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APPENDIX: TERMS IN ANALYTICAL SOLUTION 

Transformation Motrix 

p11 PlZ 
PZl p2z 

Constants in Solution 

K i  = - 28385 {3[1 + a o  + 81(2 + 80)12 + WO')  

1 P=( ) = (  0 
2ao + 2[1 + 81(2 + 80)l 2WO 
- 285(2 4- 80) 

- 38385'(2 + 80)'(2 - + ao + 81(2 + P o ) ]  

Single Drop Breakup in Developing 
Turbulent Pipe Flow 

JOHN E. SWARTZ and DAVID P. KESSLER 
Purdue University, West Lafayette, Indiana 

An experimental study was made on the breakup of a single drop in two phase liquid-liquid 
developing turbulent pipe flow. The predominant breakup mechanism was controlled by dy- 
namic pressure forces, and the drop breakup was characterized by one or two smaller drops 
breaking off a larger drop. 

The effect on the increase in interfacial area and the resulting size distribution of the frog- 
mented drops of drop velocity, interfacial tension, initial drop size, and the distance down the 
pipe was studied. Regression analysis was used to determine the significant effects. Most of 
these regression equations had significant cubic and two-factor interactions, which is indicative 
of the complexity of drop breakup. 

The size distribution of the fragmented drops can be approximated by a normal distribution. 
However, the steady state distribution was not fully developed in the work here. 

In many "0 Phase liquid-liquid operations in chemical 
engineering, where mass is being transferred between 

phases, the mass transfer step is the rate determining step 
in the operation. The mass transfer of species A depends 
upon the mass transfer coefficient, the interfacial area, and 
the chemical potential of A in each of the two phases, 
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that is, the driving force between the phases. If we assume 
the concentration of A in the continuous phase to be con- 
stant, the mass transfer driving force is directly propor- 
tional to the concentration of A in the individual drops of 
the dispersed phase. 

For a population of different size drops at the same 
initial concentration, the mass transfer rate and hence the 
concentration of A will behave differently in time for dif- 
ferent drop sizes; for example, in smaller drops, which 
have a larger surface area per unit mass, the concentration 
of A will initially decrease faster and at any time will be 
less than in a larger drop. If each drop remained intact, 
after a period of time most of the mass transfer would be 
between the continuous phase and the relatively less de- 
pleted larger drops. 

However, drops are continuously losing identity through 
coalescence and fragmentation. In a sdficiently mixed sys- 
tem, the drops with a lower concentration of A may 
coalesce with other drops with a high concentration of 
A, and the resulting drops may then be fragmented into 
smaller drops of essentially equal concentrations of A. 
However, there is very little information available on just 
how the concentration distributions and the size distribu- 
tions of drops are changing, although a theory based on 
population balance methods is developing. There is a great 
need for experimental investigations along these lines. 

As an approach to part of the problem, this investigation 
is an experimental study of the breakup of a single drop 
in two phase liquid-liquid developing turbulent pipe flow. 
The drop was broken up by the exclusive action of the 
forces present in the developing turbulent flow of a con- 
tinuous phase in a straight circular glass pipe. Specifically 
studied were the effects of drop velocity, interfacial tension, 
initial drop size, and the distance down the pipe upon 
increase in interfacial area and the resulting size distribu- 
tion of the fragmented drops. 

DISCUSSION 

Drops in a turbulent flow field are subject to a variety 
of forces: buoyancy, gravity, drag or external viscous 
forces, inertial or dynamic pressure forces from velocity 
fluctuations, surface forces, and internal viscous forces. If 
the deformation resulting from these forces is too large, 
the drop becomes unstable and breaks up. 

The most important of these forces for relatively low 
viscosity liquid pairs and turbulent flow are the inertial 
forces, the surface forces, and the pressure forces. The 
effects of these forces can be studied in developing tur- 
bulent flow in terms of the following dimensionless groups: 
( DVp,) / ( p c )  , the Reynolds number; ( DV2pc) / (a), the 
Weber number; ( p d ) / ( p c ) ,  ( w ) / ( p C ) ,  and LID. Note 
that both the Reynolds number and the Weber number 
are based on the pipe diameter, since this is common prac- 
tice, although the drop diameter must have some effect. 

The experimental work was designed to study the effects 
of the more significant dimensionless groups describing 
breakup of a single drop. These effects were studied for 
drops of different initial diameters. In this investigation, 
the densities and viscosities of the two phases remained 
essentially constant, so these variables were not studied. 

Other investigators (2, 6) have shown that the Weber 
number has a much greater effect on drop breakup than 
the Reynolds number. Also, the more significant of the two 
forces in the Reynolds number under turbulent flow, iner- 
tial force, is also present in the Weber number. Because of 
these observations, the effect of the Reynolds number was 
not studied. Therefore, the relationship among the dimen- 

sionless groups was reduced to the following form: 

By including various initial conditions (the initial drop 
diameter) in the effects studied, and by removing D (a  
constant) from the L / D  term for simplicity, the following 
relationship was the form investigated: 

To investigate these variables, a three-factor factorial 
experiment was designed as shown in Figure 1. A total 
of seventeen treatments were run, each treatment or cell 
having from five to ten replicates. 

The Weber number was studied over a range as large 
as possible within the limitations of the equipment; Weber 
number values were 1,160, 1,410, 1,840, 2,180, and 2,840. 
The initial drop sizes and the distance down the pipe were 
run at two levels each. The initial drop sizes were 1.2 and 
1.5 cm., and the distances the drops traveled down the 
pipe were 20 and 35 ft. A summary of experimental con- 
ditions is given in Table 1. For runs 1 through 9, the 
initial drop diameter was 1.2 cm. and for runs 10 through 
17, 1.5 cm. Runs 1 to 4 and 10 to 14 were for L = 20 ft.; 
others are for L = 35 ft. 

EQUIPMENT 

The equipment consisted of a recirculating system containing 
two liquid reservoirs, centrifugal pump, electric solenoid valve, 
injection tee, glass pipe, and return piping as shown in Figure 2. 

The liquid reservoirs were two 55-gal. drums coated inter- 
nally with a polymeric material. A Worthington model 1DN62 
centrifugal pump was used to recirculate the water. A % in. 
electric solenoid valve was used for quickly starting and stop- 
ping the flow. The liquid velocity was controlled with a 1% in. 
globe valve. 

The injection tee was a 1% in. x 1% in. x W in. glass tee 
as shown in Figure 3. An 18-gauge hypodermic needle was 
inserted into the leg of this tee to enable the liquid drop to be 
transferred from a hypodermic syringe to the interior of the 
pipe. 

The pipe consisted of four 10-ft. sections of 1% in. tempered 
glass pipe. The inside diameter was 1.50 2 0.01 in. The neo- 
prene gaskets between the glass joints were 1.56 in. I.D. When 
the glass pipe was assembled, careful attention was given so 
that each section was in axial alignment and was horizontal. 
Standard galvanized pipe and fittings were used between the 
reservoirs and the flow regulating valve. From this valve 1% in. 
PVC plastic pipe and fittin s were used to the injection tee and 

All wetted parts were cleaned with a solvent and dried before 
assembly. The system was operated with numerous changes of 
water before data were taken. 

as a return line from the g P ass pipe to the reservoirs. 

EXPERIMENTAL PROCEDURE 

Ordinary city water was used as the continuous phase. 
No runs were made for at least 24 hr. after the water was 
changed to allow the system to come to room temperature. 
Two different mixtures were used as the dispersed phase 
in order to vary the interfacial tension while keeping the 
densities and viscosities relatively constant. System A was 
a mixture of isooctane and carbon tetrachloride; system B 
was a mixture of benzene and nitrobenzene. The dispersed 
phase was dyed with a small amount of Oil Red dye for 
visibility. 

The two phases were always mutually saturated before 
data were taken. The continuous phase was saturated by 
adding a small amount of this dispersed phase to the reser- 
voirs and by circulating the system for at least 30 min. 
For the dispersed phase, a small amount of water was 
poured into the reagent bottle and the phases mixed. 
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Run No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Replications 
8 
5 
5 
5 
5 

10 
5 
5 
5 

10 
5 
5 
5 

10 
7 
6 
5 

TABLE 1. SUMMARY OF EXPERIMENTAL CONDITIONS AND A V ~ A G E  VALUES 
FOR CALCULATED DATA 

System 

A isooctane and carbon tetrachloride 
B benzene and nitrobenzene 

System 
A 
A 
B 
B 
A 
A 
A 
B 
B 
A 
A 
B 
B 
A 
A 
B 
B 

V 
128 
146 
128 
146 
115 
128 
146 
128 
146 
128 
146 
128 
146 
128 
146 
128 
146 

Average Reduced 
number Mean Percent increase mean 

C of drops diameter in surface area diameter 
44 
44 
28.5 
28.5 
44 
44 
44 
28.5 
28.5 
44 
44 
28.5 
28.5 
44 
44 
28.5 
28.5 

To begin a run, an excess amount of dispersed phase was 
drawn into a hypodermic syringe and the syringe fast- 
ened to the injection needle in the injection tee. The 
excess amount was injected into the water and swept out 
of the injection tee at a very slow water velocity. The re- 
quired volume for the desired drop diameter was then in- 
jected into the water and the needle lowered into the leg 
of the tee. 

The pump was started and the electric solenoid valve 
opened. After the drop had traveled the desired length of 
pipe, the solenoid valve was closed and the pump shut off. 
The fragmented drops floated to the top of the pipe wall 
and were measured. 

Drops with diameters smaller than 0.1 cm. were not 
included, primarily because of the difficulty of measuring 
these small drops directly in the pipe. These drops repre- 
sented 10 to 20% of the total number of drops. Even if 
20% more drops had diameters of 0.09 cm., the surface 
area of the fragmented drops would be increased only 2 
to 3%. Thus, these drops have a negligible effect upon the 
volume and surface area of the fragmented drops. 

MEASUREMENT A N D  PRECISION OF 
PHYSICAL PARAMETERS 

All measurements on the dispersed phase were made 
after the addition of the dye. The liquid viscosities and 
densities are accurate within approximately 5%.  They 

J 
do 

Fig. 1. Experimental design. 
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2.9' 
5.6 

12.0 
26.8 
2.6 
4.4 

12.2 
21.6 
75.6 
3.4 

10.0 
19.6 
50.4 
7.0 

19.0 
48.2 

107.8 

0.62 
0.49 
0.38 
0.28 
0.66 
0.58 
0.40 
0.32 
0.23 
0.70 
0.48 
0.39 
0.28 
0.56 
0.40 
0.30 
0.25 

10.7 
32.8 
70.4 

113.5 
12.3 
31.3 
78.2 

112.5 
241.6 
11.7 
51.2 
90.2 

161.2 
42.3 
93.0 

170.6 
268.0 

0.33 
0.36 
0.33 
0.26 
0.36 
0.43 
0.36 
0.29 
0.22 
0.39 
0.37 
0.35 
0.27 
0.44 
0.36 
0.29 
0.24 

dp/& 
0.96 
0.91 
0.82 
0.74 
0.96 
0.90 
0.79 
0.71 
0.51 
0.96 
0.86 
0.77 
0.61 

0.77 
0.60 
0.51 

0.88 

were measured by using an Ostwald viscometer and a 
hydrometer, respectively. The interfacial tensions were 
measured by using a Du Nouy ring tensiometer. When 
the Du Nouy tensiometer is used, a correction factor must 
be used (9) .  This correction factor contains a density dif- 
ference term in the denominator and consequently grows 
very large when the densities of the two liquids are ap- 
proximately equal, as in this investigation. Therefore, in- 
terfacial tension of an isopycnic system cannot be measured 
directly but must be obtained by interpolating data for 
which the organic phase is systematically varied in com- 
position, The interfacial tension is accurate within approxi- 
mately 10%. The above physical properties of the dis- 
persed phases compare closely with those found by 
Sleicher (4,  5 )  for the same systems. 

The bulk velocities were determined by measuring the 
time necessary to pump a given quantity of water from 
one reservoir to the other, These velocities were duplicated 
within 1%. 

The initial drop size was determined by the volume of 
liquid injected into the system with the hypodermic syringe, 
which was calibrated in 0.1 cc. This gave a maximum error 
of 0.03 cc. or 4%. 

The accuracy of the observed drop diameters after 
breakup was determined by computing the total volume 
of the dispersed drops for each run and comparing this 
against the volume of the initial drop. This comparison is 
shown in Table 2. Fifty-three observations were made at 

I'/r"PLASTIC PIPE (RETURN) 

'-1'k"GLASS PIPE ,,j 
lb2"GLOBE VALVE 

(2)50 GAL.DRUMS CENTRIFUGAL PUMP 

Fig. 2. Experimental equipment. 
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Fig. 3. View of injection tee. 

each of the initial drop diameters. 
The difference is caused primarily by parallax when 

the drop diameter is measured in the pipe; however, this 
hias introduces an error of only 3 and 5c.L in the volumes 
of the 1.2 and 1.5 cm. drop diameters, respectively, and 
less error in  the surface areas and drop diameters. 

Iieplicates 1 to 5 of run 14 were some of the earliest 
inade. To detect any change in the accuracy and precision 
of the experimental procedure, replicates 6 to 10 of run 

100 2 000 3000 

WEBER NUMBER 
Fig. 4. Effect of Weber number on interfacial area. 

- 00 1.5 2 0  

I @a 1.5 3 5  

.1 I I 

1000 2000 3000 

WEBER NUMBER 
Fig. 5. Effect of Weber number on the mean diameter of fragmented 

drops. 

13 \\'ere the last data determilied. Statisticd tests gi\-e 110 

evidence that the means and \mimces of these two sets 
of replicates are different. 

RESULTS 

Observations of  the Fragmentation Process 

The dyed drops were easily observed ;IS they moved 
clown the glass pipe. Upon start-up of tlie continuous 
phase, the drop moved down the pipe and started vibrat- 
ing. These vibrations were of the type clescribed by Hinze 
( 1 )  as the penetration of lamellae and ligaments of one 
fluid into the other. Almost all of the 1)renkups were char- 
acterized by one or two smaller drops lmxkiirg from the 
large parent drop rather than the parent drop splitting 
into two more or less equal size drops or a drop shatteririg, 
where four or five smaller drops were simultaneously 
formed from the larger drop. 

Throughout the drop acceleration and initial stages of 
breakup, the drop remained near the center of the pipe, 
and the breakup also occurred near the center. 111 similar 
experimental equipment in developed flow, Sleicher ( 4 )  
observed that most of the drop breakup occurred very 
close to the \vall, and that ewli drop broke into two ap- 
proximately equal parts after considerable stretching. 

As a drop accelerates in turbulent flow, the decrease in 
pressure on one side caused by higher velocities of the 
continuous phase will tend to pull the drop into the center 
of the pipe. As the drop approaches the \,elocity of the 
continuous phase, the greatest velocity differential across 
the drop occurs on that side closer to the wall. This veloc- 
ity differential will lower the pressure on the side nearer 
the wall and cause the drop to move towards the wall. As 
the drop moves into lower velocity fields, it slows down; 
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stresses at varying distances from the injection tee because 1 .o 
there was some uncontrollable variation in the speed at 
which turbulence developed. 

To determine where the transition from laminar to tur- 
bulent flow took place, lines of dye were injected into the 
water perpendicular to the pipe axis in the proximity of 
the drop. A run was made exactly as if data were being 
taken. As long as the flow was laminar, the dye lines re- 
tained their identity; when turbulent flow started, the dye 
lines quickly mixed with the continuous phase and lost 
their identity. This test was repeated a number of times, 
and each time the drop remained almost spherical in shape 
during laminar flow but immediately started vibrating with 

.8 

.6 

dP - 
do 

bulgy deformations at the onset of turbulent flow. There- 
fore, in subsequent runs, the initiation of turbulent flow 
was taken as the point where the drop started vibrating. 

distance of approximately 13 ft. from the injection tee. 
This is comparable to Sleicher's data ( 4 ) .  He states that 

by the slightly irregular action of the solenoid valve. 

.4 

The initiation of turbulent flow varied about a mean 
.2 

11 ft. are required for the development of the boundary 
layer. I t  is believed that some of this variation was caused 

0 

- 

- 

- 

- 
do,cm L,tt 

0 0 1 . 2  20 

@ D  1.2 35 - 
Q o  1.5 20 

@O 1.5 35 
I 



the fragmented drops, reduced mean diameter (with the 
largest, that is, parent, drop removed), the number of frag- 
mented drops n, and the parent drop diameter divided by 
the initial drop diameter $/do. The curve parameters are 
the initial drop size and the distance the drop traveled 
down the pipe. 

The average value of these dependent variables for each 
run are tabulated in Table 1 and are the data points shown 
on Figures 4 to 8. Each data point shown on these curves 
represents the average response for one treatment or cell 
of the experiment. All the curves on Figures 4, 6, 7, and 8 
were determined by a regression analysis by using the gen- 
eral multiple regression program BIMD 3R on an IBM 
7094 computer. The curves on Figure 5 were not deter- 
mined in this manner. 

The regression model for these curves is a specific case 
of the general model given below with do and Lt terms 
held constant: 

Y = bo + bl (Nwe) + b2 ( N w e ) 2  

There was no significant lack of fit in any of these curves 
at (L = 0.10. 

Analytical equations were also developed for these ef- 
fects by using all three independent variables studied. The 
following model was used: 

Y = bo + bl ( N w e )  + bz (Nwe)' + b3 ( N w ~ ) ~  + b4 (do) 

+ b5 (Lt) + h (Nwe) (do) + b, ( N w e )  (Lt) 
+ be (do) (Lt) + b9 ( N w e )  (do) (Lt) 

The significant terms in this model were determined for 
each dependent variable with a regression analysis by 
using the BIMD 3R program and an IBM 7094 computer. 
To obtain no significant lack of fit at a = 0.10, all terms 
had to be included for Y = n. For Y = I ,  all terms except 
the ones involving bg, be, and bg had to be included. For Y 
= X,, only terms in bo, bl, b5, and b, were included. For 
Y = d,/dO, only terms in be and bg were excluded. 

Discussion of Results 
With reference to Figure 4, the regression curves 1, 3, 

and 4 are linear, while curve 2 is quadratic. However, 
curve 2 has five levels of observations, while the other 
curves have only four levels. One might expect all the 
curves in Figure 4 to approach quadratic curves if the 
range of the observations was increased. 

In Figure 6, curves 1 and 3 are horizontal, indicating 
that there are no significant differences in the reduced drop 
diameters within the range of Weber numbers investigated. 
Curves 2 and 4 are linear with negative slopes. However, 

0.8 I i 

0 RUNN0.7 

0 RUN N0.16 

I- .5 - 

0- 
0 -3 
Ly: n 

- 

I 2 5 10 203040506070 80 90 95 98 
CUMULATIVE PERCENT NUMBER OF DROPS 

Fig. 9. Cumulative distributions of drop diameters. 

n 

11 
f L O G  I I  

A 

B 
d 
C 

d 
B 

n 

D 
Fig. 10. Evolution of drop size distribution. 

in curves 1 and 3 the total distance the drop traveled in 
the pipe was only 20 ft.; thus, the drop breakup was not 
sufficient to detect any differences in reduced mean drop 
diameters. In curves 2 and 4, the total distance the drop 
traveled was 35 ft., and differences in the reduced mean 
drop diameters could be detected. These results are what 
one might expect in developing flow. 

Examination of the regression equations shows a large 
number of the independent variables (Nwe,  do, and Lt) 
and their interactions to be significant, even though two 
independent variables were measured at only two levels 
within a short range. For example, the regression equa- 
tion for the increase in interfacial area has the following 
significant terms: 

This suggests that the increase in interfacial area is de- 
pendent upon many variables and their interactions and is 
a very complicated expression. If the effect of other im- 
portant factors such as viscosity and density were studied, 
these expressions would be even more complicated. 

The authors know of no other data that would invite 
comparisons with this investigation. The closest work is 

TABLE 2. COMPARISON OF DROP VOLUMES 

Initial volume, cc. 
Mean of the final 

volumes, cc. 
Standard error of 

the final volumes 

Initial drop Diameter, cm. 
1.2 1.5 

0,9048 1.767 

0.8748 1.68 1 

0.0259 0.040 

Vol. 16, No. 2 AlChE Journal Page 259 



the numerous papers (2, 3, 7) on liquid jets mixing two 
phases. In most of these a liquid jet of the dispersed phase 
was injected into a flowing continuous phase and the re- 
sultant drops analyzed. After the jet had initially broken 
up to form drops, further breakup would probably be of 
the type discussed in this investigation. Once the individual 
drops are formed, subsequent breakup is not, of course, 
dependent on the origin of the drops. 

Examination of the raw data shows that the fragmenta- 
tion process was nowhere near completion when each run 
was terminated. In almost every observation the resulting 
drops consisted of a large parent drop with a number of 
much smaller drops. In Figures 5 and 6, at a Weber num- 
ber greater than approximately 3,000, the mean drop 
diameters of the two populations (total and reduced) 
blend into the same curves. This suggests that at these 
Weber numbers the parent (or largest remaining) drop 
was sufficiently fragmented to have little effect on the 
mean diameter of the fragmented drops. 

Drop Size Distribution 

The cumulative distributions of the diameters of the 
fragmented drops (exclusive of the parent or largest re- 
maining drop) for runs 7, 10, and 16 were plotted on 
probability paper. All of these runs approximated a straight 
line, indicating a close fit to a normal distribution for the 
fragmented drop diameters. These plots are given in Fig- 
ure 9. Other investigators (2, 6) have found that dispersed 
drop diameters follow a log-normal distribution. How- 
ever, their systems were different than the one studied in 
this investigation in that their dispersed phase was con- 
tinuously entering the system in the form of a liquid jet. 
A log-normal distribution is characterized by a larger per- 
centage of drops at the smaller diameters as shown in Fig- 
ure 10A. 

In this investigation, the initial drop size distribution 
was a single drop as shown by the solid area in Figure 
10B. After the drop had fragmented approximately eight 
or nine times, the size distribution would be similar to that 
shown by the shaded areas in Figure 1OB. As the drops 
continued to break up, one would expect the size distri- 
bution to be similar to a truncated normal distribution as 
shown in Figure lOC, where the distribution is bounded 
by zero on one side and the largest drop diameter (which, 
of course, must be less than the initial drop diameter) on 
the other side. 

If breakup were continued beyond the range of this in- 
vestigation, one might expect the distribution of drop diam- 
eters to approach that shown in Figure 10D, where the 
entire population would be in a narrow diameter range. 
This final distribution (beyond which no further breakup 
will occur) might be expected to approach a truncated 
log-normal distribution because of this high population 
density in the smaller diameters. Thus, this investigation 
is not inconsistent with the finding of log-normal drop dis- 
tributions by other investigators. 

CONCLUSIONS 

1. Analytical equations were found for different depen- 
dent variables by using the Weber number, initial drop 
size, and distance traveled in turbulent flow as the de- 
pendent variables. A number of terms involving two- and 
three-factor interactions is required in some of these equa- 
tions to obtain significant fit of the data. Because of the 
large number of terms and interactions, caution must be 
used in attempting to use these equations beyond the range 
of the data. 

2. The regression equation for the percent increase in 
interfacial area is 

Z = 741.8 - 1.06 ( N w e )  + 4.81 X (NWe)’ 
- 7.48 X lo-’ ( N w ~ ) ~  - 137.7 (do) - 2.66 ( L t )  

+ 1.07 X 10-1 ( N w e )  (do) 
+ 3.02 x 10-3 ( N ~ , )  (LJ 

3. The predominant breakup mechanism was by pres- 
sure forces. The drop breakup was characterized by one 
or two smaller drops breaking from a large drop. 

4. The size distribution of the fragmented drops can be 
approximated by a normal distribution. However, because 
the breakup was terminated in the early stages, this is not 
inconsistent with the log-normal distribution found by other 
investigators. 

5. During the earlier stages of breakup, the number of 
drops formed with diameters of less than 0.1 cm. is ap- 
proximately 10 to 20% of the total number of drops, and 
their contribution to the total interfacial area is insignifi- 
cant However, as breakup continues, one might expect the 
relative number of these smaller drops to increase. 

NOTATION 

bi 
do 
dp 
D = pipe diameter, cm. 
Z 
L 
Lt 

n = number of drops 
N R ~  = Reynolds number, dimensionless 
Nwe = Weber number, dimensionless 
s, 
V 
Xi 
X ,  
Xt 
Y 
Greek Letters 

(Y 

pc 
pa 
pc 
pd 
u = interfacial tension, dynes/cm. 

= constants in regression models 
= initial drop diameter, cm. 
= parent (or largest remaining) drop diameter, cm. 

= percent increase in interfacial area 
= total distance drop has traveled from rest, ft. 
= total distance drop has traveled in turbulent flow, 

ft. 

= standard deviation about the reduced mean 
= average bulk velocity, cm./sec. 
= independent variables in regression models 
= reduced mean drop diameter, cm. 
= arithmetic mean drop diameter, cm. 
= dependent variable in regression model 

= probability associated with the F value in statisti- 

= viscosity of continuous phase, centipoise 
= viscosity of dispersed phase, centipoise 
= density of continuous phase, g./cc. 
= density of dispersed phase, g./cc. 

cal tests 
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