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NOTATION 
A 
a, b, c = constants defined by Equation (31) 
D = hydraulic diameter 
f i  = interfacial friction factor 
fwf 
g = acceleration of gravity 
i = total volumetric flux 

if 
iftr 

p = pressure 
Pi 
Pwf 
Ref 
t = time 
V,j = vapor drift velocity 
uf = average liquid velocity 
ug = average gas velocity 
urn = mixture center-of-mass velocity 
or 
z = axial coordinate 

Greek Letters 

r, = vapor generation rate 
h p  = density difference 
6 = average film thickness 
Q 

t ~ f  = liquid viscosity 
4 

p f  = liquid density 
p, = gas density 
pm = mixture density 
T( = interfacial shear stress 
Twf = wall shear stress 
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SCOPE 
For a rational design of rate processes in turbulently 

agitated liquid-liquid dispersions, it is necessary to pre- 
dict droplet surface area in terms of size distributions and 
droplet mixing rates. Interaction models such as simula- 
tion techniques and population balance equations are em- 
ployed for such predictions. The main obstacles in utiliz- 
ing these models is to generalize on the form of the drop- 
let coalescence and breakage terms as a function of the 
hydrodynamics and physical properties of the system. 

The complexity of this problem necessitates experimen- 
tation for insight into factors affecting droplet breakage 
and coalescence. Earlier experimental works focused on 
measurements of average droplet size by use of light 
transmittance techniques or chemical methods. Size dis- 
tributions were also studied by measurements with pho- 
tography, encapsulation, sedimentation, and via following 
electroresistivity changes by flow through an orifice. Cor- 
relations for average drop size have thus resulted. Concur- 
rently, droplet mixing measurements were made by various 
indirect methods such as following a chemical reaction or 
dispersion of a nontransferring dye in the dispersed phase. 
These experiments were largely conducted in batch sys- 
tems. A number of investigators reported experimental 
data on interfacial areas (Mok and Treybal, 1968; Schind- 
ler and Treybal, 1968; Weinstein and Treybal, 1973) and 

drop size distributions (Boyatiotis and Thornton, 1967) in 
flow systems. These data do not permit a complete descrip- 
tion, as both size distributions and droplet mixing frequen- 
cies were not simultaneously obtained. 

Recently, data were presented (Verhoff, 1969; ROSS, 
1971; and Ross and Curl, 1973) on both size distributions 
and droplet mixing frequencies by measuring the bivariate 
drop volume-dye concentration distribution in a flow ves- 
sel. The method employed is limited to dispersions with 
low energy input where the equilibrium average drop size 
is large. 

The experimental method discussed in this work per- 
mits the measurement of drop size distributions and co- 
alescence frequencies for a wide range of energy input in 
flow vessels. A flash photomicrographic method and a 
modified dye-light transmittance technique are employed. 
The coalescence frequencies are calculated from the data 
by extension of previous methods (Curl, 1963; Miller et al., 
1963). The average drop sizes are correlated as functions 
of dispersed phase holdup fraction and \Veber Iiumber. In 
another report these data are employed to test the validity 
of breakage and coalescence functions based on phenom- 
enological concepts and the theory of local isotropic tur- 
bulence (Coulaloglou and Tavlarides, 1975). 

CONCLUSIONS AND SIGNIFICANCE 
Drop size distribution measurements in the circulation 

and impeller regions and dispersed phase coalescence fre- 
quencies measurements were made concurrently for the 
turbulently agitated dispersion of kerosene-dichloroben- 
zene (d) in water (c) in a 12 1 flow vessel. The flash photo- 
micrographic method developed and a dye-light transmit- 
tance method employed appear to be suitable experimen- 
tal techniques for these measurements. The range of op- 
erating conditions studied were dispersed phase holdup 
fraction 0.025 < 9 < 0.15, impeller speed 190 < N < 310 
rev./min., and nominal residence time of 10 min. 

Differences observed in the size distributions between 
the regions were smaller than would be expected consider- 
ing the largely different local hydrodynamic characteristics 
of the flow field. The relative spatial homogeneity of the 
dispersion can be attributed to the low coalescence fre- 
quency amongst the droplets in the dispersion o (0.148 
min.-l, 1.12 min.-l) relative to the average internal cir- 
culation frequency of fluid elements (containing dispersed 
phase droplets) from the impeller tip and back f c  (35 
rnin.-l, 60 rnin.-l). I t  is suggested that the ratio of the 
coalescence frequency to the circulation frequency dfc 
can serve as a measure to determine whether or not one 
should treat a dispersion as being spatially homogeneous. 

As dfc approaches zero, the dispersion is observed to be 
homogeneous. 

The Sauter mean diameter dS2 is correlated similar to 
other investigators by use of the theory of locd isotropic 
turbulence and the assumption that droplet tweakup is 
based on a critical Weber number for droplet diameter 
greater than the microscale of turbulence by the following 
equation: 

d32 - = 0.081 (1 + 4.47 4 )  (We jT-o,6 
D 

A variance in the equation parameters to those reported 
for batch operation in comparable dispersed phase systems 
may be a result of the difference in the vessel operation 
during data acquisition. Larger d32 values for continuous 
flow vs. values for batch operation may in part be at- 
tributed to flow effects on the stabilized drop size. 

Models useful for calculation of dispersed phase co- 
alescence frequencies from light transmittance were de- 
veloped by extending those proposed by previous investi- 
gators (Curl, 1963; Miller et al., 1963). The coalescence 
frequency is shown to have a strong dependence on im- 
peller speed iV (0 a N2.85) when compared to d32 depen- 
dence (d32 a N-1.2 1. 

The study of two phase dispersed systems in agitated 
vessels has been the subject of numerous investigations 
(Gal-Or et al., 1969; Tavlarides et al., 1970). In such sys- 
tems the drops of the dispersed phase are continuously 
broken and coalesced at a rate depending on the local 
hydrodynamic characteristics of the flow field and the 
physical properties of the system. Generally, it is assumed 
that for ReT > 10000 the flow field may be considered 
locally isotropic (Rushton et al., 1950; Bates et al., 1963). 
Recently (Brodkey, 1967; Rao and Brodkey, 1972) it was 
reported that for the shear flows near the impeller region, 
true local isotropic turbulence would not be expected until 

the microscopic Reynolds number Rex reaches values be- 
tween 300 to 800. Far from the impeller, a liniited range 
of k - 5 / 3  spectrum exists for ReA > 130. When the turbu- 
lence is locally isotropic, the flow field can be described 
in terms of the theory of locally isotropic turbu1t:nce (Kol- 
mogoroff, 1 9 4 1 ~ ;  Hinze, 1959). 

For drops much larger than the microscale of turbu- 
lence 7, consideration of the balance between inertial and 
surface forces leads to d,,, = E - O . ~ .  This has been con- 
firmed experimentally for a variety of dispersed phase sys- 
tems, covering a wide range of physical properties and 
experimental techniques (Vermeulen, 1955; Cnlderbank, 
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1958; Shinnar and Church, 1960; Shinnar, 1961; Chen and 
Middleman, 1967; Sprow, 1 9 6 7 ~ ) .  For drops smaller than 
7, viscous effects predominate, and Taylor’s analysis (Tay- 
lor, 1934) predicts d,,, a (Shinnar, 1961). Experi- 
mental evidence of this dependence has been reported for 
gas-liquid systems (Vermeulen, 1955) and for low inter- 
facial tension systems (Sprow, 1967b), although in both 
cases the drop size was greater than the microscale of 
turbulence. 

The effect of holdup fraction on Sauter mean diameter 
has been accounted by an expression of the form d32 a 
f(+)d3z0, where f ( 4 )  is a linear function of 4 and d320 is 
the Sauter mean hameter for very dilute dispersions (4 + 
0) (Vermeulen, 1955; Calderbank, 1958; Brown and Pitt, 
1970; Mlynek and Resnick, 1972). The dispersed phase 
hold up fraction varies with location depending on im- 
peller speed and density differences between continuous 
and dispersed phase (Bouyatiotis and Thornton, 1967; 
Schinder and Treybal, 1968; Mok and Treybal, 1968; 
Weinstein and Treybal, 1973; Hoffer and Resnick, 1975). 

Various investigators reported local variation of inter- 
facial areas and drop sizes, although the detailed depen- 
dence on conditions is not yet known (Vanderveen, 1960; 
Sprow, 1967b; Schindler and Treybal, 1968; Mlynek and 
Resnick, 1972; Weinstein and Treybal, 1973; Park and 
Blair, 1975). In a continuous flow vessel, the drop size 
will also be effected by the residence time of the disper- 
sion (Weinstein and Treybal, 1973). No correlation has 
been developed to explicitly account for this effect. 

Measurements of interaction rates have been limited to 
the determination of average coalescence frequencies. The 
methods used may be classified as chemical methods (Mad- 
den and Damerell, 1962; Rietema, 1964; Hillestead, 1965; 
Komasawa et al., 1969; Shiloh et al., 1971; Villermaux and 
Devillon, 1972) and physical methods with tracer dye 
(Vanderveen, 1960; Miller et al., 1963; Verhoff, 1969; 
Komosawa et al., 1971; Villermaux and Devillon, 1972; 
Ross and Curl, 1973), impeller speed changes (Howarth, 
1967; Mlynek and Resnick, 1972), or other methods 
(Groothuis and Zuiderweg, 1964; Schindler and Treybal, 
1968; Koetsier and Thoenes, 1972). Previous coalescence 
models were employed to interpret coalescence frequency 
measurements (Levich, 1962; Howarth, 1964; Shiloh et al., 
1971; Koetsier and Thoenes, 1972). 

MODEL FOR MEASURING COALESCENCE RATES IN 
CONTINUOUS FLOW AGITATED DISPERSIONS 

The determination of coalescence frequency requires 
the measurement of the rate of change of physical or 
chemical parameters and a model describing the mixing 
process. The model first proposed by Curl (1963) and by 
Miller et al. (1963) assumes equal size drops which have 
equal probability to coalesce. Redispersion of two coalesced 
drops which had tracer concentration c‘ and cn occurs in- 
stantaneously, producing two equal size drops each of 
concentration (c’ + c”) /2. A modification is made here to 
interpret mixing frequencies in a continuous flow well- 
mixed vessel. Although the model is simplistic in structure, 
it provides a reasonable first estimate of the mixing fre- 
quency. More accurate modeling of dispersed phase mixing 
are provided elsewhere (Coulaloglou and Tavlarides, 
1975). 

The concentration distribution of nontransferring tracer 
in the droplets is 

0 is defined as the volume fraction of the dispersed phase 
coalescing per unit time. 

Assume two streams of dispersed phase with flow rates 
q1 and q2 and no tracer enter the vessel with the continu- 
ous phase. Consider two experiments: (a )  A step input of 
tracer of concentration c is introduced into the stream of 
flow rate 41, and the light transmittance% is measured at 
steady state. The drop concentrations have variance pZa. 
( b )  The same two dispersed phase streams in (a )  are pre- 
mixed, and light transmittance & is measured at steady 
state. The steady state variance of drop concentration is 
zero. The feed concentration distribution for the first ex- 
periment is given by 

where +f = q1/(q1 + q2) .  The concentration variance is 
obtained by multiplying Equation (1)  by [C - C ( t ) I 2  
and by integrating to give 

which at steady state becomes 

(4) 

The steady state average concentration of the tracer in the 
dispersed phase is equal to 7 = +fcl. The concentration 
variance PZa( t )  can be related to the mixing frequency 

PHOTOCELL PROBE SHAFT SEAL MICROSCOPE 
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Fig. 1. Mixing vessel. 
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and the normalized light transmittance (Miller et al., 
1963). Analogously, for /3&a(t) < 1 

( 5 )  

where To, 7, (t) , T b  are the average light transmittance ini- 
tially prior to dye addition, at time t for experiment ( a )  
and a t  steady state after dye addition for experiment ( b )  . 

Equation ( 5 )  may be used a t  steady state by substitu- 
tion of Equation ( 4 )  and by noting that = 4jc, to ob- 
tain 

I b  log - 
I ,  

I n ( l +  2 + 0 7  

2 + 07 - - 
2 ( 1  - (bf)ClSd 

Equation (6)  was employed to calculate the coalescence 
frequency as all parameters can be measured. 

The value of 0 obtained should be considered an ap- 
proximation to  the true coalescence frequency because of 
the uniform drop assumption, because coalescence among 
drops of identical concentration does not cause any change 
in .the concentration variance, and because coalescence of 
a small drop with a large one will cause small differences 
in concentration variance. 

EXPERIMENTAL* 

Experimental Apparatus 

The apparatus consisted of a baffled stirred vessel with a 
turbine impeller and flow inlets for two dispersed phase 
streams and a continuous phase stream (see Figure Sl'). Mea- 
surements made are: flow rates of feed streams, oil drop size 
distribution in impeller and circulation regions, and dispersion 
light transmittance I,, la, and Tb. Apparatus in contact with 
fluids are stainless steel, glass, teflon, or viton. The two oil 
streams flow from the pressurized tanks through drop gen- 
erators into the agitated vessel. The drop generators produce 
approximately equal size drops. The 12 1 tank (Figure 1) has 
four baffles and a disk turbine impeller with six flat blades 
center positioned. The light transmittance and photographic 
probes traverse vertically 9.0 cm from the axis of the vessel. 

The photographic system consisted of a photomicrographic 
probe assembly, a light probe, and an electronic flash unit. 
Photographs of the dispersion were taken by using high con- 
trast Kodak film at locations A and B (12.3 and 2.54 cm from 
the vessel top plate) with dye free dispersed phase. The light 
transmittance system included a light source, a photomultiplier 
and a photomultiplier housing, and a detection unit. 

An oil mixture of 63% kerosene and 37% dichlorobenzene 
( p d  = 0 972 and p d  = 1.30 centipoise) was dispersed in 
single distilled water. The phases were mutually saturated. The 
nontransferring azobenzene dye added to the dispersed phase 
resulted in slight change of interfacial tension ( u  = 42.82 
dyne/cm for oil mixture $0.04 N dye vs. u = 43.03 dyne/cm 
for oil mixture). 

The magnification of the optical system and camera was 
determined by underwater pictures of a microscope graticule. 

Experimental Results 

- -  

Drop size distributions and the coalescence frequencies 
* Supplementary material has been deposited as Document No. 02733 

with the National Auxiliary Publications Service (NAPS), c/o Microfiche 
Publications, 440 Park Avenue South, New York, N.Y. 10016 and may 
be obtained for $3.00 for microfiche and $5.00 for photocopies. 

>- 

I - IMPELLER REGION d32*0.410 

_____ CIRCULATION REGION - d32 =0.439 

0 ~ 2  6.3 d4  d5 d.6 d.7 68' 6.9' ;O 
DROP DIAMETER, mm 

Fig. 2. Drop size distribution a t  N = 190 revhin. ,  @ I 0.10. 

were studied for impeller speed of 190 to 310 rev.:min. and 
holdup of 0.025 to 0.15 for a residence time of 10 min. 

Three hundred or more drops were measuied in each 
analysis. Figure 2 is a typical distribution of normalized drop 
volume density vs. diop diameter for the impeller a d  circu- 
lation region. 

The experimental coalescence frequency was determined 
from Equation ( 6 ) ,  where 

J 

Vid32i + V c d 3 2 ~  

VT 
d32 = 

was employed for the drop size. The volume of the impeller 
region is assumed equal to the volume of the impeller dis- 
charge stream which is about 0.1 of the tank volumt: (Cutter, 
1966; DeSouza and Pike, 1972). The residence time was 
taken equal to T = VT/QT. Table lo summarizes the results. 

DISCUSSION 
Spatial Homogeneity Characteristics of Turbulently 
Agitated Dispersions 

It has been postulated from theoretical analysis of drop 
breakup that (Kolmogoroff, 1949; Hinze, 1955; Shinnar, 
1961) 

(5) 2 (dmax)dmax = constant for 7 < d < 1, 

(7)  

u (&ax) = K1 (Edmax) ' I 3  ( 8 )  

For isotropic turbulence 

Hence 

- 
-315 

dmax = K2 (5) ~ - 2 1 5  (9) 

or, assuming a linear relationship between dmaX a n d  the 
Sauter mean diameter d32 (Sprow, 1967), we  get 

where E is the local energy dissipation per unit mass. In 
an agitated vessel, the  point value of E as well as the local 
turbulence parameters of the flow field change with dis- 
tance from the impeller tip (Cutter, 1966; Schwartzberg 
and  Treybal, 1968; Rao and Brodkey, 1972) .  Although this 
change is continuous, one may consider that an agitated 
vessel consists of two regions differing substantially in 
terms of macroscopic as well as microscopic flow character- 
istics. A region of high rates of energy dissipation and high 
turbulence intensity u' near the impeller and  a region of 
low rates of energy dissipation and  low u' far from the 
impeller. The former region includes the impeller discharge 
stream, the impeller region, and the latter the remainder of 
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the vessel, the circulation region. In  this work, the average 
energy dissipation per unit mass in the impeller region i 
and the circulation region T, for 190 rev./min. was cal- 
culated to be 4.67 X lo4 and 0.33 x lo3 cm2/s3, respec- 
tively (Cutter, 1966). According to Equation ( 10) 

0.8 
0.6 

x 0.4 
0 

0- 

- 

* 
2 0.2 

0.1 

- 
-0.4 di32 -= (:) =0.138 

dC32 

I: - 
- 
- 
- 

- 

- 

Equation (11) suggests that di32 should be seven times 
smaller than dC32 if the residence time of the dispersed 
phase in each region is high enough for steady state condi- 
tions to be attained. From Figure 2 the ratio of experi- 
mental Sauter mean diameters was found to be (s) = 0.93 

exp 

which was a typical value for all runs (2 0.02). The 
near unity of this ratio [which is seven times greater than 
the prediction of Equation (11) ] indicates a spatial homo- 
geneity of this dispersion with regard to size distribution. 
This spatial homogeneity can be explained in terms of 
the relative values of the coalescence and circulation fre- 
quencies. The circulation frequency is (Holmes et al., 
1964) 

1 N  
c - - -  

For these studies, f ,  ranges from 35 to 60 min.-l com- 
pared to coalescence frequencies of 0.148 to 1.120 min.-l 
for 190 to 310 rev./min., respectively. Therefore, only a 
small fraction of the drop population that would coalesce 
given enough residence time in each region actually does. 
The dimensionless group o/ fc  may serve as a measure of 
the homogeneity of the dispersion. For df, -+ 0, the dis- 
persion will be homogeneous. For o/fc increasing, the 
dispersion will become less and less homogenous. The 
value of o/ fc  for all runs was smaller than 0.018. This is 
consistent with the near equal size distribution for the 
impeller and circulation region shown in Figure 3. The 
difference in volume density between the two regions of 
the vessel are plotted against the drop size in Figure S 2 . O  
As the dispersed phase moves from the impeller to the 
circulation region, the net effect of coalescence and break- 
age results in loss of small drops and generation of large 
ones. The opposite occurs from the circulation to the 
impeller region. The net change in drop sizes estimated 
from Figure S2' is 9% of the dispersed phase volume. 

Sauter Mean Diameter  Correlation and Dispersed Phase 
Coalescence Frequency 

The Sauter mean diameter in the vessel was observed 
to be moderately dependent on impeller speed. Previous 
investigators found that the Sauter mean diameter varies 
as N - 1 . 2  for batch operations (Vermeulen et al., 1955; Cal- 
derbank, 1958; Chen and Middleman, 1967; Sprow, 1 9 6 7 ~ ;  
Mlynek and Resnick, 1972; Brown and Pitt, 1970) in ac- 
cordance with Equation ( 10). Bouyatiotis and Thornton 
(1967) measured drop sizes near the bottom of an agi- 
tated vessel and found that d cc N - 0 3 6  for batch and con- 
tinuous operation. Also, Ross (1971) reported that d 0: 
N - l  for continuous operation. A least-square fit of the data 
for the impeller region, the circulation region, and the 
whole vessel showed that most of the data could be cor- 
related by a value of the exponent of N equal to -1.2 
(d32 a N-l .2 ,  see Figure 3) .  This dependence of d32 on 
N indicates that the drop size is determined primarily by 
the breakage process in accordance with Equation (11). 
The effect of holdup fraction of the dispersed phase on 

0 See footnote on p. 292. 
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Fig. 3. Effect of impeller speed on volume average Sauter mean di- 
ameter tor the vessel. 
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Fig. 4. Comparison of Sauter meon diameters with other works, @ = 
0.10: ~ 4 M l y n e k  and Resnick, 1972) batch, X-(Brown and Pitt, 
1974) batch, A-(Ross, 1971) continuous, and O-(present work) 

continuous. 

the Sauter diameter was linear, and the final correlation 
in terms of the vessel Weber number for all data is given 

(14) - = 0.081 (1 + 4.474) (We,) -0.6 

Figure S3* shows the comparison between the experimen- 
tal Sauter mean diameters and those calculated by using 
Equation ( 14). Brown and Pitt (1970) and Mlynek and 
Resnick (1972) reported values for the coefficient of 4 of 
3.15 and 5.14, respectively. The coefficient 0.081 is 1.4 
and 1.6 times the value reported by the above investiga- 
tors. The difference may in part be explained in terms of 
continuous vs. batch operation. For batch operation the 

Z, hp/1000 Gal 

by 
d32 

D 
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TABLE 1. AVERAGE DROP SIZE CORRELATIONS 

Investigator Correlation Pd [g/Cm3] 

0.692 
- 1.20 Vermeulen (19551, 

Calderbank ( 1958), 
Sprow ( 1967a), Chen and 
Middleman (1967) 

Shinnar ( 1961 ) 
Sprow (198713) 

0.51 6 ~ 1 6  0.63 
0.80 

c2 - experimentally determined 

0.80 Sprow (1967a) -0.25 d32 
D 

0.69 1-0.905 Bouyatiotis and 
Thornton ( 1967) 

0.831-0.996 Weinstein and 
Treybal ( 1973) 

Pd < Pc 

& = 10(-1.812 + 0.7328) yc0.047 ,-0.204 ( ?? )0'27'4 
\ pc 1 

whze 
@ 

QF 
~ = 100.53 Np,.0.247 NF-0.427 N -0.430 Np0.09S7 P 

0.83 1-0.996 Weinstein and Treybal 
(1973), cont'd. 

. -  
where 

@F 

- @ = 100.7'03 Np,.-0.131 NF-O.0752 Np-0.0677 NG0.0Z99 Nw0.0949 

a32 0.87-1.59 - = 0.06( 1 + 3.759) (We)T-o.G (4  blade paddle) 
D 

Calderbank (1958) 

d32 - = 0.06 ( 1  + 9@) (We)T-o.e (6 blade paddle) 

d32 - = 0.051( 1 + 3.149) (We)T-o.s 

d32 - = 0.058( 1 + 5.4+) (We)T-O.6 

D 

D 

D 

D 
a32 - = 0.081 ( 1 + 4.479) (We)T-O.S 

Brown and Pitt (1970) 

Mlynek and Resnick (1972) 

Present Work (1975) 

Brown and Pitt (1974) 

0.783-0.838 

1.055 

0.972 

0.783-0.838 

c = experimentally determined 

steady state drop size distribution in an agitated vessel 
is determined by the competing coalescence and breakage 
processes which depend on the flow field characteristics 
and the system physical properties. In a flow vessel, the 
escape rate of dispersed drops has an added effect on drop 
size distribution (Weinstein and Treybal, 1973; Coulal- 
oglou, 1975). For very low escape rates or high residence 
time, the drop size distribution approaches that for batch 
operation. Figure 4 shows the comparison between the 
Sauter mean diameter of the present work with that of 
other investigators (Brown and Pitt, 1970; Ross, 1971; 
Mlynek and Resnick, 1972) for batch and continuous op- 
erations. One should be cautious in using correlations from 
batch experiments to predict Sauter mean diameters in 
flow vessels. 

A summary of various correlations available in the litera- 
ture for Sauter mean diameters related to the work pre- 
sented in this investigation is given in Table 1. Care should 

be employed in any comparisons because of the variety 
of operating conditions, range of physical parameters, and 
effects of trace amount of impurities. 

The coalescence frequency is a strong function of im- 
peller speed in contrast to the moderate dz2 dependence 
0-1 N .  From Figure 5 and Table S1,* it is seen that o a 
N2.8s. A 31% increase from 190 to 250 rev./niin. results 
in more than a 160% increase in coalescence frequency 
for 4 = 0.05. For the same conditions the Sauter mean 
diameter decreases only by 25 % . Shinnar's theory of 
turbulence-stabilized dispersions may be employed to ex- 
plain the large increase in coalescence frequency (Shinnar, 
1961). According to Shinnar, there is a maximum drop 
size d,,, below which the breakage rate is zero. Also, there 
is a minimum drop size &in above which coalescence rate 
is zero. All the drops between d,,, and d,,, are stable. 

* See footnote on p. 292. 
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Physical properties 

cld lcpl 

0.37 
-2.5 

0.59 

0.59 

0.486-0.748 

0.722-7.43 

0.722-7.43 

u[dyne/cm] 

3.6-55.1 

9.3 

41.8 

8.5-40 

3.76-36 

3.76-36 

B/C 

B 

B 

B 

B-C 

C 

C 

Operating conditions Experimental 

&[in.] DCin.1 @ Nlrpml ~lmin]  and comments 
techniques 

4-20 2-7 0.005-0.015 80-2000 - Light transmittance, 
photography, 
Coulter-Counter 

8.75,11.5 2.5,8.75 0.05-0.25 600-2000 - Photography, 
Coulter-Counter, 
strongly coalescing 
systems, [Sprow 
(1967b)I 

8.75 1.25-4.0 0.005-0.05 250-2000 - Coulter-Counter 

7 2.7 0.2-0.5 400-1000 - Photography 

9.6,14.6 3.5,s 0.079-0.593 150-620 0.165 Light transmittance 
-4.2 

9.6,14.6 3.5,5 0.079-0.593 150-620 0.165 Light transmittance 
-4.2 

0.70-1.038 35-40 B 7,15 2.3-10 

0.59-3.30 1.9-5.0 B 11.8 4 

- 41 B 11.4 4 

1.30 43 C 9.6 4 

0.59-3.30 1.9-50 B 11.8 4 

Application of Shinnar’s theory in this system would mean 
that at 190 rev./min. most of the drops are between &ax 
and &in. At 250 rev./min. the number of drops formed 
below &,in increases, and the width of the stable region 
decreases. Consequently, the fraction of unstable drops 
will increase, and the coalescence frequency will be 
greater. As N increases, the stabilized region decreases in 
size, and eventually all the drops become unstable. The 
results show that drop size increases moderately with in- 
creasing holdup fraction at a given impeller speed. The 
coalescence frequency varies with 4 as o a 4°.45. 

A direct comparison of experimental frequencies with 
those of other investigators is difficult because of the 
marked effects of minute traces of contaminant, variations 
in temperature and interfacial surface tension, and opera- 
tion conditions ( 7 ,  +, etc.). However, the comparison of 

* See footnote on p. 292. 
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0.0-0.20 

0.05-0.30 

0.025-0.34 

0.025-0.15 

0.05 

Light transmittance - - 

250-450 - Light transmittance 

Light transmittance 140-500 - 

190-310 10 Photomicrography 

250-450 - Llght transmittance 

Figure 6 gives encouraging agreement, at least with re- 
gard to the order of magnitude obtained. Coalescence fre- 
quencies were measured in a continuous system with resi- 
dence time 7 and 19.6 min., respectively by Groothuis 
and Zuiderwig (1964) and by Ross (1971), whereas 
others employed batch systems (Miller et al., 1963; How- 
arth, 1967). All these investigators used largely different 
experimental techniques. 
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Fig. 6. Comparison of coalescence frequencies with other works: 
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$J = 0.08, O-(Ross, 1971) $J = 0.10, u-(Howorth, 1967) C$ = 
0.10, and X 4 M i l l e r  et al., 1963) $J = 0.10. 

NOTATION 

A,(&) = volume density at df 
c = dye concentration 
c1 = dye concentration in one of the streams of dis- 

= averag;e drop diameter 
persed phase (steady state case) 

- A 

Sni&3 = Sauter mean diameter, - 
%id2 

d32 

dmax = maximum drop diameter 
D = impeller diameter 
DT = tankdiameter 

= circulation frequency 
Z, = initial average transmittance prior to dye addition 
Z ( t )  = average light transmittance at time t 
I,, Z b  = average light transmittance at steady state when 

the dispersed phase streams are not premixed and 
are premixed 

k = wavelength 
K1, Kz, K3 = constants 
1, = linear scale of energy containing eddies 
N = impeller speed 
N F  = dimensionless number, ( Q d  pc u gc) /pc3 
NG = dimensionless number, ( pc4 g)  / ( pc u3 gC3) 
NP,. = dimensionless number, ( P Q d  p2) / ( VT 2 g2) 
N ,  = dimensionless number, Ap/pc 
Np = dimensionless numbers, pd/pc 
p (c) = concentration distribution 
pf(c) = feed concentration distribution 
41, 42 = flow rate of the dye containing pure dispersed 

Q T  = total flow rate of continuous and dispersed phase 
ReA = microscale Reynolds number, u’ xo/v, 
ReT = tank Reynolds number, N D 2 / v C  
t = t i m e  
tc = circulation time 
U’ = turbulence intensity 
u 2 ( d )  = mean square of the difference of the velocities 

at distance d 
VT = tankvolume 
( W e )  T = tank Weber number, W D3 p C / u  

- 
- -  

phase stream, respectively 

- 

Greek Letters 

/3 
8 (c) = delta function 
e, e 

q = microscale of turbulence 
0 = dimensionless light transmittance 
ha = dissipation scale 
p = viscosity 
p2 = concentration variance 
p = density 
v = interfacial tension 
T = nominal residence time of continuous and dis- 

& 
+F 
4 = holdup fraction 
o = coalescence frequency 

Subscripts 

d = dispersed phase 
c = continuous phase 

= extinction coefficient of dye 

= local and average energy dissipation per unit 
- 

mass, respectively 

persed feed 
= fraction of dispersed feed streani containing dye 
= fraction of dispersed phase in the feed 

Superscripts 

c = circulation region 
i = impeller region 
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