
Drop Formation a t  Low Velocities 

in Liquid-Liquid Systems: 
GEORGE F. SCHEELE and BERNARD J. MEISTER 

Cornell  University, I thaca,  N e w  Y o r k  

Part 1. Prediction of 

A correlation is presented for predicting 

Drop Volume 

the drop volume for injection at low velocities of 
one Newtonian liquid into a second stationary immiscible Newtonian liquid in  the absence 
of surface active agents. The analysis, which i s  based on a two-stage process of drop formation, 
predicts drop volumes within an average error of 11% for fifteen liquid-liquid systems cover- 
ing a wider range of variables than any previous study. Although the equation was tested pri- 
marily with mutually saturated liquids, i t  correctly predicted drop size for two systems where 
moss transfer was occurring. 

The prediction of the interfacial area formed when one 
liquid is injected into a second immiscible liquid through 
a single orifice or nozzle is necessary for calculations of 
heat and mass transfer rates in such processes. This paper 
considers the low flow velocity region prior to jet forma- 
tion where uniform size drops are formed directly at the 
nozzle tip and break off in a regular pattern. Hayworth 
and Treybal ( 5 )  and Null and Johnson (8) both present 
photographs which illustrate the drop formation process. 

Harkins and Brown ( 4 )  derived an expression for cal- 
culating the drop volume at negligibly small flow rates 
by equating the buoyancy and interfacial tension forces 
and correctin the volume for the fraction of liquid which 

For cases where velocity effects become important there 
are two widely accepted correlations. Hayworth and 
Treybal ( 5 )  extended the analysis of Harkins and Brown 
by incorporating into the force balance the inertial and 
drag forces which arise for finite injection velocities, while 
Null and Johnson (8) used a geometric approach to obtain 
a correlation for drop volumes. 

Rao et al. (10) have recently developed a correlation 
based on a two-stage drop formation process. In the static 
stage the drop is assumed to expand until the buoyant 
force balances the interfacial tension force. The drop 
volume at the end of the static stage is given by the equa- 
tion of Harkins and Brown. During the second stage, when 
the drop is detaching from the nozzle, the drop continues 
to grow. 

remains attac a ed to the nozzle after drop break off. 
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Meister (7) found that the Hayworth-Treybal and 
Null- Johnson correlations did not satisfactorily predict drop 
size over the wide range of liquid properties and nozzle 
diameters he studied, a result consistent with the observa- 
tions of Null and Johnson ( 8 ) ,  who found maximum 
average errors of 94 and 377% when they compared 
experimental data with their analysis and that of Hay- 
worth and Treybal, respectively. 

Although Rao et al. indicate that their analysis signifi- 
cantly reduces the error for many systems ( l o ) ,  it has 
some weaknesses, the most evident of which is its in- 
ability to predict a drop volume smaller than that given 
by the Harkins and Brown analysis. Drops of smaller than 
static condition size were observed in this study. 

This paper presents an improved correlation for drop 
volume based on the two-stage drop formation process and 
extensive experimental data. 

EXPERIMENTAL STUDY 

Although several sets of drop volume data exist in the 
literature ( 5 ,  8, IO), it was felt that additional experiments 
were necessary to obtain a better understanding of the mech- 
anism of drop formation and to provide a more stringent test 
of any proposed correlation by extending the range of vari- 
ables studied. Experiments were designed to obtain drop 
diameter as a function of injection velocity and nozzle diam- 
eter for systems with a wide range of physical properties. In 
all systems the dispersed phase was of lower density than the 
continuous phase. 

The experimental apparatus is shown schematically in Figure 
1. The test section consisted of a continuous phase tank, into 
whose bottom the desired nozzle was fastened. The tank. 

Vol. 14, No. 1 AlChE Journal Page 9 



rectangular to minimize optical distortion, was 2?h ft. high and 
had a square cross section 1 ft. on each side. Data obtained 
by Shiffler (11) show that wall effects are negligible in a tank 
with a 1 ft. square cross section. Three sides of the tank were 
plate glass, and the fourth side and bottom were brass plate. 
The dispersed phase feed and hold tanks and valves were type 
304 stainless steel, and all tubing was copper to eliminatrt 
contamination of the liquid. 

I I 

zzle 

Fig. 1. Schematic diagram of  experimental apparotus. 

The five nozzles used were made of stainless steel tubing 
4 ft. long and had inside diameters ranging from 0.0813 to 
0.688 cm. The large length to diameter ratios, which ranger1 
from 177 for the largest nozzle to 1,500 for the smallest, 
were chosen to minimize disturbancks and to assure a fully 
developed velocity profile at the nozzle exit. The nozzle tips 
were machined flat so that undesirable wetting of a nozzlc hy 
the dispersed phase could be detected easily. Data were oh- 
tained only from experiments in which no wetting occurred. 

Regulated laboratory compressed air was used to circulate 
the dispersed phase liquid. The dispersed phase flow was con- 
trolled with a needle valve having a vernier scale, and its 
rate was measured with the calibrated rotameter of appro- 
priate capacity. 

Drop diameters were measured from still photographs taken 
with a Praktina FX 35-mm. camera using Tri X panchromatic 
film and a shutter speed of 10-3 sec. Four photographs were 
taken for each experimental condition, and each photograpli 
contained images of several drops. Drop sizes were measured 
from the negatives with a microfilm reader. If the drop was 
deformed from a spherical shape, the drop diameter was re- 
corded as the arithmetic average of the major and minor 
diameters. Christiansen ( 3 )  has shown that this procedure 
causes less than 5% error in the calculation of drop vohniie 
if the ratio of major to minor diameters is less than 1.7. In 
this study the ratio was less than 1.2 for most drops. In 
twelve of the 600 experiments satellite drops were formed 
from the neck of the drop breaking away froin the nozzle. 
These drops were ignored in the calculation of drop volume 
because they contributed negligibly to the interfacial area. 
These drops did not affect the uniformity of the primary drops 
because, on occasions when they were formed, one satellite 
drop was formed with each primary drop. 

To study the mechanism of drop formation high-speed 
motion pictures were taken with a Wollensak Fastax WF3 
camera at a rate of 2,500 framedsec. with 4X panchromatic 
film. 

The dispersed phase was dyed with Calco Oil Red to im- 
prove the contrast in the photographs. This dye is recom- 
mended by Kintner ( 6 )  because it has no effect on the inter- 
facial tension and is devoid of other interfacial activity for 
organic liquid-water systems. 

The experimentally measured physical properties of the 
liquid pairs investigated are presented in Table 1. Systems 1 
through 13 were mutually saturated by mixing the phases 
together prior to study and measurement of properties. 
Systems 14 and 15 were not mutually saturated because they 
were used to study the effect of mass transfer on the drop 
formation process. Viscosities were measured with Cannon- 

Fenske viscometers, densities were determined with a set 01 
Elmer and Ahmid hydrometers, and interfacial tensions were 
obtained with the Harkins-Brown drop volume technique. 

THEORY 

Force Balance 

There are four major forces which act on a drop during 
the process of formation a t  a nozzle. The buoyancy force 
due  to the  density difference between the two fluids and 
the inertial or kinetic force associated with fluid flowing 
out of the nozzle act to separate the dro from the  nozzle, 

the drag  force exerted by the continuous phase act to 
keep the  drop on the nozzle. When the lifting force ex- 
ceeds the restraining force, the drop begins to break away 
from the nozzle. 

If VFS is the total liquid volume attached to  the nozzle 
tip a t  the instant the net force on the forming drop equals 
zero, the buoyancy force is 

while the interfacial tension force at t B e nozzle tip and 

FB = VFS@ (1) 

F ~ = - I w D N  (2) 

The interfacial tension force is 

At static conditions these are the only forces acting on  the 
drop, and the volume VF of a drop formed is given by 

(3) 

where F is the Harkins-Brown factor which corrects for 
the fraction of the liquid volume which remains attached 
to the nozzle after drop break off. 

In any practical process velocity effects become signifi- 
cant. If it is assumed that all the energy in the fluid leav- 
ing the nozzle is transmitted in  the vertical direction to 
the forming drop, the kinetic force can be formulated. The 
differential kinetic force acting on a differential cross- 
sectional area is 

dFK = p’U2dA (4) 
In the present experiments a straight section of more than 
100 pipe diameters preceeded the nozzle exit, and  the 
Reynolds number in the nozzle was always less than 2,100, 
so that the parabolic velocity distribution 

uz = 2UN [ 1- (31 ( 5 )  

can be substituted into Equation (4). Integration over the 
nozzle area gives 

3 

The drag force is more difficult to  evaluate. The simplest 
approach is to consider the forming drop as a sphere with 
a velocity UF relative to the continuous phase at the in- 
stant the net  force is zero. By definition 

CD ~p UF’ ( DFS)  ’ 
8 (7) FD = - 

where DFs is the diameter of the attached drop at the 
instant the forces are  in balance. 

Results of this study show that in all systems where F D  
is significant the drop Reynolds number is less than 1.0 
because of large continuous phase viscosity. If the drop 
is treated as a solid sphere, the drag coefficient is given by 
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and the drag force becomes 

(9) 
3 7 ~  UFDF 

F1/3 
F D  = ~ ~ J I U F D F S  = 

Although the drop velocity is a variable function of 
position, it is assumed that UF can be approximated by 
the leading edge velocity of the drop. For a drop that 
maintains a spherical shape throughout its growth period, 
the time elapsed during drop formation is 

c (h3  - h03) 
t =  

6Q 
where h is the distance from the nozzle tip to the leading 
edge of the drop and h ,  the diameter of the liquid left 
on the nozzle after drop break off, is related to the diam- 
eter DF of the drop formed by the Harkins-Brown correc- 
tion factor F: 

D ~ ~ ( 1 - p )  
F 

h03 = 

The leading edge velocity of the drop is 

At the instant the forces are in balance 

where 

Equation (14) assumes that at the instant the net force 
becomes zero a drop of diameter DF breaks off the nozzle. 
Substitution of Equation ( 1 4 )  into Equation ( 1 2 )  yields 

2 ~ ~ 2 1 3  
u F = -  

T D F ~  

and Equation (9) for the drag force becomes 

Equation ( 1 6 )  is valid only when the assumption of 
spherical growth is justified. Figure 2 shows that Equation 
(12) gives a good prediction of the leading edge velocity 
measured experimentally from high-speed movies for the 
smallest nozzle used. However, for larger diameter nozzles 
there was drop deformation which caused a larger forward 
velocity than predicted by Equation ( 1 2 ) .  This deforma- 
tion appeared to be primarily a function of the ratio of 
the nozzle diameter to the drop diameter. Since the Har- 
kins-Brown correction factor is also a function of this 
ratio, the drag force can be generalized to 

where K D  and n must be evaluated from experimental 
data. The empiricism also corrects for any reduction in 
F D  due to induced continuous phase motion. 

At equilibrium 

FB + F K  = Fs + FD 

Substituting the appropriate expressions for the forces and 
rearranging, one gets 

(18 )  

(19 )  
WDN KDPQ UN 4 p ’ Q u ~  

VFS - 
gAp +-(,) - 3g AP 
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Equation (19) gives the volume of liquid on the nozzle 
tip at equilibrium. If the drop instantaneously broke off, 
multiplication of Equation ( 1 9 )  by F would give the 
volume of the separated drop. However, it was observed 
in high-speed movies that a considerable amount of 
liquid flowed into a drop during the process of drop break 
off after the net lifting forces exceeded the net restraining 
forces. As the nozzle velocity increased, this mechanism 

0 0.10 0.20 0.30 0.40 0.5 0 
1, sec. 

Fig. 2. Leading edge velocity of drop 0s function of time for injection 
of heptane into water through 0.0813 cm. diameter nozzle a t  nozzle 

velocity = 35.2 cm./sec. 

contributed a greater and greater proportion of the final 
drop volume. Siemes and Kauffmann (12) observed this 
phenomenon for gases injected into liquids, and Rao et al. 
(10) postulated the mechanism for liquids injected into 
liquids. To predict VF it is necessary to estimate this addi- 
tional flow. 

Flow Into Drop During Necking 
The additional volumetric flow VFN out of the nozzle 

during the process of drop break off can be calculated 
from the equation 

if the time tB for drop necking to occur is known. If the 
initial neck diameter is assumed equal to the nozzle diam- 
eter, tB is given by the equation 

VFN = Q ~ B  ( 2 0 )  

where U R  is the radial necking velocity during drop break 
Off.  

Instead of developing a complex analysis for UR, limited 
experimental data on U R  were coupled with an approxi- 
mate functional relationship for the vertical rise velocity 
Uv to obtain a simplified expression for UR. 

Once the process of necking has begun, a differential 
force balance on the drop can be written as 

if the following are assumed: 

tion term. 

forces during necking is negligible. 

drop during necking. 

1. Uv dm/dt is negligible compared with the accelera- 

2. The change in interfacial tension and kinetic energy 

3. All the additional flow Qt from the nozzle enters the 

4. Uv is in the Stokes law region. 
5. An average value of DF can be used in the drag term. 
6. VF is negligibly small. 
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If the steady state rise velocity after drop break off 
and the drop formation time are used as the characteristic 
velocity and time, respectively, dimensionless velocity and 
time variables are defined by 

uv’ = 18 puv/DF2gAp (23a) 

(23b) t‘ = 6 Qt/T Dp3 

and Equation (22) can be written in dimensionless form as 

If the approximate boundary conditions 

UVf = 0 a t t ‘=  td 
Uv’ = 1.0 at t‘ = 1.0 

are valid and the same percentage of total drop formation 
time is involved in the necking process for all experimental 
conditions, Uv’ will be a function only of t’ and the 
dimensionless group pDF/Qp. Although the data do not 
fully support this approximation, any more complex ap- 
proach unnecessarily complicates the final drop volume 
correlation. 

It is assumed that the dimensionless radial necking 
velocity UR’ depends on the same parameters as Uv’. 
High-speed movies of droplet formation in the heptane- 
water system with the largest nozzle, where the time 
duration of necking was sufficiently long to measure the 
time dependence of Up., showed that the data fit the 
equation 

A generalized equation consistent with the above equa- 
tion is 

(24b) 

(24c)  

U R  = Kt2 (25 )  

Solving for K one gets 

( 2 7 )  
Q2gAp DFP * 
DF4p ( Qp’ 

K=KZ- - 
To simplify the final correlation for drop volume, a was 
arbitrarily set equal to 1.0 so that viscosity would appear 
only in the drag term, and Dp3 was approximated by 
6u DN/gAp. Combining Equations ( Z O ) ,  (21), ( 2 5 ) ,  and 
( 2 7 ) ,  one obtains 

Experimental observations indicated that part of the 
nozzle throughput during necking does not go into the 

D,(F/V,)”’ 
Fig. 3. Harkins-Brown correction factor F for use in Equation (30) .  

drop. It will be assumed that the fraction which does flow 
into the drop is equal to the Harkins-Brown correction 
factor F ,  since this simplifies the form of the finaI equa- 
tion. 

Final Correlation 

The drop volume after break off is given by 

VF = F (VFS + V F N )  (29) 

After substitution of Equations (19) and (28) for VFS 
and V F N ,  respectively, the undetermined coefficients and 
exponent were evaluated by using experimental drop 
volume data. Ka was determined by fitting all the data 
for systems with continuous phase viscosity less than 10 
centipoises, since for these systems the drag term was 
negligible. This value of K3 was then used with the 
heptane-glycerine data to obtain K D  and n. The final COT- 
relation is 

20pQ DN 4p’ Q ~ N  --- V F = F  - [ TiA:’ D&& 3gAp 

Although the constants were obtained only from data 
in which the dispersed phase was less dense than the con- 
tinuous phase, the theoretical analysis should also be valid 
in the reverse situation so long as the injection is in the 
vertical plane. The only difference in the two situations is 
the direction of the pressure gradient in the continuous 
phase relative to the direction of dispersed phase injection. 

The Harkins-Brown correction factor F is generally 
presented as a plot of F vs. D N / ( V F ) ~ ’ ~ .  This plot, al- 
though useful in interfacial tension determinations, is not 
convenient for use with Equation (30) because the drop 
volume is not known. Therefore the correction factor has 
been replotted as F w. D N ( F / V F ) ~ / ~  in Figure 3. The 
quantity D N (  F / V F )  * I3  can be calculated directly from 
Equation ( 3 0 )  when the drag term is negligible. For 
continuous phase viscosities greater than 10 centipoises 
the drag term is not negligible and the solution becomes 
a trial-and-error one. As originally derived, DF in the 
drag term was the drop diameter when the flow into the 
drop during necking was negligible. To simplify the final 
equation, however, the drag term was evaluated by using 
the experimental drop diameter, so DF in Equation (30) 
is the actual drop diameter. 

Equation (30) was derived for a parabolic velocity 
profile in the liquid leaving the nozzle. For a flat velocity 
profile, the equation should be valid if the constant 4/3 
in the kinetic term is replaced by 1.0. 

EXPERIMENTAL RESULTS 

Equation (30) was used to calculate drop volumes for 
all systems listed in Table 1. All the nozzles were used 
with the heptane-water system, but for many systems only 
one nozzle was studied. For each system and nozzle, drop 
volumes were calculated for three or four flow rates span- 
ning the velocity region prior to jet formation. These 
computed values were compared with the experimental 
volumes, and a percentage error was obtained by dividing 
the deviation of the calculated from the experimental 
volume by the smaller of the two values; in this way a 
calculated drop volume which is half the actual volume 
has the same error as one twice the experimental volume. 

The mean percentage deviation for seventy-eight runs 
with Equation (30) was lI.O%, and in only two runs was 
the error greater than 30%. For the same data the Hay- 
worth-Treybal and Null-Johnson predictions had mean per- 
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Fig. 4. Drop volume nozzle velocity dependence for heptane iniec- 
tion into water. Nozzle diameter = 0.254 cm. 

0 4 8 12 16 2 0  24  28 
U,, cm./sec. 

Fig. 5. Drop volume nozzle velocity dependence for heptane injection 
into glycerine. Nozzle diameter = 0.0813 cm. 

centage deviations of 83.3 and 139.50/,, respectively. Com- 
parisons of experimental data with the predictions of 
Equation (30) and the Hayworth-Treybal and Null- 
Johnson correlations are presented for four representative 
systems in Figures 4 to 7. Comparisons were not made 
with the analysis of Rao et al. because it cannot predict 
experimental results such as those shown in Figure 7 
where the drop volume becomes smaller than that pre- 
dicted by the Harkins-Brown equation. 

The errors obtained by using Equation (30) show no 
trend with physical properties, and the mass transfer re- 
sults are correlated as satisfactorily as data for the mutually 
saturated systems. There is, however, a trend to negative 
errors for small diameter nozzles and low flow rates and 
positive errors for large nozzles and high flow rates. 

DISCUSSION OF RESULTS 

The drop volume correlation given by Equation (30) 
is more accurate than previous correlations over a wider 
range of physical properties. It is also easier to use, espe- 
cially when the continuous phase viscosity is less than 10 
centipoises . 

A primary reason for the improvement is that several 
of the liquid-liquid pairs employed in the experimental 

l l l l l l l t l l l l l l l l l  
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

Fig. 6. Drop volume nozzle velocity dependence for butyl alcohol 
injection into water, Nozzle diameter = 0.0813 cm. 

U,, cm./sec. 

0 2 4 6 8 1 0 1 2 1 4  

Fig. 7. Drop volume nozzle velocity dependence for 55% carbon 
tetrachloride-45% heptane injection into water. Nozzle diameter = 

0.254 cm. 

U,, cm./sec. 

investigation afford a stringent test of any model because 
of extreme values of phase viscosities, interfacial tension, 
or density difference. While both the Hayworth-Treybal 
and Null- Johnson correlations show good agreement with 
experimental data at  times, they are sufficiently empirical 
that the can't be safely extrapolated beyond the range 

range is quite limited is shown by the fact that although 
several of the systems in the present study have fairly 
common physical properties, only two of the twenty-five 
system-nozzle combinations studied have all their vari- 
ables within the range studied b Null and Johnson, and 
none have all their variables witlin the range covered by 
the Hayworth and Treybal correlation. 

Figures 5 and 6 illustrate the difficulty of extrapolating 
empirical correlations. Null and Johnson did not study 
systems with a highly viscous continuous phase and so 
did not include in their analysis the effect of viscous drag 
in increasing dro volume. For this reason their correla- 
tion was unsatis F actory when applied to the glycerine 
series of experiments, as can be seen in Figure 5. Hay- 
worth and Treybal used a synthetic wetting agent to 

of varia g les for which they were established. That this 
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TABLE 1. PHYSICAL PROPEETIES OF EXPERIMENTAL SYSTEMS 

System 
No. 

1 
2 
3 

4 

5 

6 

7 
8 

9 
10 

11 

12 

13 
14 

15 

Dispersed 
phase 

Heptane 
Heptane 
Heptane 

Heptane 

Hep tane 

Heptane 

Butyl alcohol 
55% ccl4 
45% Heptane 
Paraffin oil 
90% Paraffin oil 
10% Heptane 
80% Paraffin oil 
20% Heptane 
70% Paraffin oil 
30% Heptane 
Benzene 
Benzene 

95% Benzene 
5% Acetone 

Density, 
g./cc. 

0.683 
0.683 
0.683 

0.683 

0.683 

0.683 

0.836 
0.986 

0.876 
0.865 

0.843 

0.822 

0.871 
0.871 

0.870 

Viscosity, 
centipoises 

0.393 
0.393 
0.393 

0.393 

0.393 

0.393 

2.52 
0.488 

121.0 
35.3 

15.7 

6.71 

0.544 
0.544 

0,552 

Note: Percents are only approximate and are by weight. 

lower the interfacial tension in their studies. The effect 
of surfactant addition cannot be characterized solely by 
the resultant equilibrium interfacial tension lowering be- 
cause for a given surfactant concentration the interfacial 
tension increases with increasing velocity through the 
nozzle as a result of the slow diffusion of surfactant to the 
interface. This causes a much greater increase in drop 
volume with increasing nozzle velocity than is observed 
for pure liquids. Thus, Hayworth and Treybars interfacial 
tension dependency will cause appreciable error when the 
correlation is applied to pure systems with low interfacial 
tensions, as shown in Figure 6 for the butyl-alcohol-water 
system. Conversely, Equation (30) should not be applied 
to systems containing surfactants. 

The correlation given by Equation (30) also suffers 
from empiricism. The weak point in the anaIysis is the 
term for predicting flow into the drop during necking. 
The assumptions, based on very limited data, are at best 
approximate and are the reason the errors show a trend 
with both nozzle diameter and injection velocity. There 
is no guarantee that the correlation can be extrapolated 
to regions of variables not investigated. However, fitting 
the parameters to experimental data obtained from systems 
having such a wide range of physical properties assures 
that the correlation will satisfactorily predict drop volumes 
in many systems. 

Another reason for the success of the present correla- 
tion is the consideration that flow into the drop during 
the necking process can contribute significantly to the 
final drop volume and must be treated independently. 
Any empirical incorporation of this phenomenon into one 
of the force terms will cause errors in the dependence of 
drop volume on flow rate, nozzle diameter, and physical 
properties, as can be seen from Equation (30). The only 
previous analysis to separate out this effect is that of Rao 
et  al. ( lo ) ,  who proposed two models for flow into the 
drop during the detachment process, one for low viscosity 
and one for high viscosity continuous phase liquids. For 
large viscosity liquids the analysis predicts that the addi- 

Continuous 
phase 

Water 
Glycerine 
90 % Glycerine 
10% Water 
80% Glycerine 
20% Water 
70% Glycerine 
30 % Water 
50% Glycerine 
50% Water 
Water 
Water 

Water 
Water 

Water 

Water 

Water 
95 % Water 
5% Acetone 
Water 

Density, 
g./cc. 

0.996 
1.254 
1.236 

1.224 

1.190 

1.143 

0.990 
0.996 

0.996 
0.996 

0.996 

0.996 

0.996 
0.990 

0.996 

Viscosity, 
centipoises 

0.958 
515.0 
168.0 

78.5 

21.9 

6.95 

1.09 
0.958 

0.958 
0.958 

0.958 

0.958 

0.958 
1.04 

0.958 

Inter- 
facial 

tension, 
dyne/cm. 

36.2 
26.3 
25.1 

22.8 

24.5 

26.0 

1.79 
32.0 

43.4 
44.4 

45.4 

44.8 

31.2 
20.2 

20.2 

tional volumetric %ow V F N  into the drop during the break 
off process will be 

In spite of the similarity between Equations (31) and 
(28), the analysis of Rao et al. differs significantly from 
the present one because it considers that the static drop 
volume prior to necking can be obtained by equating the 
buoyant and interfacial tension forces rather than from 
the more general force balance given by Equation (18). 
There is experimental support for including the kinetic 
force term in the initial force balance, because drop 
volumes smaller than the static drop volume predicted by 
Rao et al. do detach from the nozzle. The data shown in 
Figure 7 illustrate this for a system where the density 
difference between the phases is small. The upward kinetic 
force leads to the start of necking at a smaller drop 
volume than would be predicted from a balance of buoyant 
and interfacial tension forces, and even the additional 
flow into the drop during the detachment process does not 
create a drop as large as that predicted by Rao et al. 
for the static drop. There is no photographic evidence in 
the present study that the necking mechanism depends on 
continuous phase viscosity. Rather, there appears to be 
only one mechanism. It is probably the neglect of the 
drag force in the initial force balance which makes it 
necessary to postulate a second mechanism to account 
for the increasing importance of drag with increasing con- 
tinuous phase viscosity. 

Because the purpose of many liquid-liquid systems is to 
transfer solute from one phase to the other, some experi- 
ments were performed to determine the effect of mass 
transfer on Equation (30), which tvas established from 
data for mutually saturated phases. Experiments used the 
benzene-acetone-water system because, at low concen- 
trations of acetone, the distribution coefficient of acetone 
between benzene and water is approximately 1.0 on a 
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weight percent basis for concentrations below 10% 
acetone (9). Therefore, the driving force for transfer into 
or out of the jet for a given concentration of acetone in 
one of the phases is approximately the same. The concen- 
tration of 5% by weight acetone was used. The inter- 
facial tension was reduced from 31.2 dynes/cm. for ben- 
zene-water to 20.2 dynes/cm. when the benzene and water 
each contained 5% by weight acetone at equilibrium. 

The drop volume was smaller for the mass transfer 
systems than for the saturated benzene-water system. 
Equation (30 )  predicted the dro volumes for mass 

by weight acetone in each phase was used. These results 
indicate that for this system the effective interfacial ten- 
sion was equal to the equilibrium interfacial tension over 
the velocity range investigated. The subject of effective 
interfacial tension has been extensively studied (1 to 3 ) ,  
and it has been shown that the main variables are the 
rate of surface renewal and the solute molecular size. It 
appears that the acetone molecule was small enough that 
its diffusion rate was sufficient to maintain the equilibrium 
interfacial tension. 

Therefore, if the solute is of small molecular size and 
its concentration is low, Equation (30 )  can be applied to 
mass transfer systems if the equilibrium interfacial tension 
is used. The equation predicts only the drop size leaving 
the nozzle, and it does not include coalescence effects in 
the continuous phase above the nozzle. 

transfer when the equilibrium inter F acial tension for 5% 

NOTATIOaN 

= cross-sectional area of nozzle, sq. cm. 
= exponent as defined by Equation (26 )  
= drag coefficient 
= diameter of detached drop, cm. 
= diameter of attached drop at instant forces are 

= nozzle inside diameter, cm. 
= Harkins-Brown correction factor 
= buoyant force, dynes 
= drag force, dynes 
= kinetic force, dynes 
= interfacial tension force, dynes 
= acceleration of gravity, 980 cm./sec.2 
= distance from nozzle tip to leading edge of drop, 

in balance, cm. 

cm. 

off, cm. 
h, 

K 
m 
n 

= diameter of liquid left on nozzle after drop break 

= numerical coefficient in several equations 
= mass of drop, g. 
= exponent in Equation (17) 

volume flow rate of dispersed phase, cc./sec. 
radius of neck of drop, cm. 
nozzle radius, cm. 
time, sec. 
dimensionless time, defined by Equation (23b)  
time duration of drop necking, sec. 
time required for forces to reach equilibrium, sec. 
velocity of the forming drop at the instant neck- 
ing starts, cm./sec. 
dispersed phase average velocity through the 
nozzle, cm./sec. 
radial necking velocity, cm./sec. 
dimensionless radial necking velocity 
vertical rise velocity during necking, cm./sec. 
dimensionless vertical rise velocity during neck- 
ing, as defined by Equation (23a) 
local dispersed phase velocity in the nozzle, cm./ 
sec. 
drop volume after break off from the nozzle, cc. 
liquid volume attached to the nozzle when neck- 
ing starts, cc. 
volumetric flow out of the nozzle during neck- 
ing, cc. 
continuous hase viscosity, g./( cm.) (sec.) 
densities OF continuous and dispersed phases, 
respectively, g./cc. 
interfacial tension, dyne/cm. 
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Part II. Prediction of Jetting Velocity 

Equations are derived for predicting the velocity above which a jet forms when one New- 
tonian liquid is injected into a second stationary immiscible liquid. Comparison of the theory 
with experimental dota obtained for fifteen liquid-liquid systems and five nozzle diameters 
shows a mean error of 6.6%. The equation also predicts the jetting velocity for injection of 
liquids into gases and the critical velocity a t  which bubble formation changes from a constant 
volume to a constant frequency mechanism for gas injection into liquids. 

The drop volume correlation developed in Part I applies 
only at  low velocities where drops form directly at the 
nozzle. As the flow rate through the nozzle is increased, 
a critical velocity called the jetting velocity is reached, 
above which a jet of liquid issues from the nozzle. The 

jet breaks into drops, but, because the drop formation 
mechanism has changed, the drop size can no longer 
be predicted by the low velocity correlation. To define 
the region of applicability of the low velocity drop volume 
equation, it is necessary to predict the jetting velocity. 
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