

Lamp in a reflector was used as a light source. Ordinary
white air-mail writing paper was placed in front of the
reflector to form a light diffuser. Two plastic polaroid

sheets 6" x 6" were placed on both sides of the column

windows to get better contrast in the picture for some
systemg.
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While using the polaroides it was thought that a
polarized beam of light would illuminate the continuous
liguid media, and the portion of the beam striking the
droplet would be deflected. Therefore, when the droplet
was viewed through an analyzer it appeared dark compared
to the continuous media and gave a better contrast in the
picture. This technique of photographing the droplets
worked wel with three systems:

1. Water - methyl isobutyl ketone

2. Water - hexane

3. Bromobenzene - water

Film, Pilm used was 400 ASA, Kodak Tri X.

Stop Watch. A stop watch of accuracy 0.05 seconds

was used in conjunction with the drop velocity measurements.

Miscellaneous. Reynold's Aluminium Foil and

Saran Rap were frequently used to cover the top of column
and buret. This was done to minimize the contamination

of the liguids by dust particles. Saran-Rap and aluminium
foil were also used to seal the one gallon liquid storage

containers.
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F., Experimental Procedure

The procedure followed in the experiments is

described below:

l.

5

All the glass apparatus were washed with hot
chromic acid and rinsed with laboratory
distilled water before use.

The glass column was clamped veftically in a
steel support and filled with the continuous
phase liquid up to about half ‘inch from the top
of the column. v

The buret was filled with the dispersed phase
liquid and clamped above the‘column. The proper
gize nozzle was attached to the needle wvalve,
and the buret was lowered so that the tip of
the nozzle was about one centimefer below the
surface of the continuous phase liquid. |
The light source was placed about ten inches
behind the column.window.

The camera was fixed on a tripod two feet away
from the column axis and focused on & glass rod
placed inside the column.

The shutter in the camera was set at 0.001
seconds for all the cases. The lens aperture

was adjusted by trial and error to find the
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correct aperture setting.

The needle valve was opened, and the frequency
of drop formation was adjusted to about ten to
fifteen drops per minute. During each run the
frequency of drop formation was checked four

or more times. No appreciable change in
frequency of formation was noticed.

In order to calculate the volume of a drop,
buret readings at the begining of a run and at
the end of a run were recorded along with the
total number of drops formed during the run., It
was assumed that all the drops formed had the
same volume,

In order to calculate the droplet fall velocity,
the falling drops were timed with a stop watch
between two markings on the column., The upper
and lower markings in all the cases were at
least 15 cm from the top and bottom ends of
the column, respectively. This was done to
avoid end effects. Hence, the fall height used
to calculate the droplet velocities was about
50 cm. During each run 20 or more drops were
timed for calculating the velocity.

During a run three individual drops were

photographed. The first photograph was taken
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the start of the run; the second photograph
taken almost at the middle of the run; snd
third photosraph was shot near the end of

r™min.

Operations 8, 9 and 10 were performed during

each run.

11. The

was

exposed film was developed, and the negative

cut into individual frames and mounted on

2 x 2 inch Kodak Ready Mounts.

12. These transparencies were projected through a

slide projector on to a paper sheet hooked on

a wall., The outline of the drops image on the

paper was then traced with pencil., Horizontal

and vertical drop diameters were recorded from

the

above drawings.

G. Calculations

The recorded data were used to calculate the

following three guantities:

(1) Drop velocity

(2) Equivalent drop diameter

(3) Eccentricity
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Drop Velocity.

U Distance

t = Average time of fall

_—§~_—- - C-'T‘/Sec (301)
3

Eguivalent Drop Diameter.

1t
|

Total volume change in the buret
Namber of drops formed

Average volume of a drop =

V = :1]]_1

_ (%V)l/E’: (3.2)

=<

Equivalent drop diameter, 4 cm

e

Eccentricity.

Eccentricit B = Horizontal diameter
Y9 & = “Yertical diameter

a

E=g3

]

Average eccentricity, E, of any drop size was obtaired
by taking the average of the three observations,

E. + E

3

1 o + B

E = 3 (3.3)

A1l calculations were made using an IBM 1620
computer, and the velocity, equivalent diameter and

eccentricity of drops are listed in appendix B,
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H. Results

The calculated results are tabulated in appendix B.

In the next chapter these results will be analyzed.

Data on the benzyl alcohol - hexane system could
not be obtained because benzyl alcohol formed a jet
spray in hexane; even the smallest size nozzle failed
to form individual droplets. Therefore, it was impossible

to measure velocity and volume of individual drops.

Two other systems which failed to yield data are
water in benzene and glycol in methyl isobutyl ketone.
In these two cases all attempts failed to produce sharp

photographs of the droplets.
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IV. DISCUSSION

As is indicated in the literature review section,
no satisfactory method is currently available to predict
the deformation of liquid drops moving in liquid media.
In this study, special attention has been given to
obtaining drop deformation data on the systems which
cover a wide range of physical properties. The data
reported in the literature which is presented in appendix
B cover a very limited range with regard to continuous
phase viscosity (p% = 0.89 to 1.56 c.p.). This work
includeg systems with continuous phase viscosity as low
as 0.31 centipoise and ag high as 45,93 centipoise,.
While the data analysis for the present work was under
way, a set of additional data was received from Dr. A.H.
P. Skelland of Notre Dame University. The data are

included in appendix B.

A, Data from Literature

Only a selected portion of the literature data
has been used in this study, in addidtion to the data
obtained in this project. All the data selected are for

non-oscillating drops. The three key variables which
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were examined were the eguivalent droplet diameter,
terminal velocity and eccentricity. Since most authors
have not indicated whether or not the droplets were
oscillating, it was necessary to devise a method for
determining which droplets oscillate so that eccentricity
data for oscillating droplets could be discarded. The

date selection from literature is explained below.

Klee (12): The terminal velocity, U,, versus
equivalent droplet diameter, de’ plots for the nine
systems were constructed using all the data of the author.
Drop diameters corresponding to the peak velocities were
recorded. Data having a diameter equal to or larger than
the peak velocity diameter for a particular system were
rejected becuase those droplets were probably oscillating.
In cases where the peak velocity was not very obvious,
personal judgement was used, Of the one hundred and four
data points, thirty seven were rejected as possibly being

oscillating droplet data.

Garner and Tayeban (6): Data available for the
two systems in this case were physical properties of the
systems, equivalent drop diameters, eccentricities, and
the corresponding Reynolds numbers, First, velocities

of the drops were back-calcualted from the Reynolds
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numbers (UJG = Rﬁﬂb/deﬁ%)~ Then, o procedure sinmilar to
above was used for data selection. Of the seventeen data
points, eleven were rejected as nossibly being oscillating

droplet data.

Keith and Hixson (11): Eguivalent drop diameters
corresvponding to the peak velocities of the six syvstenms

were read directly from their U, versus de plots. Peak

T
velocity diameters were then marked for each system on
the eccentricity versus equivalent diameter plots. Values

of d Ut and E for non-oscillating drops were read from

e’
these plots. The equivalent diameter versus eccentricity

plot is given in the appendix B.

Wellek (24): equivalent diameter, terminal velocity
and eccentricity data for six systems were available,
Half of the systems were mutually saturated, and half
were unsaturated. Of the thirty five data points, fifteen

were rejected as possibly being oscillating droplet data.

Skelland (22): equivalent diameter, terminal vebeity
and eccentricity data for fourteen systems were available.

The data received were analyzed as in the first case and

data for non-oscillating drops selected. Of the eighty

data points, thirty two were rejected as possibly being
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oscillating.

B. Regression Analysis

The eccentricity of droplets is a function of

many variables,
E = f(de’UtvgyO/iyuc’Md,[)C,Ap) (4.1)

The object of this investigation is to determine the
above functional relation. Attempts to derive a correlation
between the variables from an assumed theoretical model
have not been successful (7). One approach to the
solution of such a difficult problem is the method of

. correlation by dimensional analysis. It can be shown that
the above relation may be reduced to the following

relation by dimensional analysis:

E=f (@PU.tzp“ ,‘d"Ut'Q“ , ggp_ae? Uy ey (4.0

2T e "&de ' lUa

or identifying the dimensionless groups symbolically
E=f,( We, Re, Eb, Fr,l%cd ) (4.3)

The number of independent variables in the funétional
relation has been reduced from eight in equation (4.1)
to five in equation (4.3). The functional relation Toy
however, is still unknown. In this work, f2, is assumed

to have an exponential form.
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£, 14 4
E = a' WePl Re®2 ms®3 w4 (e £5 (4.4)
c Lia

Inspection of the above relation indicates a serious
deficiency. It is well known that as either dg or Uy
approaches gzero (and hence, We, Re, E&, and Fr approach
zero), the droplet eccentricity, E, should approach unity.
Eguation (4.4), however, suggests that the eccentricity
approaches zero. Therefore, equation (4.4) was further

modified to the following form

E = a, we?l Re®2 E5?3 P24 q%g)aB + 1.0 (4.5)

or E*= (E-1.0)= 2, we?l Re?2 E5%3 Fr4 qﬁﬁ)a5 (4.6)

The constants in the above relation were determined by
means of a multiple regression analysis program outlined
by M.A. Efrymson’(3). This program is listed in the
University of Missouri, Rolla Computer Science Center
as 3T3T04. The program uses a modified least square
technigue. Equation (4.6) must first be linearized by

a logarithmic transformation as follows:

In(E-1) = ln(ao) + alln(We) + azln(Re) + aBln(Eb)

+ g4ln(Fr) + asln%ég) (4.7)

The regression analysis program is such that it does
not fit the experimental data to all of the five inde-

pendent variables. It first searches for the independent
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variable, for example 1ln(We), which has the most important
effect on 1n(E-1). The first correlation would then be
In(E-1) = 1ln(e) + &, 1n(We) (4.8)

The program gives the standard error of the correlation,
S[in(E-lﬂ , the value of ln(do) and &,, and also the
standard error of the coefficient & (from which the

ninety five percent confidence limits of &, are determined.

The program is such that the next step 1s a search
for the second most important variable, say 1nq%g).

A second correlation would then be obtained
1n(E-1) = ln(ag) + a{ln(We) + a51n§53)~ (4.9)

The process is continued automatically until a point is
reached where with the effect of additional variables
on the correlation is statistically insignificant or all

of the independent variables are introduced.

Two functions directly involving the primary
Variables were analyzed using the regression analysis

program. They are:

E* = E-1 = a_ 451 032 OUURHUBOFAL®T  (4.20)

E* = B-] = b, azl O'P 22;123;?1[5[)% (4.11)

Equation (4.11) was studied because it does not emplov
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the terminal velocity, Ut’ and may be used for a quick
estimate of eccentricity. Also it should be recalled
that Ut is a function of all the other independent

variables.

The following function was also studied
E* = E-1 = ¢ ES (4.12)
An ordinary regression analysis program was used for

this simple linear function.

After the constants in each function were defermined
by the regression analysis programs, the average absolute
percentage deviation¥* of the calculated eccentricities
from the experimentally observed eccentricities was
determined for each correlation. The lower the average
absolute percentage deviation for a correlation, the

more desirable the correlation becomes.

Pive c¢orrelations which are probably the most
useful are listed in Table II, page 62 Correlation
number IT is due to Harmathy and was not developed in

this investigation,

* a.4.2.0. = 100 §llEca) - Eouel
1 obs
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C. Results

The following five correlations were obtained by
regression analysis of two hundred and eight data points

representing forty five systems:

E = 1.0 + 0.123E8 (4.13)
E = 1.0 + 0.089 092 al+ 9% /P 70 g0 4 130 1t
(4.14)
E=1.0 + 0.091We?* 9> (4.15)
E = 1.0 + 0.092We®* 98 (U, /144) 0" 08 (4.16)

B = 1.0 + 0.1370%" 81 70-97 a2+

[Ld (4.17)

The graphical solution of Harmathy for predicting
eccentricity of the drops or bubbles is shown in Figure 12.
An analytical relation

E = 0.815 + 0.22E6 - 5.3x10 JE6° + 4.47x10™2Es3

(4.18)
was obtained by carefully fitting a third order

polynomial to the curve in Figure 12 by least squares
curve fitting techniques.

The average absolute percentage deviation, defined

A.A.P.D, = G; 1q 100 (4.19)
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was also calculated using the two hundred and eight data
points for all the above correlations and are listed in
Table ITI, The 95 percent confidence limits of the

important constants are also listed.

In addition to the regression analysis programs
used, an attempt was made to graphically correlate the
data. After considerable trial and error, a plot of
In(E-Re) against In(Eo-We) resulted in a set of parallel
straight lines. (See Figure 24, page 109.) In thé figure,
each straight line represents a system. The slope, of

the straight lines are approximately 0.5.

D, Ddscussion of Results

Eccentricity data from a total of forty five
liquid-liquid systems have been studied, covering a
wide range of physical propefties. Out of forty five
gystems, ten systems were experimentally studied in
the present work, and the data on the remaining thirty

five systems were obtained from literature or elsewhere*,

* Dr, AH.P. Skelland
Dr. R.M., Wellek



TABLE 1T

Correlations 1 through 6 with 95 Percent Confidence Limits of Xey Parameters

Correlation Average Absoclute
No. Percent Deviation
1. E=1.0 + 0.12386 7.8

0.123 T 0.0000456

2. E = 0.815 + 0.22E6 — 0.0053E6° + 4.47x10 7Es> 13.6

(oY)
=
i

0.823 .1.92 .7 0.441 ,,~0.11
1.0 + 0.089 7023 a2 92n P70 11 gt 7.4
~ -0.823 * 0.106; 1.92 * 0.26; 0.79 * 0.14
-0.441 * 0,12 ;-0.114 * 0.06

4. E=1.0 + 0.091we°953 | 6.2
- 0.0953 * 0.084'

5. E=1.0t1 0.092We0'984(LQy¢£de063 6.0
0.984 * 0.084; 0.063 + 0.04

6.  B=1.0+ 0.1370%-81 i0+97 41.07 [;20.078 5.9
1.81 £ 0.18; -0.97 * 0.088; 1.07 * 0.16;
-0.078 * 0.046

¢9
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The range of physical properties of the systems
and certain important dimensionless groups covered in

this study are given in Table III.

The five new correlations obtdned in this work
and the Harmathy relation (correlation 2) for predicting
the eccentricity of liguid drops in ligquid media are
discussed here in detail. The average percentage deviation
for correlations 1, 2, 3, 4, 5, and 6, is 7.8, 13.6, 7.4,
6.2, 6.0 and 5.9, respectively. The correlations obtained
in this work are a significant improvement over the
Harmathy correlation (number 2). The values of the
exponents of correlations 3, 4, 5, and 6 are analyzed
in Table II where the ninety five percent confidence

limits of the exponents are given.

Correlation 6 gives the smallest average percentage
deviation, and judged on this basis it is the best
correlation for predicting drop eccentricity. However,
the difference in average percentage deviation between
correlations 4, 5 and 6 are not large. The constants
and exponents on the Weber group in correlations 4 and 5

are essentially the same, but correlation 5 has an extra

dimensionless group (Wo/llg).



TABLE III

Range of Physical Properties of the Systems and Certain
Important Dimensionless Groups Covered in this Study

Variable Symbol Range Units
Interfacial tension o] 0.30 to 42.4 dynes/cm
Continuous phase _ ; centi-

viscosity Mo 0.31  to 45.9 poises
Dispersed phase centi-
viscosity LQi 0.48 to 85.0 . poises
Continuous phase |
density £ 0.6655 to 1.1995 gm/ml
Dispersed phase '
density Qi 0.7723 to 1.6740 gm/ml
Reynolds number Re 5.29 to 1354 none
Weber number We 0.16 to 12.58 none
E6tvos number Eo 0.14 to 10.10 none

Viscosity ratio ;Ll,x/p(tl 0.011 to 53.4 none
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0

E=1.0 + 0,091 we?:9° cor., 4

]

E = 1.0 + 0.092 we?*P°UU/ug)0 %%  cor. 5
The exponent on the group ({c/{g) is 0.06 which is
gquite small. Therefore, (p%Aﬂh)o’O6 could be approximated
by 1.0 if the viscosity ratio is close to unity. However,
the effect of the viscosity group can not be neglected
when the viscosity ratio is very large or very small,
as it is, for example, for the diol-water system
(Ue/Ug = 0.011) studied by Garner and Tayeban (6) or the

water-corn oil system (Uo/dg = 53.4) studied in this work.

Correlation 6 also is similar to correlation 4

except for the constants;
E = 1.0 + 0.137 31 5097 a3-07 13°-%8 cor. 6

> 1,0 + 0.137 U5%9-955770-9% a2-%%x1.0

= 1.0 + 0.137 Wwe?*9? (4.20)

Since, correlétion 4 is essentially the same as correlation
5 or 6, 4 éould be selected favorably for use for its
simplicity over the 5 or 6 without introducing serious
error in the results. Correlation 5 would be recommended
if viscosity ratios are encountered which differ signi-

ficantly from unity. If one does not wish to calculate
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the terminal velocity in order to calculate the eccentri-

city, then correlation 3 is recommended.

1. Comparision of the Correlations. Figures 16, 17,

18, and 19 are plots of calculated eccentricities against
observed eccentricities for correlations 1, 2, 3 and 4,
respectively. The deformation of drops is arbitrarily
divided into three catogories

Less deformed drops 1.0<E<1.2

Moderately deformed drops 1.2<E< 1.5

Highly deformed drops 1.5<E

Less deformed drops (1.0<E<1.2). Eccentricities

calculated from correlations 1, 3, and 4 are in good
agreement with the observed eccentricities; correlation

3 and 4 agree very well (see Figure 16, 18 and 19).
Correlation 1 gives slightly lower values than the observed
values of the eccentricity. Correlation 2 (that of
Harmathy) is not satisfactory for the lower region of
deformation (see Figure 17). The calculated values are
much lower than the observed values., Harmathy's correlation
“has another serious disadvantage; the calculated eccentri-
city quite often is less than 1.0 which is impossible

(unless wall effects are important).
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Moderately deformed drops (1.2<E<1.5). Deformation

in the region is best predicted by correlation 4 (see
Figure 19). Deviations in the predicted value are slightly
more than in the low deformation region. Correlations

1 and 3 show identiCél behavior, and the deviatioﬁ in
calculated values of eccentricity for both the correlations
is higher than for correlation 4. Harmathy's correlation

.2 is poorer in accuracy than the other three correlations.

It can be seen from Figures 16 to 19 that a large
number of points from the data of Skelland (22) show a
definite pattern on all four graphs; the observed values
are very high compared to the values calculated by any
of the correlations. It is possible that some of the

data of Skelland may be in error.

Highly deformed drops (E<1.5). In this region

of deformation accuracy is poor for all of the correlatbns.
Of the four developed in this work, correlation 1 seems

to give the best results. Correlation 2 (Harmathy)

predict values higher than those observed. Correlation 3
does not show any particular trend, but the deviation

from observed values is large. The values of eccentricity
calculated from correlation 4 in general are lower than

the observed values.
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2. Effect of Eguivalent Drop Diameter on

Eccentricity. It is well known that the greater the drop

size, the greater the eccentricity, i.e., deformation.
Previous workers Klee and Treybal (13), Keith and Hixson
(11), and Garner and Tayeban (6) have suggested that

the eccentricity, Eg of drops is a linear funétion of

the equivaleht drop diameter, dg (see Figures 7, 8, 9).
They frequently did not separate their data into oscillats-
ing and non~oscillating regions when they prepared their
plots of eccentricity data. Studies by Elzinga and
Banchero (4) of pure and contaminated water drops in
Dowtherm A+E show tﬁat eccentricity is not a linear
function of the equivalent drop diameter. Klee and Treybal,
however, had pointed out that the eccentricity of small
drops is not strictly linear with respect to equivalent

drop diameter.

In Figures 20, 21, and 23, the observed eccentri-
cities and those calculated from correlations 1, 2, 3,
and 4 have been plotted against equivalent drop diameter
" for a number of systems. From these figures, it is clear
that eccentricity of drops is not exactly linear with
respect to equivalent drop diameter. Correlations 1 and
3 represent the trend of the observed data féirly well

in all three figures. Equivalent érOp diameter, 4.,
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appears with the following exponents in the correlations
1l and 3:

correlation 1: E & dg

correlation 3: Eo ai-92
Therefore, it is reasonable to assume that for non-
oscillating drops, E ie proportional to dg and not dgo
as has been reported in the literature. Correlation 4
also represents the data fairly well in all three figures.
Since, correlation 4 cqntains a velocity term; Ut , which

is itself a function of d,, it is difficult to interpret

the effect of d,.

3. Effect of Physical Properties on Eccentricity.

The effect of various physical properties will be
discussed, if possible, with all other physical properties
the same except the one being considered. This is not
always possible, even with the many systems experimentally

studied in this work.

Interfacial tension. Interfacial tension was found

to be the most impqrtant of all physical properties
affecting the shape of the drops. The tendency of inter-
facial forces is to reduce the surface area of the liguid
drop to ite minimum. For a given volume, a sphere offers

the minimum surface area. Therefore, the natural shape
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of a liguid droplet not subjected to any other forces ic
eXpected to be spherical, i.e., with an eccentricity of
unity. Very small drops have been observed to be almost
perfectly spherical despite their motion through the

continuous phase.

The quantitative dépendence of eccentricity on
interfacial tension can be judged by considering the
magnitude of the exponents of '(7i' in the various
correlations:

correlation, 1. Eoto’il'o

2, Eo<o’£l'o

3. Boc -8

r. Box 09

This suggests that eccentricity is almost inversely

proportional to interfacial temsion, i.e., E&X 1/t .

Density. The effect of the density'[% and ﬂh, on
the shape of drops moving in liquid media appears in
two ways. The first effect is related to the gravitational
forces on the drop causing the motion, and the second is
related to the inertial forces opposing the motion. The
two forces are represeﬁted in the dimensionless groups

E6 and We, respectively.
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2 . .
05 = g!/% - [%lde _ gravitational forces
(i surface forces
: d Ug inertial forces
We = ‘

surface forces

i1
%

Correlation 1 and 2 show that drop eccentricity
is a function of Eo raised to the unit power. Correlation
2 can be approximated by E = 0.815 + 0.22E56, by neglecting
the higher powers of EO, since their coefficients are
very small. This suggests that drop eccentricity is
directly proportional to Zlﬁ% the difference in densities
between the two liouids. However, the exponent ODAA/D in

correlation 3 is not 1.0 but 0.79. Thus,

EX (AT

where X = 0.9. This ie in contrast to the observation of

Klee and Trevbal (13) that

The individual density term ﬁ% appears in the
correlations in association with the terminal velocity

term, Ut. Correlations 1, 2 and 3 do not have ﬁ% terms.

The effect of the individual densities ﬁ% and /)d
on deformation can not be explicitly seen. Correlations

4 or 5 and 6 have the ﬁ% term along with the terminal
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velocity term, Ut' Since, terminal velocity itself is
a function of a host of variables, one of which is ﬁ%,

it is difficult to explain the effect of L, on eccentricity

Viscosity (Continuous Phase). Harmathy (7) has

shown, page 30, that
shape = fl(Eé, We)
and when droplets are in turbulent flow region the Weber
group becomes a function of Edétvds group, and hence
shape = fB(Eé)
Correlations 1, 2, and 4 support the above simplified
model. Neither E6 nor We contain the continuous phase
viscosity term. This might suggest, therefore, that the
shape or eccentriéity of ligquid drops is not affected
by fhe‘continuous phase viscosity. However, correlatiors
3 and 5 do contain the continuous phase viscosity term,
L - The exponent anﬁQ” in correlation 5 is small, 0.06,
ahd suggests that the effect af[k,on eccentricity is
almost negligible. In correlation 3, the exponent on

Lé ig =0.44 indicating that the effect afﬁ&,issﬁgnificant.

The following is an analysis of the various
correlations in different ranges of continuous phase
viscosity. In Figures 20, 21, and 22, the observed

eccentricity and calculated eccentricity using correlations
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1, 2, 3, and 4 have been plotted against the equivalent
drop diameter for systems having low, medium and high
continuous phase viscosities, respectively. The ranges
of viscosity have been arbitrarily defined by the author
as follows:

Low viscosity range U < 0.8 c.p.

Medium viscosity range 0.8 < Iz(c < 4,0 c.p.

High viscosity range 4.0 <I[£C c.p.

In Pigures 20 and 21, correlations 1, 3 and 4
represent the trend of data fairly Well. Figure 22
represents the data of high viscosity systems. Here,
correlation 1 shows large deviations from the observed
data, and this becomes progressiVely worse as [{, increases
from system .26 to system 48. Correlations 3 and 4 fall
close to the observed data of system 48. Correlation 1
predicts higher eccentricities than those observed for
high continuous phase viscosity systems. Correlation 2
of Harmathy is shown to be poor on page 66, and, therefore,

is not discussed here.

The failure of correlation 1 to represent the data
of high viscosity systems is probably because of the
absence of thefic term in the correlation. This leads

to the tentative conclusion that the effect of continuous
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phase vigcosity on eccentricity is little so long as the
viscosity, o, is less than 4.0 centipoises. In the higher
viscosity range (LQ:>4.0 c.p;), the effecf is to lessen
the drop deformation., A similar conclﬁsion could be

drawn by considering correlation 3, where LQ, is present

with an exponent of -o0.44.

It would be‘a mistake to assume that correlation
4 does not incélude the effect of continuous phase
viscosity. This correlation has the Weber group (We=Fnd U2)
as a dimensionless variable which includes the terminalt
velocity term, Ut‘ The terminal velocity is a function
of the continuous phase viséosity, and hence, correlation

4 also includes the effect of continuous phase visccsity,

though indirectly.

Vigcosity (Dispersed Phase), Liquid drops differ

from solid.spheres in that the liquid can be set into
motion internally by the viscous drag in the liquid medium
outside the drops. The intensity of circulation inside
the drops depends- upon the viscosity of»the dispersed
phage liquid,lid. It is natural,‘therefore, to expect

some effect of[id on drop shape and any other associated

phenomensa.
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It is the observation of many investigators (8,13)
that the terminal velocity of drops is affected very
little by the dispersed phase viscosity. Schroeder and
Kintner (20) found that oscillation of drops is affected
very little by dispersed phase viscosity. Garner and
Tayeban (6) report that/id effects the magnitude of drop
deformation; the eccentricity of highly viscous drops
was found to be less than that of less viscous drops.
But, as discussed earlier

E = @KE@) or E = f4(We)
which would indicate, if Harmathy's model is correct
that eccentricity is not affected by‘L%f However,
correlation 3 indicates that the effect of [{; on
eccentricity is very small, E« _Q’ll. It can be seen
f rom Pigures 16, 18 and 19 that correlation 3 does not
offer any better results than either correlation 1 or 4
for the Garner and Tayeban data which includes a very
high viscosity diol (/,(d = 85 ¢.p.). Systems 1, 6, 7, and
23 represent the extremes of the dispersed phase viscosity
range investigated in this study. The observed and
calculated eccentricities, Table VII, show +that the
eccentricity for these systems calculated using correlation
3 is in no way better than those calculated using

correlations 1 and 4.
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Therefore, the author's view is that dispersed
Phase viscosity, [.{d, has very little effect on the shape

of a drop.
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V. CONCLUSION

Thirteen ligquid-ligquid systems were experimentally
studied in this investigation. Data from the open
literature and elsewhere were also included for the
theoretical investigation. The following conclusions are

drawn from this investigation:

1. An analytical relation

E = 0.815 + 0.22E6 - 0,0053E6° + 4,47x107E6°
was obtained by carefully fitting a third order
pol&nomial to Harmathy's E versus Eo curve by
least squares curve fitting techniques. This
correlation when tested with available data,
proved unsatisfactory. It occasionally predicted
eccentricity values lower than 1.0, which is
impossible for non-oscillating drops. The

average absolute percentage deviation for the

Harmathy correlation was found to be 13.6percent.

2. Fivé new correlations were obtained by
regression analysis of the data.
1, E= 1.0 + 0,123Ed

3. E = 1.0 + 0.089 f0-82 4392079 15044 1 70- 11

Ha
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4. E = 1.0 + 0.091we?*?

5. B = 1.0 + 0.092we"* 98 (( /Ua)©-OF

6. E

i

The average absolute percentage deviation of

the calculated eccentricities from observed
eccentricities for the two hundred aﬁd eight
data points representing forty five systems is
7.8, 7.4, 6.2, 6.0, and 5.9 percent for
correlations 1, 3, 4, 5, and 6, respectively.
Correlations 4, 5, and 6 were considered similar.
Therefore, only correlationé 1, 3, and 4 were
studied in detail. It was found that correlation
1 is good only for systems which have low or
moderate continuous phase viscosity Qlc<i4.0 CeDe)e
Correlations 3 and 4 were applicable in the
whole range bf continuous phase viscosity

covered in this study (0.31 to 45.9 C.P.).

3, Harmathy's dimensionless model for correlating
drop shape is E = f£1(Ed). This model is justified
by correlation 1, but the model is good for the
low and the moderate viscosity ranges (Ue<4.0 c.p.).
The model E = f4(We) was found to more adequate-

ly represent droplet shape in all the viscosity
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ranges (0.31 to 45.9 c.p.) than the model
suggested by Harmathy. This conclusion is based

on the analysis of correlation 4.

Deformation of a drop depends upon its size.
Larger drops of any system are found to belmora
deformed than smaller drops 6f the same system.
The eccentricity of nb6n-oscillating d:ops is
directly proportional to theiquare of the
equivalent drop diameters |

Poc 42
and not to ﬁhe first power of the equivalent

drop diameter as suggested by previous authors.

Interfacial tension was found to be the most
important of all the physical propertiéé
affecting the drop shape. Eccentricity'was found
to be almost inversely proportional to inter-
facial tension. The next important physical
property of the system affecting the drop shape
is ﬁﬂ the difference in denzitiea of the

com‘;inuous phase- and d.ispersed phase liquids.

Beeintriciﬁy ia dirnetly prepertional to Aﬂ

'The continuous phase viscosity, ,L(c, was found



to héve a limited effect on shape. Its effect
appears only in systems which have high
viscosity 0!c<:4.0 c.p.). The least impotrtant
of all physical properties affecting droplet
shape is the'dispersed phase viscosity, Llg.

87

The effect of both viscosities is to lessen

the deformation of the drops, if all other

physical properties are held constant.
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VI. RECOMMENDATIONS

In this investigation only non-oscillating
liguid droplets moving in liguid media were studied.
The auvthor's interest was limited to obtaining a
correlation which could predict the eccentricity of non-
oscillating drops. The following recommendations are

made for further investigation of the topic:

1. Oscillating liquid drops are frequently
encountered in practice. An attempt should be
made to correlate the "time average" deformation
of such drops. (a) The correlations developed
in this study might be found good enough to
also represent the mean eccentricity of oscilat-
ing drops. (b) In(E+Re) versus ILn(Eo-We) plots
were found to result in a set ot parallel
straight lines. A few data points representing
oscillating drops were found by the author to
fall exactly on these straight lines (points
for oscillating drops are not shown in Figure
24), These parallel straight lines when brought
together might represent a correlation for hoth

oscillating and non-oscillating drops.
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2. Drag coefficient, C, versus Reynolds number,

Re, curves for liquid droplets moving in liouiad
media are reported in literature. The curves
for droplets are markedly different from C
versus Re curves of solid sphere. Because of
the lack of eccentricity data for the droplets,
C and Re were calculated assuming droplets to
be perfect spheres. Now, with the eccentricity
of drops known, it is possible to calculate
their accurate frontal area. It is suggested
that C versus Re curves should be reconstructed
using the accurate frontal area in drag coeff-
icient and a modified Reynolds number. The new
curves would possibly be more accurate and
would shed more light on the field of drop

motion.

Because of the limited availability of funds,
only two systems of high continuous phase
viscosity could be studied in the present work.,
It is suggested that the investigation of the
eccentricity of drops be extended to more
systems which have high continuous phase

viscosities.



VII. APPENDIX
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Appendix A.

Materials

Aniline: Technical grade aniline was distilled
in an all glass apparatus.

Benzene: Technical grade benzene was distilled
in an all glass apparatus.

Benzyl alcohol: Fischer Reagent quality benzyl

alcohol,

Bromobenzene: Technical grade bromobenzene was

distilled in an all glass apparatus.

Carbon tetrachloride: Technical grade 0014 was

distilled in an all glass apparatus.
Corn oil: Mazola Corn 0il was used without
distillation.

Ethylene glycol: Technical grade glycol was used

without distillation.
Hexane: Technical grade and Fischer Reagent grade
hexane was used without distillation.

Methyl isobutyl ketone: Technical grade MIBK was

used without distillation.

Nitrobenzene: Fischer Reagent quality nitrobenzene.

Water: Distilled water from a laboratory still.
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Appendix B.

TABLE IV

List of Liquid-Liquid Systems and their Sources

gyﬁgfm Dispersed Phase Continuous Phase Source
1. Methyl ethyl ketone Water Klee qu
Treybal
2. Sec-butyl alcohol Water "
3. Water* : Furfural "
4. Nonyl alcohol Water | "
5. Water* n-Heptylic acid "
6. Methyl isobutyl ketone Water "
7. S.A.E. 10W oil Water "
8. Benzene Water "
9. Benzene 20% Sucrose "
solution
10. Kerosene Water "
11. Pentachloroethane Water ‘ "
12, Glycol diacetate(pure) Water WellekQ4)
13. - Gl{col‘diacetatep Water "
saturated)
14, Ethyl acetoacetate(pure) Water "
15. ‘Ethyl acetoacetate Water "

. (saturated)

* Not used in this work.



TABLE IV (continued)

[a]
oyggem Dispersed Phase Continuous Phase Source
. {2
16. Glyceryl triacetate Water Welle
(pure)
17. Glyceryl triacetate Water "
(saturated)
18. 2.Bthyl-hexane 1.,3diol Water Garmarﬁg
(saturated) Tayeban
19. Benzyl alcohol Water "
(saturated)
20, n-Butyl alcohol Water Keith SCU)
Hixson
21. Ethyl acetate Water "
22. Methyl isobutyl ketone Water "
23, n-Butyl chloride Water "
24. Toluene Water "
25. Cyclohexane Water "
26. Water Benzyl alcohol Ske%la?d
22
27. Benzyl alcohol Water "
28. Methyl isobutyl ketone Water "
29. Water Methyl isobutyl "
ketone
30, Water Benzaldehyde "
31. Benzaldehyde Water "
32. Nitrobenzene Water "
33. Water Nitrobenzene "




TARLE IV (continued)
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Sy;ﬁem Dispersed Phase Continuous Phase Source
34, Water* Benzene Skelland
(22)
35. Benzene#* Water "
36. Water Chlorobenzene "
37. Chlorobenzene Water "
38. Ethylbenzene Water "
39. Water Ethylbenzene "
40, Nitrobenzene Water Present
work
41. Carbon tetrachloride Water "
42, Water Methyl isobutyl n
ketone
43, Water Hexane "
44, Bromobenzene Water "
45, Aniline Water "
46. Nitrobenzene Glycol# "
47. Glycol#‘ Hexane "
A8, Water Corn oil "
49. Glycol# Benzene "

* Not used in this work.

# Ethylene glycol



Figure 23. Keith and Hixson (//) eccentricity data
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TABLE V

Physical Propertiés, Equivalent'Diameter, Velocity and

Eccentricity of Droplets
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'  No. -

o

Jor He Uy de U E
nks dynes/em gm/ml  gm/ml C.D. C.P. cm em/sec
1% 1 .30 .9600  .8370 1.45 .60 L040 2.00 1.00
2% 1 .30 .9600  .8370 1.45 .60 L060° 2,60 1.00
3% 1 <30 .9600 8370 1,45 60 L060 2,60 1,18
4% ] .30  .9600  .8370 1.45 .60 L070 3.10 1,46
5 1 .30 .9600  .8370 1.45 .60 <120 bobhO 2,14
6% 1 <30 .9600 48370 1.45 .60 .130 4,70 1.72
71 .30  .9600  .8370 1.45 .60 .150 5.00 2.11
1% 2 60 L9705  .8660 1.56 2.78 L080 2.90 1.13
2% 2 260 ,9705 8660 1.56 2.78 2090 3,20 1.18
3% 2 .60 .9705  .8660 1.56 2.78 L110 3.60 1.26
4% 2 60 .9705  .8660 1.56 2.78 «150 4 40 1.27
5% 2 .60 . 9705 8660 1.56 2.78 « 160 4,60 la48
X .60  .9705  .8660 1.56 2.78 .210 5.30 1.88
Tx 2 .60  .9705  .B660 1.56 2.78 .220 5,40 2.08
% 2 60,9705  .8660 1.56 2.78 £230 5,50 2,34 -
1% & 4,90  .9982  .8242 1.00  16.20 .190 5,51 1.18
2% &4 4,90  .9982  .8242 1.00 16.20 .220 7460 1.23
3k 4 4,90  .9982 8242 1.00  16.20 240 8,00 1.21
4% 4 4,90  .9982  .8242 1.00  16.20 .290 R.15 1.24
5% 4 4,90  .9982  .8242 1.00  16.20 c410 9.50 1,69
1% 6 9.80  ,9947 _ ,8155 .93 .60 .090 4,30 1.00
C2% 6 9.60  .9947  .3155 .93 .60 .120 5.40 1.04
3% 6 9.80  .9947  ,8155 .93 .60 <140 5.50 1.08
% 6 9.80  .9947  .8155 .93 .60 .150 5,80 1.00
5% 6 3.80  .9947  .8155 .93 . 60 .160 6.30 1.10
6% 6 9.80 - .9947  .8155 .93 <60 .210 7.60 1.13
73 6 9.80  .9947  .B8155 .93 .60 <230 8.60 1.09
8% 6 G.80  .9947  .8155 K .60 240 8.70 112
% 6 9.80  ,9947  .8155 .93 .60 <280 9.80 1.15
10% 6 9.80  ,9947  .8155 .93 .60 .320  10.40 1.21
1% 7 18.50  .9975  .8650 1.06  72.10 .200 6.30 1.05
2% 7 18.50  .9975  .8650 1.06  72.10 .230 7.00 1.07
3% 7 18.50  .9975 ' .8650 1.06 72,10 4300 7.90 1,12
4% 7 18.50  .9975 <8650 1.06  72.10 L350 9.40 1.12
5% 7  18.50  .9975  .8650 1.06  72.10 .390  10.10 1.16
6% 7 - 18.50  .9975  ,8650 1,06 72.10 450 10.80 1.19
TE 7 18.50  .9975  .8650 1.06  72.10 .530  11.20 1.27
8% 7 18.50 9975  .8650 1.06  72.10 .590  11.80 1.22
% 7 18.50 .9975  .8650 1.06  72.10 .690 11,00 1. 40
T0% 7 18.50  .9975  .B8650 1.06  72.10 .720  11.00 1.36
11% 7 18,50  ,9975  .8650 1.06  72.10 .900 10,80 1. 46
12% 7 18.50 .9975  .8650 1.06  72.10 .200  10.80 1.73
1% 6 30.00  .9975  .8870 1.14 .68 .200 5.40 1.07
2% 8  30.00  .9975  .8870 l.14 .68 .220 5,85 1.05
3% 8  30.00  .9975 8870 1,14 .68 .280 7.05 1.10
4% B 30.00 <9975  .8870 1.14 .68 .370 3450 1.0
5% 8 30,00  .9975  .8870 1.14 .68 460 9.10 1.15
6% B8  30.00  .99715  .8870 1.14 .68 .500  10.00 .26
- 7% 8  30.00 ° .9575  .8870 1.14 .68 670 11,45 1.20
8% 8 30,00 9975 .8870 1,16 68 LI70 11,716 .32
1% 9 30.10 1.0600  .8720 1.39 .59 .290 9.00 1.07
2% 9 30,10 1.0600  .8720 1.39 .59 0350 10.70 1.12
3% 9 30,10  1.0600 _ .8720 1.39 .59 2450 12,10 1.15
4% 9 30.10 1.0600  .8720 1.39 .59 .530  13.40 1.20
5% 9 30,10 1.0600  .8720 1.39 .59 .620 13.70 1.26
1210 40,40 ,9986  ,807] 1,08 147 L230 .30 107
2510 40.40  .9986  .8071 1.08 147 .330  10.65 1.09
3%10 40,40  .9986 L8071 1.08 1.47 430 12,50 1.15
4310 40,40 9986  .8071 1.08 let7 L5490 13,50 1,18
5510 40,40  .9986 8071 1.08 1.47 .510  13.90 1.15
6510  40.40 9986 8071 1.08 Le&s7 .530 13.90 1.21
7210 60.40 _ ,9986  .8071 1.0° 1.47 2630 14,70 1,20
1511 42.40  .9978 1.6740 .45 2.03 L170 14,00 1.07
2511 42.40  .9978 1.6740 .95 2.03 $260  17.40 1.12
5511 42,40  .9978  1.6740 .95 2.03 .290  19.50 1.14
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No. a. A Ry He Ha de U E
ngs dynes/em gm/ml gm/ml C.D. C.D. cm cm/sec ;
4311 42.40. o9978 1.6740 .95 2.03 .330 20430 1.15
5%11 - 42440 49978 1.6740 .95 2.03 «380 20420 124
_1%12 2,33 9971 1,0990 .92 2,62 o144 2,19 1.03
2%12 2.33 «9971 1.0990 .92 2.62 o224 4,58 1.25
3%12 2.33 9971 1.0990 .92 2.62 243 4,78 l.44
- 43%12 2.33 ¢9971 1,0990 .92 2,62 280 bo16 leb1l
1%13 2.33 <9971 - 1.0976 e 92 244 R 2.88 1.02
2%13 2.33 «9971 .1.0976 .92 2¢ 44 e 226 484 1.30
3%13 2.33 29971 1.0976 292 2, 44 249 5,27 1,44
433 2433 9971 1.0976 ¢ 92 244 . 268 5445 l.61
S 1%l4 3.50 - .,9970 1.0194 .90 1.50 «305 2.11 1.02
2%14 3.50 «9970 1,0194 . 90 1.50 2456 3.17 1.15
314 3.50 9970 1.,0194 .90 1.50 .559 4428 l.36
1%15 3,50 9970 1.0220 « 90 1.58 <299 2443 1.01
2%15 3,50 29970 1,0220 .G0 1.58 418 3,67 l.12
3%15 3.50 9970 1.0220 . 90 1.58 .518 4,56 1.38
1%16 . 3.99 <9971 1.1531 .91 16.60 .151 5.43 1.05
- 2%16 3.99 29971  1.1531 . 91 16.60 .206 7.01 1.18
3%16 3.99 .9971 1.1531 .91 16.60 . 263 8430 1l.34
4%16 3.99 «9971 1.1531 .91 164,60 260 8,30 1.34
1%17 3.99 29971 1.1472 .91 10.90 177 4e61 1,07
2%17 3.99 9971 1,1472 .91 10.90 .233 7.75 le24
3%17  3.99 9971 1.1472 .91 10.90,. . 268 8.52 1.37
43%17 3,99 69971 1,1472 . 91 10.90 « 267 8,48 1,35
1318 4.00 9982 « 9450 1.00 85.00 .185 2.38 1.00
2%18 4,00 .9982 « 9450 1.00 85,00 .210 3.34 1.00
3%18 4,00 .9982 9450 1.00 85,00 245 3,88 1.05
4318 4,00 .9982 <9450 1.00 85.00 «340 5460 1.15
5%18 4,00 .9982 .9450 1.00 85.00 .«355 5.93 1.20
1%19 5.00 .9982. 1.0420 1.00 5.30 +230 3.92 1.01
2%¥19 5,00 9982 1.,0420 1,00 5.30 «295 6.11 1.03
3%19 5,00 29982 1,0420 1,00 5,30 +330 5,717 1,09
4%19 5,00 «9982 1.0420 1.00 5430 «350 6,01 l.12
5:%19 5.00 9982 1.0420 1.00 5430 <408 6.88 1.30
__6%19 5.00 «9982 1.0420 1.00 5430 425 7.31 1,32
1%20 1.80 «9865 8427 1.19  2.74 «200 7.90 l.21
2%20 1.80 .9865 8427 1.19 2. 74 .250 7.97 1.48
3%20 1.80 .9865 8427 1,19 2.74 . 300 8,04 1.72
43220 1.80 .9865 8427 1.19 2.74 .350 8.10 2.00
1%21 4,50 .9922 .8988 1.20 48 .288 7.25 1.21
2%21 4.50 .9922 .8988 1.20 048 o413 7.30 1.50
3%21 4,50 .9922 .8988 1.20 .48 475 7.38 1.66
4321 4,50 .9922 .8988 1.20 48 .537 7.50. 1.82
521 4,50 .9922 . 8988 1.20 .48 600 756 1.99
1%22 10.70 «9950 .8006 693 .58 400 10.75 1.27
2%22 10.70 9950 .8006 .93 .58 450 10.75 1.33
3:%22 10.70 9950 .3006 .93 .58 .500 10.75 le4l
%22 10.70 9950 .8006 .93 .58 550 10,75 1.48
5%22 10.70 «9950 .3006 e 93 58 «590 10,75 1.54
1%23 244 20 «9957 . 8784 . 92 o 43 $325 8,00 1,08
2%23 24420 «9957 . 8784 e 92 .43 413 9.75 1.12
3%23 24420 «9957 8784 .92 .43 450 10.25 l.14
4%23 24420 29957 8784 .92 43 o544 11.00 1.18
5:223 24 420 .9957 8784 .92 e 43 .613 11.00 1.21
1%24 35,60 . 9969 8606 .89 .55 .200 7.25 1.02
23524 35,60 29969 28606 s 69 455 2 225 8,05 1.03
3322 4 35,60 «9969 8606 .89 .55 .288 9.5 1.05
4324 35,60 9969 8606 . 89 .55 <350 10.45 1.07
532 & 35 4,60 «9969 8606 .89 .55 467 11.25 1.11
1%25 40,70 .9968 . 7723 . 90 . 88 .300 1325 110
2:%25% 40,70 .9968 7723 <90 .88 .325 13.50 el
3525 40,70 .9968 7723 . 90 .88 .350 13.73 lo13
4320 5 40,70 .9968 w1123 .90 .88 «375 13.45 Tols
5425 40,70 . 9968 «7723 . 90 .88 « 400 13.9% 1.35
6225 40,70 9968 «7723 .90 .88 L4135 14,00 l.15
1%26 3,60 1.0394 .99 64 4,09 . 85 W 257 2e57 1.04
2:%26 3,60 1.0394 9964 4409 .85 e 7230 2e01 1.05
3%26 " 3.60 1.0395 e 9964 Lg D) « 85 « 289 2 et G 107
4o b 3.00 1.0396 ,9965 Gel2 .65 o327 5050 l.11
526 3,60 1,0397 . 9965 4,73 .85 «368 3.96 1.13
6326 3,60 1.0398 «9965 4,76 .85 4356 4,77 le24
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No. Ot R R Me My de W E
nss dynes/em gm/ml  gm/ml c.D. c.D. cm cm/sec
1#27  3.60 9965 1.0398 e 85 4,76 287 4,19 1.12
2%27  3.60 - .9965 1.0397 .85 4,73 $322 4,81 1.13
3%27 3,60 ,9965 1.,0396 . 35 4e72 o 344 4,92 lel4
4327 - 3.60 <9965 1.0396 .55 4,72 «380 5.54 l.2¢
.. B5%27 3.60 .9964 _1.0394 . 85 4469 421 6.02 le34
6%27 3.60 «9964 1.0394 .85 4,69 470 5.73 1.53
1%28  10.20 «9969 8011 .89 .58 204 9.66 l1.19
__2%28 10,20 9969 8011 . 69 +58 $ 210 12.13 1e22
1%29 10 .40 e 7956 . 9958 « 54 .81 236 14447 1.58
. 2%29 10.40 .7956 «9958 54 .81 245 14459 1.55
_1%30 14,20 11,0368 .9961 1.30 .82 371 1Ry 1411
- 2%30 14.15 1.0365 + 9960 l.29 .82 418 B84l 1.22
- 3%30 14,15 11,0365 9960 l.29 .82 o462 9,72 le4l
_ 4%30 l4.15 1,0365 9960 1. 29 + 82 2508 9,84 l.43
53%30 14,15 1.0365 « 9960 1.29 .82 .583 9,89 1.71
1%31 14 .40 «9965 1.0380 e85 1.33 .379 T.72 1.10
2%31 l4e45 «9965 1.,0383 . 85 le 33 o4l4 R .68 le24
3%31 14430 «9963 1.0374 . 54 l.31 438 9,64 le31
L 4%31] 14430 «9963 1.,0375 . 84 l1.31 «501 9 .84 1.11
5%31 14 .30 «9963 1,0374 o 84 le31 538 9,95 1,50
1%32 22.10 9968 1.1974 .68 1.78 .301 16.67 1.29
2%32 22.20 «9969 11,1975 .88 1.79 314 16.97 1.32
1%33 22,20 1.1975 « 9969 1.78 .88 0273 9,92 l.10
2%33 22.20 1.1975 «9969 1.78 .88 e 294 9.92 1.09
33%33 23.80 1.1995 9974 1. 84 «92 314 10.17 1.09
1::36 33,50  1,0950 49955 Al .79 402 10,14 1,08
2436 34,20 1.0965 « 9959 cT72 .81 e 449 10.52 l.11
3%36 33.80 1.0955 9956 .72 .80 502 10.75 l.12°
1*37 35.00 .99()5 100988 -85 0711‘ 0380 908‘!‘ 1;17
- 2%37 35,00 .9965 1.0988 .85 A 452 12.03 1.20
3437 35.00 .9965 1.0988 . 85 . T4 <465 12.39 1.50
5x%37 35,00 «9966 1,0990 C « 87 A 577 1346 1.69
1%38 34,80 9964 .8601 .85 62 «337 9,91 1.06
2%38 344,80 9965 «8602 .85 62 «371 10,83 le11
3%38 34,70 9965 8604 .55 62 o421 12.08 le15
438 34.70 9965 .8603 . 85 .62 <500 13.83 1.20
1%39 34,15 +8619 « 9970 63 .89 o405 14,28 le55
2%39 34,15 .8618 «9969 .63 .90 . 433 14.63 1o62
3#%39 35,25 8591 9962 .61 .83 465 14,92 1.70
439 35,25 «8591 ¢« 9962 061 «83 « 505 15,29 ls76
5%39 35.25 .8591 «9962 .61 .83 .589 15.77 1.80
1340 13.50 e9973 1.1963 .85 1.71 « 284 16,02 le32
2540 13.50 29973 1.1963 .85 1.71 301 16.41 152
134 31.10  .9964 1.5782 e 85 .89 0223 22.26 1.13
L 1%42 9.74 .7985 ¢ 9941 55 .87 «230 14.58 1.54
242 9,74 .7985 <9941 55 .87 234 14,55 1.65
1%43 32.10 6655 9961 .32 .84 e325 20,04 1.11
13544 34,20 9967 1.0985 .83 .73 437 11.09 1.12
) k45 6,60 25973  1,0157 QU6 3,08 437 3,94 1,06
2345 6.60 9973 1.0157 e B 3.08 <503 4,63 1o16
3*‘0‘5 6.(‘)0 09q73 100157 .U('l 3.08 0531 l?'ogg 1.?}
43345 6 .60 <9973 1.0157 .56 3.08 612 5.57 letl
5:45 6.60 <9973 1.0157 .86 3.08 <665 5.87 lehl
146 4,88 1,1134 1,1952 13.55 1.18 2352 . 3,59 1,11
2%46 4,66 1.1134 11,1952 13.55 1.78 376 3.69 lell
3%46 4,88 141134 11,1952 13.55 1.78 hld 4,11 l.15
43246 4,68 1,1134 1.1952 13,55 1.78 2437 4,33 1e23
53546 4,88 161134 1.1952 13.55 1.78 o481 4,79 le21
1%47 14420 <6657 1.1057 31 14,56 .193 17.16 leld
247 14,20 26657  1,1057 31 146,56 218 18,02 1.7
%47 14,20 6657 1.1057 e 31 14.56 o244 18.7¢ 1623
43247 14,20 6657 1.1057 « 31 14,56 254 19.13 1.23
5247 14,20 216657  1,10657 e 31 14.56 2285 19,41 1ot
1548 23440 «9135 . 9997 45,93 . 86 e 795 3,60 1.06
PRI 23.40 .9135% 9997 45,93 A6 «951 TANS! 1el2
Fh ?3.“‘0 c9135 09997 ‘}5.93 o BO 2016 H 04 1,34
1549 Te30 c2689  1,0936 57 12.21 190 Se3l led?
2569 7.358 .B689 1,0936 57 172.21 o215 1Nn413 123
369 758 <8689  1.09358 57 12.21 2235 10454 1.31
AR 7438 cB689  1,0936 D7 12.21 2 RL 1lel2 | 1.3%
5369 7o nh BH8Y 1406324 H7 12.21 e 11e36 1o



TABLE VI 99

Dimensionless Groups

No. :
_Nxg ‘u‘/ Ko Re We Eo - ,Y Fr Q MP
1% 1 2.416 5.29 .51 .64 .10 1.67 4669,.851E+00
2% 1 2:416 10,32 1:29 le &t e 11 1248 4669,851FE+00
EERN} 2ol 16 10.32 1.29 1.44 .11 1e48 4669.851E+00
i 1 2.416 14,36 2.15 C1.96 o164 1e21 4669,.851E+00
53 %‘ 2,416 34,95 Te43 5,78 16 1,03 4669,851E+00
&» 1 2.416 40 4 45 9,18 5.79 17 98 4669 ,851E+00
I 2.616 49,65 12,00 9.04 W17 1.00 4669,8516+00
2 e5061 14443 1.08 1.09 .10 1.233 3354,316E+01
.aB61. 17.91 1.49 1.38 .11 1423 3354,316E+01
2 «561 24463 2.30 - 2.06 12 1el9 3354.316E4+01
2 L5561 41.05 4469 3, 84 .13 1.09 3354,3165401
8861 45,78 547 4e36 e 13 - 1.06 3354,.316E+01
2 «561 69,24 9.54 7452 .13 " 1.05 3354,316F+01
561 73.90 10.37 Be26 .13 1,06 3354,316F+01
‘;' ﬂﬁé‘}. 18.69 11.25 9.02 «13 . 1.06 5354 316E+01
2061 104,50 117 1.25 « 16 let2 68T74,609F4+04
061 166,89 2458 1.68 W26 86 6874 .,609FE+04
061 191.65 3,12 2.00 27 .85'&8?4.60§E+04
2061 388,79 7.53 5,84 22 1,03 68?4 609 +04
. l.550 41,39 .16 ol 420 lells TOBB8.699E+05
-, 14550 59,430 e 35 825 W24 «96 T088.699FE+05
1.550 82,35 e 42 + 35 o 22 1.08 7088.699E+05
1550 93,05 «51 40 «22  1.04 7088.699E+05
1550 107,81 2 64 45 225 284 T088,699E+05
1.550 170,70 1.23 719 .28 «85 7088.699E+05
1.550 211.56 1.72 « 9% 32 .73 7088,699E+05
}.055{} 223-32 1084 lcﬁOB .32 ¢7‘l¢‘ ?0?’18,69%’?-&-()5
1,550 293.48 2.72 1.40 «35 68 TOBB.699E+05
1.550 355,95 3.51 1.83 ' 34 «69 TO88.699FE+05
014 118.57 o 42 . 28 220 87 3843,046F+06
014 151450 0 60 37 21 81 3843.046F+06
L0114 223.02 1.00 63 .21 «83 3843,046E+06
2014 30960 166 2 85 + 25 168 3843 ,046F+06
L0014 370.67T 2.14 1.06 26 obb BB4G3 ,046E4+06
014 457 4 34 2.83 le4? 26 66 3843 ,046F+06
L0184 - v88 60 3,58 1.97 W24 13 38473 066E+064
014 655415 Y 244 W24 « T3 3843 ,046F+06
o K014 T1l4.24 4450 3. 3% o 17 « 28 3843 ,046E+06
a1 145 430 4469 363 217 1203 3843 ,046E+06
L0184 . 914,68 5. 66 5.68 13 1.33 3B43,046E+06
. W014% 1219.58 Teb4 10.10 « (9 178 3B43.046E406
oolasde 94,50 219 ald 214 299 14h8 . 6646F4+07T
B 1.676 112.61 .25 W17 W15 «93 1468.864E+07
B ia{}?é 1?2:?2 o 46 ) « 28 . 18 «81 1468,8864E+07
1,676 275,18 + 88 £ &9 ¢ «19 o 18 1468B,B64F+07
L 1.676 366,27 le26 e 76 .18 B0 1468,864FE+07
8 1.676 567.00 2.32 1.29 .19 T4 1468,864E+07
L 1,676 671,25 2,92 le 62 219 213 1468, 8A4F+07
1:676. 788,28 3450 Zelb .18 Bl 1468.864FE+07
24355 199,03 .82 .51 28 e82 4455,209E+06
223585 285,58 ledl e 14 233 oT0 4455, 209E+04
24355 415.23 232 1623 .33 o Tl 4455,209E+06
24355 541459 3.35 1.71 34 W68 4455,209E+06
2355 547,74 4,09 235 230 76 4455 209E+056
e 134 176.51 .39 - W24 .30 «83 2575.356E+07
G?.‘ﬁi" 32‘.’909@ »(;'}2 QS(} ‘35 *72 £§75¢3§§§§+(}7
¢ 134 496,98 le 66 V < B5 « 37 268 2575 ,356E+07
« 734 H1l.64 2.20 le11 37 BT 2ZBT5.356E+07
T34 655446 2e43 1.20 «38 66 2575 4356E+07
o 134 765,43 2416 1. 56 333 275 2575,356C+07
e 736 85629 3.36 le84& «35 « 73 2575.356E+07
cGET 249,97 . 78 45 1.17 e 76 1406,011E+07
467 438,61 1. 70 + 90 128 270 _1408,011E+07
467 593,95 2.59 1«31 1,33 67 1406.011E+07
46T 703460 3,20 1470 1.27 - «TO 1406,011E+07

D467 B06,22 _3a04 2425 1.09 n82.1406,011E407
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TABLE " VI (continued)

;LQJ%%‘ Re  We Eo Fr C P

351 43,54 47 .88 .05 2447 1757.897E+04
«351 111,18 _2.01 2415 .09 le42 17574.897E+04
«351 125.88 2.37 2.53 .09 142 1757.897E+04
351 186.93 4,54 3.36 13 98 1757.397E+04
2317 44,94 251 .87 .05 228 17R2.385FE+N4
377 118.55 2.26 -  2.15 .10 1.27 1782.385E+04

« 317 142.22 2.95 2.62 «11 1,18 1782.385E+0¢4
377 158,30 3,40 3,03 .11 1,18 1782,385FE+04
«600 71.29 «38 58 .01 2.01 2959.,036E+05
<600 190.44 1.84 - 1.30 .03 «94 2959,.036E+05
«600 265,03 2,91 1,95 .03 . 289 2959,036F+05
«569 80.48 .50 62 .02 1.65 2651.2962405
«569 ' 169.93 1.60 1.22 .03 1.01 2651.296E+05
569 261,66 3,06 1,87 104 281 2651,296E+05
«054 89.84 l1.11 «87 .19 1.04 6023,929E+04
<054 158.22 2.52 162 24 e85 6023.929E+04
054 239,18 4,52 2.65 26 18 6023.929F+04
«054 236,45 4,47 2.59 W27 e 17T 60234929E+04
4083 89.40 .94 1.15 W12 leb63 6260,T13E404
2083 197.85 3449 2.00 W26 W16 6260.713E+04
.083 250,19 4,86 2.64 27 e72 6260.713E+04
4083 248,08 4,79 2.62 27 e73 6260.,713E+04
2011 43,95 26 bb 203 2227 1223,143E+05
011 70,01 .58 57 .05 1.31 1223.143F+05
L011 94,88 092 .78 .06 1.13 1223.143E+405
2011 190,05 2. 66 1.50 £ 09 e 75 1223,143E+05
L011 210,13 3.11 1l.64 .10 «70 1223.143E+05
.188 89,99 .70 45 .06 «85 2901.649E+05
.188  190.06 2.19 «93 .10 56 2901.649E+05
o188 209.97 2.52 1.05 «10 «55 2901.649E+05
o188 280,19 _3.85 lo42 N «49 2901,649FE+05
"« 188 310,11 . 4,53 - 1455 o122 e45 2901,649E+05
434 130,98 6.84 3.13 ' «31 61 2008,347E+03

L e434 165,17 8,70 . 4,89 . 225 o 14 2008,347E+03
#4344  199.95 - 10.62 7.04 21 «88 2008.347E+03
. ¢4 34 235,01 12.58 9,59 «19 . 1601 2008.347E+03

Y 2,500 172.64 3.33 1,68 18 26T 4726,4825+04
1  2.500 249.28 = 4,85 3,46 «13 «95 4726 .482E+04
2.500 289,84 5.70 4,58 W11 1.07 4726.482E+04
24500 333,00 be66 5,86 .10 1a17 4726482404
24500 375,05 7.56 T.32 .09 1429 4726.4825+04
1.603 460,05 4,29 2.84 «29 .88 8510.270E+05
1.603 517.56 4,83 _ 3,60 226 299 8510,270E+05

2 1.603 575.06 5437 4,45 $23 1.10 8510.270E+05
22 1.603 632,57 5.91 5.38 21 1.21 8510.270F+05
1,603 618,57 6,34 6419 .19 1230 8510,270E+405
24139 281,39 .85 «50 20 78 17064191FE+07
2,139 435,80 l.61 .81 23 W66 1706.191E+07
2.139 499,20 . 1l.94 .96 .23 65 1706.191E+07
2.139 647.63 2.70 1.40 " 22 e69 1706.191E+07
2.139 729,18 3,05 1.78 220 o 17 17056,191F+07
1.618 162.41 .29 15 26 67 5350,214E+07
1.618 202.88 « 40 .18 «29 062 5350,214E+07
1,618 306446 .12 .31 231 W57 5350,214E+07
1.618 409.68 1.07 45 .31 57 5350.,214E+07
1.618 588.47 - 1.65 .81 27 65 5350.214E+07
1,022 440,25 - 1,28 W48 259 250 4640 ,735E+07
1.022 485,94 1.45 57 57 52 4640,T35E+07
1.022 532.23 1.61 .66 ¢ 54 W54 4640,T35E+07
1.022 575423 l1.76 .16 .52 257 4640, T35FE+07
1.022 619.34% 1.91 .86 49 60 G640, T35F+0T
1.022 640,38 1.98 .92 W48 62 4640 ,TI5E+07
54517 14435 47 217 202 218 2472,719E+07
54517 17.43 .63 W91 .02 le91 2472.219FE+02
5.529 13647 . 69 e 97 W02 C1le87 2446.G29E+072
5,552 24,27 1.07 l1.25 03 lebH 2405,286E+07
54564 32.03 1.66 1.59 e 04 1627 2379.957TE+02
5,600 45.63 - 2.87 2.25h .05 1o04 2315,60GF+02

o178 14097 _1.39 « 97 + 06 292 2091.5T0OFE+0Y
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TABLE VI (continued)

No,
N L%Aub Re We Eo Pr C P
2327 L1179 181,57 2406 1.21 .07 W 7B 2096 .41 1E+05
327 180 198 .41 2430 1.38 .07 W80 Z101,.275F+05
4327 . 180 246,80 3,22 1.69 .08 .69 Z101,275E+05
5527 Jlel 297.09 b4y22 2.07 08 265 Z105,7398+05
6%27 L1881 370,78, 5.89 2.58 .09 JEB O 2105,739E405
1728 1,534 220.73 1.86 .18 Jab 56 BTHDO16E+05
228 16554 285432 3,01 .82 .71 W36 BTH0JOLAEL0S
1%29 666 503,13 3,78 1.05 90 AT 4267 .9995 406
2%29 666 526,65 3,98 1.13 .88 3T 4267 ,909E+06
1530 1.585 219 .54 1.49 .38 .15 W34 v?v§.846ﬂ+ﬁé
2%30 1.573 282.45 2.16 .49 L17 .30 2769, 286FE+06
3330 1.573 360,81 3,19 59 220 W 2h 270G, P &&wwO6
4330 1.973 401.64% 3,60 .72 .19 26 2759.286E4+06
5%30 1.573 463,28 4,17 .95 L17 W30 2T69.286E+06
%31 0639 343,01 1.56 o 40 16 W34 1396 ,664E+07
2%3 1 636 421,28 2.15 W48 .18 W30 1401,1355+407
3%3 1 .641 500.79 2.832 . 54 .21 W25 1447 L49FE+07T
4553 1 2641 584,71 3,37 L 70 219 21 1443 ,935E407
5343 ] 2641 634,91 3.71 .81 .18 029 1447 4L9E40T
1%3 o494 568,436 3.77 .80 .94 28 90T, 145406
2B 491 603464 4,06 L 87 .93 28 9223 .,0465406
1%33 2.022 182,19 1e44 65 36 60 7950, 10AE+05
2%33 2.022 196,20 l.56 P o34 65 T950,106E+05
33633 2,000 203,17 1,63 B2 233 W66 BBLAL 12AE405
1%36 898 6528 .66 . 1.35 o 4T .26 o4bH 15194198E+08
2%36 L5688 719,34 1.59 .58 .25 W48 1815,271E+08
336 900 B821.09 1.88 o 12 23 «51 1761.380E+08
1337 1.148 438436 1.04 A .26 «52 B135.,445F+07
2337 1,148 637 47 1.86 s 58 32 o 41 8135,445E407
%37 le 148 675643 2,03 e 61 .33 4D 8135 ,44554+07
G537 1.175 763,92 2.43 LT7 e32 W42 T40T.008E+07
889,65 2,97 » 95 e 32 W42 40T ,00R5+07

1.370 ° 391.48 94 43 29 61 6000 TTTE+QT
1.370 471,04 . le24 .57 32 56 6001,982F+07
1,370 89K 27 1.76 AR L35 51 5959, 133E+07

[ANJE T (% 21
k:

: (M)
vy -t
e

3

o

d

I

3 1.370  810.68 2,74 .96 .39 +46 5954 T58E+07
. 707 ’ 791, 2? 2.08 63 51 040 3,.(”5* +S42E+08
700 866,55 2.33 .72 .50 t4l 1618.213% 08

T34 977,09 - 2.52 « 52 4 8 «43 1L737.728:+08
- »?3‘? 133?“@5 Zi87 &Cf? ai'f? wé?‘f’; E.T?)?Q‘?ZR;*{}&
e 134 1308.,16 3,56 1.32 43 249 1737.,728F+08

49T 533.81 5.38 l.16 ' 92 28 2403.798E+06
497 579.53 5.98 1.30 .91 229 2403.798BE+06

955 581,89 3, 54 .91 2.26 «34 1003,397E+07
632 486.85 4,00 1.04 . 94 34 3358,775E+06
632 494,30 4,06 1.07 .92 «35 3358.7T5E+06
3 _ 380  1354,50 2,70 1.06 1.26 252 4312.,035E+08
1544 1.136 581.96 1.56 e 55 W28 W47 6393.0736+07
o 1%45 . L2790 199,66 1.02 .52 .03 67 ZB98,983E+06
L 2%45 279 270,06 1o 62 59 W 04 L56 ZBYB,U83E 404
S 3::ﬁ£k§ e 219 304,80 1.96 » 17 e 04 52 2898 983406
4%465  ,279 . 395,30 2.86 1.02 .05 W47 2B98,9835406
Sk4b 0,279 452,67 3,45 1,20 .05 G4 2BYB,YA3EH06
ClR46 7,612 .80 92 2.03 03 2.94 5331,20465400
246 T.612 11.40 Cl.16 2.32 £ 03 2465 5331,204LE400
Bu46 Te612 13.98 1. 59 2051 04 2435 5331.2046E+00
4x46 T.612 15.54 1.86 3,13 « O 2423 5331 204E+400
566  T.612 18.93 2.51 3.80 . 04 2.01 5231,72045400
167 G021 711.19 2.66 1,13 1.55 256 BIB6L3T2E+0T
S Awat U2zl Ba3.58 3.31 1e&4 1eb1 o571 B1lB6e37T2C6+07
347 021 984454 4,03 1.80 Le&7 +59 31R6.372E+07
“fi‘;:‘é?? *QZE 3.{}@3?:’%3‘3 ‘?égg - }a'gﬁ l“@? iﬁ‘{;’ 1;"3‘3;30 in "g"{’{
CET L0021 1212.40 Selk Py 1440 62 BP0 37T25+07
1548 53,406 65,00 A 2.258 LO1 B TR 2EGhL 1045400
248 33 4006 8,71 .78 3.26 .02 5451 2R44 ,104E400
RN AN }.G;;‘Iﬁ 107 e id i‘;}{.’ deg bt g bl VG 2 w0
1%49 UL 6 269,64 1.93: 1.07 o ih g 1*06’%“w@+wa
234G D46 336,63 2e63 1ol B + 71 13 092406
4G TS 375 .13 3.08 1.66 A NIWED
bk G 046 447,91 365 2,07 a7 W77 1
549 L0406 L4314 4,23 Y X W13 1°
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Fortran Computer Program for Calculation of Eccentriéity by Correlations

Cne through Six
COHPAKISION OF THE CDPRELATIm

DIMEMSIOM EC(1C),E2{(10),TER{10),AER{(1D)

PUNCH 10
DO 5 I1=1,6

TER(I)=0.0
DO T K=1,208
READ 1OGQJ7NQSTQ DC,ggjl\!l(:?\.!{j’DEy\/T!E

AD=ABSF (DC-DD)
Vv=vC/VD
EQ=980,*AD*DEX=2/ST

WE=DC*DE*VT*%2/ST
EC(1)=1.+.123%EQ
EC{2)=0,8153+0,2199%F0-0,005288%FE0%%2+0,00004472£0%%3

EC(3)=66.089%AD%% TGHDE®%TeFLOmSTHI (o 823 )% VExH(~o 441 ) VD% (~-0114)
EC(3}=1.+EC(3)
EC{4)=1.+.090992%Exk,853

EC(5)1=1,+.,009227 &% MHESN 843V ,063
EC({6}=1.a+.13683%VTaw],812%DE%%]1,072:=STasw{-,971 )=V (-,078)
PRINT 2001J9N1DE$E7EC(1)71C(Z)1FC(3)'EC(A)sEb(5)qFC(é)

DO 7 I=1,6
ER{I)=ABSF (E~EC{I))*100./E
TER(I)=TER(I)}+ER(I)

PUNCH 16
DO 9 1=1,6
AER(I)=TER(I) /203,

10
100

PRINT 300,1,AER(I}
FORMAT(//77)
FORMAT (13,15,878.4)

200
300

FORMAT (I3,1H%,124FTe397F742)
FORMAT (454 AVERAG: PERCEMTAGE DEVIATION FOR CORRELATION,12478.21)
CALL EXIT

END .

£0T



TABLE VII

Observed Eccentricity and Calculated Eccentricities'

Calculated by Correlations 1 through 6

104

No.
N8 Ge Eovs E B, By E, Eg E,
1% 1 . 040 1.00 1.07 .95 1.06° 1l.04' 1,05 1.05
2% 1 . 060 1.00 1.17 1.12 1.13 1.11 1.12 1.12:
3] 060 1,18 lo17 31,12 1,13 1,11 1,12 1.12
4w 070 1le46 1.24 1.22 1.18 1,18 1.20 1.20
5 ] J120 2.14 1.71 1.91 1.52 - 1.61 1.70 1.69
6 1 . 130 1.72 1.83 2.07 1.6l 1.75 1.86 1le84
T 1 L1500 2.11 2.11 2.40 1.80 1.97 2.12 2.10
1% 2 .080 1.13 1.13 1.04  1.09 1.09 1.09 1.096
2% ,090 1.18 1.17 1,10 lo12 1.13 1.13 1,12
3k 2 . 110 le26 1,25 1.24  1.18 1.20 1.20 1.19"
43 2 . 150 1.27 1.47 1.58 1.32 1.39 1.40 1.39
5 2 L 160 ledB8 1,53 1.67 1.36 1,46 1,47 14
63 2 . 210 1.88 1.92 2.18 1.62 1.78 1.81 1.79
T 2 .220 2.08 2.01 2.29 1.67 1.84 1.88 1.86
g 2 2 220 29 3L Zo11 2040 1.73 1,91 1496 194
1% 4 . 190 1,18 1,15 1.08 1.13 1.10 1,09 1.08
2% 4 $ 220 1.23 1.20 1.17 1.17 1.22° 1,19 1.18
3% & < 240 l.21 1,24 1.23 1.21 1,26 1,23 1422
43 4 <290 1,24 1.35 l.41 - 1.30 1.38 1.34  1.31
5% 4 o410 1.69 1.71 1.92 1.59 1.62 1.56 1.53
B L090 1,00 1,01 84 1.02  1.01 1,01 1.01
2% 6 . 120 1.04 1.03 .87 1.04 1,03 1.03 1.03
3% 6 . 140 1.08 1.04 .89 1.06 1.06  1.04 1.04
43 6 . 150 1.00 1.04 .90 1.07 1,04 1,04 1,04
5k 6 160 1.10 1,05: .91 1.08 1.05 1.06 1.06
6% 6 . 210 1.13 1.09 .98 l.14 1.11 1.11 1.11
736 230 1,069 1,11 1,01 1,17 1,15 1,14 115
8k 6 . 240 1.13 1.12 1.03 1.18 1.16 1.17 1.16
9% 6 . 280 1.15 1l.17 1.11 124 1.23 1.25 1.24
10 6 £ 320 1.21 1.22 1.20 1.32 1,30 1.32 1.31
1% 7 . 200 1,05 1,03 .87 1.03 1.04 1.03 1.02
2% 7 «230 1,07 1,04 . 89 1.04 1.05 1.04 1.04
3% T 2300 1,12 1,07 .95 1.07 1.09 1,07 1,05
4 7 «350 1.12 1,10 1.00 1.09 lo14 1l.11 1.10
5 7 «390 1,16 - 1.13 1.046 1.11 1.18 l1.14 1.13
6 T 4450 1.19 1.17 l1.11 1.15 1.24 1,19 1.18
T T .530 1,27 1.24 1.22 1.21 1.30 1.24 1.23
8 7 «590 1.22 1,30 . 1.32 1.26 1.37 1.30 1.28
O 7. ,5690 1,40 1.41 1,49 1,35 1,38 1,231 1,29
10% 7 0720 1.36 l.44 le54 1.38 1.39 1.32 1.31
11% 7 .900 1e46 1.69 1.90 1.59 1.47 1.38 1.38
12:3% 7 14200 1.73 2,24 2,54  2.02 1,62 1,51 152
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No.
Ny8 de Eovs El E2 E3 E4 ES E6
1% 8 . 200 1.07 1.01 A 1.03 1.01 1,01 1.01
2% 8 4220 1,05 1,02 «85  1.03 1.02  1.02 1.02
3% 8 2 280 1,10 1,03 i 1,06 1,06 1,04 1,04
P <370 1.08 1.06 092 1,10 1,08 1.08 1.08
5% 8 460 1,15 1.09 .98 l1.15 1,11 1.12 1412
6% 8 «600 le24 .15 1.09 1.26 1.20 le21  1.22
7 8,670 1.20 1.19 1.15 1.32  1.25 1,27  1.27
B 8 , 770 1,32 l.26 126 1,42 1.30 1,32 1.33
1% 9 « 290 1.07 1.06 .92 1.09° 1.07 1,08 1.07
2% 9 «350 1.12 1.09 .97 1.13° 1,12 1.13 1.12
3* 9 .450 1-15 1.15 1007 1021 1020 L.ZZ l.ZO
4% 9 «530 1.20 1.21 1.17 1.29 1.28 1.32 1.29
5% 9 W 620 1.26 1.28  1.30 1.39 1.34 1.39 1.35
1%10 . 230 1.07 1,03 .85 1,04 " 1,03 1,03 1.03
2%10 «330 1.09 1.06 «92 1.09 1.08 1.08 1.08
3%10 430 1.15 1.10 1.00 1.15 1l.14 l.14 lolé -
410 450 1.18 1.13 1.05 1.20_ 1,19 1.19 1,19
5#%10 .510 1.15 1.14 1.07 1.21 1,21 1.21 1.20
610 .580 1.21 1.19 leld 1.27 1,24 l.24 1.24
7310 030 1.20 1,22 1.20 1.32 1.28 1.29 1.2¢
© 11l . 170 1.07 1.05 .91 1.07 1,07 1.06 1,06
2%11 . 240 1.12 1.11 1.00 1.13 1.15 l.14 1,13
3511 . 290 lelé le16  1.09 1,19 1,22 1,22 1,19
411 .330 1.15 1.20 1.17 1.25 1.27 1.27 1,24
5311 .380 l.24 1.27 - 1.28 1.32 1.31 1.31 1.27
112 L4t 1.03 1,10  1.00 1.12 1,04 1,04 1,04
2%12 224 1.25 1.26°  1le26 1.28  1.17 1.17 1.17
3412 « 243 14 1.31 1.33 1.33 1.20 1.20 1,20
‘!':::LZ .?80 1061 ] loll']. 104'9 ].0‘:'3 1038 AlnjB 1-38
1%13 . lb4 1.02 1.10 1.00 1.12 1.04 1404 . 1.04
2#13 226 1.30 1.26 1.26 1.29 1.19 1.19 1,19
3%13 249 1o b4 1,32 1.35 1,35 1,25 1,25 1,25
4313 . 268 1.61 1.37 “1.43 1.40 1.29 1.28 1.29
1%14 .305 1.02 1.07 .94  1l.12 1.03 1,03  1.04
2414 456 1.15 l.16 1,09 1,26 l.16 1,16 1,18
3%k 14 .559 1l.36 1.24 1.22 1.38 1.25 1.25 1,29
115 . 299 1.01 1.07 «95 l1.12 1.04 1.04 1,05
2315 2418 1,12 1,15 1.07 1.23 lelé 1,14 1. 154
'3%15 .518 .38 1.23 1,20 1.36 1.26 1.26 1.30
1%16 151 1.05 1.10 1.00 1.09 1.10 1.08 1.08
2%16 2206 1.18 1.19 1.15 1,17 1.22 1.19 1,17
3416 4263  le34 1.32 1.36 1.28 1.38 1.33 1.31
4316 ,260  le34  1.31 1.35 1.27 1.37 1.33 1.31
1%17 177 1,07 l.14 1.06 1.13 1.08 1.07 1.07
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No.

nys e  Eobs B B, E, B @ E;  Eg

23517 e 253 1.2 1.24  1.23 1.23 1.30 1.27 1.25
3517 . 268 1.37 1.32 1.36 1.30 le4l 1,37 1.35
4517 W 267 1.35 1.32 1,35 1.29 1,40 1.36 134
1518 . 135 1.00 1.05 .91 1.04 1.02 1.01 ~1.01
2%18 .210 1.00 1.07 .93 1.06 1.05 1.04 1.04
3318 W 245 1.05 1,09 .98 1.08 1.08 1,06 1,06
418 . 340 1.15 1.18 l.13 - "1.15 1.23 1.18.  1.17
5%18 .355 1,20 1.20 1,16 1.17 1.26  1.21 1,20
1%19  .230  1.01  1.05 .91  1.07 1.06 1,05 - 1.06
219 . 295 1.03 1.09 .97 1.11 1.19 1.18 1.18
33219 .330 1,09 1,11 1.0}  1.14 1.19 1.17 1.18
4319 .350 1.12 1.12 1.04 1.16 1.21 1.20 1,21
5:%19 408 1.30 1,17 1.11 1.22 1.32 1.31 1.31°
6319 o425 1.32 1.19 l.1l4 1.23 1.38 1.36 1.36°
1320 .200 1.21 1.38 1,45 1.33 1.56 1.58 1.53:
24520 . 250 1.48 1.60 1.76 1.51 l.71 1.73 1.69
220 2300 1.72 1,364 2211 1.72 1.86 1,88 1,85
43220 . 350 2.00 2.17 2447 1.97 2.0l 2.05 2.02
1321 .238 1.21 1.20 1.17 1.27 1.28 1.32 1.32
221 413 1.50 1,42 1.51 1.54 1.40 1a46 147
3w21 475 1.66 1.56 1.71 1.70 1.47 1.54 1.56
4321 .537 1.82 1.72 1.93 1.89 1.55 1.63 1.66
5521 4600 1,99 1.90 2.15 2,11 162 1.71 1,76
13522 <400 1.27 1.35 1.39 1.48 1.36 1.39 1.39
2322 450 1.33 lo4s 1.54 1.61 1.40 l.44 lebs
37 .500 le4l l.54 1.69 1,75 1.45 1449 1,50
43522 .550 1.48 1.566 1.85 1.90 1.49 l.54 1.55
5522 .590 1.5¢ 1.76 1.98 2.02 1,52 1.58 1.60
123 2325 1,08 1:.04 .92 1,11 1,07 1.08 1.08
23423 W413 1.12 1,09 .99 1.18 le14 1.15 1.15°
3%23 450 1.14 l1.11 1,02 1.21 1.17 1.18 1.19
43223 o Sl 1,18 1,17 1.11 1.31 1,23 1.25 le 26
5%23 613 1.21 1.21 1.19 1.39 1.26 1.29 1.30
124 «200 1.02 1.01 .84 1.03 1.02 1.02 1.02
224 225 1,03 1,027 85 1,04 1,03 1.03 1.03
3424 .288 1.05 1,03 . 88 1.07 1.06 1.06. 1.06
4352 4 .350 1.07 1.05 91 1.10 1,09 1,10. 1.10
5#24 4467 1.11 1,10 299 1.18 lels 1,15 1.15
1:%25 .300 1,10 1,05 .92 1.10 l.11 l.11 lell
2%25 .325 1.12 1.07 .93 1.11 1.12 1l.13 1.12
35 L350 1,13 1,08 .95 1,13 1,14 1,14 1,14
425 .375 . leld 1,09 .97 1l.15 1l.15  1.16 1.15
5%25 4400 1.15 1,100 1,000 1.17 l.16 1.17 1.16
6%25 413 l.16 1.11 1,01 1.18 1.17 1.18 1.17
1%26 .257 1l.04 1.09 .98 1,07 1.04 1.04 1.0%
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No,

ns Ye  Eobs Ej Es By B Bs B
226 .20 1.05 1.11 1.01 1.08 1. 05 1.06 1.06
3526 2 289 1,07 1.12 le02 1.09 1.04 1.07 1.07
426 327 l.11 1.15 1.08 1.11 1.09 l1.11 1.10
5326 «368 1.13 1.19 1.15 1.14 le14 l.16 1.16
Xl o438 1.24 1.27 1.28 1.20 1,24 1.29 1.27
127 .287 1.12 l1.11 1.02 1.15 1.12 l.11 1.12
227 .322 1.13 l.14 1.07 1.19 1.18 1.16 1.17
2427 344 114 1,17 1.1 1,22 120 1,18 1.8
4527 « 380 le24 1.20 1,17 1.27 1.27 1.26 1e27
5327 421 l1.34 1.25 1e24 - 1,32 1.35 1.34 1.35
627 <470 1.53 1.31 1.34 1.40 1e49 lo&:7 1.49
1228 <204 1.19 1.09 .98 1.14 1.16 1.17 l1.16
23523 w210 1,32 1,10 W90 1,15 1,26 1.28 1..25
1%29 e 2306 1.58 1.12 1.04 1.22 1.32 1.33 1638
2%29 . 245 1.55 1.13 1.05 le24 le34 1.35 1.40
13230 2371 1.11  1.04 B89 1,08 1.13 1,14 1.13
2430 418 1.23 1.06 .92 1.10 1.19 1.20 1.19
3330 462 l.41 1.07 .94 1.12 1.27 1.29 1.28
43430 508 1,43 1,08 L97 1 14 1,30 1.53 1.32
5330 .583 1.71 1.11 1.02 1.19 1435 1.38 1.37
%31 e 379 1.10 1.04 .90 1.09 1.13 1.13 l.1¢
2%31 WLlh 1e24 1.05 .92 1.11 1.18 1.19 1.16¢
3:%31 436 1.31 1.06 .93 1.12 le24 1.25 1.25
4331 .501 l1.11 1.08 .96 1.16 1.29 1.29° 1.30
5%31 . 538 1,50 1,10 .99 1.138 1.31 1.32 1.33
1%32 .301 1.29 1.0% .98 lol4 1.32 1.32 1.29
2432 314 1632 1.10 1.00 l1.15 1434 1.35 1.31
1%33 273 1,10 1.08 .95 1.09 1,12 1,13 110
2%33 . 294 1.09 1.09 .98 1.10 1.13 lel4 1.11
3:%33 314 1.09 1.10 .99 1,11 leld 1.15 1.12
1336 402 1,08 1,05 ,91 1212 1,12 1.2 117
236 JLbY 1.11 1.07 W94 1.15 lel4 1.14 1.13
3%36 .502 1.12 1.08 .97 1.18 1.16 1,17 1.16
15537 .380 1.17 1.05 .90 1.10 1.09 1,09 1.09
2537 452 1.20 1.07 94 lel4 1.16 1.17 1.17
3%37 465 1.50 1.07 94 l.14 1.17 1.18 l1.18
£k 7 2521 1.63 1.09 .98 1.18 1,21 1,22 122
5:%37 577 1.69 l1.11 1.02  1.22 1.25 1.27 1.27
1%38 . 337 1.06 1.05 .91 1.10 1.08 1.08 1.08
2338 371 1.11 1.06 .93 1.12 lpe11 1,11 .11
3:%38 421 1.15 1.08 .96 1.15 1.15 l.16 1.16
4:3:38 .500 1.20 l1.11 1.02 1.22 1.23 1.25 1.25
1339 2405 1.55 1.07 295 1.16 1,18 1,189 1.21
2339 433 1.62 1.08 «97 1.18 1,20 1.20 1.23
3:%39 L 465 1.70 1.10 299 1.21 1.21 1.22 1.25
4339 .505 1.76 l.11 1.02 1.25 1.24 1.25 1,29




TABLE VII (continued)

lo8

AVERAGE PERCENTAGE DEVIATION

No.
nos  de  Eobs By E, E, E, E, B
5%39 (559  1.80 1.16 1.09 1.33  1.50 1.31  1.26
1440  .284 1.32  l.l4 1,06  1.19 1.45 1,46  l.41
2540 o301 1,52  1.16 1,09 1.2l 1,50 1.5 _ 1.46
1%41  .223 . 1.13 1.1l 1.0l 1.15 1.30 1.31  l1.27
1#42 4230  1.54  1.12  1.03  1.22 1.34 1.35 1,40
242  .234 1,65 1,13 1,04 1.22 1.34 1,35 1,40
1%43 4325 1.1l  1.13  1.04 1.3l 1.23  1.23  1.32
1%464 437 1.12 1.06 .93 1.13  1.13  1l.14  1.14
1345 .437 1,09 _ 1.06 .92 1.11 1,09 1.08 1,00
2%45  .503  1.16 1,08 .96 1.15 1.14 1.13  1.15
3%45 531 1,21 1.09 98 1.16  1.17 1.l6  1.18
4%45  .612  l.41  1.12  1.03 1.2l 1.24 1.24  1.26
545 « 665 l.61 l.14 1.07 1,25 1,29 1.28 1,31
146 4352 1,11 1,25 1,24 1,09  1.08 1,09 1,08
2%46 4376 l.1l  1.28  1.29 1.1l 1.10 1.12  1.1l0
3%46 L4146 1.16 1.34  1.39 1.13  1.14 1.16 1.14
4466 G437 1,23 1,38 1,45 1,15  1.16 1,19  1.16
5%46 o481 l.31 le4b 1.57 l.18 l.21 l.26 1.21
1%47 193 1.14 1,13 1,05 1.20 1.23 1.18 1,24
2067 o218 .17 1,17 1,12 1,25 1.28 1,23 1,31
3447 W 244 1.23  1.22  1.19 1.32  1.34 1.28  1.37
4347 256 1.23  1.24  1.22  1.34 137 1,30  1.40
547 285  1.&1 1430  1.32 1,43  1.44 1,36 1,49
1%48  .795  1.06  1.28  1.29 1.08  1.04 1,05 1.05
2%48  .951  1.12 1,40  1.47 1,12  1.07 1.09  1.09
3548 1,016 1,14 1,45 1,56 1.13 1,00 1.12 1,12
1%49 190  1.22  1.13  1.04 1.15 1.17 1l.l4 1,15
2%49  ,218  1.23  1.17 1.11  1.20 1l.22 1.19 1,20
3549  .236  1.31 1,20 1.16  1.23 1.26 1.23 1.24
449 264 1.38  1.25 1.25 1,29 1.32  1.28  1.30
5349  ,279 1.47 1.28 _ 1.29 __1.32 1436 1.31  1.33
AVERAGE PERCENTAGE DEVIATION FOR _CORRELATION 1 = 7.80
"AVERAGE PERCENTAGE DEVIATION FOR CORRELATION 2 = 13.63
AVERAGE PERCENTAGE DEVIATION FOR CORRELATION 3 = 7.42
AVERAGE PERCENTAGE DEVIATION EOR CORRELATION 4 = 6,10
AVERAGE PERCENTAGE DEVIATION FOR CORRELATION 5 = 6.01
FOR CORRELATION 6 =

5.86
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Appendix D.

Nomenclature

= horizontal diameter, cm

=a/2 , cm

= surface area of drop, cm2

= vertical diameter of drop, cm

= b/2 , cm
=4 _Z;\_Q E?ge , drag coefficient, dimensionless

3 ;% U
= equivalent diameter of non-spherical particle, cm

= column diameter, cm

:4/1—(1/E)2, dimensionless

= a/b, eccentricity of drop, dimensionless

= gApdg/o’L , Eotvos number, dimensionless

= a function

= U%/gd.e , Froude number, dimensionless

= acceleration due to gravity, 981 cm,/s,ec2
= Gob fact dimensionless |
= R——é——gcgg ’ 3 aciwor, m

= nth observation

= number of observations
) 3

, Physieal properties group, dimensionless




Re =
S =

S =

Se =
Sh =

We =
Dv =
ke =
Greek

7
U =
p
AP
ds

il

i

i

i
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deUf[%4D%, Reynolds number, dimensionless
system number

distance, cm

/1CACEJA,, Schmidt number, dimensionless

ko/ & Dy , Sherwood number, dimensionless

Q}deU%/ s Weber number, dimensionless

molecular diffusivity, cm2/sec

individual continuous phase mass transfer coefficient
Letters

Ji, interfacial tension, dynes/cm

viscosity, centipoises

density, gm/ml

,ﬂ%— ﬂhl, density difference, gm/ml

7’, interfacial tension, dynes/cm

Subscripts

c = continuous phase

d = dispersed phase

n = nth observation

1 = characteristic length of the particle used

P = peak value

s = dimensions of a sphere of same volume as particle
used

t = terminal value

1,2,3; = lst, 2nd and 3rd observations or numbers
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