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ABSTRACT

In previous work at this Laboratory, the drop diameter at the
impeller tip (also referred to as the minimum drop diameter) of a
mixture of two immiscible: liquids in a stirred tank has been found to
be a function of Weber number and of a volume-fraction parameter.

This study has aimed at determining the variables affecting the
coalescence of droplets after theyileave the impeller tip., The resulting
correlation shows that the mean drop diameter at any position in a
stirred tank can be expressed as the sum of the equilibrium drop di-
ameter and an incremental coaledcence term which is a function of
viscosities, ‘densities, volume f1:‘aAction, and Weber and Reynolds
numbers.

The rate of dispersion .of a dye soluble only in the dispersed.phase
of an zagitated liquid-liquid mixture has also been found to be a function

6f Weber and Reynolds numbers.
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INTRODUCTION

Mixing of two immiscible liquids is used widely for such operations
as solvent extraction, heterogeneous reactions, and emulsification.
Investigations in the agitation of such mixtures have usually been con-
cerned with power requirements, effectiveness of mixing, and inter-
facial area produced per unit volume of fluid. Knowledge of this specific
interfacial area is of special interest for operations involving transfer
of material from one phase to another.

Clay (3) studied the effect of fluid variables on drop size in a
highly turbulent iiquid—,liquid system. Two different types of experi-
mental apparatus were used. One utilized high-speed flow of the im-
miscible liquids through a closed pipe circuit; the other, rotation at
high speeds of the inner cylinder of a concentric pair. In each case,
the range of Reynolds numbers was 50,000-500,000. Drop sizes were
determined by taking high-speed photographs of the emulsions. :

Langlois and co-workers developed a photoelectric probe to meas-
ure the scattering of light by unstable emulsions (6). Calibration of this
probe,. by’high-speed photography and simultaneous photocell readings,
yielded a relation between photocell current output and specific inter-

facial area {(or area per unit volume), A: -

10/1 =BA+1. | (1)

* , .
This work was done under the auspices of the U.S. Atomic Energy

Comrmission.



xThe extmctlon ratio, 1 /I depends upon the initial photocell reading,

(Io)s
under mixing conditions. The slope B 'of the equation is a function of

of the clear continuous phase, and that of the photocell output (I),

the ratio .(m) of the refractive index of the immiscible liquids.

» Vermeulen, . W1111ams, and Langlms {14) developed an empirical
. correlation for 11qu1d 11qu1d systems, relatmg the surface mean drop )
- diameter to the Weber number. - With consistent units, the specific

-interfacial area was found to be giveﬁ bjr the relation:

A_-—72N12 089064)/06 (2)

| where for spher1ca1 drops, the mean diameter is d= 6¢/A ¢(= ¢d) is the
Vvolume fraction of dispersed phase; N is the agitator speed, revolutlons
'pervunit time; L is the impellei‘ diameter; p is an effective mean
'dezvlsi’;y (0.6 pd + 0.4 pc) where p 4 and p, are densities of the dispersed
and continuous phases respectively; ¢ is the interfacial tension; and

f,_ is a volume-fraction correlation factor given by

¢

f¢=0,75+2,5¢ . o o o {2a)

Fick, Rea, and Vermeulen (4) extendedthﬁs’ work by investigating
the effect of changlng varlous geometrical factors such as impeller size
and tank size. This ;study agreed with the previous correlatlon, although
with a considerable scatter of points.

Rodger, Trice, and Rushton (9) arrived at a:fnore complex.correl-
ation relating interfacial area to the 0.36power of the Weber number
with additional contributions from viscosity effects, density differences,
and a settling factor determined from a separate settling test on the
- immiscible system. The experimental conditions in this investigation
.were dissimilar, in that the photocell readings were taken at different
points in the mixing tank (Langlois's and Fick's readings were taken
opposite the impeller tip, 'whereas.Rodger-‘ s were taken at the bottom)};

‘and a somewhat different design of impeller was used.



Hinze (5) has &eveloped a theoretical analysis 'o‘f-drople't breakup
which can be used to expi'ess dmax’ the diameter of the lar'gést droplets
which will emerge unsplit from a given region of turbulence under e-
quilibrium breékup conditions. In Hinze's treatment, the dynamic
.pressure forces of turbulent rﬁotion are expressed in a Weber number
which has a characteristic critical value for_breaku.p.: :

(NWé)crit =P,V dmax/o = constant (3)

where. v is the average value of the squares of velocity fluctuations

.over a.distance equal to dmax’ Batchelor (1) has applied the Kolmogoroff

. energy-distribution law to obtain:

ve2@®a_ )23 (4)
max
"Here E is the power input per unit:mass; hence.
Z_ ne/3 -
vi=2 (P dmax/ Vp') | (5)

where p' = p. t (pd-pc) ¢. the volumetric mean density; and V is the
volume of the flow field involving maximum turbulence.

- Studies in this laboratory have shown that (4)

where W is ﬁhé impeller width, and the constant of 20;4 applies to a
four-bladed flat paddle under standard baffling. The constant g will
be unity if P is expressed in mass-length-time units. It is reasonable
to assume empirically that V 1is proportional to the space swept through

by the impeller:

3/2 12 )

V=C
where C is an unknown constant. Hence

- P/Vp' = 20,4 N° LZ/C3/2



By applying this theory of Clay's results, ,I—hnze obtained ( We)crlt 1.18.

W1th thlS value, the theoretical equat1on becomes o

d‘max5/3 N L’4/3‘p¢/o - 1.18C/2(20.4)%/3 N
" =0.0790 . ' ' (8)

'The correlation of Vermeulen, Langlois, and Williams (14) can ,
be expressed in-a simi-iar form. At ¢,appr'o'ach,es 0, fq) in that cor-
relation is 0~.,75v; ‘results &4 th‘e present investigation suggest that dO’
the surface-mean diameter under equilibrium-breakup conditions,  will
be further reduc-_ed by a factor of 0.88, due to the average coalescence 1.
. that had occurred in the earl'ier study. The effective' mean density was
selected: for other theoretical reasons;. it can be re_placed, by Pe with-

out loss in accuracy. Hence the experimental correlation becomes

d05/3 N2 1,4/3 p./0 = [6(0.75)0.88/72] 5/3. 0.080. (9)

This corresponds to Hinze's result, With_.his apparent (NWe)crit’ if

C = 0.080/0.079 = 1.0. It is of interest, that the constant C is essenti-
' ally uhity, as this corroborates the assumpt1on that Batchelor's 'V .is
a function of the impeller dimensions rather than of the ent1re m1x1ng
vessel. The s_1m11ar1ty between Hinze's result and the correlatlon of
Vermeulen, Williams, and Langlois has also been shown by

Calderbank (2) and Webster (15).



COALESCENCE STUDY

This study is an extension of previous work (4), in Which it was
‘found that the interfacial area often does not remain constant through-
out the tank, This study has been aimed at determining the area at
several points in the mixing tank, so as to measure the variation of the
specific interfacial area under steady-state conditions, In order to ob-
tain additional knowledge of emulsion behayior, measurements were also
made of the rate of dispersion of indicators which were soluble only
in the discontinuous phase.

It is found that the use of a relatively small impeller, in a liquid-
liquid system having a moderately low interfacial tension, results in.a
substantial drop-size variation.The drops are smallest opposite the
impeller tip, and largest at points near the extreme top and bottom of
the mixing tank.

The variables involved in this study are:

a. impeller speed.

b. volume-fraction of dispersed.phase (usually 0.10 and 0.40),

c. geometrical location of photoelectric probe; five positions

| were used, as shown in Fig. 1.

-d. physical properties of the two liquids, as listed in Table L,

Apparatus Assembly

The. mixing vessel used was a cylindrical stainless steel tank; di-
‘mensions were the same as those used by Langlois: height (H) = 8.87
in. , diameter (T) = 10.35 in,

Two four-bladed flat-paddle impellers were used; both 5.0 in.

in diameter. . The impeller usually used had a 1.0-inch width; the other;
2.0 inches, They were centered vertically in all runs.

‘- Figure 2 shows a drawing of the tank as mounted in a steel frame.
The ten-inch tank was suspended from, and removable from, its cover.
The cover was attached to the frame by means of an integral-suspension

ball-bearing unit to which it was welded. A spindle assembly with two

-
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Fig. 1.

Side view of mixing tank, showing impeller, probe,
and baffles.
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Fig. 2. Stand for mixing tank.
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Table I. Physical properties of liquid-liquid 3y-stems>n

Liquid-liquid Refractive Density Viscosity Inter-

20 3 .. facial
System | | Index, nD gm/cm cent;pmses Tension
(dynes/
Cc1rn
Methyl isobutyl ketone (MIBK) . 1.3961 0.795 0.59 10:5
Water | 1.3347  0.996 1.00 '
White 011 - 1.4779 - 0.871 184 . 55.1
- Water v : 1.3330 0.998 1,00 S8
Isococtdne A - ; | .
(2,2, 4- trlmethyl pentane) 1.3910 0.693 . 0.517 46.9
Water : , 1.3330  0.998 1.00 : ‘
n-Butanol = _ 1.3905 0.838 13,30 1.9
Water ’ 1.3408 0.972 1.28 ’
Cyclohexanone : _ 1.4453  0.941 . 2.28 38
Water B - 1.3460 0.987 1.037 R
Di-isobutyl carbinol 1.4279  0.804  10.03 173
Water | B 1.3330 0.998 1.00 .
Methyl isobutyl ketone . 1,3985  0.806 0.65 3.0
"Ethylene glycol 1.4291 1.064 15.18 oo
Carbon tetrachloride 1.4601 1.595 0.98 39.9
Water 1.3330 0.998 1.00 )
Carbon disulfide ‘ 1.6273 1.265 0.378 35 2
Water | 1.3330  0.998 1.00 :

%
All measurements were made at a temperature of 20.020.5°C
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sets of ball bearings connected to the impeller shaft was contained in

-a collar welded to the upper side of the frame. This method of assembly

allowed the tank cover and impeller shaft to rotate independently of each
other, and enabled the . power input to be determined by torque measure-
ment on the tank. ‘The tank was fastened to the cover by wing nuts and
L-shaped.bolts. The vessel was made liquid-and air-tight by a cork

gasket around the edge of the cover and a mercury seal on the impeller

_ shaft. Fittings on the tank included.an opening in the cover for mounting

‘the light-transmissioh probe,and several holes tapped for pipe fittings

(usually plugged) of which one was used as a thermometer well.

The impeller was driven by a V-belt drive connected to a 3/4-
horsepower, 3-phase, 60-cycle, 220 volt, 216-rpm right-angle ring
mounted gear motor (supplied by Electra Motors, Inc.). . Step-cone
pulleys mounted on each of the impeller shafts.and on the motor shaft
allowed the impellers to rotate at 1.57, 2.57,. 3.33, 4.12, 5.00, and
6.45 revolutions per second. :

A coil of 1/4-inch o.d. copper tubing was soldered to the out-

side of the tank to provide temperature .control by circulation of cooling

water,

Light-Transmission ,Measurements

Flgure 3 shows the probe that was used in this study. The

spat1a1 arrangements of the filament lamp and photocell are identical to

the probe used by Lang101s et al. (8) in the original calibration. study,

although the external construction is somewhat dlfferent The probe,

made of brass, was 8 inches in length and could thus tra_verse vertlcally

the entire upper half of the mixing tank. By the use of an activator com-

pound (Ebonol-C, manufactured by Ethone, Irico , New Haven, Conn.) it
was. possible to coat the brass probe in the photocell région with a black

copper -oxide c_o_étihg. This was done to minimize the reflectivity.

- Shielded cable leads were used for both the filament and the photocell

circuits.
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The photoce€ll circuit employed (Fig. 4) was essentially the same
as described by Vermeulen, Williams, and Langlois (14). However, the
galvanometer formerly used. as replaced'by. a continuous recording micro-
ammeter (L.eeds and Northrup Speedomax, Type G, Model S with ampli-
fier 1010-58-S). This recorder was equipped with both 0.1.and 1.0 micro-
ampere ranges. As in the previous study, the current output from the
photocell was split by use of two 100,000-ohm decade resistance boxes,
one 'in series and one in parallel with the recorder. The initial Io read-
ings {for clear-single phases) varied between'0.75 and 1.0 _r'n‘ic’roampere's,

Inherent in photocell readings in an agitated liquid-liquid system
is a fluctuation of the I-value reading due to the sensitivity of the re-
.corder to the passage of individual d'roplets. through the probe. This
fluctuation varies from system to system, -and can 'make it difficult to
measure the most representative value of light transmission. To dam-
‘pen this fluctuation, a variable capacitance was inserted in the photocell
circuit, with a switch to provide settings of 0,4, 8, and 16 mierofarads.
The Ievalue then recorded by the recorder was the mean of the fluctu-
ating values.

' The filament circuit providing the light source for the photocell
is exactly the same as was used by both Langlois and Fiek The lamp
itself was an ordinary penlite lamp rated at 2 volts, and had a built-in
lens w1th Wthh to collimate the light into a parallel beam However,
_great care had to be taken to ensure that the lamp~f11ament and the
veo'l.limatin.g lens were directly in line, so that a straight parallel beam
ofvlﬂig’ht would irripinge on the photocell, On the average, one out of
4th1rty hghts tested satisfied th1s requlrement ’

A gas- fllled photocell was used, RCA 1P41, because of its con-
vehiently small size. It was found that,' for.e constant light source, a
certain amount of drift occurred in the photocell current reading, which
was characterlstlc of each 1nd1v1dual cell and the level of current drawn.
For the photocell used, the drift was usually in the wicinity of 0.0002

mlcroamperes per minute.
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© Fig. 3. Photoelectric probe.
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Fig. 4. Photocell circuit.
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The probe used in the present study was calibrated using the
standard mixture compositions for which photographs had been taken
by Langlois (2). Since the fixed rotational speeds available in the pre-
sent equipment were not the same as the speeds used by Langlois, the
IO/I values newly obtained (at the measurable speeds) were cross-plotted,
and the extinction ratios at the desired speeds were obtained. by interpo-
lation.

These extinction-ratio values were plotted against the specific
area values given by Langlois, to determine the slope factor B corre-
sponding _to Eq. (l). Four of resulting plots aie given as Figures 20-

23 in the appendix; the results are summarized in Table II.

In order to plot B, a search was made for a suitable function of
m to serve as the independent variable. The ratio |(m2—l)/(m2+2)[
was suggested by Trice and Rodger, (12)) but not supported by any experi-
mental data for m < 1; this ratio is significant theoretically for particle
diameters smaller than the wavelength of light, but not for those appreci-
ably greater. For large transparent spheres, the scattering distribution
.depends upon the ratio l m-=1 I/(m+l) , and the angular distribution is
independent of which of the phases is continuous, as indicated by van de
Hulst, (6) . However, some light is totally reflected out of the main
beam, with m less than 1, This means that the extinction ratio for-
systems measured with any given probe tends to be greater when m is
less than 1, and will be some function of m (as well as of | m-l-:l /(m-ir‘l).
- Langlois's data fit the empirical combination Im-l |/(m+l)|m | ; and
the present data are therefore plotted on this basis in Fig. 5. The dif-
ferences in slope in the higher range may be due to minor differences

in probe geometry,between Langlois's unit and the present one.
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Fig. 5. Calibration curve for specific area measurements,
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Table II. Slopes of Extinction Ratio-Specific Area Plots

. : : Refractive S - 4

Dispersed Continuous Index Ratio m-1 Langlois's Present

Phase Phase mznd/nc (m+1)m>/ © Slope Slope

Isooctane -  Water 1.044 0.0136 0.0346 0.036

Carbon tetra- Water 1.096 0.0270 0.090 - 0.073
chloride ‘ - .

Water Carbon tetra- = 0.913 0.0343 0.139 0.114

B chloride

Carbon disul- Water 1.221 0.0509 1 0.26% —
fide :

Water Carbon disul- 0.819 0.0866 0.415 0.233

fide :
Air Glycerol 0.685 0.2070 0.913 o
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o . . OPERATING PROCEDURE L

In preparatmn for a run,. the tank was detached from the steel
frame and thoroughly cleaned Af.ter cleamng," the tapk was r1nsed
w1th one of the 11qu1ds to be used in most cases; distilled water. The
tank was then re1nstalled on the steel frame and charged with appropriate
volumes of the two l1qu1ds under. investigation. Since many of the liquid
palrs used in this study showed!sorle mutual solubilityg:'tthe liQuid's ;
were pre equlllbrated before they were charged to the m1x1ng tank

~ In each run, 1t was necessary to ensure that uniform m1x1ng had
been achieved. This was done by taking volume fract1on measurements
at the bottom, center, and top of the tank. These samples were obtained
by drawing out 10 ml of the emulsion through a small stainless: steel tube
with a syringe. The sample was then centrlfuged to separate out the
~two phases If all three samples did not agree to within 10%, the run
was. d1scont1nued Poor mixing was observed for systems having a
‘relatlvely large denS1ty difference between the two charged liquids, when
they were run.at low speeds. Also, the combination of low speeds and
more highly viscous liquids resulted in poor mixing.

For runs where ¢ = 0.40, it was necessary to ascertain whether
or not the liquid present in the smaller proportion was actually the dis-
persed phase. This was done by taking conductivity measurements in
the following manner. An electrode which was insulated from the tank
was inserted into the liquid medium. A potential of 1 to 5 volts was
applied between the electrode and the tank. By vertical positioning of
the electrode, it was possible to determine the conductivity of the two
immiscible liquids on a microammeter. Then, under mixing conditions,
the microammeter would indicate directly which phase was continuous.
For all the systems studied, the dispersed phase was the liquid charged
in the smaller proportions.

Profile measurements‘ were made at five probe locations (des-
ignated A, B,C,D, and E) as shown in Figure 1. Becau'se the probe

has an appreciable volume, it was necessary to add or withdraw proport-
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ionate amounts of the two phases whenever the probe was raised or
‘lowered. The preferred method involved starting with the probe in
‘the uppermost position (E). ' 4 »

- After a steady state was. reached, and while the mixer was still
running, the probe was carefully pushed downward to each subséquen‘c
location, thus displacing a velume of emulsified liquid-liquid mixture
into an overflow line. In this manner the entire profile was obtained
within 15 minutes, without interrupting the agitiation. The speed of
.operation minimizes the effect of photocell drift. . After each run, the
input volume fraction was .confirmed by emptying the tank and measuring
the volume recovered for each phase.

Measurements of the physical properties of the liquid-liquid
mixtures were made before and after each run. Interfacial tension was
measured by a DuNouy-type interfacial tensiometer, and viscosity
measurements were made in an Ostwald viscometer. Refractive index
.was determined in an Abbé& refractometer. Temperature of the agitated
liquid-liquid systems was maintained at 20°c by controlled circulation

of water through the cooling coil soldered on the outside of the tank.

Sources of Error

Installation of the continuous recorder has improved the sensi-
tivity of photocell readings, so that differences of drop diameters as
small as 0.0003 cm. can be identified. The continuous recorder has
served to identify certain systems which seemed never to reach a
_sieady, state of mixing, but decayed to progressively lower photocell
readings in a continuous manner. This behavior was shown by carbon
tetrachloride-water and isophorone-water systems. . Physical analysis
of these systems showed no measurable trend in interfacial tension. It
was observed, however, that both these solvents seemed to corrode the
stainless steel tank and dissolve the blackening agent of the probe. Con-
sequently data on these systems were not used fof the coalescence study.
The reproducibiiity of photocell readinigs of the other systems was fairly
 good; Figure 6 includes two duplicate runs on methyl isobutyl ketone in
-water. The major cause of deviations in reproducibility of runs appears

to be the effect of traee impurities.
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RESULTS AND DISCUSSION

- Variation of Drop Diameter with Probe Position

Clay (3) describes coalescence as resulting from fulfillment of
two ;:'o'nd:itiohsi' (1')2 that a_cbllision o% two droplétsvoccurs; and (2)
after once colliding, that théy'will coalesce. If the .geometrical variables
are held constant, ‘th‘el collision frequency will be function of the volume
fraction of dispersed vph'asev, ~and both it and thé coalescence probability
will depen'd upon the power input, . the interfacial tension, and the vis-
cosities. One of the main .puArpos‘_es of this study has been to determine
in a quantitativé manner the dependence of coalescence on.the above-
named variables, for a constan't agitai:or geometry, |

Table IV lists the d-rop%-size data obtained in the present in-
vestigation. Figures 6 through 9 illustrate typicé.l drop-size pfo-
files. . The distances represented.alon_g_the abécis sa for probe locations
A, B,C,D, and E were obtained by measuring the distance from a point
on the tip of the impeller midWay between the upper and lower edge to
a point on the vertical axis of the light probé centered in the slit opening
of the photocell. The intéréept on the ordinate axis of the profile curves -
is taken to be the equilibrium drop size calculated from a meodified cor- '

relation of Langlois's work;

-0.60
2 3.
0_ 0.055 3 NLp . (9)

o

-0.6

. ' = L
d,/L = 0,055f¢;\ Nwe

Here f<'1>" is 'slightly different from the factor f, in Eq. (2a), in

¢

regard to the reference diameter (now at zero volume fraction) and to

relative slope:

f('b = 1.00+ 2.5G, ) | (10)

Several interesting qualitative conclusions can be deduced from
the plotted profile curves. First, there.is no simple functional depen-

‘'dence, on:volume fraction, of the amount of coalescence occurring be-
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-tween the impeller tip and the uppermost probe position E. The
cyclohexanone-water systems (Fig. 8) show a straightforward relation-
ship; here the amount of coalescence is directly proportional to the
volume fraction. On the other ha_n_d; curves forr the MIBK/water and
MIBK/glycol systems (Figs. 6 and 9); exhibit coalescence behavior
entirely different from this. MIBK-in-water (10% and 40% MIBK) shows
more coalescence than water—i\n-MIBK; the system having 40% MIBK
dispersed shows the greatest diameter increase.. The MIBK-in-glycol
system also shows more coalescence than glycol-in-MIBK.

The comparison of the coalescence curves for 10% and 40%
'MIBK dispersed is in itself very interesting, The degree of coalescence
in the 10% MIBK s{rstem vields a mean drop diameter at point E which
is greater than that observed for the 40% MIBK system at the same point.
This is in direct opposition to what would be predicted from consideration
of an equilibrium relation alone, -such as Eq_:.::.::('L‘)‘_);:,.

There is one marked consistency in the behavier of these
systems: when the ratio of continuous-phase viscosity to. disPersédm
‘phase viscosity is much greater than one, more coalescence occurs,
This effect is still more pronounced for 10% dispersed than for 40% dis-
persed. Also, for systems where M /pd is close to unity and the inter-
facial tension relatlvely high (35-50 dynes/cm), no appreciable drop-size
variation is observed. The isooctane/water and carbon.tetrachloride/

water systems exemplify this behavior,
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Correlation

Because of physical limitations it has not been poss'ible.t'o ob-
tain data on drop size between point A in the tank and the'impéiler tip.
'Since this interval is appreciable when compared to the total distance
spanned, it seems’ quite i"easonable,that a .significarit degree of co-
"alescence occurs in this interval. It is therefore propos‘ed to correlate
the observed coalescence as a function of its inherent 1ndependent vari-
- ‘ables, and then to use this. relatlon as.a means for pred1ct1ng drop sizes
from the 1mpe11er tip to any point in the tank, '

v Because of the varied coalescence behavior of the different
' systems in the interval A to D, it was decided to attack the px;'o'b.lcm by
means of a linear regression analysis. The variables >thﬁat"wér‘e .'con-

‘sidered important are:

1. Weber pﬁnﬁbér, Ny, = - n%L3 p /o

2.  Reynolds number, NR = NL P /u

3. Density-difference ratio, Ap/pc

4, VlsCOS1ty ratio, [ /]J.d ‘

5. V1sc031ty--volume fraction functlon,
e ¢ }-

The function ¢ (psi) was used in.an attempt to explain the vis-
cosity and volume-fraction.effects.on the coalescence found in the
MIBK/glycol and butanol/water systems. The exponent x was varied
from 0 through 3.0." '
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First Correlation.
‘With the use of an IBM-650 computer, many regression runs

were made on the data, changing the different variables and the exponent
value. The different runs consistently showed a negligible contribution
from variables (3) and (4) above. The optimum function, with a correlation

coefficient of 0.72, is as follows for AA-D’ the coalescence measured be-

tween points A and D:

_ win-4 -0.45 0.50{ ¢ 2.5 Pa 2.5} -0.70, 0.30
}S;A_DA/L = 1.30510 Niye Np. Ry g 7+ i ¢ bg
' (11)

- This relation is shown in Fig. 10.

By using a combination of a coalescence function and an equil-
ibrium—drop-sizé function, a relation can be found which would pre-
dict 2 mean drop diameter at any point in the tank. A general form of
this relation is; v

di = dO + bO-iA : (12)
where di is the drop diameter at point i (e. g., points A and D in the
present study); d0 is the drop size at the impeller tip, termed the
equilibrium drop size; A is a function of the same form as Eq. (11);

-and bO-vi is a numerical coefficient which is a function of direction and
distance from the impeller tip to the point in question *(bOuA or bO—D’
‘in the present study).

Two main assumptions are involved in this model. They are:

1. The equilibrium drop size _(do) is a function of
(Nwe)—o"é, as theoretically predicted by Hinze (6) and experi-
mentally determined by Langlois. The function is expressed:

d. =a f (Nwé)'o"é | , (13)

0~ %0%

where ao is the equilibrium-drop-size constant, assumed the

same for both Langlois's and the present data; and the volume-

fraction function is expressed as f! =1+ c¢ where c is a

¢

constant to be determined,
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Fig. 10. Correlation for coalescence between locations
_A and D. : -
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2. The nature of the coalescence function does not changé from
one point.to another.
’-I‘he determination of the optimum ¢, b_&aA and: ‘bqy_Dx;‘was done
by a trial-and-error calculation. The two equations used are
-0.6

dA/L =ag(l + cqf)NWe + by a2 o | (14)
and- 6 .
_ =0. : ' :
dD4L =ag(l + c§)Ny """ by HA | | (15)
Calculations were performed first for the data at the D position.
Values for ¢ and a, were assumed and a set .of bd-D values were

calculated for each measurement. The average bO-D was then used to
calculate predicted dD' s for all the data. The sum of the square of
differences between the actual and predicted drop size was determined.

- By minimizing this sum as a function of different assumed c's.and

.ao' s,  an optimum function could be found for describing the experimental
data. . This function turned out as follows: .
dp/L = 0.055(1 + .2.,5<;>)1\1We’°'6 + 3.80x10" %A (16)

Using these newly determined equilibrium constants for ¢ and

a, (2.5 and 0.055 respectively), can quickly be found for the data

b, |
0 0=A : -4
obtained at position.A. The optimum b0 A is 2.4X10 . Figures 11
and 12 show the fit to Eq. (15) or (16); and Figs. 13 and 14 the fit to
Eq. (14). Since the coalescence function A is assumed to be independent
of the distance from the impeller tip, the difference of by_p and
by_a 18 equal to bA-D“ This difference is 1.4X10_4.and.compare.s
reasonably well with the value obtained from the original regression

analysis, 1.30)(10-4.
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.Extension to Earlier Studies., -

Even though impeller drop.sizes. were measured closer to the
impeller tip in Langlois's work than in the present study, it is believed
that some ‘coales'-c-wence occurred in the interval. Accordingly, the same
- drop-size model (Eq. 12) was assumed for his data, to see if the
proposed .coalescence model is again applicable. The same type of trial-
and-error s.ol_utioh was used, except that c = 2.5 was fixed and only a,
and 'bO-L -were determined.” The result for a, was similar to that
found for the coalescence data'(_as .expected, since the same size of tank
and the same impeller type were used in both studies). = The resulting
modified b and. b were calculated. (The value reported above’

T0-A 0-D

for a is the result of this adjustment.) The final relation describing

Langlois's points is as follows:

L -4 .
: y = i
dL/L— 0.055 f¢ Nwe + 0.71X10 »‘ A (17)

The results of Eq. ('17) are plotted in Fig. 15.

=0.6

Langlois's original correlation (8) had a value for ag= 0.083,
with f¢ = 0.75 + 2.5¢ constituting a larger relative ¢ effect. The

scaledown of d_. in the present study due both to ¢ and to coalescence

is, on the avera(.)ge, 0.83 of the d-o used by Langlois. A readjusted ag;
for purposes of comparison with the present study, is thus 0.083

(O_,83) = 0.069. The difference between 0.055 and 0.069 represents the
volume-fraction effect between ¢ = 0.1 and ¢ = 0. This.amount of
coalescence is not enough to invalidate the -0.6 exponent on the Weber
number. The e‘ffect'of this scaledown on the original correlatiqn,

for d at ¢ = 0.1, is shown in Fig. 16.
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Runs with Double- Width Impeller,.
Some coalescence runs were made with an impeller having a blade

width (W) of 2.0 inches. As can be seen in Fig. 9 for the MIBK/glycol

system, the coalescence is less for this impeller than it is for W= 1.0
inch. However, the precision of the present coalescence relation is not

great enough to correlate this difference, and these points can be plotted

on the same curve (Fig. 10).
Mixture-Viscosity Correction.
Shinnar and Church, in a theoretical study of droplet breakup

under different limiting conditions (11), find that coalescence probably
involves an 'adhesive energy' rather than a true interfacial tension. It
seems likely that the empirical viscosity--volume-fraction function, ¥,
which has proved particularly necessary to account for the experimental
behavior of the MIBK systems, contributes (along with ¢) to the effective

—

adhesive energy.
. We have investigated the possibility that an already-known function

of viscosities, such as the effective viscosity of the mixture, could be used

to replace Y. The mixture viscosity has been given by. Vermeulen,
Williams, and-Langlois (14) as

Mo 1.5 ¢de }

14 (18)

R v —_—
m 1-¢4 Bty
Reference to work of Vand (13) on dispersions of solid spheres, for

which Mg is infinite, shows that this equation gives insufficient cor-

rection. We have therefore altered the form o? the relation, to yield:
Moo= 3 :g/d | 1+ '—¢d I:dH . (19)
m -¢d I“Lc d

- 'Unbaffled tank studies by Laity and Treybal (7) confirm the use

of this general type of expression, but only in certain cases. For other
cases, possibly involving internal circulation of droplets, the effective
mixture viscosity is less than the value for the continuous phase alone.

In any event, the result of this study was that use of Hm/“c fr.om this
relation, as a multiplier for separate viscosity-ratio and volume-fraction
terms, proves not to have the same correlating effect as the ¢ term. It
appears that any real improvement over the { treatment will have to
await more precise experiments, or a more complete theoretical defi-

‘nition of the adhesive energy.
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Second Correlation. The coalescence relations given in Eqgs. (11) - (17)

_involve a -0.40 exponent on impeller speed, contributed to from a
-0.45 exponeﬁt on Weber number and a +0.40 exponent on Reynolds
number. Although the -0.40 power is marginally beﬁt.er than higher
values on the basis.of linear-regression analysis, individual runs

. appear to show a somewhat higher dependence on speed (as does the
work of other investigators., reported in the next section).

When the speed dependence is altered to a -0.65 power, sub-

' .stantially the same correlation coefficient (0.69) is. obtained. 'The
‘results of this treatment, plotted in Figure 17, correspord to the

following relation:

B ~ -3 -0.45 0.25 -0.70 .0.30 .
= _1‘.6o><1o Niyve Np =7 | p (20)

It"foiléws that Eq. (12) can be applied in the revised form:

d =d 1 ! i
,=dy+ by AL (21)
e _ B = ( |
with values of bi_a = 3.0X10 7, bIO-D = 4.6X10 7, and (for Langlois's
- data) by [ = 0.88X10~3. This treatment is belived to be more suitable

than the first correlation, for extrapolé.tion purpoées.

Comparison with Rodger's Results

The present and previous studies i‘n this Laboratory show the
equilibrium drop size dO' to be a function of the Weber number of the
-0.6 power; this is in.agreement with Hinze's analysis of Clay's data
(3,5). However, Rodger, Trice, and.Rushton (9) reported a -0.36
- exponential dependence on -Weber number, or a -0.72 dependence on
agitator speed; and Shinnar and Church (11) have pred‘ict’edva -0.75

speed dependence for coalescence.
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. The drop-size measurements of Rodger et al. were obtained at
the bottom of the mixing tank, with a sizeable gap between the impeller
. tip and the point of measurement. Two other main.differences in equip-
ment were as follows: The present probe is of a different design and
much larger, and a 4-blade paddle was used rather than a 6-blade disk-
type turbine. However, the power ‘requirement for paddles and for turbines
appears to be essentially the same for a given blade-tip geometry (over-
all diameteiy and blade width); hence, a correction.needs only to be
made for the number of blades. All of Rodger's data were obtained at
¢ = 0.50, using only water as the continuous phase.

It appears that the difference in the Weber-number exponents can

be explained by Rodger's having measured drops that had undergone

considerable coalescence. Rodger's correlation can be put in the form:

dp/L= KNy "03%w /u)% % tle.t, Ap/p) (22)
where t is an experimental settling-time ratio (relative to unit time).
Thé increase in power has been observed to be slightly less than
proportional to the increased number of blades (10). Thus a 6-blade
turbine in a buffled tank consumes around 1.36 as much power as a 4-
blade impeller of the same blade-tip geometry. Also, from Eqgs. (3)

and (5), we find that d, is proportional to (P)_O'4, Hence, for Rodger's

0
.experimental conditions, we estimate that

- cl0!:60
— 1
dO/L = 0.0485 £ I Ny (23)

In most of the cases they studied,the difference d-d, is substantially

larger than do. ° v

In the work of Rodger, Trice, and Rushton, measurements were
‘made of several impellers in each mfxingi vessel, with each being run at
several speeds. These data are thus quite.sensitirve to the variation in
speed. When. an impeller-tip diameter (dependent on the -1.2 power of
speed) is subtracted from the total, the remainder is found (quite

reasonably) to have a smaller dependence than the -0.72 power observed
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for the total. The dependence of the increment is, in fact, the -0.65
power, to within about * 0.025 on the exponent. .

In the same way that { was introduced to correct for the dif-
ference between adhesive energy and interfacial tension in the preceding
treatment, Rodger and coworkers have found it desirable to use the vis-
cosity ratio and the settling-time ratio which appear in Eq. (22). In
adapting our correlation to their results, we have retained the { group,
rather than their viscosity'ratio. Also, we have believed it desirable to
convert their '"relative settling time' into a truly dimensionless group,

(t 0‘/1 pc), where £ is the settling distance corresponding to the measured

time. The resulting correlation has the form

d,-d

R O opn an (24)
L -

3 1 —
Wlth bO-R = 1,26, and

_ -0.45 _  0.25, ,.-0.70 1.20 -0.40

AM= Ny Npe (W) (T/L) (tO/IHC)

(25)

where (' = { Ho/pd) + (pd/pc); and T is the tank diameter, for
geometrically similar vessels. A plot of this correlation is shown in
Fig. 18. Th‘e volumew=fraction. is omitted here because it is always 0.50.

From these results, we conclude that a settling-time measure-
ment may be a necessary step in characterizing the coalescence properties
of a system. If so, the relative success of a correlation that does not
include it would be explained by the fact that the different systems studied
in our investigation all may have had a.relatively similar settling-time
behavior. The work described in the next section.offers a possible
alternative for obtaining a time measurement that could be used in de;
scribing coalescence behavior.

A complete correlation for the incremental mean drop diameter
might therefore depend on the following product of dimensionless groups:

- -0.45 0.25 -0.70, 0.30 1.20 -0.40
Nye Npe ¥ ¢y (T/L)" """ {to /Lig)
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DISPERSION STUDIES

Measurements

The rate of dispersion of an agitated liquid-liquid system was
studied by means of injecting into the mixing tank a blue dye, soluble
only in the dispersed phase, and then noting the length of time for the
dye to disperse uniformly. Variables invelved are impeller speed (N),
volume fraction (¢), and the physical properties of the immiscible
liquids. The probe was positioned opposite the impeller tipa

» Preparation for a -run.was done in the manner that has been de-
scribed for the drop-profile studies. The fastest chart speed (1.0 inch/
min. ) was set on the recorder. The variable-capacitance switch was
turned to zero, to minimize the time constant of the circuit. . When the
agitated emulsion had reached equilibrium for any given speed, 20 ml of
blue dye was injected into the tank downstream from the probe by means
of an hypodermic syringe. Immediately the current output of the.photo-»
cell drifted downward to a new steady-state value, the drift being due

to light absorption by the blue dye.

Results

Since the decay curves. approximated a first-order behavior,

‘their half-life 7 was recorded; Table III gives the results. After each

run, a check on the interfacial tension of the two liquids did not reveal
any more than 1 to 2% change from the value observed before the run
was made. The dyes used were: (l) soluble in organic phase: Sud.aLn~
Blue and Victoria Blue, obtained from General Dyestuff Co.; and Du-
Pont Oil Blue A; (2) soluble in water phase: Patent Blue AF, ob-
tained from General Dyestuff Co. '

The best dimensionless fit of the data was obtained when NT
was plotted against NWe_O'6 NR 0°2, (as shown in Figure 19); with
Nye = n2L> p/0 and Npe = NL~ E/pm Here, _  is the viscosity

of the emulsion as given by Eq. (10).
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Table III. Half-life times for mixing of dye.traéer soluble only in

dispersed phase

N, 7 N N
System 4 (ret/sec) . (sec) We Re
Isooctane in water 0.10 3.33 . 16 412 43,900
0.20 4.12 45 631 43,800
Water in isooctane 0.10 4.12 . 30 631 71,900
0.10 6.45 15° 1545 111,250
0.40 4,12 33 631 38,300
0.40 6.45 ‘14 1545 60,000
. White oil in water 0.10 5.00 30 862 62,800
Water in white oil 0.10 6.45 5 1435 443
0.40 4,12 31 586 1,189
0.40 6.45 8 1435 2295
MIBK in water 0.10 2.57 3 1155 33,300
Water in MIBK 0.10 2.57 15 1155 46,500
' 0.40 4.12 i0 2970 38,400
0.40 6.45 5 7290 60,200
Butanol in water 0.20 4,12 8 16400.. 32,500
Water in butanol 0.40 2,57 7 6380 5,420
DIBC in water 0.10 6.45 5 4420 84,200
' 0.40 6.45 5 4420 43,500
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Although these results are preliminary, certain trends can be
observed. A fractional rate of dispevf.sion,.- k, may be defined as

k = 0.693/7. Since - ' o

| - 0.6 «0.2

N7= 7.5:0._, Nwe  Nre | (26)
it follows that '
o 23 0.6,.. 0.2 o
| | rk =0.92 1077 N (N ) (NRe) (27)
From Eq.. (2), the interfacial area per unit volume of dispersed phase
(A/¢) is proportional to" NWeOB()’ and hence |
k=1.28 X 1072 N (A/4) f,L (NReTO'2 (28)

Thus k is proportional to (A/¢)'and,, further, to the 0.8 power of N
and L. _ o

Up to the present, no direct relation has been established be-
tween this mixing phenomenon and the changes of drop diameter just SR

reported.
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CONCLUSIONS

a. Many two-phase liquid systems undergoing-apgitaﬁibnﬂ show
a substantial increase in the average drvoplet size, as the distance from
the impeller tip increases. Such systems are often characterized by
a high ratio of viscosities of the two phases, and by a relétively low
interfacial tension (below 20 dyn/es/cm) '

b. . The> observed coalescence behavior can be correlated as a
function of Weber and Reynolds numbers, dispersed-phase volumes
fraction, viscosity ratio, tank-diameter/impeller-diameter ratio, and
possibly a settling-time group. This treatment also resolves the con-
flict: between the results of Rodger, Trice, and Rushton (5), and studies

in this Laboratory.
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A = specific area, or totalrinterfacial area per unit volume, cmf/cm .
; ao = équilibri‘umdrqp-sirz”e qopstant.
bi=j= coalescgncg p_»a.li'amet‘ver used to describe coalescence occurring
- between points i and j.
¢ = coefficient in'f¢' ‘relation, Eqgs.. (14)5(15).
d0 = equilibrium drop dlameter, cm. ‘
dA’d dC,d d = drop dlameter at 1ocat10ns A B.C, D, and E

respectlvely, - cm.

dL = Langlois's drop diamefer, cm.
d, = dp ¥ b5 A Loorid ==dj +bl. Al . L.
L 0 ‘-"‘ 0-: B

dR = Rodger s drqp dlameter, cm.

E = power input per unit mass. .

f¢ = ratio of actualv mean drop diameter to diameter at ¢ = 0.10. (Used
in Langlois's study).

fd; = ratio of actual me_an'd'rop diameter to diameter at ¢ —> 0. (Used
.in present study).

I = light transmission through emulsion, measured as photocell output,
microamperes.

10 = light transmis sion through the continuous phase alone, measured
as photocell output, microamperes.

I/I0 = extinction ratio.

k = rate .coefficient in dispersion runs.

L = paddle diameter, cm;. 12.7.¢cm in present study; 17.2.cm in
Langlois's study.

2 = initial emulsion height, in Rodger's settling tests.

am = refractive index ratio, nd/n .

n
C

|
N = stirring speed, rev/sec

refractive index (nzlg )} of continuous phase,.

refractive index of dispersed phase

Npe = Reynolds number for a stirred tank, NL2 Pe /}L

2
NWe Weber group, N L P Jo .
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P = power, gm cmz/sec3.

T

t = time to complete coalescence in Rodger's settling tests.

tank diameter, cm. .
V = volume of flow field, 'cm?’,

v = velocityfluctuation, cm/sec.

W = width (héight) of agitator impeller, cm.

X = exponent, l ‘ _

B = slope of curves of .ex.tinction ratio (I/IO) versus specific area A.
A= NWe_OAS NRe, b \/ 450'30, general form of coalescence function,

giving amount of coalescence occurring between points i and j.

For A, exponent u = 0.50; for A', u=0.25.

k. = viscosity of continuous phase, g/(sec) (cm),

p.d"z viscosity of dispersed phase, g/(sec) (cm).

by = viscosity of emulsified mixture(Eqs. 18 and 19).
p' = volumetric mean dénsity, g/cm3.

P = density of discontinuous phase., g/cm3.

?Y = 0.6 pqg t 0.4 pci-)» effective mean density, g/cm3.
o = interfacial tension, dynes/cm.

T = half-life of dispersion process,:sec.

¢d = volume-fraction of dispersed phase (or ¢).

¢ = volume-fraction of continuous phase; b = 1- by -

c s
o= e, ¢2'5+ rd 4)2"5)—0'70, viscosity-volume-fraction parameter
F4q d Be € - '

used in.the coalescence correlation.
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APPENDIX

L. Numerical Data

Table IV. Drop Size Profile for Liquid-Liquid Systems
N d,cm. Diameter {cm.) at Locations
RPS (c%lc.) A B C D E
Butanol in Water
0.10 2.57 0.00453  0.01052 0.01104 0.01190 0.01284
4.12 0.00257  0.00528 0.00582 0.00658 0.00690
6,45 0.00150  0.00281 0.00314 0.00374 0.00411
0.40 2.57 0.00725 0.01680 0.01943 0.02240 0.02421
4,12 0.00411 0.00832 0.00989 0.01259 0.01331
6.45 0.00240  0.00509 0.00588 0.00706 0.00779
Water in Butanol
0.10 2.57 0.00444  0.01393 0.01444 0.01546 0.01717 0.01755
4,12 0.00252  0,00803 0.00834 0.00948 0.01141 0.01174
6.45 0.00147  0.00450 0.00477 0.00566 0.00725 0.00772
2,57 0.00444  0.01500 0.01630 0.01731 0.01741
4.12 0.00252  0.00845 0.00952 0.01102 0.01131
6.45 0.00147  0.00490 0.00560 0.00701 0.00728
0.40 2.57 0.00711  0.01283 0.01504 0.01789 0.01975
4,12 0.00403 0.00664 0.00796 0.01011 0.01098
6.45 0.00236 0.00423 0.00482 0.00615 0.00650
2.57 0.00711 0.01399  0.01373 0.01548 0.01761 0.01865
4.12  0.00403 0.00699 = 0.00711 0.00806 0.00998 0.01051
6.45 0.00236 0.00438  0.00449 0.00496 0.00592 0.00649
Methyl Isobutyl Ketone in Water
0.10 2.57 0.01285 0.04361 0.04955 0.05441 0.05345
4.12 0.00728  0.02357 0.02860 0.03453 0.03508
6.45 0.00426  0.01249 0.01609 0.02112 0.02339
4,12 0.00728  0.02612 0.03035 0.03348 0.03413
6.45 0.00426  0.01443 0.01806 0.02303 0.02478
0.40 2.57 0,02050 0.07993 0.09583 0.12982 0.14000
4,12 0.01164  0.04036 0.05418 0.07267 0.07850
6.45 0.00680  0.02083 0.02963 0.04398 0.04735
Water in Methyl Isobutyl Ketone
0.10 4,12 0.00709 0.01314 0.01376 0.01394 0.01480 0.01496
6.45 0.00414 0.00733  0.00826 0.00843 0.00965 0.00989
0.40 2.57 0.02191  0.03232 0.03329 0.03429 0.03550
4.12 0.01244  0.02000 0.02132 0.02279 0.02330
6.45 0.00725  0.01229 0.01359 0.01547 0.01600
Cyclohexanone in Water
0.10 2,57 0.00662 0.01610 0.01696 0.01774 0.01968 0.01980
4,12 0.00376  0.00777  0.00820 0.00911 0.01084 0.01107
6.45 0.00220 0.00384  0.00407 0.00463 0.00590 0.00633
0.40 2.57 0.01060 0.02389 0.02817 0.00320 0.03374 0.04155
4,12 0.00602  0.01247 0.01515 0.01719 0.01903 0.02290
6.45 0.00352  0.00779  0.00947 0.01003 0.01176 0.01410
Water in Cyclohexanone
0.10 2,57 0.00654  0.00932 0.00955 0.01018 0.01115 0.01182
4,12 0.00371 0.00529  0,00544 0.00585 0.00676 0.00712
6.45 0.00217 0.00324  0.00337 0.00362 0.00432 0.00455
0.40 2.57 0.01046 0.01650 0.01648 0.01761 0.01991 0.02107
4.12 0.00594 0.01039  0.01041 0.01129 0.01323 0.01375
6.45 0.00347  0.00724 0.00734 0.00808 0.00934 0.00975
Di-isobutyl Carbinol in Water
0.10 6.45 0.00526  0.00546  0.00566 0.00566 0.00579 0.00585
0.40 6,45 0.00919 0.01138 0.01156 0.01177 0.01214 0.01224
Water in Di-isobutyl Carbinol
0.10 6.45 0.00559 0.02052  0.02361 0.02900 0.03147 0.03510
0.40 4.12 0.01529  0.01336 0.01350 0.01391 0.01408 0.01494
6.45 0.00895 0.00876  0.00890 0.00917 0.00930 0.00950
Glycol in Methyl Isobutyl Ketone
0.10 6,45 0.00210  0.00405 0.00411 0.00435 0.00461 0.00461
0.40 4.12 0.00535 0,01193 0.01235 0.01315 0.01399 0.01426
6.45 0.00313 0.00689  0.00705 0.00754 0.00809 0.00816
Methyl Isobutyl Ketone in Glycol
0.10 6.45 0.00201 0.01093 0.01169 0.01348 0.01634 0.01746
0.40 4,12 0.00549  0.00972 0.01016 0.01072 0.01172 0.01206
6.45 0.00322  0.00595 0.00617 0.00652 0.00709 0.00720
Experiments with Double- Width (2.0-inch) Impeller
Methyl Isobutyl Ketone in Water
0.40 2.57 0.02055 0.05379  0.05630 0.06111 0.06981 0.06981
4.12 0.01164 0.02960 0.03222 0.03787 0.04512 0.04512
6.45 0.00680 0.01590 0.01758 0,02130 0.02708 0.02708
Water in Isobutyl Ketone
0.40 4.12 0.01244 0.01498 0.01538 0.01601 0.01673 0.01673
6.45 0.00725 0.00919 0.00952 0.01007 0.01074 0.01086
Methyl Isobutyl Ketone in Glycol
0.10 6.45 0.00201 0.01092 0.01137 0.01261 0.01504 0.01538
0.40 4.12 0.00549  0.00847  0.00871 0.00910 0.00951 0.00951
6.45 0.00322  0,00558 0.00569 0.00585  0.00607 0.00610
Glycol in Methyl Isobutyl Ketone
0.40 6.45 0.00313  0.00601 0.00674 0.00712 0.00742 0.00742
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Table V. Predicted Versus Observed Drop Diameters
¢ N N N "
We Re obs, calc. obs calc.
Butanol in Water
0.10  2.57 6900 31500 1.066 0.01052  0.00778  0.01190  0.00968
4.12 17800 50400 0,881 0.00528  0.00525  0.00658  0.00683
6.45 43500 79000 0.738 0.00281 0.00375  0.00374  0.00507
0.40 2,57 6900 31500 3,165 0.01677  0.01691 0.02240  0.02255
4.12 17800 50400 2.618 0.00832  0.01210  0.01259  0.01675
6.45 43500 79000 2,191 0.00509  0.00909  0,00706  0.01299
Water in Butanol
0.10 2,57 5960 10540 2,244 0.01393  0.01130  0.01717 0.01526
4.12 15350 16860 1.856 0.00803  0.00818  0.01141 0.01148
6,45 37600 26400 1.553 0.00450  0.00622  0.00725  0.00897
2.7 5960 10654 2.244 0.01500  0.01130  0.01731 0.01526
412 15350 16860 1.856 0.00845  0.00818  0.01102  0.01148
6.45 37600 26400 1.553 0.00490  0.00622  0.00701 0.00897
0.40  2.57 5960 10540 2.984 0.01283  0.01621 0.01789  0.02152
4.12 15350 16860 2,468 0.00664  0.01155  0.01011 0.01595
6.45 37600 26400 2,066 0.00423  0.00866  0.00615  0.01234
2.57 5960 10540 2.984 0.01399  0.01621 0.01761 0.02152
4,12 15350 16860 2,468 0.00699  0.01155  0.00998  0.01595
6.45 37600 26400 2.066 0.00438  0.00866  0.00592  0.01234
Methyl Isobutyl Ketone in Water
0.10 2,57 1280 41200 6.637 0.04361 0.03310  0.05441 0.04491
412 3300 66200 5.490 0.02357  0.02405  0.03453  0.03382
6.45 8080 103500 4.590 0.01249  0.01825  0.02112  0.02641
4.12 3300 66200 5.490 0.02612  0.02405  0.03348  0,03382
6.45 8080 103500 4.590 0.01443  0.01825  0.02303  0.02641
0.40 2,57 1280 41200 12.509 0.07993  0.05870  0.12982  0.08100
412 3300 66200  10.347 0.04036  -0.04320  0.07267  0,06160
6,45 8080 103500 8.650 0.02083  0.03315  0.04398  0.04860
Water in Methyl Isobutly Ketone
0.10 412 2640 89600 3,775 0.01314  0.01860  0.01480  0.02532
6.45 6460 140000 3.155 0.00733  0.01375  0.00965  0.01938
0.40 2,57 1025 55800  13.650 0.03232
4.12 2640 89600  11.200 0.02000  0.04660  0.02279  0.06640
6.45 6460 140000 9.310 0.01229  0.03560  0.01547 0.05220
Cyclohexanone in Water
0.10  2.57 3510 31700 1.851 0.01610  0.01228  0.01968 ~ 0.01556
4,12 9050 50800 1.533 0.00777  0.00844  0.0108¢  0.01117
6.45 22150 79500 1.283 0.00384  0.00611 0.00590 0.00840
0.40 2.57 3510 31700 5.287 0.02389  0.02620  0.03374  0.03615
412 9050 50800 4,378 0.01247  0.01935  0.01903  0.02718
6.45 22150 79500 3.665 0.00779  0.01469  0.01176  0.02122
Water in Cyclohexanone
0.10 2,57 3350 17080 2.966 0.00932  0.01559  0.01115  0.02089
412 8620 27400 2.455 0.00529  0.01120  0.00676  0.01560
6.45 21100 42850 2,054 0.00324  0.00843  0.00432  0.01209
0.40 2.57 3350 17080 5.426 0.01650  0.02700  0.01991 0.03671
4.12 8620 27400 4.491 0.01039  0.01964  0.01323  0.02762
.45 21100 42850 3.757 0.00724  0.01494  0.00934  0.02163
Di-isobutyl Carbinol in Water
0.10  6.45 4920 103600 0.852 0.00546  0.00771  0.00579
0.40 6.45 4920 103600 2.747 0.01138  0.01758  0.01214
Water in Di-isobutyl Carbinol
0.10 .45 3960 8330 4.914 0.02052  0.02059  0.03147
0.40 4.12 1615 5320 1.826 0.01336  0.02090  0.01408  0.02415
.45 3960 8330 1.526 0.00876  0.01361  0.00930  0.01634
Glycol in Methyl Isobutyl Ketone
0.10  6.45 22900 128700 0.263 0.00405  0.00290  0.00461
0.40  4.12 9350 82200 0.905 0.01193  0.00812  0.01399  0.00972
45 22900 128700 0.756 0.00689  0.00544  0.00809  0.00676
Methyl Isobutyl Ketone in Glycol
0.10  6.45 30200 7290 2.150 0.01093  0.00856  0.01634  0,01238
0.40 4.12 12350 4650 0.444 0.00972  0.00685  0.01172  0.00764
6.45 30200 7290 0.371 0.00595  0.00435  0.00709  0.00502
Experiments with Doyble-width Impeller
Methyl Isobutyl Ketone in Water
0.40  2.57 1280 41200 12.509 0.05379  0.05870  0.06981 0.08100
4.1z 3300 66200  10.347 0.02960  0.04320  0.04512  0.06160
6.45 8080 103500 650 0.01594  0.03315  0.02708  0.04860
Water in Methyl Isobutyl Ketone
0.40 4.12 2640 89600  11.200 0.01498  0,04660  0.01673  0.06640
6.45 6460 140000 9.310 0.00919  0.04560  0.01074  0.05520
Methy! Isobutyl Ketone in Glycol
0.10 45 30200 7290 2,150 0.01092  0.00856  0.01504  0.01238
0.40  4.12 12350 4650 0.444 0.00847  0.00685  0.00951 0.00764
6.45 30200 7290 0.371 0.00558  0.00435  0.00607  0.00502
Glycol in Methyl Isobutyl Ketone '
0.40 22900 128700 0.756 0.00601 0.00544  0.00742  0.00676

(¥



Table VI. Predicted vs Observed Drop Diameters for Langlois' Data (L = 17.2 em}
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¢ N Ny, A ({9 obs
Water in Isooctane
0.20  2.00 384 7.48 13.22 0.0398 0.0980
2.52 611 9.41 12.04 0.0302 0.0747
315, 952 12.2 11.03 0.0231 0.0506
4.26 1750 16.0 9.75 0.0161 0.0345
. 4.50 1950 16.7 9.54 0.0150 - 0.0315
532 2740 20.0 8.92 0.0123 0.0248
6.67 4270 25.3 8.17 0.0094 0.0182
Water in Kerosene
0.10 1.85 495 2,24 8.74 0.0285 0.0615
233 781 2.82 7.99 0.0218 0.0412
3.17 1440 3.84 7.07 0.0150 0.0230
410 2420 4.96 6.37 0.0110 0.0146
5.00 3600 6.05 5.88 0.0087 0.0106
6.67 6400 8.08 5.24 0.0061 0.0087
0.20 1.83 482 221 12.55 0.0348 0.0624
237 810 2.87 11.30 0.0255 0.0441
3.25 1530 3.93 9.94 0.0174 0.0272
3.93 2240 4.76 9.21 0,0139 0.0197
5.00 3600 6.05 8.39 0.0104 0.0154
6.67 6400 8.08 7.48 0.0074 0.0117
0.40 1.83 482 2.21 15.80 0.0465 0.0695
2,37 810 2.87 " il1424 0.0340 0.0442
312 1410 3.78 12,73 0.0244 0.0314
3.85 2130 4.66 11,75 0.0191 0.0265
4,00 2300 4.84 1157 0.0181 0.0242
4.97 3560 6.01 10.59 0.0140 0.0212
6.67 2400 8.08 9.42 0.0098 0.0177
Water in Blend A (White oil plus kerosene, vis. 65.4 cp.)
0.20 1.87 332 0.068 1.06 0.0439 0.0522
2,61 648 0.095 0.93 0.0293 0.0292
342 1110 0.125 0.83 0.0202 0.0187
3.66 1270 0.134 0.81 0.0196 0.0182
4.77 2160 0.174 0.73 0.0142 0.0132
6.67 4210 0.214 0.64 0.0096 0.0108
Water in Blond B (White oil plus kerosene. vis. 15.6 cp.}
020 170 280 0.255 5.62 0.0485 0.0670
2,02 393 0.303 5.26 0.0395 0.0412
232 520 0.348 4,97 0.0334 0.0328
4,67 2110 0.700 3.75 0.0144 0.0150
6.67 4300 1.000 3.25 0.0094 0.0111
0.40  1.82 319 0.316 2.22 0.0594 0.0870
2.42 566 0.420 1.98 0.0421 0.0515
317 963 0.550 1.78 0.0306 0.0383
4.50 1940 0.780 1.55 0.0201 0.0294
6.67 4300 1175 132 .0125 0.0203
Water in White Oil
0.20 1.89 315 0.0249  0.34 0.0453 0.0560
267 625 0.0353  0.30 0.0300 0.0375
4,00 1400 0.0529  0.25 0.0185 0.0252
6.67 3900 0.0881  0.21 0.0100 0.0186
White Oil in Water
0.20 1.90 308 . 5.31 0.40 0.0457 0.0658
2.46 515 6.86 0.36 0.0336 0.0386
3.17 852 8.85 0.33 0.0255 0.0267
4.04 1390 11.29 0.30 0.0185 0.0206
5.24 2340 14.65 0.27 0.0135 0.0158
6.67 3790 15,65 0.24 0.0101 0.0121
Water in Blend C (CCl plus ssooctane, density 1.033 gm/em’)
0.10 1.85 413 8.2 8.73 0.0318 0.0583
254 776 1.2 7 0.0218 0.0314
3.16 1200 13.9 7.06 0.0168 0.0210
4.58 2530 20.2 6.08 0.0107 0.0133
6.67 5350 29.4 5,24 0.0069 0.0084
0.20 179 ' 386 7.9 13.39 0.0399 0.0780
2.05 505 9.2 12.70 0.0340 0.0595
2.43 710 10.7 11.86 0.0277 0.0446
272 890 12.0 11.33 0.0242 0.0382
3.03 110 133 10.83 0.0212 0.0295
3.76 1710 16,5 9.93 0.0163 0.0227
416 2100 18.3 9.52 0.0144 0.0169
4,83 28i0 21,2 8.99 0.0121 0.0161
6.67 5350 29.4 7.92 0.0082 0.0104
0.40  1.87 421 8.35 24.37 0.0504 0.1145
2,65 895 11.8 21.21 0.0332 0.0580
3.58 15.40 15.9 18.81 0.0231 0.0330
5.43 3550 24.2 15,91 0.0140 0.0219
6.67 5350 29.8 14.66 0.0110 0.0167
Carbon Disulfide in Water
0.20 167 470 4.67 21.86 0,0354 0.0450
2.44 1000 6.82 18.81 0.0225 0.0215
3.38 2030 10.00 16.10 0.0147 0.0158
4.70 3700 13.2 14.49 0.0102 0.0133
6.67 7400 18.7 12,64 0.0068 0.0116
0.40 174 510 4.80 20.64 0.0451 0.0490
2.40 970 6.62 18.15 0.0307 0.0298
3.27 1800 9.04 16,04 0.0212 0.0241
4.77 3820 13.2 13.81 0.0135 0,0198
6.67 7400 8.4 1213 0.0091 0.0165
Water in_Carbon Disulfide
0.20 2.07 688 19.1 1117 0.0283 0.0312
2.30 850 23.0 10.71 0,0250 0.0258
3.18 1620 29.3 9.42 0.0169 0,0213
3.50 1980 32,2 9.03 0.0150 0.0190
5.00 4010 46.0 7.85 0.0098 0.0175
6.67 7050 61.5 7.04 0.0070 0.0147
Isooctane in Water
0.10  2.50 558 7.0 14.59 0.0257 0.0217
3.40 1030 9.5 13.22 0.0184 0.0162
4.70 1960 13.1 11.63 0.0125 0.0121
6.67 3970 18.6 10.09 0.0082 0.0092
0.20 1.83 299 5.1 23.95 0.0463 0.0502
2.40 518 6.7 21.47 0.0335 0.0276
330 975 9.2 18.89 0.0228 0.0195
4.70 1960 131 16.47 0.0150 0.0148
6.67 3970 18.6 14.28 0.0098 0.0116
0.40 170 259 4.8 29.73 0.0674 0.0743
2.35 493 6.6 26.16 0.0458 0.0381
410 1500 11.5 20.94 0.0235 0,024}
6,67 3570 18.6 17.24 0.0131 0.0173
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II. Photoelectric-Probe Calibration Curves

~ i3

@ 40% cCly

o l 1 | |
0o 20 40 60 80 100

SPECIFIC AREA, A (cmZ/cm3)

MU-17572

Fig. 20. Photocell calibration curve -- CCl4 in water,
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Fig. 21. Photocell calibration curve -- water in CSZ°
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Fig. 22. Photocell calibration curve -- water in CC:/14.
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Fig. 23. Photocell calibration curve -- isooctane in water.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or \
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report

may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



