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NOMENCIATURE

A = cross sectlonal area, frontal area,1TD2, cm.®
4
a = semi-major axis of an ellipsoid of revolution, length units.

B = dimensional constant, M32

L

b = seml-minor exis of an ellipsoid of revolutlon, length units.
C

= coeffilcient.

Cp = drag coefficlient = F , dimensionless.
(Cp) /(c3) =
c, = (C / c8), dimen- 2
s D b éionless.
¢ = arbitrary constant, dimenslonless.
D = equivalent spherical diameter (called as diameter), cms.

Dy = D = True nominal diameter (Equivelent spherical dlameter),
i.e. diameter of a sphere of the same volume as the
body whether solid or liquid, irrespective of the latter's
shape, length units.,

differential sign.

= dimensional constant, M .
g2
resisting force, dynes.

1]

Q@ = = M
I

dimensional constant, M .
I°62
g = acceleration due to gravity (cms.) (Sec.)'z.

= conversion factor, ML =1 im C.ge8. System.
gc o "'F_SZ g y
H = arbitrary constant.

fineness ratio of an ellipsoid, b, dimensionless.
a

h

I, I = constants of integration.

Jd = arbitrary constant.

j = arbitrary constant, dimensipnless.
K,K, = arbitrary constants, dimensionless.
k

= arbitrary constant, dimensionless.

vil
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L = length, cms.
l,l1= arbitrary constants, dimensionless.
M

= mess, gms.

=
]

arbitrary constant, dimensionless.
n = arbitrary constant, dimensionless.
0 = origin of Cartesian coordinates.
P(y) = functions of j.

p = pressure,_Force dynes .

(Tength)2 ~Cm?
Q = constant, dimenslionless

q =4y .
dz

R = radius of curvature.

Ry, Rg = principal radii of curvature on the surface of the drop.
Re = Reynolds number = Ezf§~ , dimensionless.

r = equivalent spherical ggdius (called redius) of drop, cms.

S = surface area of a solid (or liquid drop) of any sheape, em<,

g = surface area of & sphere of the same volume as the body
(solid or liquid), cm=.

Sd = surface tension-size group,

= 2 1/3
— di i .
o E— oy \P‘l 'Po\] ’ mensionless

Su = surface tension group = gdG—Df% , dimensionless.

=3
1

terminal velocity group,

2
v [js fo 1/3 , Gimensionless
¢ BN |G- R

velocity, cms./sec.

v = volume, em®,

1/3
Wt = gravity group =D|_¢  gQ |6 -f
3 ME

it

v

I

w = weight, gms.
viii
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ove P,
R
X,Y,Z = coordinate &axes.

Wie = Weber number = , dimensionless.

x,y,2 = coprdinate values.

dz<
Greek Letters

ﬁ’= (Fi - Po) sDz, dimensionless.
e

Y = CDf , dimensionless.

ma——

¢3

time, sec.

i

it

e
= viscosity, centipolses.
Tt

3614164, 0

P= aensity, gms./cm®.

o = interfaciaml tension, dynes/cm.
$ = function of ..

Y = degree of true spherlcity = 3

S

Subscripts
D = Dreg

n = nominsal

r ratio
1,2 = fixed values

Superscripts

f = flat plate

s sphere

ix
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A study of the terminal velocities of fall of llquid
droplets in another phase liquid under stationary conditions
wag made. The present studies of the subject include dimensional
analysis, study of shape of the drop from theoretical considera-
tions, experimental work for collectlion of fall veloclity data
and photographic studies of the drop behaviour. The experiment-
al work forms the major part of the work. Six systems have
been studied using organic ligquids insoluble 1n and heavier
than water. Two types of microburets have been developed.
Hypodermic needles and glass tips joined to the bases of hypo-
dermic needles were used to produce drops of uniform size. The
experimental condltions and procedure have been standardized.

For eny glven system, as the drop size 1s increased, the
fall veloclties of the droplets increase gradually, reach &
meximum and then fall off asymptotically. Two mechanisms
have been postulated, one for the range where the fall
velocities increase with an increasse in drop size, and another
for the range where the fall veloclties decrease in an asymptotlc
manner with an increase of drop size, with the maximum velocity
reglon corresponding to the transition from one to the other,
The photographic evidence also supports this view.

The drop behaviour in the region of increasing rfall
velocities with an increase of drop slize may be represented by:

Weber number = H (Reynolds number)J

x1
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where H and J are constants.
The drop behaviour 1in the reglon of decreasing fall

velocities with an increase of drop size may be represented by

coefficient of dro
Drag coefficient of a rigld
sphere of same volume and
density Reynolds number
constant

=K, p +Q

where K, and Q are constents and g 1s a dimensionless group

characteristic of the drop properties.

xil
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INTRODUCTION
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The subject of "Rate of Fall of Liquid Droplets" belongs
to the reslm of two phase fluld flow. More specifically, but
still in general terms, 1t can be called the case of motion
of one phese particles or bodles inside another phase fluild.
This distinguishes the present problem from the other case
of flow of a fluid inside enother phase materlal like pipes,
ducts, channels, etc. The problem can be classified into flve
special cases (by plecing restrictlions on the propertles of
viscosities of the two phases and the interfacial tension) as
shown in Teble I. It is not practicable to have more than
five cases, since an infinite viscosity of the continuous
phase will remove it from the case of a fluid, and a negligible
or zero interfaciasl tension will meke the two pheses mix
togetﬁer and become & single phase.

It is the aim of this thesis to investigate Case IV of
motion of one liquid droplets in snother liquid. The problem
of Case IV can still further be subdivided into:

Case IVa. MNotion of one liquld dfoplets in another
1iquid without mass transfer between the phases.

Case IVb. Motion of droplets of one liquid in another
liquid with mess transfer between the phases present.

The much more specific case of IVa has been chosen for
detalled experimental study. During the course of the work,
it was found advissble to make use of the data, correlations
and information avalleble up té now about the other cases of

I, II, III and V. Such information has to be used with due
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cautién. It would, in fact, seem that Ceses III and V are
much closer to the present work than the first two. But
there is greater information avalleble in the literature
concerning the first two cases. Any general correlation to
include all the five or at least Cases iII to V 1s highly
desirable. Since Cases III andIV are much closer 1n their
properties on account of the additional property of incompressi-
bility of the liquid drops, attempts have been made to use
the information of Case III more freely than any of the others.

In Case IVa the liquid droplet might be elther rising or
falling. For convenlence of experiment, the question of falling
drops was chosen.

The drops can fall either wlth an accelerating velociiy
or with a constant terminal veloclty. Only the case of drops
falling with constant terminal velocities was made the subject
of the present investigation.

Since a liquid-liquld system was employed, it was consldered
reasonable to assume that the liquids are incompressibls.

It is known that the velocity of a particle falling 1ln a
fluld medium is influenced by the ratio of the diameter'of
the particle to the dlameter of the container. It was
decided that the experiments should be conducted in such a way
that there would be no wall and end effects.

The continuous medium may be elther stationary or moving.
It was chosen that the contlinuous medium bg stationary.
Consequently, the problem might be restated as: Terminal
Velocities of Fall of Liquid Droplets 1inside a Stationary
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and Infinite HMedium of Andther Liquid.

The above may make one feel &s though the problem has
been very much simplified. A further analysis of the problem
will show that there are many more variasbles that have to be
taken into conslderation.

In the case of the present problem, the factors influencing
the rate of fall are densitles and viscosities of the two
phases, interfacial tension, volume and shape of the drop
and acceleration due to gravity. In other words, there are
elght variables, or 1f the acceleration due to gravity is
constant throughout, there will still be seven varisbles left
for consideration. A detalled consideration of these will
be glven later.

In the above, all except the shape of the drop can be
easily determined. Blanchard6 , Edgerton and Killian?
and Henrickson'q photograbhed l1iquid droplets in alr while
Ailor® and Farmefztook photographs of 1iquid droplets in
liquids. But since the purpose of any study is to present a
correlation that would obviate the trouble of repeating the
work, it was consldered worthwhile to try to find out the
shape of the drop in terms of the other physical varlables.
The determination of the shape of the drop is further
complicated by the fact that the shape itself 1is dependent
on the velocity of fall, which velocity of fall it is intended

to discover. The studies concerning the determination of Shepes

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



drops will be presented later.

Since the purpose of the experimental work is finelly
to be able to get some c¢orrelation of the termlnal veloclty
of droplets in terms of the known varlables, it was found
necessary to produce drops of known and reproduclible sizes
and physical properties. The preliminary work done to secure
reliable data is also indlcated later.

Thereafter, the drops of known sizes and properties
were introduced into a continuous medium of known propertles
and the velocities of fall were measured. The details of
this work as well as the final results obtalned are presented
in the main body of the thesis.

The information obtained on this topic of rate of fall
of liquid droplets in liquids will be of great use in the
study of two phase flow problems as well as form a good
basis from which to start the study of the mechanism of
liquid-liquid extraction in single drop extractlion columns.

Since most of the extraction towers are worked 1ln the
turbulent range, the data was collected mostly in the range

of about Reynolds number 300 to 1500.
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REVIEW OF PREVIOUS WORK
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It has been known for a long time thet raindrops in the
alr attaln a maximum terminal velocity of sbout 8 to 9 meters
per second as the drop slze 1s increased and that the veloclties
afterwards are lndependent of the drop size. Data on the fall
veloclties of water drops or rain drops in the alr were reported

€ and

by Flower? Gunn and Kinzer, Laws, Lenard,  Meinzer®
Schmidtf' They have noted that the velocitles of water drops
in air were lower than those predicted by the assumption of
the drop a&s & rigld sphere of equivalent spherical dlameter..
Liznar®® and Imai’' have tried to develop certain correlations
to predict the fall velocitles of raindrops. Hughes and
G111iland®*® and Spilhaué“ have also developed certain correla-
tions for the deformation aé well as drag coefficient of liquid
drops in gases. Liquid drops, mostly water in air, were
Photographed by Edgerton and Killianf Lenard * and Magonos’
Henrickson'’ observed the deformation of water, nitrobenzene
and n-propenol drops in air.
The fall velocitles of drops after different heights of
fall have been experimentally studled by Flower'® for water
and methyl salicylate drops in asir and by Lews®® for water
drops. Their alm was to find the initial height of fall
required for the drops to reach the terminal velocities.
McDonald?® made a detailed theoretical study of the
shape and serodynamics of large raindrops. He also used the

photograph of water drops in alr taken by Mengom)"'7 and calculated
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the pressure distribution around s water drop of 6 mm.
dismeter falling with a velocity of 8.8 meters per second.,

Several workers have observed that air bubbles rising in
liquids are deformed and that their terminal velocities differ
from those of rigid spheres of the same equivalent spherical
radii. The work on air bubbles in liquids of varlous workers
hes been swmmarized by Allawals® and Peebles and Garber33
who themselves have studled the subject in detail.

As an extensive study of liquid drops in gases or of
gas bubbles in liquids 1is outside the scope of the present
work, no attempt has been made to present a comprehensive
summery of the work done on these two types of problems. The
results and correlations of individual workers in these two
fields will be referred to from time to time and used for
purposes of comparison with the present work. Suffice 1t
to say ﬁhat drop and bubble deformations were observed and
that their terminal velocities were often times found to
deviate from those of equlivalent spheres.

Hedamard'® and Bybczynski®® theoretlcally extended
Stokes' equation for the resistance to the motion of a
rigid sphere to the case when the sphere is composed of &
fluid immiscible with the medium. Bond] Bond and Newton®
experimentally studied the behaviour of bubbles and drops
in liquids and compared it with Stokes! law. They also
derived a modified form of Stokes' law for bubbles and drops.

Since their work 18 concerned with the Stokes' law region,
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10

it 1s not of much help in the present work which is primarily
in the turbulent zone.

Conway'® observed that liquid droplets did oscillate in
thelr shape and were perlodically deflected from the vertical
paeth while falling through another liquid. He also compared
the fall velocities of the drops with those of rigid spheres
and found that the liquld droplets fell with slower velocities.
He felt that (1) mass transfer, (2) deviation from spherical
shape and (3) the deviation from the vertical motion of the
drops might be responsible for this dlfference. He also
observed that sméller drops fell with greater veloclitles
than larger drops. This anomolous result was also observed
by Lenard?# for water drops in air and was later observed
by Kakz’* for liquid droplets in liquids without mass
transfer between thé phases., It will, however, be taken up
in detsil in the mein part of the work. Katz>> collected
data on the fall velocities of different liquid droplets in
water under varying conditions using 2-inch and 3-inch
diameter glass columns. He observed the wall effect in the 2
inch column and was not sure about the same in the 3-inch
column. As such he could not develop any quantitative
relationships based on his work.

Ailor® used a l-inch glass column and observed the
veloclties of fall of liquid droplets in llquids in all the
three reglons of viscous, transition and turbulent flow.

He found that the drag coefficient for drops in the viscous
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region was twice that predicted by Stokes' law for rigid
spheres. He also observed that the drag coefficients of
drops followed a curve similar to that of rigid spheres
when the drag coefficients of drops were ploited versus
Reynolds number in the tramnsition range. In the turbulent
region he found that the drag coefficients of the drops were
dependent to a great extent on the drop properties. He did
not, however, develop any quantitative relationships in the
transition and turbulent regions. It is also posslible that
his deta could be in error due to wall effect in his l-inch
column.

Farmer'’? found that the hydrodynamics of falling drops
inside another liquid agreed very well with the laws of
hydrodynamics for riglid spheres in the transition and viscous
flow reglons. He found that the laws assuming the drops to
be rigid spheres no longer applied in the turbulent reglon.
He made some photographic studles on the shape of the drops
and found that the drops tended to deform with increasing
dismeter snd hed the shape of an elllpsold of revolutlon.

He concluded that, as a result of drop deformation, the
velocity of the drop reached a maximum around a Reynolds
number of 600 and no further increase in veloclty occurred
with increase in drop size. He used a 2-inch column.

Smirnov and Ruban®’ measured the relative velocities

of liquid droplets in liquids and also measured the velocitie
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of air bubbles in water., They varied the drop sizes and
also the velocitlies of the continuous medium. They used
dimensional analysis and developed certain correlations.
They did not conslder the interfaclal tension at the surface
of the drop.

At this stage 1t seems appropriate to summerize the
treatment of the subject by the different workers in the fileld.
All the workers have accepted the importance of droﬁ’aize,
density of drop materlal as well as the denslty and viscosity
of the continuous medium in determining the drag coefficient
of drops. It may be noted that all these factors are also of
importance in the case of rigid spheres falling in a fluid.

The next question 1s to find out what additionel drop properties
should be cénsidered. The two drop properties to be considered
ere viscoslity of drop material and interfaclasl tension. Hughes

! have consldered

and Gil1ilend”® , Emei® and Spilheus”
interfacial tension to be important end ignored the viscosity
of the liquid drop. Bond ~ , Bond and Newton ® , Saito>’ ,
Smirnov and Ruban®’ took the drop viscosity Into consideration
end elther relegated interfacial temsion to lesser importance
or completely ignored it. The correlations developed by
Flower’® and Liznar® are based on experimental data for

fall of liquid droplets in air and both their correlations

contain emplrical constants calculated for each of the systems

from the avallabls datse.
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Katz?* undertook to study the influence of both drop
viscosity and interfacial tension, but he could not arrive
at any quantitative correlatlons. Ailor® , who also had
g similar idea, did assume meny of the properties of his
materials used to be the seme as literature values. He did
not make use of the drop viscosity and interfacial tenslon
velues to any considerable extent.

"It seems, therefore, appropriate tb show conclusively
whether both or only one of the two drop properties of
viscosity and interfacial tension are of lmportance in
influencing the fall veloclty of the drop, and if so, to what
extent. Hughes and ¢i111iland®’ aﬁd Spilhausm have proposed
certain general quantitative correlations which take into
account interfaciel tension, but have tested them only agalnst
the experimental date of Laws*®on water drops in air. It 1s to
be seen whether their correlationé ere applicsble to the fall
of liquid droplets 1ﬁ liquids. The correlastions of Smirnov
end Ruban> for relative motion of liquid droplets in liquids
are not strictly applicable to the preseht work as they used
8 continuous medium in motion. A detalled study of the
subject with & view to find out quantitative relatlionships
seems to be a neceasity. Even a good set of rellable and
reproducible deta over a wide range of conditlons should

be of great help, as there 1s not even available 1n the

literature such data.
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(a) Basic Princlples and Previous Work

The resisting force to the fall of a body immersed in
g fluild was first considered by Newton" ' aceording to whom
we can write
F=Cpa (Pov®) (1)
e
where F = resisting force to the motion of the body.

Cp = & numerical constant which Newton belisved to
vary with the geometriéal form of the body and
1ts orlentatlon with respect to the dlrection of
motion. It is also called "drag coefficient.™

A = cross-sectional area of the body, projected on a

Plane perpendicular to the direction of motion.

Po = the denslity of the resisting medlum.

V = veloeclty of the body.

Newton's baslic equation 1s dimensionally correct, but
his reasoning as to the ﬁagnitude of Cp is physicelly unsound.
This factor depends not only on the shape and orientation of
the body, but varies conslidersbly with the viscous character-
istics of the motion. Thus, for solid bodies the factor CD
is found to vary wlith Reynolds number. It 1s also known
that the influence of viscosity decreases with an increase

of the Reynolds number.
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The extent to which the variation in the geometrical
form of the body will influence the resistance depends largely
upon the magnitude of Reynolds number. At low Reynolds numbers
shape 1s of secondary importance; but as Reynolds number
increases, the body tends to leave in 1ts course a turbulent
wake, the size and intensity of which 1s governed largely by
the form of the longitudinal proflile. A stream-lined body
leaves a wake of minimum silze, whereas & very angular profile
will produce eddles of greatest magniltude.

Stokes¥ developed an expression for the resistance of
rigld spheres at very small Reynolds numbers up to 0.5, on the
assumption that in this range the mass acceleration of the
fluld caused by the motion of the séhere is negliglible in
comparison with the influence of viscosity. Stokes' equation

may be written as:

F =24 A RV (2)
Re 727

in which g)= %g and
Es o)

Re = Reynolds number
Stokes' analysis was extended analytically to higher

values of Re by Oseen®® who obtained the approximate

relationship,
Cp =24 (1 + 3_Re) (3)
Re 16

Goldstein’® gave an exact solutlon of Oseen's equation with

the result
C = _2_4__ (l + §__R6 -9 R92 + 71 Res - oou) (4)
D Re 16 1280 20480
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As Re becomes small, the additional terms drop out and
both Oseen's and Goldstein's equations approach that of
Stokes. OStokes' equation yields good results up to Re = 0.5,
while Oseen's expression 1s good somewhat beyond that of
Stokes, and Goldstein's 1s good up to about Re = 2.

‘Beyond this there are no analytical methods giving
dependable results. Hence the correlations are purely empiriceal.
But enough data has been collected for rigld non-spinning
spheres and Cp is found to be & single-valued functlon of Re.
Curves correlating Cp with Re are avallable in the literature
and are given by Brown® , Gaudin'Y , Perry® and Rouse3?
Spronck#z and Rouse>® have also given nomograms whlle Zahm %
has given a formula correlating Cp with Reynolds number for
rigid spheres.

In the case of a particle falling at the terminal velocity,

| the resistance opposing its fall is equal to the welght of
the body less the bouyancy effect. Hence.
F=(F-06)gv (5)
where

density of the particle

1

v = volume of the particle and
g = acceleration due to gravity.
If the particle were a sphere, we have

v = TID° and A = TD® , so that
6 —1

(o))

3P0 V2 (6)
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where

c® = arag coefficient of the sphere
D

D = dismeter of the sphere, and
v represents the terminal velocity of the sphere.
Treatment of variation of Cp with shape is by no means

simple, for a complete definition of shape requires more than
one parameter. The additional problem of orientatlon with
respect to the direction of motion involves further difficulties.
Squires end Squires*s » however, feel that though the 1hit1a1
orientation is an importent factor in the viscous range, it
18 not so in the turbulent range for discs, with which they
have experimented. Goldstein'’ shows clearly that the drag
coefficlent of a rotating sphere decreaées first to a minimum
value and then increases as the ratio of equatorial speed
to wind speed 1s increased. Hence the rotation or spinning
of a body is an important factor influencing the drag coefficient.
Its importance on shapes other than spheres is not known.
Prandtla# referring to the experiments on dlses at Gottlingen
states that data on discs was collected on either side of
the range of Re = 80 to 3000. He states "the region between
Re = 3000 and Re = 80 has to be left out, since the discs
oscillate vigorously to and fro and hence give values of
resistance up to 50 per cent greater than if they fell
steadily.? This behaviour of oscillations is important, for
us, since the present work 18 concerned with this perticular

range of Reynolds numbers.
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For shapes other than spherical 1t is very difficult
to eatimate D, especlally in view of the fact that meny
bodles do change thelr orisntation erratically during fall.
So the true nominal diameter D, has been suggested by Wadellfs'
The true nominel diameter, also referred to as equivalent
or mean spherical dlameter, has been defined as the dlameter
of a sphere of the same volume &8s the solld irrespectife of
the latter's shape. In the present work the symbol D will
be used to designate the nominal dismeter. Since the nominal
diameter of & sphere is its actual dlameter, there can be no
confusion caused by the use of the symbol D. The nominal
diameter idea 1s extended to the case of liquid droplets in
the present work.

Wadell*® also. introduced the idea of the degree of true
sphericity, ¢ = g' , where 8 = the surface area of a sphere
and S = the surface area of a solid of any shape having the
same volume &8s the sphere., Wadell has drawn curves for GD
versus Re with (¢ as parameter. This chart is reproduced
by Brown? . It would, however, seem that further experimenta-
tion 1s necessary before these curves could be accepted with
mich confidence. The data on spheres may be considered much
more relisble having been obtained by many workers under

widely varying conditions. It appears that, 1if the degree
of sphericity can somehow be estimated, it may be possible to
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estimate the drag coefficient using the charts of Wadell,
if there are no other complicating factors like spinning,
vibrations and orientation.

For .deformeble spheres, Saito®” has worked out theoretical-
1y the “shapejgie nearly spherical drop which falls through
viscous fluid," and predicted whether a drop will be an oblate
or prolate spheroid depending upon the properties of the
system. His method 1s applicable only at very low velocities
and does not give any method of estimating the actual amount
of deformation produced in a liquid drop.

Tmai1? studied the velocity of falling raindrops. He
also assumed the deformation of the raindrops to be small.

In order to arrive at & solution he assumed the potential
filow of air around & spherical drop and arrived at a me thod
of predicting the velocitles of water drops in air. However,
he neglected the hydrostatic head of water inside the drop.
He also assumed thst the drag coefficlent of the deformed
drop is the same as for a sphere and he allowed for the
increased cross-sectional area of the deformed drop. By thils
method he could estimate the fall velocities of rain drops
up to D = 0.2 cm., where his calculated values compsared very
well with the experimental data of Gunn and Kinger.

Imei's final results asnd procedure may be summerized as follows:

2 3
r=( 3ftg Cp Re? ‘{/ -
\ 32f, 8 /
2
velol (1.5 Mo (8)
2 o ¥ 1% TP,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

where fL,= Viscoslty of air

r = radius of an undeformed drop
P, = density of alr, and
¢ = surface tension of water In air.

Imai assumed values of Re and read off the Cp values for
rigid spheres. Then he calculeted r and V. From these he
drew the curve of V versus r.

Spilhaus“' consldered rain drop size, shape and falling
speed. He considered large slize drops and assumed that the
drop deforms to an oblete spheroid. He considered that the

extreme case of such & deformation is a flat plate. If

o

R
Ql O
Umld H

where clf) = drag coefficlent of & flat plate

then he assumes that the drag coefficlent of the drop is
— (8 - -
cD_cD[v h(Y_lﬂ

where
h = fineness ratio of the spherold = &
a = semi~-major axis of the spherold °
b = semi-minor axis of the spheroid.

He neglected the hydrostaetic head of the water inside the
drop. His assumption that the excess of internsl pressure
of the drop over the external pressure 1s equal to 2g-is

a
questionable. He obtained
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v? =4FP g [v-h(v-lﬂ’lh2/3 (9)

3PCH

Spilheus considered the drag coefficients of spheres
and flat plates to be constant in the range of Re = 750 to
2,000. For smeller drops of radii less than 1.3 mm., he
considered the deformetion to be negligible. He checked
his prediction of fall veloclties with the data of Laws”®
for water drops in air.

Hughes and Gillilend®° studled the mechanics of drops

and obtained the following dimenslonless groups.

Reynolds number = Re = DVf, v (10)
Ko
Surface tension group = $u = g,qaD fy (11)
Mo
Gravity group = Wt =D [5_ &P | Py -{Jol‘]l/a (12)
3
2
o
Acceleration group = Ac = D_ dV (13)
V2 de

Since the present work is concerned primerily with
the terminel velocities, the accelerstion group may be
omitted for the present purposes, The surface tension

group and gravity group may be rewrittem in a different

form thus:

Su=Re ( o ) (14)
MoV
WE = (G Re2)1/3 (15)

So ( 0 ) 1is a new group which they have introduced

oV
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to account for the drop property of interfacial tension.
They have also presented a plot of Cp vs. Re with Su

group as a parameter. It is very difficult to justify their
surface tension group

Su = 8o Dp

2
A o

since 1t can easily be seen that o and D act in opposite
directions during the deformation of a drop. While an
increase in interfacial tension decreases the deformation
of the drop and makes it behave more like a rigid sphere, an
increase in the diameter of the drop tends to increase the
deformation of the drop. Since o and D act in opposite
directions, a group with both of them multiplying each other
does not seem to Dbe feasonable. So dimenslonless groups
that overcome this difficulty have to be developed and used.
Hughes and Gilliland*® using a quasi-thermodynamic
treatment, arrived at the same results as Spilhausd
They also tried to estimate the drop deformation and then
interpolate the drag coefficlent of the drop from the values
for spheres and flat plates. They also assumed the drop
s a spheroid and that the increase in the surface energy
of the drop is equal to the frictional work done upon the
drop during its fall. Their theoretical correlations also
make use of the data of Laws?® for water drops in ailr.

They used the following three dimensionless groups:
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Gravity group = Wt =[§D Re?] /3 =D {% g Po\fﬁ - Pol :]l/' (16)

Terminel veloclty group = Ee = (CD) “1/3_ y [% % /3 (17)
d Sﬁ‘ol 1-Pol
Surface tension size group = Sd = Su = T, ( g )
W v,

2
= 8o 0|3 e, 1/3
FOJ (18]

o |2 8 Mo(Pr =

They have plotted Tv vs. Wt with S4 group &s parameter

23 and Watsond?

and tested 1t against the data of Laws
With this background of the theoretical developments,

it seems appropriste to proceed next to the theoretical

work which Includes dimensional analysis and a study of the

shape of the drop.
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(b) Dimensional Ansalysis

For the planning of any experimentel work as well as
for the analysis of the data so obtained, the method of
dimensional anelysis is helpful. So, it has been teken up
first.

The varlables influencing the rate of fell of a liquia
droplet at terminal velocity in another liquid may be

summerized as follows:

TABLE II

VARIABLES INFLUENCING THE RATE OF FALL OF
A LIQUID DROPLET

Varisble Symbol | Dimensions
Drag coefficlent CD none
Interfacial tension o S M
6
Acceleration due to gravit L
g v g ~52
Drop volume v LS
Veloclity of fall ' L
(]
Density of continuous phase e M
o T3
Density of discontinuous phase i M 3
L
Viscosity of continuous phase M
o T®
Viscosity of discontinuous phase ,ui M
L6

In the above list of variables it may be observed that

there is no factor included for the sheape of the drop. Silnce
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the shepe of the drop will be & dlmensionless gquantity and
since 1t is not possible to determine it directly, it could
not be included in the list. It is felt that the other
varlables giving the physiéal properties of the drop might
take care of the shape factor, since deformation of the drop
is very 1likely to depend on the physical properties of the
drop and the flow pettern.

Further, since the dlameter of a particle 1s generally
used in dimensionless groups, it is felt convenient to use
the equivalent spherical dlameter D (or called diameter for
the sake of simplicity) of the drop instead of volume V',
in the dimenslonal analysis.

Since the deformation of a drop is 1ltself a variable
and the actual frontal area is changed by the deformation,
it 1s not practicable to estimate the true drag coefficient
of the drop. So a hypothetical drag coefficlent has been
defined using the equlvalent spherical diameter of the drop.
Thls hypothetical drgg coefficient of the drop 1s simply
referred to as the drag coefficlent of the drop.

Cp =_F = 8F ®)

TDRVE  TD® PoV°
T %

In the case of a drop falling at its terminal veloclty
Cp = 48 (Pi ‘%)D
3 Pove (6)
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| For dimensional analysis it can be written that
Op = P&, DY, 01, Po, Ky, U, (20)
where '
Cb: function of ...

There are eight variables and only three dimensions.
Hence, in general, we may expect five dimensionless groups
Including Cp. It 1is advisable to see if some simplification
can be done before solving the above equation. Also varisbles
like Py ana P, as well as {, and f(_ have the same dimensions
and dlmensional analysis willl not be of much help with such
repeated quantlties. Also, if F& is to be introduced to
indicate the drop property, it appears that the expression
|P1 - Pol will be much more appropriate, since it is only
the difference in densities that actually causes the motion
of the drop. However, since dimensional analysis cannét
take care of repeated quantities, only one variable { will
be used without any subseript. Whether to use \Pr = Pol or R
should be decided by inspection of the group.

Similarly M, and (U, are repeated quantities. One
can by 1nspection write i/qi } a3 one dimensionless group.
Since viscosities may enter® other groups also, the variable M
is used without subscript. Here also the choice‘of My
or M, will have to be & matter of judgment.

Then
Cp = K ¢ gkt DT vl pmn (/‘41 )3 (21)

Mo~
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where

K,c,k,f,1,m,n,j are all arbitrary constants.

Substituting the dimensions, one obtains:

_ ¥ . f 1 n
e @ G )
M: O=c¢c+m+n (23)
6&: 0 = -2¢-2k-1l-n (24)
L: 0=k +f+1~3m~-n (25)

Since there are six unknowns and only three equations,
it is not possible to solve the sbove completely. But they
can be solved to the extent of ‘reducing the total number

of unknowns from s8ix to three.

Solving the above equations, one can obtain

f=c¢c + 3 + 1 (26)
m=c¢ +2k % 1 (27)
n = =-2¢-2k~1 (28)

Substituting the sbove values in equation (21), we get

=K & g pc+3k+l yl Pc;=+2k+l u-2e-2k-1 (/‘1 )j
)

=K \%g_f/c gngz )k \DXLP}]' t_%__ 3 (29)

In the above we can easily recognlize the group _DV

Cp

as Reynolds number. So the P may be assigned the value P,
and M called Ho to suit the general definition of Reynolds

number. Also for convenience let us designate _ﬁ_i__ = ..’ff!',-.
and Re = DVP, . fo
o
Then
Cp =K (%P )¢ (@: PR)E  Rel u (30)
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In the above, if ¢ = <k, the two factors may be combined:

gD p2 x _ME = gp2P
K ghd P2 «
Since D? suggests the area of the drop and g suggests
the weight, it appears as though the P term may be considered

as composed of \P; = Py[ - Then the above cen be written as:

gh? \Pi = Pol
o
For convenience at a later stage of work, this term

has been used as:

P = &d® (Py -Po) (81)

4 <™

The factor 4 in the denominator suggests that the
equivalent spherical radius is used Instead of the equivalent
diemeter. The use of ( Pi -f,) instead of |Py - p,| can
be justified, since the present studies are concerned with

falling drops and Py3>Po.
Then one possible way of writing equation (30) will

Cp = Kp¥ Rel 43 x Uy (82)
In the above, the P group has the advantage that 1t
is free from the velocity term and contains only the dliameter
of the drop as a variable for any given system.
Since ¢ and k are arbitrary consatants, equation (30)

may be rearranged and written in a still different way.
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First, the group ¢ DP may be expanded:
2

N
2
szg ) (Dg‘EX;;VZ)

Then again, if we put ¢ = -k
2.
) (G ) ()
= 2 2 3 o2

¢ K Y exf

(szp)c 0_2 c
g gDSPZVZ

In the above DVP can be recognized as Weber number.

o=
Then we can assign specific values. of fz and.po to the

P ena H terms end write
We = DVER (33)
20
Then equation (30) becomes:

Cn = K(We)C /2 o# C Rel J
P (gb5p2v2> He

In the group

2 gf

gD pRy2
the term D° suggests the volume of the drop and Pg suggests
the weight term. So, at least one of the two P's can be

replaced by (F} - FB)- Then it may be written as :

2 o2

D3 (B -p,) V2

The term (V2 suggests the combination Psz in
2 =z

the kinetlc energy term and the [ may be replaced by P, .
If ¢ = -1
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gn 1g(§; - P,)D 2aF
gD (P = Po) Povz BFV2gDS (F1 -to) PoV”

5 2

2 (2 =2 (Wwel?
3 VEF 3

Now the equation (30)can be written as:

_2____(111[0)"2 = K We™1 Rel/43
3 r

or We =2 Re~l (34)
2 l‘r

At this stage 1t seems appropriate to point out that
equations (32) and (34) are speclal cases of the general
equation (30), based upon the restrictions that ¢ = -k 1n
one case and ¢ = =k = 1 in the other case. It 1s entirely
possible to get a different set of groups either by Imposing
different conditions on ¢ and k, or by solving the three
equations (23), (24), (25) for a different set of three
constants instead of ¢, k, and 1 chosen in the present solution.

Thus for example, if k, m, and n are chosen, one will obtain:

cD= Dvip_}m (vﬂ)n g_}__\ /

and one can write DV2Po = We. The above can be rearranged
2 g

and written ass:

Cp = K invzp zm (DVPo )R (p2 )\ k
. 23‘(" \ /“0/ ﬁg‘Pa‘l ﬁ%— {ﬁ%‘l

= K (We)™ (Re)® th- {52} pr (35)

Hence the real value of the dimenslonless groups can

only be mssessed by testing on actual data. As such, the

dimensional analysis will have to be left at this stage and
taken up agein in the discussion of the experimental results.
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(c) Shape of the drop

In this section an attempt has been made to determine
the shape of & liquid drop falling through another liquid.
The difficulties 2s well as limitatlons in a purely theoretical
method of approasch to this problem are also indlcated. It

1s a well known equation of physics that, for e liquld drop

or bubble
1 +1 =pl = po (36)
Rl R2 o

where

R; and Ry are the two principal radii at any point
on the surface of a drop, and

pl and po are the internal and external pressures
at the surface of the drop.

By virtue of the surface tenslon property, the drop or
bubble tends to assume the smallest surface area so that the
surface energy is at & minimum. Because of this property
of the drop or bubble to shrink to & minimum surface, there
1s sn excess of internal pressure over the external pressure
as indicated by equation (36). A derivation of the above
formula is glven by Adams‘ and it can be found in most
textbooks of physics and physlcal chemistry.

Bashforth and Adams® have calculated the shape of
sessile drops, and presented their data in the form of

elaborate tables. Adams® gives a brief summary of the
g

principles underlying the calculation of Bashforth and Adams.
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In thelr work the drop 1s attached to 2 surface end 1s statlonary.
The present problem desls with & drop in motion. In
order thet 1t may be possible to solve equation (36) and use
it for the determination of the drop shape, 1t 1s necessary
to make certain simplifying assumptions. They are:
1. The drop has axial symmetry about the vertlical axils.
2. The drop can attein an equilibrium shape.
3. The drop has no oscillations or rotations.
4, The drop falls verticelly in & stralght line.
In addition to the above, we can also conslder that
1., The volume of the drop 1is known,
2. The physical properties of the system are kﬁown, and,
3. The drop is falling with the terminal velocity, le.
there 1s no acceleration.
Let the squivalent spherical radius of drop =TT
Volume of the drop = 4Trd = v
For the sake of bonVegience Z
let us choose the Cartesian

coordinates X, ¥, Z with the origin

0 at the center of the drop. Also O \Y

let the drop be conslidered statlonary
and the external liquid moving with
the terminsl velocity V.
Fige 1

Coordinate System
for the Droplet.
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Since there 1s axial symmetry, we can as well solve
the probiem as a two dimensional one, using Y &nd 2
coordinates. Any curve obtained can be rotated about the 2
exls to get the three dimensional shape of the drop.
In equation (36)
i1 +1 =pi-DPo
Ry Rg =
the two principal radli at any point on the surface of
revolution cen be expressed by:
d2y
e 2] 3/2
E.+ (_Eg_ ?]

R , and

Ry = 1
2 y ]l +(_dy)? V>
dz
where y and z are the coordinates of the polnt along the

Y and Z axes, and d indlcates the differentlial sign.

For the sake of simplicity let us write

2
y' = dy and y' = & 5 R
dz dz

Then equation (36) can be wrltten as:
1t
L =Pi - Po (37)

- 1
E+(y')2_]3/2+y E+ (y.)z:’lfz —

This is the fundamental differential equation to be

solved. In the above the interfacisl tension value, ¢—
can be consldered a constant for the range of drop sizes

dealt with in the present work. As such it 1s posslible to
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absorb g-in any arbitrary constant, 1f necessary. It is
next necessary for us to express (Pi'Po) as & function of y
30 that the differential eqguation can be solved. We can
use the following boundary conditions for any particulsar
drop:

At z =0, y' =0 (38)

y=0,y' = (39)

Total volume of the drop = 2}(ylﬂy2dz

o
= v3 = & known constant (40)
The subscript 1 1is used to 1Indicate definite values.

(pi-po) = constant, only when the drop is stationary
and the hydrostatic head can be neglected within the drop
from its top to bottom. For a general case let (pj-po)= P(y),
where P(y) indicstes the excess pressure as functioghof Y.
Let it also be possible to expand P(y) in terms of y. One
could immedlately be faced with the question that P(y) 1s
not the same both above end below the equator of the drop.

8o we have to deal with it as two separate cases of z =0

and z = 0.

For the present, let us concentrate our attention on
the solution of the differential equation. Later on the

solution can be modified and dealt with as two specizal

problems. Let
P(y) = B + Ey + Gy2 + ... (41)
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where B,E,G sre constants. It should, however, be noted
clearly that B,E,G, etc. are dimensional constants. Thus B

has the dimensions of pressure, M », B has the dimensions

: Le
M , and G has the dimensions M . For the sake of
2 e2 62

gimplicity, let us first use only the first power of ¥y

and neglect higher powers of ¥y, and solve the differential
equation. If necessary the higher powers of Yy can always
be introduced and the differential equetion solved by similar

methods. The differentisl equation (37) can be written as

y" 1 =B +Ey (42
EL + (y')zj y [+ (yn)e] /% " )

Put y' =

Then y" = q _dq
ay
_4q

- d + 1 = B + Ey
T2y 372 y (1+q®) 1/2
Multiplying throughout by ydy, we get

- _yq dgqg z = Bydy + Ey2dy
(1+q%) +qR) /2

Integrating both sides, we get

Y _ = By2 + Ey® = I (43)
(1+q2)l 2 2 3

where I, = constant of integration

At z =0, y=y, and q =0

2
Y =B‘y S
1 1+ Eyl + Iy
2 3
_ 2 3
or I =y - By - Eyl (44)
=
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At ¥ z2 =2, and q

0= IL
Hence

= By,° 3
Jy = BV + EyY
2 —z=
2

or BY]_ + Eyl =1 (45)

2 3

Since it is a quadratic, we can solve for MY

y =3 (=B ¢ \/Bz+}_g§) (486)

4F
If B and E are known, ¥y, can be calculated. Assuming

that y, can be obtained, we shall proceed to the next stage
1 "

of the solutlon.

= By2 + By®
(1+q 2 3

Squaring both sides and rearranging

Yz -1=q2=\d2
tBy2 + }Z:y"-"/)‘3 dz}

+ E 2
fdz: d.sr+I2

By + Ey (47)

vhere I, = integration constant. The sign before the right
hand side integrand will be - or + whether the integration
is in 1st or lth quedrant. In the above, B and E are
constants. As far as the author is aware, there is no
simple integration formule for the sbove. One way of

integrating equation (47) is as follows:
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By + Ey°
Az = 2 —%— Ay (48)

- (g e 2

The best place to start is y = O, Then at y = 0,
z = Z27. So choose a certain value of z = 2. Then, if it
1s in the 1st quadrant, 5
By E
Az = - 2 % —§_ Ay (49)
\/l-\_B_x + Ex2)2
2 3

Next choose small values of A y. For the first step, after

y = 0, we can use

B(_Ay)2
Az=a- 4 ~ - (Az)z
7
1 - (Bay)®
1

Using these values of A z sand Ay, the next step can be

calculated and thus a step by step numerical integration

carried out until y = Yy or &;% + gg_%) = 1 when Az will

approach oco. This is a difficulty in thls method of integra-

tion. Some of the calculation work mey be simplified i1f the

denominator term in equation (49) 1s expanded by way of

binomial expansion and omitting the last terms of the expansion.
At this stage one 1s forced to use specific values for

B and E, if the work 1s to be carried further. In order

to get the values B and E one must get the nature of P(y)

in which pg, is a function indicating pressure distribution

outside the drop. In order to get the outsids pressure

distribution, one should have an 1ldea of the shape of the body.

It was felt that the shape of the body may be assumed as a
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first approximation, elther as an ellipsold or even as a
sphere. The available data on pressure dilstributions
around solid bodies 1s all at very high Reynolds numbers
and hence could not be used for the present purposes.

At thils stage it looks advisable to consider the difficulties
in the present method of solution.

1. There is no data on pressure distributlon at the
Reynolds numbers of Iinterest to the present work.

2. Even if pressure distribution data at the Reynolds
numbers snd about the shapes of interest for the present work
is avallable, the numerical step by step integratlon 1ls too
laborious to be of any practlcal use.

3. Even if the shape of the drop is obtained, there is
no certainty that the drag coefflclens given for different
shaped solid bodies (which data itself 1s not comprehensive)
can be used for liquid droplets.

It is also proper at thls stege to discuss the valldity
or otherwise of the first four assumptions made at the
beginning of this section.

Assumption 1: The drop has axlal symmetry about the

vertical axis. This assumption i1s not strictly valid. I%
is nearly true only in smaller drop sizes. ©Some of the
photographs of drops taken in the present work heve clearly

shown that the larger drops do not have axlal symmetry. The
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photographic evidence 1s presented later.

Assumptions 2 end 3: The drop can attain an equili-

brium shape and the drop has no oscillatlions or rotations.
The photographic evidence shows that only small drops have a
reasonably stable equilibrium shape. The bigger drops have
been found to change thelr shape very violently. In that
process the drops oscillate in their shape. The oscillations
in shape were also observed by Blanchard" for water drops
in air. He also mentions the rotation of the water drops.
The exact question of rotation could not be decided in the
present work though nutation of drops could be observed
clearly. There 1s a strong suspicion that the smaller drops
were actually rotating, though it could not be shown clearly
in the photographs. The drops do not only vibrate or oscillate
in their shape, but also oscillate as a whole &and follow &
zig-zag path during fall.

| Assumption 4: The drop falls vertically in a straight

line. As has already been mentioned above, the drops fall
in a zig-zag path. Actually very small drops seem to fall
in a reasonably vertical path, end as drop size 1s increased,
their drifting increases to a meximum and then decreases, but
1t does not die down. This maximum drifting of drops makes
one.think thaet the vibrations introduced in the drop by the

flow patterns are coinciding with the natural frequency of
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6

the drop. This behaviour has been observed by Gunn' who

found that 1/2 mg water droplets drifted 2-3 ft. in 50 ft.

of fall in still air.
In view of the fact that all the basic assumptions of

the theoretical work are violated, and the theoretical work
does not seem to offer much hope, even when the simplifying

assumptions were made, it was felt that the actual solution

for the present problem should be sought only by experimental

methods.
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The experimental work consisted of (a) the preliminary
work done to standardize the experimental conditions with a
view to get reproducible and reliable data as well as to
ascertain the accuracy of the results thus obtalned, (b) the

mein experimental work done to collect deta on the terminal

43

velocities of liquld droplets of different sizes and properties

falling through water, and (¢) the photographic studies of
the falling drop behaviour.
(a) Preliminary Work

The preliminary work coumprlsed of the following:
1. Cholce of systems.
o, Determination of physidcl properties of the liquids.
3. Production of drops of constent volume.
4. Determination of the initial height of fall required for
the drops to attain terminal veloclties.
5. Elimination of wall effect and end effects.
6. Temperature control.

7. Estimetion of the errors.

1. Choice of the Systems

Orgenic liquids heavier then water snd insoluble in 1t
were chosen for the discontinuous phese while lsboratory
distilled water was selected for the continuous vhase. The
following six orgenic liguids were chosen in view of the

considerations noted agalnst each of them. Only research
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grade organlc liquids were used.

I. Carbon tetrachloride. It is cheap and large quantities
of pure materisl can easily be procured. It has a density
of 1,5842 gms at 25.0°C., an interfacisl tension with
water of 41?% dynes at 24.6°C., and a viscosity very
near that of water with Qé%?) = 1.040 at 25.0°C. It
has an Sd value with water of 2,445,

JI.Tetrachloroethane. It has almost the same density as

carbon tetrachloride with a value of 1.5813 gms at 25.0°C.,

ml
but has an interfaclal tension of 31.3 dynes at 24.9°C.
cm,

which is much lower than that of carbon tetrachloride.
So it was selected with a view to find out the Importance
of interfacial tenslion on the drop velocltles of liquid
droplets. It has a1 = 1.681 at 25.0°C., and an
Sd value with water g% 1,843.

III. O-Nitrotoluene. It has an S4d value of 2,408 which 1s very
near to that of carbon tetrachloride. However, it has

a density of 1.1578 gms at 25.09C., an interfacial
ml

tension of 26,6 dynes at 24.2°C., and i = 2.342 at
cme.

. ,25.0°C. It was selected with a view to uUse the data on
O0-Nitrotoluene and carbon tetrachloride drops to test
the correlations of Hughes and Gilliland.
IV, S-Tetrabromoethane. It 1s selected for 1ts high density
of 2 .9539 gms at 25,0°C. It has Sd = 1,4R24; o~ = 36.2 dynes

ml o cms.
at 23.2°C., snd M1 = 10.5 at 25.0°C.

Mo
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V. Ethyl Chloroacetate. It is selected since 1t has an
Sd = 1,359 which is very near to that of s-tetrabromoethene,
and the data on both these should serve as a second check
on Hughes and Gillilend's correlation. It has {; = 1.1451 gms,
0= 14,6 dynes and Jf;_z 1.232 all at 25,0°C. This is also m

emo
of special interestobecause of the very low interfacial

tension.

VI.vChlorobenzene. It 1s of specisal interest because of & high
Sd with water of 3,710, and also of & low _/1 of 0.8533
at 25,0°C. It hes fj = 1.1008 gms., and o = 35.4 dynes

ml. cm.
25.4°C.
The physical properties of the above six liqulds are
given in Teble A-8. The properties of distllled water are
taken from literature and used as [ = 0.99707 E%T' at 25.0°C.

and f&o = 0.8937 centipoises at 25.0°C.

2. Determination of physical properties of the liquids.

The densities of the liqulds were determined with a
pyknometer at 25.0 + O.lOC., using=distilled water as a
reference lliquid.

Viscosities were meesured at 25,0 + 0.1°C. with an
Ostwald viscometer, using dlstilled water as a reference liquld.

Du Nolly tensiometer, catalog number 70545 of Central
Scientific Co., Chicago, Illlinols, using ring method, was
used for the measurement of surfece tension of the liquild in

air and the interfaclal tension of the liquild to water.
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The tensiometer was first adjusted so that the reading

on the scale corresponds to dynes. Zuldema and We.’cez:*s‘"g

suggest that the reading obtaggéd by the ring method must be
multiplied by a correction factor. A curve giving thelr
correction factor is also reproduced in the pamphlet accompeny-
ing the instrument. Zuideme and Pi].zl‘7 have shown thet the
seme correction factors as given by Zuideme and Waters

sre applicable whether the ring is pulled or pushed through
the interface. While taking the interfacisl tension in the
present work, it was generally found to be convenlent to

push the ring through the interface from the water to the
heavy organic liquid phase. The values of surface and inter-
faciasl tension readings corrected by using the factor given

by Zuidema and Wea.t:ersl"ﬁ are taken as true values.

3. Production of drops of constant volume.

This work consisted of developing the burets and tips
thet would obviate the necessity of usling eny materials that
may be soluble in the organic liguids used herein. As the
liqulds are very good solvents, and as even small quantities
of foreign materiels in solution will affect the interfacial
tension, all tubes like tygon, greases, etc. have been
avolded. Actual experience has shown that all of them including
teflon should be avoided. The apparatus used for the purpose
of producing constant volume drops cen be divided into (a)

nozzles and (b) burets.
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(2) Nozzles: These are used to form the liquid droplets

at their tips. To start with, hypodermlc needles were used.
The oblique cuts on their ends were removed and the tips were
rounded off carefully with a file to give 2 circulsar tip.

The range of drop sizes was extended by Joilning glass tips to
the metal bases of the hypodermic needles. To make & good
glaess tip with metal base, the regular hypodermic needles

were taken, the needle pulled off from lts base and the outside
of the metal base ground to have a tapering. An ordilnary
(Kester acid filled) solder was first used on the tip. A
glass tube drawn roughly to fit the metal base taper is taken
end then joined to the metal base using cerroseal solder
supplied by Cerroseal solder corporation, New York City.

The drop producing ends of the glass tips were then ground to
remove all irregulerities in the tip, after drawing them to
the approximate size desired. By this procedure all the
nozzles produced had the same standard luer grinding of the
hypodermic needles. Some of the typlcal shapes of the nozzles
used for the purpose are shown in figure 2.

(b) Burets: These are used for measuring the volume of the
droplets. Apart from the question of accuracy of measurement,
the other important considerations are: (1) to avoid any
grease at any time coming in contact with the organlc solvents;
(2) to regulate the rate of flow of liquids to extremely small

flow rates, maeintaining if possible a steady flow rate for any
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particular setting, and (3) to have & tip to which the nozzles
can be attached directly without any other connecting tubes.

The following two types of burets were developed for the
purpose.

One buret was a 5 x 1 __ ml. microburet. It was provided
with an adjustable flow s%ggcock of the type shown in figure
3. Though adjustable stopcocks were being made, thelr use
to burets does not seem to be in practice. To avold any
grease, the stopcock had to be precision ground so that 1t
could be worked without grease. & standard‘lﬁer grinding
was provided at the tlp to take the nozzles at the bottom.
This buret was made to speclal order by Ace Glass Inc. of
Vineland, New Jersey.

The second buret consisted of a 4ft. pyrex glass capillary
tube bent to the shape shown in figure 4. The horizontal
length of the tube was 40 cms., glving 30 cms. for the
graduated scale. The two legs of the U were 3 cms. apart.
The distance of the horilzontal tube between U and the next
vertical bend was 15 ems. At the end of the capillary was
fused a tuberculin syringe of 1 cc. capacity. The end of the
syringe had a standard luer grinding and ould take on the.
usual hypodermic needles. This ground end was 11 cms. long.
At the higher end of the tube was fused an adjustable flow
stopcock of the same type as shown in figure 3. The center
of this stopcock was 8 cms. gbove the horizontal portion

of the capillary. This provided the varlable flow control.
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Fig. l. Capillary U=tube Microburet
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Since it was in contact only with sir and not the solvents,
8 slight amount of grease could be used and hence 1t did not
require precision grinding as in the previous case. The
horizontal portlion of the capillary was mounted on a wooden
board on which a graph paper was pasted. This horizontal
portion was callibrated by sucking & small pellet of mercury,
measuring i1ts length at various positlons in the buret and
weighing 1t later. Knowing the denslty of mercury, the
capacity of the mlcroburet for each position was calculated,
and a calibration curve for the buret was obtained. Just

to give an 1dea, it may be mentioned that 1 mm. length of
the capillary tube corresponded to an average volume of
7.25 x 10'4 ml. Because of the horizontal portion of the
capillary, this buret gave more uniform drop formation times

than the other one.

4, Determinatlon of the inltial height of fall required

for the drops to attain terminal velocities,

Since the present work is concerned with the terminsal
velocities of liquid droplets, it was necessary to know
how far the liquid droplets should be allowed to fall initldlly
before they can be considered to have attalned the terminal
velocity. For this purpose & 6 in. dlameter by 6 ft. long
lucite column was filled with dlistilled water. In the
beginning, carbon tetrachloride was chosen and 1ts drops

allowed to form about 3-5 cms. under the water surface.,
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Distances of 30 cms., 60 cms. and 160 cms. from the drop
formation point were msrked on the column. Then the drops
were allowed to fall, and the time of fall of droplets

from 30 to 160 cm. marks, as well as for 60 to 160 cm. marks,
were noted simultaneously on several drops,using two stop-
watches. The average of each of them was tsken. If the
ratio of the time of fall from 30-160 cms. to the time of
fall from 60-160 cms. was within 1% of the value 1.30,

the drops were consldered to have attained the terminal
velocity. It was found that in most cases of the work the
first 30 cms. of fall was enough for the drops to attain the
terminal velbcities. Now and then the distance 60-160 cms.
was used in other systems to serve as a check on this assump-
tion, and there was no appreclable difference observed.

5., Elimination of well effect and end effects.

For this purpose fall velocity data were collected for
carbon tetrachloride drops in water using a 3 inch dlameter
glass column and a 6 inch dlameter lucite column. The data
are presented in Tebles A-1 and A-2, and plotted in Figure g .
The data in the three inch column were obtained up to D = 0.448
cris. of the drop. It can be seen that there is no noticeable
difference between the fall velocity data in the 3-inch and
6-inch diameter columns. However, for additional safety,
and convenience, the 6-inch column was used for later work.

Also, if there is no wall effect In the 3-inch column up to
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D = 0,448 cms., there should be no wall effect in the 6-inch
column at least up to D = 0.896 cms. Thls gives a wilde range
of drop sizes to work with.

To avoid the end effects, the lowest mark on the column
for collecting the velocity data was kept higher than 15 cms.
from the boittom of the column.

6. Temperature control.

In the early stages of the work, the temperature of the
water was adjusted to 25.040.19C. and it was then poured into
the 6~-inch column. Because of the large capaclty of this
quantity of water in 6 inch dia, €6 ft. long c¢olumn, the water
retained 1ts temperature to within 25.0 + 0.5°C., for several
hours. Later when the weather became hot, it was found
necessary to have temperature regulation. The 6 inch dia.
column was surrounded by an 8 inch square column of 5' - 10O
height. Water adjusted to a temperature of 25.0 + 0.1°C. was
pumped continuously into this square column and the overflow
allowed to flow back into the constant temperature tank. The
temperature regulating equipmeht 1s shown 1n Figure 5.

7. Estimatlon of errors.

The detailed estimatlon of the errors is glven in
Appendix ., They are summarized in Table III. The total
of all errors of 8.,20% is only indicative of the maximum possible
errors involved. In actual practice much closer agreement was
obtained. But a + 8.20% varlatlon should be borne in mind
when compering entirely different systems with a view to find a

general @oprelatlon.
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TABLE III SUMMARY OF ERRORS

Measurement Error
(a) Physical properties
Density 0.,004%
Viscosity 0.20 %
Interfacial tension 0440 %
(b) Drop volume 3.0 %
(¢) Times of fall of the drops 2.17 %
(d) Distance of fall of the drops 0.078%
(e) Variastion in physical properties for a
varistion in tempersature of 0.5°C. 1.35 %
(f) Errors due to initiel turbulence, and
turbulence produced by drops themselves negligible
(g) Errors due to solubility effects 1.0
(h) Errors due to zlg-zag path followed by drops) Considered to
(1) Errors due to oscillations ) be inherent in
drop behavliour
Total of all errors 8,20 %
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(b) Main Experimental Work

Apparatus
The general arrangement of the apparatus is shown

in Fig. 5 and two photographic views of 1t are glven in

Figs. 6a and 6b. The mein portion of the apparatus conslsts

of & column filled wlth water and a buret with a nozzle
attached to it to produce the lliguid droplets. All the rest

of the apparatus was bullt around these things. The burets
have been already discussed under the preliminary work. The
detaills of the columns used are given in Table IV, As was
already mentioned, 3 inch and 6 lnch dlameter columns were
first used for checking the question of wall effect. Later
only the 6 inch diameter column was used for-all the experlmental
work. The positions of the different marks used on the columns
for timing the fall of the liquid droplets are also given in
the table. Imcite was selected for the 6 inch column on
sccount of its transparency and cheapness. It has also the
additional advantage over glass of belng less fraglile, light

in weight and ease of working. Iucite tubes can be jolned
together with a cementing liquid (a liquid solvent supplied

by the makers of luclte). The 6 inch lucite column was
attached at the base to a 1/2 inch thick lucite sheet.
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Fig. ba. Apparatus for Study of Rate of Fall of
Liguid Droplets. (front view)
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Apparatus for Study of Rate
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TABLE IV

DETAILS OF THE COLUMNS USED

59

Column I Column II
Nominal size 6 in. 3 in.
Inside diameter 5 3/4" or 7.0 cms.
14.5 cms.
Wall thilckness 1/8" or 0.24 cms.
0.32 oms.
Outside diameter 6" or 7.5 cms.
15.24 cms.
Total length above base 6' or 182.9 cms}5'-8 1/2" or
174.0 cma.
Material of the column Lucite Pyrex glass
Position of end of drop
forming tip from the top
of column 3.0 cma. 3.0 cmsS.
Position of 1lst mark from
the tip of the nozzle 30.0 cms. 30.0 cms.
Position of 2nd mark from
the tip of the nozzle 60 cms, 60,0 cms.
Position of 3rd maerk from
tip of nozzle 160 cums. 160.,0 cms.
Position of 3rd (last)
mark from bottom of the
column 19.9 cms. 11.0 cms.
Closure for the bottom 1/2% thick

lucite sheet

Rubber stopper
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Mirrors have been used to bring the bottom mark just a
1ittle below the 30 cm. mark. This served not only as a
convenience, but also helped in avolding any vibrations being
introduced in the column due to climbing up and down the ladder
by the side of the column 1n order to take the readings. The
bottom 160 cm. mark was generally illuminated with an electric
light placdd sbout one meter away.

As lucite is affected by the organic solvents used in
the present work, an 800 ml. beaker was placéd at the bottom
of the 6-inch column to collect the organic liquid droplets
at the bottom. At the end of the day's experliment, the beaker
could be removed with the help of the copper wires tied to it.
There is a drain with a stopcock at the bottom of the column,

All the rest of the apparatus consists of the equipment
for temperature control. The 6 inch diameter column is
surrounded by an 8 inch squere column of clear plexlglass,

5 ft. 10 inches in height. Water could be pumped contlnuously
from the constant temperature tenk into this 8 inch square
column by means of & pump. The water from the column can
overflow back to the tank. The tank was 18" long, 14" wide
and 14" deep. A small side stream from the 8" square column
was teken through & copper coil in an ice tank and then
connected to the main overflow line through a solenold valve.

This valve was actuated by & relay so that it could open 1if
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the temperature of water in the tenk went high. Then cold
water would flow in and cool the water in the tank. There 1s
also an electric heater by which the water could be heated if
the tempersature went below 25.0°C. This heater slsc was
connected to the relay. The relay was controlled by a
thermoregulator. By this arrangement a temperature of 25,0

+ 0.1°C. was maintained in the column.

Tt should be mentioned that the pump, the constant
temperature tenk and the solenoid valve were connected to the
8" square column with small rubber tubing in the lines to
prevent any vibrations from travelling to the column. Also
the columns were set vertical by using a plumb bob.

Procedure

Though several modifications of procedure were tried
in the early stages of the work, the following procedure was
finally adopted as the one giving the most consistent and
reliable results.

Before starting this work, one should remember that
interfaclial tension property is very sensitive to small
impurities. Since the liquids used in this work were vexry
good solvents, special care should be exercised to prevent
them from picking up impurities. As will become evident in
the later part of this work, interfacial tension 1s a very
important factor controlling the rate of fall of liquid
droplets.

The procedure for achieving the cleanllness required
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for this work is, of course, very simple. After a day's
work the burets were cleaned with a cleaning mixture of
concentrated sulphuric acld containing potassium dlchromate,
end then washed at least six times with distilled water.
They were then dried at the laboratory temperature. The
capillary U-tube buret had to be dried by aspirating air
through it, while the 5 x 1/100 ml microburet could be
allowed to dry by 1tself in the laboratory. Similarly, the
hypodermic and glass needles required cleaning after they
were used. They could all be cleaned conveniently with
repeated treatment with chemlcally pure grade carbon tetra-
chloride for at least six tlmes. Also it was necessary to
clesn all the beakers, etc., used in this connection,every day
with the cleaning mixture, washed thoroughly with distilled
water and dried., The beakers, etc., can, of course, be
dried in en oven, though pipettes should be dried only at the
laboratory temperature. The 3-inch and 6-inch columns were
first throughly washed with distilled water. Afterwards

the water in them was drained after a day's work. They were
covered at the top with a cardboard to prevent dust and dirt
getting in when not in use. The next day they were ready
for use, but in general the columns were rinsed with a small
quantity of distilled water, before fllling them with water.
Tt was also felt necessary to use researéh grade organic

1iquids for the discontinuous phase and laboratory distilled
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water for the continuous phasse.

The procedure herein described is for the 6-inch dlameter
column:. on which all the data was collected. The procedure
for the 3~inch column was much simpler as it was filled with
distilled water whose temperature was adjusted to 25.0 % 0.1°C.,
end the datae collected without any outside temperature control.
Also there was no such beaker as was used in the 6-inch
diameter column.

The 800 ml beaker was first lowered into the 6-inch
column with the help of the copper wires tied to it. The drain
cock at the bottom of the column was closed. Next the column
was filled with distilled water. If the distilled water
temperature was much lower than 25,0°9C., the water was first
collected in clean buckets and its temperature adjusted to
25.0 + 0.1°C. by the addition of distilled water heated in
a besker over & bunsen flame. Then the water was poured
into the column. When the distilled water temperature was
higher than 25.0°C., 1% was £ ound convenient to fill the
column with the distilled water by connecting & rubber hose
to the distilled water tap. After the column was nearly full,
jce cubes (prepared from distilled water) were introduced
into the column and the temperature sdjusted to 25,0 + 0.1°C.

The constant temperature tank was filled with ordinary
laboratory tap water. The ice tank was filled with 1lce.

The stirrer in the tank wes started and the water temperature
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was adjusted first by addition of ice with hand, to about
25,0°C. The pump was started and es soon as the 8=inch

square column was full, the thermoregulator was turned on.
Then it controlled the temperature of the water in the tank to
+ 0.1°C., of 25.0°C.

The beskers and burets were rinsed first with the orgenic
1iquid to be used. The cleaned and dried hypodermic or glass
nozzle was attached to the bottom of the burets provided with
the standard luer grinding. The capillary U-tube buret was
invariably used for the small size drops while the S5 x 1/100 ml
microburet was used for the large size drops. As a check
certain medium sized drops were obtained with both bursts.
When the capillary U-tube buret was used, the organic liquid
was sucked through the nozzle, and also let flow through the
nozzle. After the capillary buret was filled with the liguid,
it was mounted on the stand (supporting the main column) with
the tip of £he nozzle centered &k the top of the column. The
5 x 1/100 ml microburet could be filled with the liquid from
the top and could be drained from the bottom. In the case
of large sized drops, 1t was found more convenient to suck
the liquid through the glass, nozzle at the bottom, by
dipping the end in a weighing bottle containing the liquid.
Next the buret end weighing bottle were taken to the stand
with the bottom of the nozzle submerged under the ligquid.

The buret wes mounted sbove the buret in an approximately

centered position held by two clamps. Next the buret s’
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end weighing bottle were slowly lowered till the bottom end
of the nozzle was at the positlion desired. This position was
3.0 cms. from top of column or about 2.5 cms. below the top
water level in the column. The weighing bottle was then
carefully removed from under the nozzle and out of the water.
This special precaution was necessary in the case of large
size drops as any small vibrations were enough to maeke the
nozzles drain themselves and not remein full. With the
medlum sized nozzles there wes no such trouble, and the buret
with the nozzle attached to it could be mounted on the column
and centered.

All the ebove work after filling the column generally
took more than 1/2 hour and that time was considered enough
for the water in the 6-~inch column to settle down. A check
on the temperatures at the top end bottom of the columns was
taken. Generally, sbout 1 hr. after the column was first filled
or 1/2 hr., after the column reached the equilibrium temperature
of 25.0 + 0.,1°C., the data were collected.

The buret stopcock was slightly opened and the rate of
flow of the liquld adjusted.to glve approximately the desired
drop formation.time. Drop formatlon times were chosen to be
greater than 30 sec., with greater times for the larger size
drops. Also the rate of flow should be slow enough so that
readlings of the llquid levels in the buret could be taken

without much error. After the rate of flow was adjusted,
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the liquid level in the buret was noted as soon as a drop
detsched itself from the tip of the nozzle. This drop was
considered as zero drop. The next drop was counted as the
first drop. Then as each drop passed the first mark (30 cms.
below the point of drop formation), a stopwatch was started
and the stopwatch was stopped when the drop passed the mark
160 cm. below the point of drop formation. The time taken
for the drop to travel 130 cms. was read off from the stop-~
watch. For each run the times of fall of as many drops as
possible were noted. The time of fall of the last drop of
the run could not be counted, as the liquid level had to be
taeken as soon as the laét drop detached itself from the tip.
The totel number of drops was noted. The volume of the
1iquid run down was also noted. From these two values, the
average volume of the drops was calculated. During each run
the time of formation of each fifth drop was generally noted.
In the tables of data given, only the lowest and highest
values of drop formetion times were noted.

After each run, the nozzle was removed and another clean
and dfy one fixed to the buret. The buret was filled, the
tip of the nozzle centered and submerged in water in the
column to the same position as before, and the next run made
in a similar way as before. It may be mentloned that each

nozzle was cleaned throughly before 1t could be used a second

time.
levels

The initial liquidy in the burets were generally as near
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the zero mark as possible. The volume of the liquid run
down for each run was about 0.5 ml with the 5 x 1/100 ml
buret and 0.15 ml (which represented about 20 cm. length of
capillary) on the capillary U-tube buret. These walues were
only general and varlations from them were alaso adopted
several times for the sake of convenlence. So glso, though
the fall time of drops was noted during their fall from

the 30 to 160 cm, marks in general, yet some data Were collected
for thelr fell from 60 to 160 cm. marks, to serve es a check.
For each run the initial and final temperatures of water at
the top of the column and of laboratory near the center of
the column were taken. As it was found that the laborstory
temperature was not of any consequence as long as the water
temperature was contolled, only the water temperatures were

given as part of the results.

(¢) Photographic studies

The theoreticel study of the shape of the drop has
increased the interest to find out what the actual shape of
the drops will be. B»lanchard's6 reference to the oscillatlons
énd rotations of water drops in alr 1s a metter of special
interest becsuse 1t violates the assumption of equilibrium
shape for the drop while working out the problem from
theoretical considerations. Also it was felt necessary to
record photographically certain observations made on the drop
behaviour during the course of the experimental work.

Since the drop in motion had to be photographed, a very
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short exposure time was necessary. Preliminary attempts
using the ordinary flash bulb and 1/400 sec. exposure

showed blurring in the lmage of the drop due to its motion.
So it was felt that a high intensity flash of very short
duration would be necessary. Since there was the question

of drop vibrations it was felt that multiple images of the
same drop be taken at small intervals of time. The Strobolux
working in conjunction with a Strobotoc (manufactured by
Genersl Radio Co., Cambridge,Massachusetts) seemed to meet
these requirements very well. It produces high intensity
flashes of & duration of 15 to 50 microseconds at frequencles
adjustable from 1 to 6,000 per minute. A 4" x 5" Crown
Graphic camera with 135 mm. lens, made by Graflex, Inc.,
Rochester, New York, was used for takling the plctures. 4
sulteble emulsion was found to be Eastman Kodak Super XX.

The arrangement of the apparatus set up for taking the
pictures is shown in Fig. 7.

In order to take the pictures of drops, the same procedure
as for the determination of drop veloclties was followed.
This time when a drop fell in the center of the column, it
was photographed. A strobolux frequency of ten flashes per second
was found to give satisfactory results. A white paper was
used on the back and side of the 8 inch column to reflect the
1ight from the strobolux back on to the drop. The strobolux
had to be placed along a dlagonal line of the 8 inch column
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in order that the camera can be placed right 1n fromnt of

the column and both can be on almost the same level. A
camere lens opening of £  was generally used. A 1/2 second
exposure, resulting in ilor 5 drop images was found to give
good results. Dichlorofluorescein was added to some of the
liquids used for producing drops in order to increase the
reTlectivity of the drops. Since the addition of dichloro-
fluorescein changes the properties of the drop, the photo-
graphlic deta should be considered more as qualitative and less
as quantitative. Drop sizes eand velocltlies were generally
noted for each of the drops photographed.

The wires used for introducing the 800 ml besker into
the 6-inch column were used for focussing the camera. The
picture of the drop was faken when 1t fell in & line between
the two wires. This way the drop could be obtained into a
reasonably good focus. Since the drop 1s a small objJect,
the camera had to be placed as near the column as possible to
get a good size picture. A distance of about 21 inches from
the center of the column to the camera lens was found to be
convenient.

In thié connection‘it may also be mentioned that pre-
liminary attempts at taking pictures when the 6-inch dlameter
column was not surrounded by the 8 inch square column were
not so successful on account of the curved surface of the
column. When the 8 inch square column was bullt around the

6 inch diameter column and both were filled with water, there
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FIG.7 APPARATUS FOR TAKING PIGTURES OF DROPS .
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seemed to have been a correction applled for the refractive
index of lucite of the round column by that of the square
column., In any case, the visibility was actually improved
and it became more easy to take the pictures.

Finally the plctures of the drops thus obtained were
enlarged and printed on Eastman Kodak Kcdebromide F4 paper

so as to have the pilctures of drops in a reasonable size.
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The data obbalned on terminal velocities of the various
liquids are presented 1in the tables and graphs as described
below.

The fall veloclty data in 3 inch and 6 inch dlameter
columns for carbon tetrachloride drops in water are given
in Tables A-l1l and A-2 respectively. They are both shown in
Fig. 8. A smooth curve was drawn only for the data in the
6=-inch column. The values for 3-inch column were plotted
and left without curve, so that these points could bevcompared
directly with the smooth curve for the 6-inch column. Also,
for every system a smooth curve was drawn so that the smoothed
out data could be used for further calculations. As there
was no such necessity in the case of the data in the 3-inch
column a smooth curve was not drawn.

The fall veloclity data for tetrachloroethene drops in
water in the 6-inch column are given in Table A-3 and shown
in Fig. 9.

The fall velocity data for o-nitrotolusne drops in water
in the 6-inch column are given in Tale A-4 and shown in
Fig. 10.

At this stage 1t may be mentioned that all the data on
carbon tetrachloride drops in 3-and 6-inch columns snd 6-
nitrotoluene drops in 6-inch column and part of the data on
tetrachloroethane drops 1n the 6-inch column were obtained
without external tempersature regulation. In other words,

the column was filled with water whose temperatvre was adjusted
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to 25,0 + 0.1°C., and the fall velocity data collected as
long as the column temperature was within  0.5°C. of 25.0°C.
Fortunately, during this time the laboratory temperature

was also around the same temperature and hence data could be
collected for a sufficlently long time. Part of the data on
tetrachloroethane drops was 8lso conducted with the temperature
regulation arranged. Several readings wers taken after the
temperature regulation was brought in., As there was no
difference in the fall velocities, the data taken with and
without temperature control were not separated. Also some
data were collected in the case of tetrachloroethane drops,
wlthout the beaker and wires in the 6-inch column. It was
found that the presence or absence of the 800 ml beaker and
the wires asttached to i1t made no observable difference in

the fall velocity data in the 6-inch column.

In the case of o-nitrotoluene drops, very large drop
formation times were tried to find out if the frequency of
the drops made any difference in the fall velocity data. In
the range of.drop frequencies studled there was no such
difficulty, and the data vwers considered to have been collected
in a stationary medium without any turbulence effects. Drop
velocity data on large size drops of o-nitrotoluene were
collected from 60 to 160 cm. marks. This data also showed

no appreclable difference.
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The fall veloclty data for s-tetrabromoethane drops are
given in Table A=5 and shown in Fig. 11. The fall velocity
data for ethyl chloracetate are shown in Fig. 12 and the
data presented in Taﬁle A-6., The fall velocity data for
chlorobenzene drops are glven in Table A-7 and shown in
Fig. 13, The data on these three systems were collected
using the temperature control for the column.

The physical properties of the liquids used are given
in Table A-8. The values of density, viscosity, surface
tension and interfacial tension were experimentally determined
for each organic liquid separately. The literature values,
wherever avallable, are shown for purposes of comparison.
Only the experimental data were used for further calculations.
The solubility data were not detefmined, since those data
were not used for any of the calculations afterwards. It
was, however, considered advisable to include the avallable
literature data on solubilities, in order to have an idea of
fhe systems under consideration.

The range of drop sizes obtained for the different
liquids was limited by the following considerations:

(1) The nozzles used for producing very small drops were very
fragile. Therefore, the lower limit of drop sizes produced
was fixed when the drops fell with almost the same veloclty

.as rigld spheres. In the case of chlorobenzene drops, the
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smallest size drops produced could not be used for taking any
data as they drifted greatly and bumped on the walls of the
6-inch column as meny as 3 to 4 times in a travel of one meter.
(2) The largest size of the drops was limited by the practical
difficulties in obbaining a stable drop. There 1is a maximum
1imit to the size of a drop that can be stable. Whether that
upper limit was reached in the present drop sizes may be
questioned, but the present drop sizes attained c an be claimed
to be in the nelghbourhood of the upper size limit for stable
drops.

The range of varlables studled 1n the present work may be
summarized as follows:
(P - P,) = 0,1037 to 1.9568 gms/ml.
D = 0,114 to 1.119 cm.

Ki_ - 0.8535 to 10.59
Mo
g = 14,6 to 41.6 dynes

cm
The results of photographlic studles are presented along with

discusslon of results,
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(a) Discussion of Experimental Results

Let us first consider the system of carbon tetrachloride
drops in water. The data are shown in Fig. 8 wherein the date
of other workers are also included. Also a dashed line 1s
drawn representing the fall velocities of rigid spheres of
the same volume and density as the liquid droplets. This
rigld sphere fall veloclty line is drawn for all the six
systems studied. The following points can be observed in
Fig. 8.

1. The deta in the present work collected in & 3-inch
column seem to fall very near the smooth curve for the 6~inch
column., This shows that there 1s no wall effect in the 3~inch
column. The largest size drop measured in a 3-inch column
wes 0.448 cm. in dismeter. Since the 6-inch column 1s twice
the dismeter of the 3-1inch column, it 1s reasonable to expec?t
that there will not be any wall effect at least up to a drop
diameter of 0.896 cm.

2. The fall velocities of drops are much higher in the
present work than in any previous work compared in Filg. 8.
The fall velocities in a 3=-inch column in the present work
are definltely higher than those obtalned by Katz in the
seme size column. The difference can be explained by the
fact that Katz used a tygon tube to comnect the hypodermic
needles to the buret. During preliminary experimental work

1t was found that tygon lowered the interfacial tension of
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carbon tetrachloride to water by 12.8% after contact of
5 minutes. So 1t can be explained that the lowered inter;
facial tension thus resulted lowered the fall velocltles in
Ketz's work. Later on it will be shown that s lower inter-
fecial tension causes the drops to fall}lo¥§gﬁgh Afilor3 ,
Smirnov and Ruban®’ have not clearly stated what tubes they
used, thelr figures of apparatus show some connecting tube
on the gless connections. These could be rubber, Eygon,
or some other tube and could have lowered the interfacial
tension. Also they conducted thelr experiments in much
smaller diemeter columns and there could possibly be some
well effect too. Any way it cen clearly be stated that the
three previous references'have not taken any speclal care
about cleanliness of apparatus, avoidance of rubber or plastic
tubes, greasses ete. Since all these preceutions were taken
and since the chences of interfaciasl tenslon decreasing due
to impurities were much smeller, the present data in the 6-inch
column were considered to be more accurate. It is of Interest
to note that the fall velocity curves in all cases Ilncluding
the rigid sphere line seem to converge at smaller drop sizes.
Farmer'® also obtained date on the fall velocitles of
carbon tetraschloride drops in water. His data couid not be
used for direct comparison since the carbon tetrachloride he
used contained dissolved acetic acid. The fall velocities
noted by Farmer are also lower than those obtained in the

present work. Since (1) Farmer used only a 2-inch column,
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(2) he took only average velcocities and not terminal velocities,
(3) he d1d not take sny special precautions to aveid the
lowering of interfacial tension and (4) he did not glve the
interfacliel tension date on the carbon tetrachloride contain-
ing acetic acid, which he used, it 1s hard to state whether
mess transfer had any part in lowering the fall velocities

of the liquild droplets in Farmer's work.

3. The dashed line for rigid spheres indicates the
veloclty of fall of rigld spheres of the same density and
diemeter &s the drops. Since the rigid spheres have &an
infinite viscosity and infinlte 1nterfaclal tension, the
difference in the behaviour of the drops may be due to elther
of the two factors of lowered viscosity and interfacial
tension. In the case of smaller drop sizes, the velocities
of drops and rigld spheres are very nearly the same. A
discerning person can point out that the line of fall
velocities of drops does cross over the figid sphere line,
but the difference in thils case 1s not serious and cam be
left over for discussion at a later stage.

4. As the drop dlameter increases, the fall velocity
of the drops increases to a maximum and then falls off
with further increase in drop diameter, finally approaching
an asymptotic value. This general behaviour of fall velocity
curves seems to be & characteristic of drop behaviour as it
can be seen from the data on other systems also.

Considering next the tetrachloroethane drops in water,
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one finds that the fall velocity curve 1s similar to that of
carbon tetrachloride. It should be noted that the densitles
of carbon tetrachloride end tetrachlorethane are very near
each other, being 1.5842 and 1.5813 gms/ml., both at 25,09C.
Hence the rigid sphere fall velocity curves are both almost
the same. The difference in (P; - ) is about 0.5% only.
But the fall velocity data show that though both of them

have approximately the same fall velocities in the smaller
drop sizes and sre very near to the values for rigid spheres,
yet in the larger sizes the tetrachloroethene drops fall

more slowly than the carbon tetrachloride drops. This
lowering in velocity is much higher than can be expected from
the lowering of 0.5% in (fa -(%). Turning to the viscomitiés
of the two liquids, tetrachloroethane has kfg_ = 1,681
while carbon tetrachloride has ‘/41 ) = 1.0235— The

jnfluence of viscosity, if any, sh8uld be to meke the drop
behave more like & rigid sphere with an increase of viscosity
of the drop. Hence the viscoslty increase cannot explain

the lowering of fall veloclty of the tetrachloroethane drops.
The interfaciel tension of the tetrachloroethane 1s only 31.3
dynes compared to 41.6 dynes for carbon tetrachloride. It
sggis approprilate to assigﬁ.the responsibility for the lowered
drop velocity on the lower interfacial tension. It is also
consistent, since the rigid spheres with infinite interfacial
tension fall faster than both these and the tendency is in
the right direction. Hence it was felt that interfacisal
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tension has certalnly a hand in controlling the fall velocitles
of 1liquid droplets and that an increase In interfacial
tension does meke the drop fall with velocitles approaching
that of rigid spheres.

The sbove can also be explained as follows: A drop with
a high interfacial tension is deformed less,while one with &
low interfacial tension is deformed more by exbernal forces.
If both drops have the same density and same volume, they
both tend to fall with the same velocity. 4s they fall they
meet with a resisting force to their motion. This resisting
force produces greater deformation in a drop of lower inter-
facial tension than in the one with higher interfacial tenslon.
As a sphere has the lowest surface area, any deformation
increases the surface area of the drop. The greater the
deformation, the greater this increase in surface srea. As
such a greater deformetion of the drop increases, the drag
on the drop and finally lowers its fall veloclty. In this
way & lower interfaclal tension leads %o a lower fall veloclty

of the drop.
TIn the smeller size drops, according to equation (36)

1 +1 =Dy - Py
Ry Rg a

we have (py = P,) becomlng larger as the radii of curvature
decrease. This will be the result in the case of smaller
drops, &s such smaller drops &are deformed much less from

the spherical shape then the bigger drops. Qualitatively,
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one cen argue thet (py - py) is inversely proportional .
to the diameter of the drop and since the drop deformation is
increased by a lowered value of (Pj=-Pp), that the deformatlon
of the drop is roughly proportional to the drop diameter.
Also since the drag of a drop is proportional %o the increase
in surface area, one is tempted to feel theat the 1ncrease
in the drag coefficient of drops mey in some way be pro-
portional to the squere of the drop diemeter or at least a
function of the drop diameter.

The photographic studles have also shown that the smaller

drops are very nearly spherical while the larger drops are

deformed apprecisbly. As such the greater deviatlion of the
fall velocitles of the larger size drops from those of rigid
spheres 1s undérstandable.

The fall velocity curve increases to a maximum as the
drop size increases and then falls off asymptotically with a
further increase in drop size. It may be mentioned that
Conway™® and KetZ*found the same type of behaviour with
liquid droplets in liquids while Lenard24 reported a similar
behaviour for water drops in air. At this stage we might
note that no such meximum point or peak occurs in the case
of rigid spheres. In other words, for a given system the
terminal velocity of fall is a unique function of the size
of the rigld sphere, while 1t 1s not so in the case of liquid
droplets. This peculiar behaviour of l1iquid droplets needs

some conslderation.
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In the first instance, the liquid droplets do change their
deformation with & change in their size. This explalns why
the fall velocity of the drops 1s lower than that of rigid
spheres, but does not explain why there should be a peak in
the fall velocity curve. In order to understand thils
phenomena, the drops were carefully observed during thelr fall
and the following observations were made.

Very small size drops deformed less, and were nearly
spherical. They dld not show any observable vibrations 1n
their shape. As the drop size increased, the drop deformation
increased. About the size corresponding to the maximum
velocity renge on the curve, the drops began to show some
oscillations in shape; while a rotation or vibration of the
drop as a whole could only be suspected in the case of small
size drops, they could be seen very clearly in the case of
large size drops. Hence 1t can be said that a falling drop
possesses translational, Wwibrational and possibly rotational
energy and this energy can only be derived by the loss of
potentiel energy. In the case of the small slize drops, the
translationgl energy seems to be important,while in the
larger size drops the vibrational energy seems to be pre-
dominant. As such, in the case of the smaller size drops,
the fall velocity increases with an increase of drop dlameter.
In the case of the large size drops the increased loss of

potential energy due to larger sized drop is utllized to
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supply the vibrationasl energy of the drop. It 1is guite

possible to have a characteristic vibrational frequency for

each system so that the vibrational energy requirements might

be proportional to the size of the drop. Since the loss of
potential energy is proportional to the product of v (Fi - Pole times
(height fall) it can be seen that the approach of the veloclity

unit time
to a constant velocity is possible. The peak in the veloclty

curve probably corresponds to the transition stage of transla-

tional energy important to vibrational energy becoming prominent.
While observing the drop behaviour, it was also found

thet the very small drops fall nearly vertically, and as the

drop size increases, they begin drifiing till at one stage

this drifting becomes so much that 1t may even become

impossible to collect the fall veloclty data as almost every

drop falls on the walls of the container. As the drop size

is increased, this drifting decreases and the drops fall

mich nearer the center line of the column, though they do not

keep strictly to any stralght line path. There is a feeling

that some of the large size drops followed even a spiral

path, but it was hard to get 1t in a photograph. The

maximum drifting of the drops as.noted above may correspond

to the natural frequency of the drop coinciding with the

frequency of eddies formed in the wake of the drop,as was

referred to by guni® for the case of water drops in air.

The presence of these eddies known as Karmon vortex trail
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was also observed in a qualitative experiment conducted ss
follows:

The 3-inch diameter column was filled with distilled
water containing 2% w of potassium jodide and 0.036% w of
soluble starch. Dro;s of carbon tetrachloride containgng
2% w of iodine were allowed to fall through the column. The
1od§ne in the drop reacted with the starch jodide in the
continuous medium and dark rings began peeling off from
behind the drop as the drop fell through. These dark rings
peeling off from behind the drop clearly show the presence
of Karmen vortex trail in the wake of the drop.

In view of the peeling off of the vortices from the
body, vibrations are likely to be set up in the felling body.
In the case of & symmetric body like a rigid sphere, these
vibrations may be difficult to observe. As was already
mentioned, Prandtl?* refers to these vibrations in dlscs
in the range of Re = 80 to 3000. So the vibretions in the
drops are also in consonance with the behaviour of solids.
In the smaller sizes, the drop might be vibrating as a whole
while in the larger sizes these vibrations are introducing
chenges in the drop shape also 1n addltion to the vibrations
of the drop as a whole.

The larger size drops could clearly be seen to be
tilting or nutating while 1t became difficult to decide
whether the drop was actually rotating or vibrating. In the

case of the small size drops, the rotation of the drops was
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suspected while it became difficult bto decide about it in
view of the fect that the drop conslsts of a clear and
homogeneous liquid. Even photographs did not help clarify
the point on account of the same difficulty. Blanchard's®
reference to rotation of water drops in air could not be
checked clearly for the case of liquid dﬁoplets in liquids.
In the smaller ranges of the drop sizes, 1t may be
found that the fall velocities of liguid droplets are greater
than those of rigld spheres over a certain range of drop
sizes. This criss-crossing of the fall veloclty curves
needs to be explained. This difference in fall veloclties
in this particulasr renge really is significant in the case
of ethyl chloroacetate drops and chlorobenzene drops in
water, though it was not so significant in the case of the

other systems. The possible explenation for this behaviour

may be:

(1) Goldsteinur shows thet for rotating spheres, the
drag coefficlent decreases flrst and then increases as the
ratio of equatorial speed to wind speed is increased. 1In a
similar way, if the drops were rotating, during certain
size and rotational speed range, their drag will be smaller
than thet of spheres. Consequently they can fall with a
higher velocity than the rigid spheres.

(2) It is possible that the drop in this region may be

more or less streamlined and thus having a lesser drag

coefficient and consequently falling faster than the spheres.
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But the photographic evlidence does not lend much support

to this idea and in some instances even seems to run counter
to this postulate of streamlined shape. Hence, this 1s not
likely to be correct, The question of spinning remains still
unverified by direct evidence.

It is also interesting to note that this behaviour of
the drag of drops being lower than that of spheres occurs
prominently in the case of the two systems whlch are characterized
by a combination of smeall values for (f 3 - fo) and (f4 ). |
This behaviour probebly beceme prominent because the Ao
drops with material having smell values of (/& - /) and
(/ii_) could be more ea3ily influenced by the behaviour of
tﬁzovortex trail.

Since our knowledge of the varliation of drag coefficients
with vibrations and rotations of bodies is limited, it looks
as if further discussion in this directlion may be only in the
type of conjectures. Hence let us conslider the drop beshaviour

as revealed by the photographic studles and then proceed

to find out some correlations, if possible.
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(b) Discussion of Photographic Results

The results of the photographic studies are given in
Figs. 14 to 18. In Fig. 14 are shown drops of carbon tetra-
chloride contalning dichlorofluorescein in solution falling
through water. Figs. 15 and 16 show o-nlitrotoluene and ethyl
chloroacetate drops respectively falling in water. Fig. 17
shows drops of ethyl chloroascetate containing dichlorofluorescein
falling through water., Fig. 18 shows drops of chlorobenzene
containing dichlorofluorescein falling through water. All
the plctures were taken on drops after they fell through a
height of about 110 cms.

The first lmpression on looking at these plictures will
be that the smaller drops are less deformed than the larger
drops, and are sometimes nearly spherical. A close study
of each of the systems will show the followlng features.

The carbon tetrachloride + dichlorofluorescein drops
show distortion of shape even in the smaller drop sizes of
D = 0.241 cm. The deformation of the drop is greater for
drops of 0.384 /dismeter. For the blgger drops of 0.563 cm.
dlameter, the violent changes occurring in the shape of
the drop can be clearly shown. The drops do not show any
equilibrium shape. Indeed they do not seem even to approach
any regular geometric shape. They seem to defy any mathematical
treatment.

For purposes of comparison Magono'327 water drop in alr

and Blandhard'se multliple Image of a water drop in air sare
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Fige. 15. O-Nitrotoluene Drops in Water.

(a) D = 0.372 cm., V = 1le.l1 cm/sec.
(b) D = 0,758 em., V = 13.1 cm/sec.
(¢} D = 0,758 ems, V = 13,1 cm/sec.
(3) D = 0.758 cem., V = 13.1 cm/sec.
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Fig. 16. Ethyl Chloroacetate Drops in Water.

(a) D = 0,399 cm., V = 12,3 cm/sec.
(b) D= 0.399 em., V= 12.3 cm/sec.
(¢) D= 0.633 em., V = 11.1 cm/sec.
d) D = 0.633 ecm., V = 11.1 cm/sec.
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Fig. 17. Ethyl Chloroacetate + Dichlorofluoroscein
Drops in Water,

(a) D = 0.638 cm.
(p) D = 0,638 cm.
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(b) (e)

Figl 18, Chlorobenzene + Dichlorofluoroscein
Drops in Water,

() D= 0,622 eme, V = 9.5 cm/sec.
(b) D = 0,650 em., V = 12.1 cm/sec.
(¢) D= 0.809 cm., .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

reproduced in Figs. 19 and 20. It can easily be seen that the
shape of the water drop in Magono's photograph is much similar
to that of the large sized drops of O-nitrotoluene. The
vibratlion observed in the present work on carbon tetrachloride
+ dichlorofluorescein drops In water seem to be much more
vioclent than those observed by Blancherd on water drops in sair.

In Flg. 158 for o-nitrotoluene drops sliight deformation
can be observed even in the case of the drops of 0.372 cm.
diameter, while the drops of 0,758 cm. diameter are deformed
very much. The drcps also seem to be tllting sideways. The
vibrations in drop shape can be clearly seen in Fig. 15 (d),
though they are not as bad as in Fig. 14.

In the case of ethyl chloroscetate drops, both deforme-
tion and vibrations can be clearly seen even in the case of
drop diameters of 0.399 cm. and 0.633 cm. Figs. 16(c) and (4)
for 0,633 cm. drops clesrly show that the distance between
the consecutive images are not the seme. Of course, this
feature 1s to be expected when the drops are changing thelr
shape continuously. After having observed this feature in
this case, an attempt was made to compare the distance between
the consecutive drops in other systems also. This type of non-
uniform veloclty over small intervals of time 1is to be found
in the case of the previous two cases of carbon tetrachloride
+ dichlorofluorescein as well as o-nitrotoluene drops where
multiple imeges of same drop were taken.

In the case of 0,638 cm. drops of e thyl chloroacetate +

dichlorofluorescein, both vibrations as well as unequal
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Fige 19 Water Drop Falling in Air

Photograph by Magono®*”?
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Fige 20 Stroboscopic Picture of a Water Drop.
6
Photograph by Blanchard.
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velocities of fall can be clearly seen. Though both Figs. 17(a)
and (b) were taken under identical conditions, the shapes
of the two different drops ere clearly different. This
phenomenon of different shapes for same size drops under
identical conditions of experiment cén be observed 1ln the case
of Figs. 16(2) and (b) as well as Figs. 16(c) and (d).

In the case of chlorobenzene + dlichlorofluoresceln
drops, the drops with & diameter of 0,422 cm. are very nearly
spherical and have no vibrations in thelr sheape. Drops wlth
a dismeter of 0.650 cm. are deformed, but do not show any
changes in shape. These two sizes show & uniform fall veloclty
in the small intervals of time. Drops with a dlameter of
0.899 cm. are . deformed and they also show changes of shape.
The distances of fall between consecutive drops are not
uniform. A careful review of the cases of non-unlform
veloclty of drops over small intervals of time indicates that
this phenomenon occurred only in those cases where there were
changes in shepe of the drop golng om.

In view of the fact that dichlorofluorescein was added
to some of the drops and also becsuse the data are not
comprehensive, it 1s not possible to develop quantitative
relationships from these photographs. Yet one cean qualitatively
say that in the range of drop veloclitles less than the
meximum, the drops seem to retain epproximately an equilibrium
shape, while in the range beyond the maximum fall veloclty,
the drops change their shape due to vibrations. The range
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of maximum fell velocitles seems to correspond to the
trensition from a stage having equillibrium shape to one

without any equilibrium shape.
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(c) Correlations

The values of fall velocities were taken from the
smooth curves in Figs. 8 to 13 for purposes of thls section.
The drag coefflclents and different dimensionless groups used
in this section are presented in Tables A=-9 to A-14.

The drag coefficients of liquid drops were first plotted
against the Reynolds number and are shown in Fig. 21. For
purposes of comparison the drag coefficlents of rigid spheres
are also shown in the Figure with a broken line. It can be
seen that the drag coefficlents of liquid droplets reach a
minimum and then climb up steeply with increasing Reynolds
numbers. At a first glance there does not seem to be any
parsmeter connecting them. An attempt was made to see 1f the
Cp vs. Re plot cannot be redrawn with Weber number as a
parameter, but it did not prove successful.

The next attempt was to check the correlations proposed
by Hughes and Gillil&ng? As was elready mentioned, they
have presented curves of terminal velocity group Ty versus
Wt. In Fig. 22 are plotted T, vs. Wt velues of carbon
tetrachloride and o-nitrotoluene drops in water. Their Sd
values are 2,445 and 2,408 respectively. Fig. 23 shows the
plot of Tv vs. Wt values for s-tetrabromoethene and ethyl
chloroacetate drops which have Sd values of 1,424 and 1,359
respectively. Fig. 24 shows a similer plot for tetrachlorocethene

and chlorobenzene drops in water. These two have S4d values
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of 1,842 and 3,710 respectively. In all the three Figs. 22 to
24, the curves of Hughes and Gillliland are shown 1n dotted
lines for purposes of comparison. It can easily be seen that
Hughes and Gillilend's correlations are not applicable to the
cese of liquid droplets falling in liquids.

In view of the above, an independent method of approach
to the problem appeared to be necessary. For thls purpose
the assistance of dimensionzl analysis was taken. The
complicated nature of drop behaviour as revealed in the photo-
graphic studies also indicates that there probably will not
be a simple solution to this problem. Hence it was declded
to find a correlation in terms of dimensionless groups. In
view of the fact the fall veloclty of the liquld droplets
passes through a maximum and then falls off asymptotically,
it appears as though there are two mechanisms controlling
this process of fall of droplets. It has already been polnted
out that the vibrations in drop shape are predominant in the
larger drops where the fall veloclties of drops decrease
asymptotically. In view of the above, the following two
correlations were attempted:

The Weber numbers of falling droplets are plotted
against Reynolds numbers in Fig. 25. It can be seen that
each of the curves shows & linear relationship on a log=log
plot up to a certain value of Reynolds number and then breaks
off from the linear relationship. Also, 1t is interesting to

note that all the straight llnes are very nearly parallel.
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Hence in the range of smaller values Weber number one can write
We = H (Re)J (50)

where H and J are erbitrary constants.

Equation (50) is obviously a speclal case of equatlon
(34) developed under dimensional analysis.

In Fig. 26, the ratio of drag of & droplet to that of
a rigid sphere of same volume and density properties and
falling with the same veloclty as the droplet 1s plotted
against the dimensionless/@ group. In this higher values
oflg represent larger drop sizes. In the larger drop slzes,
it can be seen that the curves are nearly linear on a rectangular
coordinate plot. This shows that eéch of the curves follows
approximately the straight line equation. The dotted line
represents the mean of sll the six curves.

Let us consider equation (32)

- k 1,5
Cp =K g Re™ 2 x I (32)
WWe can assume
1
s _ 1
CD Ki Re (51)
where Kl and ll are constants.
Then
k .
C 1-1 j (52)
( 5) e Bire T A
C K
D Re 1
The present relationship is
C
D —
2 ) = Kzlg + & (53)
s / Re
wherein K. and Q are both constants.

2
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Obviously equation (53) is a special case of equation

(51). Also it appears as though
1= 11

In both the correlstions presented herein, the nature
of,/Z i could not be decided. It mey need further refinement
and accurscy of work as well as a more extensive range of
experimental conditlons to determine exactly the role played
by the viscoslty of the discontinuous phase. Circulations
inside liquid droplets are known to exist and 3pe&1340
has shown them photographically. So the viscosity of the
drop material must have something to do with the drag of the
drop though it is not clear from the present work how exsctly
it enters the picture in the range of Reynolds numbers under
consideration.

Going back to Figures 25 and 26, it is to be seen that
the straight line relationship in Fig. 26 begins at about the
same point where the straight line relatlionship ends in Fig. 25.
Thus Figs. 25 and 26 used in conjunction clearly show that
there are two separate mechanisms controlling the rate of
fall of liquid droplets in liquids. The first mechanism holds
up to We = 1.5 to 2.0, and becomes less important. The other
mechanism is from (Q = 0.2 to 0.4 and is controlling afterwards.
Putting it 1n other words, the relationship

We = H (Re)Y (50)

fails at & point slightly before the drop attains the maximum

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



116

velocity. At this point the relatlonship

C
D =
< s) =8 +q (53)

cD Re

begins to become Important and 1s vallid in the range efterwards.
Thus the meximum velocity point iIn the fall veloclity curves
is a point of transition from one mechanlsm to the other.
Looking more carefully at Figure 25, it can be seen
that the curves are so arranged that for any given Reynolds
number the Weber numbers are increasing as the value of the
Sd group decreases. The curves for carbon tetrachloride and
orthonltrotoluene are here inverted but the actual deviation
is small. It may be possible to find a suitable parameter
if more extensive data were collected.
In Fig. 26 no such general pattern for the deviations
of the different curves could be found. Hence a dashed line
indicating an average for all the curves was drawn. The average

iine can be represented by:

Cr =(CD ) =1.87 /8 + 0.425 (54)
¢S
D Re
This equation may be used with reasonable confidence
for the case of liquid drops in water for the range of
f 2 0.4
It should, however, be noted that the continuous medium
in the case of all the slx systems was water. It will be of

great interest to study the behaviour of liquid droplets 1n

other liqulds. Preliminary comparisons with the data for
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water drops 1n air and of air bubbles in ligqulds show similar
behaviour for the drops and bubbles as 1s found in the present
work. However, as direct comparison of the data could not

be made, they were not included iIn the present discussion

and correlations. Further work in thils direction may prove

fruitful.
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CONCLUSIORS

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



119

1. Liquid drops felling in liquids are influenced by
the interfacial tension property in addition to the four
properties of dlameter and density of particle as well as
density and viscosity of the continuous medium which are
important in the case of rigid spheres. A lower interfacisal
tension value lowers the fall veloclity of the drop.

2. For any given system, the liguld drops falling in another
l1iquid are nearly sphericel in the smaller sizes and their
deformation increases with an 1ncrea$e in the size of the drop.

3. Large slze drops show vibrations 1in thelr shape and
apparently do not have any equilibilum shape.

4, The drops though deformed, i1f they do not show
vibrations in shape (i.e. if they have an equilibrium shape)
fall with & uniform terminal velocity. Drops which show
vibrations in shape do not fall with a uniform velocity if the
time interval for the measurement of velocity is made small
(1/10 sec. to 1/20 sec. in the present work). However, they
fall with a uniform terminal velocity if a large interval of
time 1s considered.

5. For any given system, as the drop diameter is increased,
the fall velocity of the drop increases first to a maximum
and then falls off asymptotically.

6. The above phenomenon has been explained by the
assumption of two separateAmechanisms teking part, one
controlling in the range of increasing fall velocitles, and

the other in the range of decrease of fall velocitles. U
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The meximum velocities of fall are attalned during the
transition from one to the other.

(a) The range of increasing drop velocities is assoclated
with the range where the drop has an equilibrium shape though
deformed. The range of decreaslng drop velocltles 1s associated
with the region where the drop does not show any equilibrium
shape.,

(b) The drop behaviour in the region of increasing fall
velocities can be represented by an equation of the type:

We = H (Re)Y (50)
This equetion fails in the range of We 1.5-2,0. For We=2,0,

the drop behaviour can be represented by an equation of the
type:

Cp _
_Eg_ = K2 + Q (53)
D Re

Above 3 = 0.4, the behaviour of all liguid droplets

insoluble in water and falling through water can be represented

by

——

Cp ) =1.87f + 0.425 (54)
Cb / Re

20
7. The correlations of Hughes and Gilliland are not

applicable to the case of liquld droplets falling in l1liquids.
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The present work cam be used as a basis to start further
work in the study of two phase flow problems especielly when
deformable bodies are moving through fluids. This work can
properly be called only & beginning in the direction. During
the course of the work the procedure for obtalning reproducible
and relisble data on the fall velocities of 1liquid droplets in
liguids has been carefully worked out and standardized. Hence
further work in this direction should be easier to that extent.
Also the new method of approach to the analyslis of drop behaviour
and the correlations obtained may be considered as a beginning
and not an end. Hence the followlng suggestions are offered
for further work in this direction.

1. The corrslations developed in the course of the
present work offer scope for further improvement. They have
been worked only for the case of water as a continuous medium.
It will be advisable to use other liquids as continuous media
and see if further generallizations may not be obtained on
similar lines on ﬁhe present equations.

2. When more data are avallable over wlder range of
conditions, an attempt should be made to obtaln a general
correlation for the three cases of liquids in gases, liquids
in liquids, and geses in llquids. At that stage it may be
possible to have the case of motion of rigid spheres as a
special case of the general two phese flow problem. Experiments
should be designed to provide data over widely varylng

conditions.
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3. The present work could not lead to any posiltive
conclusions regarding the iInfluence of viscosity of the drop
material. An experiment conducted on the same lines as here
but using two isomeric liquids with different melting points
may prove useful for the purpose. The two isomers may be so
chosen thaet they have nearly the same denslty es well as Inter~
facial tension, but a different vliscosity.

Now that a method has been worked out, it should be
possible to improve the accuracy of the results by further
improvements in the apparatus. But there is a limlt to the
improvement of this accuracy. Any such improvement should
make the influence of viscoslity of the drop much clearer.
Obviously the viscosity of the drop seems to enter as a second
order correctlon only.

4, Further photographic studies of the behaviour of
falling drops of liquids should prove very helpful in throwing
more light both on drop behaviour as well as 1its motion.

5. In order that this work can be made useful for the
liquid liquid extraction in single drop extraction towers,
experimental work should be undertaken on the rate of fall
of liquid droplets wlith mass transfer between the phases.

6. For purposes of application in actual practice as in
spray towers, much more work will have to be dome and probably
statistical methods of approach adopted along with the

experimental work.
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Estimation of Errors

An estimation of the probable errors 1is useful 1n
evaluating the validity of the results and judglng the
conclusions obtained therefrom.

(2) Errors involved in the determination of physical
properties: The®e are generally negligible. An error of
0.1 mg. in weighing the p¥knometer can only make an error in
10 ml. cepacity pyknometer of the order of 0.001%. If we
consider that two welghings are involved for getting the
weight of a liquid, the error will be doubled. If it 1s
considered that the density of the liquid is obtained by
comparing with that of water, then we get the error still
doubled. We then get & total error of 0.004% which is s t1ll
very low.

An error of O.l sec. in timing the stopwatch when taking
viscosity measurements will involve an error of 0.20%, if
the total time i1s 50 seconds.

An error of 0.1 dyne in taking the interfacial tenslion
cme.
will be 0.40% if the interfaclal tension is of the order of

25 dynes.

cnme.

(b) Errors in measurement of the volume of the drop:

(1) If the total volume measured was 0.50 ml and an
error of 0.005 ml each were made in taking the initial and
final readings, then the error in the measurement of 4drop

volume would be 2%.
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(o) (i1) 1In the case of large size drops, it was
found that a small tail drop was formsd behind a big drop.
There will certainly be &n error introduced in the estimatlon
of the volume of the drops and the calculeted volume of
the drops will be higher. But these secondary drops were
very small in comparison to the big slze ones, so that the
error introduced by neglecting them 13 small. Laws who
worked on water drops 1n alir estimated that the volume of
the secondary drop was less then 1% of the blg mein drop.
This error is only half as much as the error involved in the
actual measurement of the drop volume, It 18 also fortunsate
that this eecondary drop formetion occurs only in the case
of large drops where the veloclties of fall do not vary much
with size of the drops for any particulsr system. Hence thils
did not seem to be & serious error and no actusl measurements
were made to estimate the errors involved thereln.

Thus the total error in the measurement of volume may
be estimeted at 3% or less.

(¢) Errors in measurement of time of fall of the drops:
If an error of 0.l sec, was mede iIn timing the stopwatch, the
error would be 2.0% when the total time of fall was & sec.
However, the actual time is greater than 5 sec. in most cases.
The stopwatches werse checked against stendard time slgnals
and were found to be accurate to less than 0.1l sec. in
10 minutes, which is less than 0.17%. Then the total error
in timing 1s about 2.17%.

(4a) Errors in the measurement of distance of fall of the
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drop. If an error of 0.l cm. was made in measuring the
distance of 130 cms., then the error would be 0.078%,
(e) Errors due to temperature variation: Let the
meximum temperature variation allowed be + 0,5°C. Then the
effect of this temperature variation on the different proper-
ties of the liquids would be as follows:
Variation//oc Variation for 0.5°C.

Density of water 0.0025% 0.0013%
Viscosity of water 2.27% 1.24%
Surface tension of water 0.22% 0.11%

‘Total variation for 0.5°C. variation
in temperature 1.35%

In the sbsence of any information, the variestion in
the properties of the orgenic liquids mey be assumed to be
of the same order. The variation in the interfacial tension
values may alsc be assumed to be of the same order as for
the surface tension of water. Fortunately, the variation of
density and viscosity of both water and orgenic liquid are in
the same direction for any variation in temperature, so that
the total errors are likely ﬁo be less than the above. But
it was felt safe to retain the ebove values which are indicative
of the order of errors and not of the absolute errors.

(f) Errors due to turbulence: There can be turbulence
created and left unnoticed in the experiment on sccount of
the following reesons: (1) When the column was originally

filled by pouring water into the column, there is enough
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turbulence caused in the operation. In order to let the
turbulence die down, about 1/2 hr. to 1 hr. time was allowed
after the column was filled, before a run was started. 1In
each run the times of fall of the drops when noted did not
show any appreciable difference to suspgct that the turbulence
did not die down. Hence it was considered that the time
gllowed was sufficlent for the purpose.

(2) Turbulence may also be left behind in the wake of a
drop and it may distort the motlon of the next drop falling
behind it. To avoid this difficulty, and to keep a check on
it, the frequency of formation of drops was noted. Thils was
recorded indirectly in Tables A-1 to A~7 as drop formation
time, which was a direct measurement. This gilves the time
interval between successive drops. A minimum of 30 sec. was
chosen for the drop formation time and it was generally
increased for the bigger size drops. The data so collected
seémed to be free from any errors due to residual turbulence
left by the previous drops.

(g) Errors due to solubllity effects: Thls error has
been minimized by the choice of systems with low mutual
solubility. Though this varies for each system, the error
introduced by this should never be more than 1%. That there
is no such error at least in the properties of water was
checked by collecting fall velocity data with same size

drops both when the column was freshly filled with dlstilled
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weter and also at the end of the day's runs. Another check
was elso obtained by verylng the drop formation time. The
first one is a check on change of properties of water, while
the second one is a check on the change of properties of

the discontinmuous phase. Actusl measurements mede on carbon
te trachloride water mixtures shaken in a bottle over time
did not show any appreciable differences in the physical
properties of either of them. Hence this error is consldered
to be less then 1%. It mey be mentioned here that mixtures
of liquids, &s well as wetting agents were purposefully
avolded as they might bring in additlonal complications.

(h) Errors in drop velocltles due to zigzag path of the
drops: The zigzag path seems to be inherent in the fall of
liquld droplets. So it was felt that an average of large
numbers of fall velocity observations should be taken instead
of accepting any single value.

(1) Errors due to oscillations of drops: This also
was accepted ss part of the drop behaviour and the only
method to get over the difficulty was considered as taking

an average nf a number of observations.
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