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The interfacial areas formed in various immiscible liquid pairs by an orifice mixer were 
measured by a photoelectric method, which had been Calibrated photographically. In addition 
to the variation of the liquid pair, total flow rate, volume fraction of the dispersed phase, and 
the orifice diameter, the pipe diameter of the mixing orifice was also varied. I t  was found that 
the formation of interfacial area could be correlated as a function of the change in kinetic energy 
across the mixing orifice, the energy required to overcome the viscous forces within the dispersed 
phase, and the volume fraction of the dispersed phase. 

Further experiments concerned with 
the formation of interfacial area in im- 
miscible liquids by orifice mixers have 
been performed. These constitute an 
extension of the investigation reported 
by Scott et  al. (7) who determined the 
interfacial area in the liquid pair, water 
dispersed in kerosene, when mixed 
with an orifice mixer. The volume frac- 
tion of the dispersed phase, the diame- 
ter of the orifice, and the total flow 
rate were varied, while the diameter 
of the pipe was held constant at 1 in. 
The degree of mixing for four addi- 
tional liquid pairs was examined in the 
same manner as described by Scott et 
al. (7) .  It was found that in addition 
to the change in kinetic energy across 
the orifice the interfacial area formed 
is also a function of the work required 
to overcome the viscous forces involved 
when a bubble is separated by shearing 
forces. The effect of pipe diameter on 
the formation of interfacial area in ori- 
fice mixers was also determined. With 
water dispersed in kerosene as the 
liquid pair it was found within the 
limits of experimental accuracy that 
the formation of interfacial area is a 
function of the ratio of the pipe to the 
orifice diameter and independent of the 
individual diameters. 

This project was undertaken because 
of the frequent use of orifice mixers 
and the need for experimentally estab- 
lished relationships between the varia- 
bles involved. The use of orifice mixers 
and their applications in petroleum re- 
fining was discussed several years ago 
by Morrel and Bergman (3).  Recently 
a number of articles dealing with mix- 
ing have appeared (4 ,  5, 6 ) .  Rushton 
and Oldshue (6) discussed application 

of fluid-mechanics principles to the 
mixing of fluids. Production of inter- 
facial area by turbine impellers has 
been described by Rodger, Trice, and 
Rushton ( 4 ) ,  who measured surface 
area by the photoelectric method de- 
scribed by Trice and Rodger (9). 
Vermeulen et al. (10) also used this 
method for measuring the interfacial 
area of dispersed liquid-liquid systems. 

EXPERIMENTAL EQUIPMENT AND 
PROCEDURE 

The equipment and the general o era 
tional rocedure, the photographic an$ the 
photoeyectric methods employed for the 
determination of the interfacial areas were 
the same as those described by Scott et al. 
( 7 )  except as noted below. 

In both of the investigations described 
herein the pen lamp used previously in the 
photoelectric procedure was replaced by 
a source of collimated light. This source 
consisted of 6-v. sealed beam lamp with 
a parabolic reflector and a clear glass lens. 
By use of a variable-voltage transformer 

of the light was maintained at 
e maximum available which 

gave a relatively small rate of deterioration 
of the filament in the light. 

In the investigation of the four addi- 
tional liquid pairs, denoted as 11, 111, IV, 
V and identified in Table 1, the 1P41 
phototube was calibrated photographically 
for each pair. For liquid pairs I, 11, and 
IV the intensity of the light passing 
through the dispersion was independent of 
the volume fraction of the dispersed 
phase, whereas for liquid pairs I11 and V 
it was a function of the volume fraction of 
the dispersed phase. In these experiments 
the window section shown previously ( 7 )  
was employed in the photo aphic and 
photoelectric procedures. T k  section, 
cast from aluminum, was tapered from 
each end from a circular to a rectangular 

80% the intens% of 

cross section. The cross-sectional area of 
the section did not vary throughout the 
length of the section. The appropriate 
light source and either the camera or the 
phototube were mounted oppositely at the 
windows of the section. Photogra hs were 

tinguish between bubbles as small as 0.01 
mm. in diameter. In the course of the in- 
vestigation orifice diameters ranging from 
0.375 to 0.75 in., total volumetric flow 
rates from 2 to 16 gal./min., and volume 
fractions of the dispersed phase of 0.02, 
0.05, 0.1, and 0.2 were employed while 
the pipe diameter was held constant at 1 
in. A total of 262 observations were made. 
These data are given in reference 2 and 
elsewhere." Reproducibility of the com- 
bination of the photographic and opera- 
tional methods was about & 10%. The re- 
producibility of the combination of the 
photographic, photoelectric, and opera- 
tional methods was 12%. This was ob- 
tained by the calculation of the absolute 
value of the deviation of all points from 
the best lines through them. 

Physical properties of the liquids (tech- 
nical grade) used in the investigations 
were determined experimentally. These 
data are given in Table 2. 

In the experiments concerned with the 
effect of pipe diameter on the formation 
of interfacial area four pipe sizes were 
used, 1/2, 1, 1-1/2, and 2 in. (Schedule 
40). Five orifices ranging from 0.125 to 
0.6875 in. were employed in the investiga- 
tion. In this entire set of experiments the 
system, water dispersed in kerosene, was 
used. Volume fractions of water dispersed 
in kerosene ranging from 0.02 to 0.20 
were used. Flow rates ranged from 1 to 18 
gal./min. For the 1-1/2- and 2-in. pipes it 

OThe original data upon which this paper is 
based has been deposited as document 6423 with 
the American Documentation Institute Photo- 
duplication Service Library of Congresd Wash- 
ington 25 D. C.: and may be obtaked for 
$3.75 for bhotoprints or $2.00 for 35-mm micro- 
film. 

obtained in which it was possib P e to dis- 
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TABLE 1. IDENTIFICATION 
OF THE LIQUID PAIRS 

Number Dispersed Continuous 
of pair phase phase 

I water kerosene 
I1 heptanol water 

I11 trichloroethylene water 
IV sucrose in water kerosene 

V sucrose in water kerosene 
20% (by weight) 

35% (by weight) 

was necessary to introduce the water into 
the center of the pipe by use of a 
small tube as shown in Figure 1 in order 
to prevent the slug flow of water throu h 
the orifice. The diameter of the tufe 
was selected so that when the two 
streams merged their relative velocity was 
as close to zero as practicable. Slug flow 
was to be avoided because it gave pro- 
nounced fluctuations in the formation of 
interfacial area during any given experi- 
ment. At the outset of the experiments 
concerned with the effect of pipe diame- 
ter a measurement difficulty was encoun- 
tered. When the same geometry for the 
window section is retained for pipes of 
larger diameter, the length of the light 
path between the source and the photo- 
tube is increased proportionately. For the 
longer light paths it was found that even 
with the relatively high-intensity light 
source most of the light was scattered by 
relatively small interfacial areas before 
reaching the phototube. If the length of 
the light path is held constant as the pipe 
diameter is increased, geometric similarity 
is not retained. Furthermore the relatively 
large size of the 1P41 gas-filled phototube 
ruled out the possibility of decreasing the 
length of the light path by the projection of 
the phototube into the stream because of the 
possibility of interruption of the flow pat- 
tern. The 1P42 vacuum phototube was 
about 1/4 in. in diameter, and it was 
adopted because it could be projected into 
the stream without disturbing the flow to 
any appreciable extent. The 1P42 photo- 
tube was calibrated photographically for 
the water-kerosene pair. It was located in 
the same position in the window section 
as had been occupied previously by a 
camera. Runs were re eated for which the 
interfacial areas h a l  been determined 
photographically by Scott et al. (7 ) ,  and 
the reduction in the intensity of the light 
reaching the phototube was measured by 
a galvanometer. A total of 372 experi- 
ments were performed in the investigation 
of the effect of pipe diameter on the for- 
mation of interfacial area. 

INTERPRETATION OF EXPERIMENTAL 
RESULTS 

The formation of interfacial area was 
determined as a function of the follow- 
ing variables: flow rate, orifice sue, 
pipe diameter, interfacial tension, vis- 
cosity, density, and volume fraction of 
the dispersed phase. The calibration 
curves as well as all of the correlations 
were based on the mean volume-sur- 

face diameter (1). Also as shown in 
reference (1) the volume-surface area 
per unit volume of the mixture, A, is 
given by 

In the experiments dealing with the 
effect of pipe diameter considerable 
deviation of the interfacial area with 
respect to downstream distance was 
found. Although the results for any 
particular experiment were reproduci- 
ble, the distribution of interfacial area 
as a function of downstream distance 
(within the first 24 in. below the ori- 
fice) did not follow a very definite pat- 
tern. It appeared that the small vac- 
uum phototube tended to give more 
nearly a point value for the interfacial 
area than the gas filled tube. For each 
set of operating conditions the inter- 
facial area was measured at  each of 
the following approximate locations: 2, 
7, 12, and 25 in. below the mixing ori- 
fice. From these data a mean area 
(which was weighted with respect to 
length over the first 12 in. below the 
orifice) was obtained. These areas are 
tabulated with the experimental results 
for this set of experiments. Use of these 
areas reduced the observations for cor- 
relation purposes from 372 to 102. 

CORRELATION OF THE 
EXPERIMENTAL RESULTS 

In the following analysis of the for- 
mation of interfacial area by an orifice 
mixer consideration is given to the ener- 
gies involved. Admittedly the final ex- 
pression, Equation (ll), is based on 
several empirical relationships; how- 
ever it does represent the data ade- 
quately. Furthermore the development 
of this expression gives some insight 
into the process of the formation of in- 
terfacial area. 

When one follows the approach of 
Scott et al. (7) the surface energy con- 
tained by the average unit of volume of 
the mixture is given by Av. This is also 
the energy required to form the inter- 
facial area possessed by the unit vol- 
ume when the process of formation is 
carried out at  essentially zero velocity 
so that viscous forces are not involved. 
Upon passage through the orifice the 
mixture contains kinetic energy which 
is available for the formation of inter- 
facial area. It is reasonable to postulate 
that the energy converted to surface 
energy by an orifice mixer is a function 
of the change in kinetic energy (per 
unit volume of the mixture) across the 
mixing orifice; that is 

Aff cc A K E .  pm (2) 
The conversion of kinetic energy to 

surface energy is possible only if two 
or more immiscible liquids are present. 

Thus it is postulated that the formation 
of interfacial area is proportional to 
some function, denoted by f (4) , of the 
volume fraction of the dispersed phase. 

In the separation of a given drop, 
energy must be supplied in order to 
overcome the viscous forces within it. 

Fig. 1. Introduction of water into the kerosene 
stream. 

A X IO-'(F?/f+?). CALCULATED BY EQUATION (12) 

Fig. 2. Comparison of the experimental and 
calculated values of the areas for liquid pair 1. 
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Fig. 3. Comparison of the experimental and 
calculated values of the areas for liquid pair II. 
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TABLE 2. PHYSICAL PROPERTIES OF THE LIQUID PAIRS 

A X 10-z(ffz/f~.'), CALCULATED BY EQUATION (12) 

Fig. 4. Comparison of the experimental and 
calculated values of the areas for liquid pair 

111. 

Fig. 5. Comparison of the experimental and 
calculated values of the areas for liquid pair 

IV. 

A Y 10." (f tz/f t3),CALCULATED BY EQUATION(I2) 

Fig. 6. Comparison of the experimental and 
calculated values of the areas for liquid pair V. 

In general one would expect the inter- 
facial area to decrease with an increase 
in the viscosity of the dispersed phase. 
This was taken into account by use of 
an expression for the amount of energy 
which would be required to separate 
a drop of diameter d,, along a plane 
through its geometrical center, when 
viscous forces alone are involved. 
Namely it was postulated that 

Viscosities, 
[ (lb. ) ( ft. )"( sec. )" at 83"F.I 

Number Dis ersed Continuous 
of pair ptase phase 

I 0.000562 0.000956 
I1 0.00203 0.000562 

I11 0.000387 0.000562 
IV 0.00106 0.000956 
V 0.00217 0.000956 

(3)  
Multiplication of T by the shearing area, 
(wda , , ) / 4 ,  gives the shearing force. 
The shearing energy per drop is taken 
equal to the product of the shearing 
force and the distance dv8. N is related 
to the other variables of the system in 
the following manner: 

When this relationship is substituted in 
Equation (3) ,  the following result is 
obtained: 

374 AWE- 
2 

The preceding postulates are summar- 
ized by 

It was found that the experimental re- 
sults could be represented by taking F 
to be a power function of the three 
terms involved as follows: 

Au = KO (hK.E.p,)" T~ 4' (7)  

The shearing force was approximated 
bv 

and the drag coefficient was taken to 
be inversely proportional to a Reynolds 
number based on the diameter, density, 
and viscosity of the drop: 

k,A - - k. 
co = 

dv.pu 64PU (J (,> 
(9) 

It remains to develop an appropriate 
expression for the shearing velocity 
which appears in Equations (8) and 
(9). Since u, and up were the only 
velocities known within the system, the 

A.1.Ch.E. Journal 

Densities, 
[ (lb.) (ft.)" at 83"F.I 
DisDersed Continuous 

pAase phase 

62.15 50.6 
49.4 62.15 
89.4 62.15 
67.3 50.6 
71.6 50.6 

natural armroach was 

Interfacial 
tension, 

[ ( ft. ) (lb.) ( ft. )-' 
at 83"F.I 

0.00267 
0.00048 
0.001845 
0.00247 
0.00230 

to relate U em- 
pirically i(; these quantities. Satisfac- 
tory results were obtained by taking u 
proportional to the product of the pipe 
velocity and the change in kinetic en- 
ergy across the orifice (per unit of 
kinetic energy possessed by the fluid 
before entering the orifice) as follows: 

= klu, [ (SY - 11' (10) 

When Equations (8), (9), and (10) 
are substituted in Equation (7), the 
interfacial area is obtained in both sides 
of the resulting equation, which may 
be solved for A to give 

( f Y  Au = K,(AK.E.  p.,.)'' 

The constant and powers in this 
equation were determined by the 
method of least squares. A digital 
computer was used to make the com- 
putations. The data for the four liquid 
pairs investigated by McDonough (2) 
as well as those for the water-kerosene 
pair were used. Approximately equal 
weight was given to the data for each 
liquid pair. A total of 433 experimental 
observations were used. The expression 

AW = 0.189 ( A K . E .  pm)0'828 

4"'"" (12) 
was obtained. The correlation coeffi- 
cient was 0.9846, and the average of 
the absolute deviation of the experi- 
mental values of the areas from the 
corresponding ones calculated by use 
of Equation (12) was 14.15%. When 
the constant and powers of Equation 
(11) were determined separately for 
each of the liquid pairs I through V, 
the following absolute deviations were 
obtained: 8.17, 6.81, 7.11, 10.48, and 
6.5%, respectively. Thus the value of 
14.15%, obtained on the basis of all 
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the data, indicates that the consistency 
of the comelation and the data for all 
pairs is nearly as good as that for each 
of the pairs. Graphs of the experi- 
mental values of A vs. the values cal- 
culated by Equation (12) for each 
liquid pair are shown in Figures 2 
through 6. Equation (12) fits the data 
for each liquid pair about equally 
well. The average-net deviation of the 
areas obtained experimentally from 
those calculated by Equation (12) for 
liquid pairs I through, V were -5.93, 
3.38, 9.84, -10.64, and -3.67%, re- 
spectively. The difference in the devia- 
tions between liquid pairs is attributed 
primarily to experimental inaccuracies 
which were characteristic of each pair. 

Since the pressure drop across the 
orifice is frequently a more convenient 
variable from an operational point of 
view, Equation (12) is readily rear- 
ranged to the following form: 

Au = 0.179 ( C ~ L P ) " . ' ~  

This expression is in good agreement 
with the results of Scott et al. (7), 
who measured both interfacial area and 
pressure drop for each run. 

The results of the experiments per- 
formed by Tomme ( 8 ) ,  who varied 
the pipe diameter, indicate that the ef- 
fect of pipe diameter upon the forma- 
tion of interfacial area is adequately 
represented by Equations (12) and 
(13). Because of the difference in the 
methods of measurement, as discussed 
previously, the areas obtained by 
Tomme (8) were not consistent with 
those of Scott (7 )  and McDonough 
(2) who held the pipe diameter con- 
stant. In view of this the results ob- 
tained by Tomme ( 8 )  were not used 
in the determination of the constant 
and powers in Equation (12). Al- 
though the areas obtained for various 
pipe diameters were fairly consistent 
among themselves, they were not as 
consistent as those where the pipe 
diameter was held constant. In order 
to investigate the effect of pipe diame- 
ter on the formation of interfacial 
area Tomme's data were examined 
separately. In addition to Equation 
(11) use of the following expression, 
obtained by dimensional analysis, for 
the correlation of the data was also 
investigated: 

D .,' 
AD, = K,(N,.)"' (Nse)'' (G) 4'' 

(14) 
It is to be observed that Equation (14) 
implies that the interfacial area is a 
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function of D,, whereas in Equation 
(11) only the ratio of D, to Do appears 
in the functional relationship. By use 
of the results of Tomme the constant 
and powers of Equation (11) and 
(14) were determined by the method 
of least squares. The average of the 
absolute deviations of the experimental 
values of A from the values calculated 
by the correlations [Equations (11) 
and (14)] were 21 and 19% respec- 
tively. In view of the problems (dis- 
cussed in a previous section) associated 
with the measurement of the interfacial 
area when the pipe diameter was 
varied the small apparent improvement 
of Equation (14) over (11) was not 
regarded as significant. Since Equation 
(14) contains the term AD, while 
Equation (11) contains only the ratio 
of D, to Do, one would expect better 
results to be obtained by Equation 
(14) when the method of measure- 
ment gives errors which are in any way 
related to the pipe diameter. The con- 
clusion reached here is consistent with 
the fact that the only length dimension 
involved in a general force balance on 
an individual droplet is the diameter 
of the droplet. 

CONCLUSIONS 

For the liquid pairs considered it 
can be concluded that the formation of 
interfacial area is a function of the 
change in kinetic energy across the 
mixing orifice, the energy required to 
overcome the viscous forces within the 
dispersed phase, and the volume frac- 
tion of the dispersed phase. With re- 
gard to the geometry of an orifice 
mixer the formation of interfacial area 
is a function of the ratio of the pipe 
to the orifice diameter. 

ACKNOWLEDGMENT 

The project was supported by the 
Humble Oil and Refining Company through 
the Texas A. & M. Research Foundation. 
This aid is gratefully acknowledged. The 
assistance given by the Texas Engineering 
Experiment Station in the pre aration of 

puter in the Data Processing Center of 
the Station are appreciated. 

NOTATION 

A 

this manuscript and the use o P the com- 

= interfacial area of dispersed 
phase, measured at a given 
distance downstream from 
mixing orifice, (sq.ft.) (ft.)" 

C D  = drag coefficient; defined by 
Equation ( 8 ) ,  dimensionless 

C, = coefficient of discharge, di- 
mensionless 

d,, = mean volume-surface diame- 
ter, (ft.) 

Do 
D, 

(ft.) 
f ( + )  

= diameter of orifice, (ft.) 
= internal diameter of the pipe, 

= function of volume fraction 

A.1.Ch.E. Journal 

F = function defined by Equation 
(2) 

go = standard gravitational con- 
stant, (ft.) (sec.)" 

k,,, k,, &, K,, K,  = constants 
change in the kinetic energy 
of the mixture across the 
orifice, (ft.) (Ib.) (lb.)" 
number of drops per pound 
of fluid flowing, (Ib.)" 
Reynolds number, D,u,po/p 
Webers number, D9u~pn)/uga 
pressure drop across the ori- 
fice, (lb.) (ft.)" 
linear velocity at which mix- 
ture passes through the ori- 
fice, (ft.) (set.)-* 
linear velocitv at which mix- 
ture passes &rough the pipe, 
(ft.) (sec.)" 
shearing velocity, related to 
uo and u, by Equation ( l o ) ,  
(ft.) (sec).-l 

Greek Letters 
a, /3, y, 6 = powers in Equation (11) 

viscbsity of th> dispersed 
phase, (lb.) (ft.)-' (set.)-' 
3.1416 radians 
density of the dispersed 
phase, (lb.) (ft.)" 
density of the continuous 
phase, (lb.) (ft.)-* 
density of the mixture; pm = 

interfacial tension at the in- 
terface of dispersed and con- 
tinuous phases, (lb.) (ft.) 
(ft.)" 
shearing force per unit of 
shearing area, (lb.) (ft.)-a 
volume of the dispersed 
phase per unit volume of the 
mixture 

(1 - 4 )  P c  + 4P,  Ub.1 (ft.1" 
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