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Friction losses, velocity distributions, and drop size distributions were obtained for unstable
liquid-liquid dispersions in turbulent flow, The friction losses and velocity profiles were used
to determine effective viscosities which were correlated by the Einstein relation for dispersions
in which pa/pe = 15. When ua/pc =~ 200 the dispersion could not be considered as a single-
phase fluid and exhibited non-Newtonian characteristics. Drop size distributions were ob-
tained from photographs of the flowing dispersion. These drop size distributions provided in-
formation concerning drop breakup and coalescence in the circulation system. From drop size
distribution and effective viscosity measurements a criterion was obtained to determine if @

dispersion could be treated as a homogeneous single-phase fluid.

Previous studies (I to 5) of unstable liquid-liquid dis-
persions in turbulent flow have been directed toward the
determination of friction factors and heat transfer coeffi-
cients and the determination of suitable physical proper-
ties by which these quantities could be correlated. The
fluids studied have been oil-in-water dispersions in which
the discontinuous oil phase existed as fine droplets in the
continuous water phase. The main variables investigated
were flow rate and viscosity of the oil phase. For the most
part, the dispersions have behaved as %omogeneous New-
tonian fluids.

There are certain maximum drop sizes, however, be-
yond which the dispersion will not behave as a homo-
geneous fluid or may have non-Newtonian properties. In
previous studies no measurements of drop size or drop
size distribution have been made, although one investiga-
tion (1) reported a criterion which could be used to de-
termine if a dispersion could be treated as a single-
phase fluid. The present investigation was undertaken to
obtain information on the drop size and drop size distri-
bution of liquid-liquid dispersions in turbulent flow. In
addition, velocity distributions were measured for disper-
sions of highly viscous oils in order to extend the work of
Faruqui and Knudsen (4).

A difficult aspect of the investigation was the develop-
ment of a means of obtaining photographs of the disper-
sions so that drop sizes could be determined. Many tech-
niques have been devised to photograph two-phase fluids.
Kintner et al. (6) presented a review of the many pho-
tographic techniques which have been used in bubble
and drop research. Most techniques are applicable to
drops larger than 100 . Sleicher (7) and Brown and
Govier (8) have photographed relatively large drops (0.2
to 0.8 cm.) present in a turbulent stream. Langlois et al.
(9) and Trice and Rodger (10) used a light transmittance
technique to obtain the average drop size of a dispersed
oil phase in a mixer. This method is limited to drop sizes
greater than about 50 p (11).

The dispersion studied in the present work is unstable,
relatively opaque except in extremely thin layers, and has
drop sizes much less than 50 u. Because ofy its unstable
nature it had to be photographed in the test section under
flow conditions.
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BACKGROUND THEORY

This investigation concerns the behavior of small liquid
droplets in a turbulent field. The breakup of liquid drops
in a turbulent field has been considered by several in-
vestigators (12 to 14), Hinze (I4) attempted to organize
and classify the various types of deformation of droplets
and flow patterns which result in drop breakup. For sys-
tems in which the effect of the dispersed phase viscosity
is small he gives the result
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which was of a form which could be fitted to data which
Clay (13) had obtained.

Sleicher (7) investigated the maximum drop size in
turbulent flow in a pipe and showed that it depended
upon the —2.5 power of the velocity. He also determined
from Clay’s data that the maximum drop size depended
on the same power of velocity and was not quite directly
proportional to the interfacial tension. Sleicher noted that
breakup occurred very close to the wall where turbulence
was least isotropic and least homogeneous. Two types of
breakup were observed: breakup of a droF into two equal
parts (most frequent), and stripping of small droplets
from large onmes. Sleicher correlated his results within
* 35% by the equation
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Coalescence processes have been studied experimentally
by Madden and Damerell (15) and theoretically by Ha-
worth (16). The former found that frequency of coales-
cence in dilute (0.1 to 0.7 vol. %) dispersions varied as
the square root of the volume fraction. Haworth proposed
the following expression for coalescence frequency of drop-

lets
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The variation of coalescence frequency with the square
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root of the volume fraction in Equation (3) is in agree-
ment with the results of Madden and Damerell.

The problem of predicting momentum and heat trans-
fer for two-phase flow is considerably simplified if the
systems can be handled by methods already developed
for single-phase flow. By considering the equations of mo-
tion, Baron et al. (1) investigated the size of dispersed
phase particle such that a single-phase equation might
be applicable to the flow of tl%e two-phase fluid. They
concluded that the particle diameter must be small com-
pared to the dimensions of the region of viscous flow.
These workers chose as the dimension of the region of
viscous flow the Kolmogoroff microscale of turbulence
(17). Thus

dy <<l (4)
he = =174 (u/p)3/% (3)

_ They considered the ratio of inertia forces acting on the
dispersed phase to the drag forces and arrived at the fol-
lowing criterion by which a dispersion could be consid-
ered to behave like a single-phase homogeneous fluid.

dp \* ( pa
v (22) (2) =1 :
Re D e ( )
Application of Equation (6) to a liquid-liquid dispersion
flowing in a 4-in. pipe at Ng,, = 10,000 indicates that
the drop diameter should be less than 1 mm. For water
droplets suspended in a stream of air in a 3-in. pipe at

Nge, = 108, the droplets must be less than 6 microns in
diameter.

where

EXPERIMENTAL EQUIPMENT

A schematic flow diagram of the apparatus is shown in
Figure 1. The dispersion, consisting of an organic and a
water phase, was contained in a supply tank. A turbine pump
circulated the dispersion from the bottom of the tank through
an orifice, through one of two test sections, through a small
heat exchanger, and back to the tank. One test section was
equipped to measure friction losses, velocity profiles, and con-
centration profiles and the other contained the apparatus for
photographing the flowing dispersion. The two test sections
were identical: 1-in. O.D., 0.830-in. I.D. copper tube 9% ft.
long. The flow was switched between the test sections by a
solenoid valve located at the end of each section. Velocity
profiles were measured with a calibrated impact probe made
from 0.049-in. O.D. and 0.033-in. I.D. stainless steel hypo-
dermic tubing. The measuring devices, either Pitot tube, or
photographic window, were located 8% ft. from the entrance
of the test sections. Pressure taps were located 2% and 8%
ft. from the entrance of the test section.

TEST SECTIONS
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Fig. 1. Flow diagram of experimental equipment.
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TABLE 1. PROPERTIES OF On.s USED As DisPERSED PHASES

Inter-
facial
Temper- Viscosity, tension,
ature, °F, Density, Ib./cu. ft. centipoise dyne/cm.
62 49,05, 53.93, 55.32* 1.08, 18.2, 261
68 48.92, 54.25, 55.22 1.01, 15.6, 214
74 48.73, 53.62, 55.13 0.95, 13.0, 162
49, 52, 48

# Shellsolv, light oil, and heavy oil, respectively.

The organic phases were a commercial petroleum solvent
(Shellsolv 360) and two clear, highly refined oils (Standard
of California white oil No. 1 and white oil heavy). The physi-
cal properties of these liquids are given in Table 1.

The arrangement for photographing the flowing dispersion
is shown diagramatically in Figure 2. The window through
which the pictures were taken was made by milling off part
of the copper tube wall until an opening 3 in. by Y% in. was
formed. The wall was then replaced by a thin glass plate
(microscope slide glass, 1 mm. thick) which was set in a
Plexiglas block 3 in. by 1% in. by Y% in. A %-in. diameter
hole in the center of this block allowed the objective lens
of the microscope to be brought up to the outside of the
glass window. The glass had to be sufficiently thin to allow
the plane of focus of the microscope to fall inside the pipe.

The photographs were taken with an American Optical
Company Microstar Trinocular microscope equipped with a
35-mm. photomicrographic camera (model 635). The image
could be focused while looking through the binocular eye-
piece and then transferred to the camera by simply moving
a prism. Most of the pictures were taken with a 10-power
objective lens, although for a few runs this gave too large
a depth of focus and it was necessary to use the 20-power
objective, Since this brought the plane of focus much closer
to the wall it was used only when absolutely essential. An
clectronic stroboscope provided the short flash duration neces-
sary to stop the motion of the rapidly flowing droplets.

This photographic arrangement was first developed on a
smaller and much simpler flow system than shown in Figure
1. Scotchlite glass beads were used in conjunction with this
small-scale system to test the validity of the photographic
technique. The beads ranged in diameter from 5 to 115
microns with an average diameter of 43 microns; thus the test
was conducted with spheres of about the same size as the
droplets in a typical liquid-liquid dispersion.

In one experiment, the window arrangement shown in
Figure 2 was replaced with a window similar to that used
by Scott, Hayes, and Holland (18), which consisted of a
rectangular converging-diverging section of pipe with glass
windows placed on opposing sides of the broadened pipe
walls {Figure 3). The cross-sectional area of this unit is con-
stant and equal to that of the test section tube to which it
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Fig. 2. Arrangement for photographing flowing dispersions.
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Fig. 3. Converging-diverging window section.

is connected. The purpose of this experiment was to deter-
mine if the glass rod arrangement shown in Figure 2 caused
undue breakup of the droplets.

TaBLE 2. SUMMARY OF EXPERIMENTAL PROGRAM

Dispersed
phase
Concentra-
Observations Mass flow tion vol.
Run* Type No. rate, Ib./hr. fraction
w Pressure loss 20 0.560-3.110 0
S01 Photographic — 407 0.01
S05 Photographic — 1.20, 1.96, 3.02,
4.18 0.05
S10 Photographic — 4.04 0.10
Si5 Photographic — 3.88 0.15
LO1 Photographic — 3.86 0.01
LO5 Photographic —  2.58 0.05
L10 ° Pressure loss 14 1.03-3.98 0.085
Velocity profile 3 1.25, 2.55, 3.98
Photographic — 1.25, 2.55, 3.98
L20 Pressure loss 16 0.85-4.23 0.162
Velocity profile 3 1.12, 2.51, 3.68
Photographic —_ 1.12, 2.51, 3.68
L35 Pressure loss 16 0.74-3.98 0.33
Velocity profile 3 1.00, 2.38, 3.72
Photographic —_ 1.00, 2.38, 3.72
L50 Pressure E)ss 14 0.94-3.98 0.47
Velocity profile 3 1.09, 2.24, 3.70
Photographic — 1.09, 3.57
HO1  Photographic — 395 0.01
HO5 Pressure loss 7 1.65-4.00 0.05
Photographic — 385
H10 Pressure loss 13 1.00-3.80 0.10
Velocity profile 2 1.50, 3.80
Photographic — 363
H20 Pressure loss 11 1.03-3.62 0.20
Velocity profile 2 1.60-3.70
Photographic —  3.62
H27 Pressure loss 13 0.99-4.00 0.27
Velocity profile 2 1.56, 3.70
H35  Photographic — 370 0.35

* W = water, § = Shellsolv, L. = light oil, H = heavy oil.

Page 358

A.1.Ch.E. Journal

EXPERIMENTAL PROGRAM

Oil-in-water dispersions of desired composition were made
by charging known quantities of oil and tap water to the
system. A run was always started with fresh oil and water
and only after the system had been thoroughly flushed after
the preceding run. Before beginning the experimental pro-
gram the system was thoroughly flushed with cleaning solvent,
followed by hot disodium phosphate, followed by a thorough
flushing with water. At the completion of a run the dispersion
was allowed to separate in the tank and the water phase
including the interface was removed as waste. The remaining
clear oil phase was reused.

In some runs photographs were taken periodically to de-
termine when the drop size distribution became steady. This
equilibrium was normally established after 3 hr. of circulation
and agitation. All equilibrium drop sizes were determined
after 5 hr, of circulation to ensure that equilibrium had been
established.

After the required number of photographs had been ob-
tained for each run, velocity distributions and friction losses
were determined. In all runs system temperature was con-
trolled at 68 &= 2°F. by adjusting cooling water rate to the
heat exchanger.

A summary of experimental data is shown in Table 2. Com-
plete data are tabulated elsewhere (19).

DISCUSSION OF RESULTS

Pressure Losses and Velocity Profiles

The purpose of the pressure loss and velocity profile in-
vestigations was to determine the effective viscosities of
the light and heavy oil dispersions. The Shellsolv disper-
sions had previously been studied by Cengel et al. (2)
and Faruqui and Knudsen (4).

To determine an effective viscosity of the dispersion
from pressure loss measurements use is made of the equa-
tion

APf = K#e0.25W1.75 (7)

where K is a dimensional coefficient determined from
length and diameter of the test section and density of the
flowing fluid. Equation (7) is based on the Blasius fric-
tion factor-Reynolds number relationship and the assump-
tion that the two-phase dispersion behaves as a homo-
geneous Newtonian fluid. A logarithmic plot of Aps vs. W
should give a straight line of slope 1.75 and this result
was_obtained on all pressure loss data except for heavy
oil dispersions at low flow rates.

Again by assuming a homogeneous Newtonian fluid,
the velocity distribution data were fitted to a logarithmic
velocity distribntion equation

ut =Alogyt + B (8)
where
+ [}
Yy  =yu pe/ e
28 T T
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Fig. 4. Velocity profiles for 10 and 35% light oil dispersions.
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TasLe 3. RELATIVE FLuwities (AT 68°F.) oF
O1L~-IN-WATER DISPERSIONS

Relative fluidity, ue/ue
From From
Volume fraction pressure loss velocity-profile  Predicted
dispersed  measurements measurements from
phase Equation (7) Equation (10) Equation (11)
Light oil:
0.085 0.740 0.782 0.809
0.162 0.671 0.690 0.667
0.33 0.440 0.478 0.448
047 0.302 0.311 0.309
Heavy oil:
0.05 0.730 — 0.882
0.10 0.752 —_ 0.779
0.20 0.752 —_ 0.607
0.27 - 0.885 -— 0.509
and hence
Y¥pe = yu'pe

The quantity yu®p, may be calculated from experimental
data.
If the viscosity is constant, Equation (8) may be ex-
pressed as
ut = Alog (yu®p.) + B (9)
where
B, = B - A log e

A plot of u* vs. the dimensional quantity yu®p, [lb./(ft.)
{sec.)] is shown in Figure 4 for the 10 and 35% light
oil dispersions. The broken lines represent a least square
analysis of the data according to Equation (9).

For the light oil dispersions the value of A decreased
from 5.71 for the 10% dispersion to 5.27 for 50% dis-
persion, while B’ decreased from 5.01 to 3.94 over the
same concentration range. The results for the heavy oil
dispersions did not show this consistent trend and were
not as reproducible as were the data for the light oil dis-
persions.

Since the value of A for the light oil dispersions was
close to the value of 5.75 (the usual value for single-phase
Newtonian fluids), the data for these dispersions were
analyzed by the method of least squares according to
the following equation:

ut = 5.75log (yu®p.) + B” (10)
where
B” = B—5.75 log e

The solid lines in Figure 4 represent Equation (10).
From the values of B”, values of the dispersion viscosity
pe are calculated by assuming B = 5.5 (the value of B
for Newtonian single-phase fluids). A similar analysis for
the heavy oil dispersions produced widely varying vis-
cosities.

Table 3 shows calculated viscosities expressed as rela-
tive fluidities with respect to the fluidity of the continuous
phase. The last column of Table 3 shows the relative fluid-
ity calculated from the equation

(#c/pe) = €7 25¢ (11)

which was derived by Einstein (20) for suspensions of
uniform solid spheres and for very low volume concentra-
tions.

For the light oil dispersions good agreement is obtained
between Equations (7) and (10). It is interesting to note
that Einstein's equation, which was derived for low con-
centrations of uniform spheres, applies to well-dispersed
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Fig. 5. Glass bead distribution curves.

light oil dispersions up to a volume fraction 0.5. These
results also agree well with the results for Shellsolv dis-
persions reported by Faruqui and Knudsen (4). The vis-
cosity of the heavy oil dispersions is nearly constant and
even shows a tendency to decrease at higher concentra-
tions. This phenomenon is discussed in more detail in a
subsequent section on the basis of drop size and distribu-
tion.

Evaluation of the Photographic Method

A small-scale system was constructed in which glass
beads could be circulated. This system was used to de-
velop the window and glass rod arrangement shown in
Figure 2.

Photographs of a suspension of glass beads of known
size distribution were obtained under flowing conditions.
The size distribution was determined from the photo-
graphs and compared with a size distribution obtained by
counting a sample viewed with a microscope. The results
are shown in Figure 5. Fairly large discrepancies in fre-
quency occur at high diameters but these tend to cancel
each other and the frequency curve for the flow system
is very close to that obtained by counting stationary beads.

The photographic arrangement was not completely
ideal because of the presence of the glass rod in the flow-
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of two photographic arrangements (see
Figures 2 and 3).

Fig. 6. Comparison
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Fig. 7. Concentration profile for 50% Shellsolv dispersion.

ing stream. However, in over 90% of the more than 1,000
photographs taken during this study, the droplets ap-
peared spherical and only showed some deformation at
the high concentrations. Thus it was concluded that the
effect of the glass rod on the measured drop sizes and
distributions was negligible. In an attempt to obtain data
to verify the above conclusion, a dispersion of 50%
Shellsolv was photographed with the usual glass rod sys-
tem and also with the special window section shown in
Figure 3. In this latter arrangement the glass rod did not
project into the stream. The distribution For both arrange-
ments is shown in Figure 6. The glass rod system shows
somewhat higher frequency of droplets in the 0- to 14-
micron range. This indicates some probable breakup due
to the glass rod. On the average the glass rod arrangement
shows higher average diameters than the converging-
diverging section, a result which is opposite to what would
have been obtained if excessive breakup were occurring
in the vicinity of the glass rod. In addition, it was found
that the arrangement in Figure 3 could only be used for
dispersions containing no more than 59 dispersed phase.
Hence, the glass rod arrangement, even though it caused
some disturbance in the flow, was useful over a wider
range of experimental conditions.

Since the plane of focus, that is, the plane being pho-
tographed, was within what would be the turbulent core
in the unobstructed pipe, it was assumed that the drop
size distribution obtained was representative of that over
the whole turbulent core. However, a radial variation of
drop size quite probably exists. Such a radial drop size
variation might be reflected by a concentration variation;
hence a concentration profile for the dispersion containing
50% Shellsolv was obtained as shown in Figure 7. The
concentration is nearly constant over the region 0.15 <
y/R < 1.0 and then decreases rapidly at values of y/R <
0.15. The photographs depicted the region 0.10 < y/R <
0.15 where the concentration was 97 to 99% of the con-
centration in the central portion of the tube. Therefore,
the photographs very nearly depict the conditions in the
turbulent core of the tube. The concentration profile
shown in Figure 7 agrees qualitatively with the negative
radial migration of deformable drops in laminar flow ob-
served by Goldsmith and Mason (21).

Drop Size and Drop Size Distribution

Over 1,000 photographs of dispersions were obtained.
Typical photographs are shown in Figures 8a, 8b, 8¢, and
8d. One 20-frame roll of 35-mm. film was used for each
run. The diameters of the well-defined droplets appearing
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Fig. 8a. Run S20A, Roll 86, Nre == 1.9 X 10%, t = 300 min.

on the photographs were measured and these were used to
calculate a number of characteristic average diameters,
namely, Dyo, Dso, and Dys;, which are defined as follows:

Dgys = diameter of particles below which
95% of the volume of the dispersed
phase is contained  (95th volumetric
percentile).

The number of droplets counted in determining the dis-
tribution was between 300 and 500 for a majority of the
runs.

The complicated nature of the flow system prevents
drawing definite conclusions concerning the drop size dis-
tribution data and its relationship to fluid mechanical be-
havior. The analysis is further restricted by the fact that
photographs were obtained at only one location in the
system.

Fig. 8b. Run S50B, Roll 88, Nr, = 1.7 X 10%, t = 300 min,
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Fig. 8¢. Run LO5A, Roll 42, Nr = 1.2 X 104, t = 25 min,

There are two possibilities with respect to droplet
breakup and coalescence. In one, droplet breakup pre-
dominates in regions of high shear such as in the pump,
in the mixing tank, and at various points of disturbance
throughout the system. Coalescence would predominate
in regions of low shear and hence an equilibrium would
be attained throughout the system. However, the state
of dispersion at different locations would be different. The
second possibility is that breakup and coalescence occur
at equal rates at all points in the system so that the state
of equilibrium is nearly the same everywhere. Whichever
possibility exists it seems reasonable to assume that the
distribution obtained from the photographs nearly ap-
proximated what was flowing in the test section, since at
the lowest flow rate the residence time in the test section
was only 2 sec. Hence, the fluid mechanical behavior ob-
served is probably representative of the dispersion photo-
graphed.

Figure 9 shows the drop size distributions for a 10%
Shellsolv dispersion as a function of time. These were
characteristics of all Shellsolv dispersions with more than

5 vol. 9 dispersed phase. The curve is characterized by

two peaks, one in the vicinity of 25 microns and one in
the vicinity of 70 microns. As circulation proceeds, the
position of the peaks remains relatively constant with re-
spect to diameter but the relative frequency changes, de-
creasing for the peak at the higher diameter and increas-
ing for the peak at the lower diameter.

The shape of the distribution curve is a function of the
concentration and of the physical properties of the two

Fig. 8d. Run H10A, Roll 75, Nr, = 1.2 X 10% t = 600 min.
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Fig. 9. Drop size distribution as a function of time.

liquids making up the dispersion. Figure 10 shows the
effect of concentration when compared with Figure 9.
At early stages, the curve is similar to those shown in
Figure 9; however, the peak at the higher diameter dis-
appears as equilibrium is approached in the system. This
is a possible indication that the two peaks in Figure 9
are indicative of breakup (the lower diameter peak) and
coalescence (the higher diameter peak). In Figure 10
the absence of the higher diameter peak indicates that
coalescence may become negligible at low concentrations.

Figure 11 compares the characteristic drop size distri-
bution of the Shellsolv, light oil, and heavy oil dispersions
at the same flow rate and same concentration. The differ-
ences in the curves are therefore indicative of the effect
of dispersed phase viscosity, since the interfacial tension
of all three oils in water was nearly the same. The light
oil showed a characteristic high pealZ in the range between
50 and 100 microns, depending on concentration. The
largest drops observed in the light oil dispersion were up
to twice the diameter of those in the Shellsolv dispersions.
The heavy oil dispersions showed only a high peak in the
0- to 7-micron range. However, extremely l};rge drops

0.24
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RUN SOIC
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N_ = 108 x 0%
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ROLL  TIME (min) Zni
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20 25 661
I 12
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Fig. 10, Drop size distribution as a function
of time.
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Fig. 11, Comparison of drop size distribution for different dis-
persed phases.

were observed (up to 800 microns). Although these large
drops had a low numeric frequency, they contained most
of the volume of the dispersed phase present.

Figure 12 shows the effect of dispersed phase concen-
tration on droplet diameter. This diameter varies approxi-
mately as the 0.4 power of the dispersed phase concen-
tration. The heavy oil dispersions have consigerabl higher
average diameters than the Shellsolv and light oif/ disper-
sion.

Two different types of drop breakup have been pro-
posed by Clay (13) and have been observed experimen-
tally by Sleicher (7). In one type the drop is broken into
approximately two equal drops, while in the second type
a local region of reduced pressure produces a small pro-
tuberance which breaks off in the form of a small drop,
leaving the original drops only very slightly changed in
diameter. Sleicher (7) observed both types in a turbulent
field in systems where the viscosities of the two phases
were nearly equal. However, the first type occurreé) most
frequently.

It is possible that both types of breakup occur in the
dynamic system being studied. However, if the high-
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Fig. 12. Variation of drop size with concentration.
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diameter peak represents the source of those droplets in
the low diameter peak, then for the type of breakup into
equal parts by volume the low peak should occur at a
diameter of about eight tenths of the diameter at the high
peak. The positions of the two peaks suggest unequal
breakup of the droplets. As an approximation the positions
of the Shellsolv peaks suggest that the drop formed at
breakup is about 4% of the volume of the parent drop.
(This is based on a 25- and 75-micron position of the
low and high peaks, respectively.) Likewise, for the light
oil, the drop formed at breakup is approximately 0.03%
of the volume of the parent drop (based on 5- and 75-
micron peaks).

This strongly suggests that the breakup is predominantly
of the type where a drop breaks off a much larger drop,
leaving it virtually unchanged. However, this is an over-
simplified picture and other phenomena, such as mechan-
ism of coalescence and localized high rates of breakup
and coalescence in the system, no doubt influence the
position of the peaks in the drop distribution curves. The
question of the character of the drop distribution at every
location in the system is unresolved but some experiments
were made which qualitatively show the effect of the
pump in the system. v

Possibly the high-speed turbine pump impellers were
a location of high rate of breakup. The pump output was
approximately constant and the flow rate in the test sec-
tion was controlled by varying the amount returning to
the mixing tank through a short bypass line, In one experi-
ment, the flow system was modified so that dispersion
flowed directly from the pump through about 2 ft. of tub-
ing to the photographic test section and thence directly
back to the tank. Hence, the dispersion being photo-
graphed was nearly representative of that leaving the
pump for all other experiments. The results are shown in
Figure 13. The point corresponding to zero circulation
rate through the test section represents the dispersion
coming directly from the pump. The dispersions at flow
rates between 1 and 4 Ib./sec. flowed through about 12
ft. of 1% pipe and through the 8%%-ft. long test section.
The diameter is lower for the dispersion coming directly
from the pump than for low flow rates through the test
section, indicating coalescence was taking place in the
20 ft. of pipeline between the pump and photographic
arrangement. At high flow rates, the diameter in the test
section is nearly the same as that for the dispersion leav-

DISPERSION COMING DIRECTLY

///FROM PUMP
) |e
o &
; “3\\
=
30
N
"
(=]
10
o] | 2 3 4

CIRCULATION RATE THROQUGH TEST
SECTION — 1b/sec

Fig. 13. Effect of pump on drop breakup for 5 vol. % Shellsoly
dispersion.
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Fig. 14. Droplet diameter for light oil dispersions.

ing the pump. This would indicate that the processes of
breakup and coalescence in the intervening pipeline were
essentially in equilibrium at these higher flow rates.

Any high rates of breakup occurring in the piping sys-
tem are probably at flow restrictions. In straight pipe sec-
tions, coalescence is probably the dominant phenomenon.
This reasoning is based upon Sleicher’s empirical equation
for maximum stable drop size in turbulent flow [Equation
(2)]. Appreciable breakup would occur in straight pipe
sections if drops were of this size or greater. Equation
(2) indicates that maximum drop diameters at 4 Ib./min.
flow for the Shellsolv, light oil, and heavy oil are, respec-
tively, 250, 350, and 1,400 microns. These increase to
6,000, 7,000, and 18,000 microns at a flow rate of 1 1b./
sec. Therefore it appears that drop sizes in the system
are largely dependent upon the action of the pump with
breakup also occurring at flow restrictions, this being
nearly balanced by coalescence.

Figure 14 shows the effect of both circulation rate and
dispersed phase concentration on the diameter for the
light oil dispersions. For a given concentration the largest
diameters occur at the flow rates midway between 1 and
4 1b./sec. with the exception that at 5% concentration
diameter is essentially independent of flow rate. Sleicher’s
(7) results show that drop breakup depends strongly on
velocity (—2.5 power). This presumably would be ap-
plicabl{a in flow restrictions as well as in straight tubes.
This would explain smaller drop sizes at high flow rates.
The higher diameters in the migrange of flow rates would
indicate coalescence effects. This would agree with the
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theory proposed by Haworth (16) [Equation (3)],
which predicts an increase in coalescence frequency both
with increasing velocity and concentration. At the higher
flow rates, the strong effect of velocity on breakup evi-
dently becomes pre(%ominant over the coalescence thus
causing the decrease in average diameter.

For the heavy oil dispersions smaller diameters were
observed at the 4 Ib./min. flow rate than at the 1 1b./
min, Intermediate flow rates were not studied.

Single-Phase Criterion

One of the purposes of this study was to compare the
momentum transfer of the dispersions with the drop sizes
of the dispersed phase. Baron et al. (1) presented Equa-
tion (6) as a criterion by which two-p%ase dispersians
could be treated as single-phase homogeneous fluids. This
criterion was based upon the requirement that the dis-
persed phase particles should be smaller than the Kolmo-
goroff microscale of turbulence l.. In the present study it
is postulated that the following criterion holds

dv)zpa
e (22} 2
Re D pe

where N is a constant to be determined.

It is necessary to choose an appropriate particle diame-
ter for the above relationship and it would be desirable
to choose a quantity which is not strongly dependent upon
the drop size distribution. The maximum drop size or the
95th volumetric percentile (Dygs) is subject to large sta-
tistical variations, particularly for small samples. The di-
ameter Dgy best represents the average size of the largest
drops and is only slightly influenced by the size and num-
ber of small drops.

In Figure 15 Dss is plotted vs. Reynolds number (based
on effective viscosity). The solid line represents Equation
(12) when N = 2. The broken line is a plot of the
Kolmogoroff microscale of turbulence calculated from

(12)
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Fig. 15. Drop diameter as o function of Reynolds number.
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Equation (5). The Shellsolv and light oil dispersions have
been found to behave similar to homogeneous Newtonian
fluids and data for these dispersions fall below the solid
line. The heavy oil dispersions fall above the solid line and
did not behave the same as the Shellsolv and light oil dis-
persions. The apparent viscosity of the heavy oil disper-
sions was nearly independent of concentration and the
velocity profiles indicated non-Newtonian characteristics.

The value of Ds; of the heavy oil dispersions is of a
magnitude that the dispersion cannot be treated as a
single-phase fluid. The fact that the effective viscosity of
the heavy oil dispersions (from friction factor measure-
ments) was nearly independent of concentration can be
explained to some extent from the drop size distribution.
There are many small droplets. Approximately 70% of the
droplets are less than 30 microns but these only account
for 0.3% of the volume of the dispersed phase. Only 5%
of the drops are in the 100- to 300-micron range but
these account for 85% of the volume of the dispersed
phase. The heavy oil dispersions are multiple dispersions
of a few large drops and many small drops. Doubling
the dispersef phase concentration will effectively cause
a 259% increase in the diameter of the large drops if their
number remains constant. Thus the 10, 20, and 27%
heavy oil dispersions are similar in nature and cannot be
treated as homogeneous Newtonian fluids.

It is concludeg that criterion

Nge ( Dss )2 LY
D Pe

provides a possible means for determining if oil-in-water
dispersions behave as homogeneous Newtonian fluids.
This conclusion is strictly limited to the three oil-in-water
systems studied in the present investigation. This criterion
is within the order of magnitude of that derived theoreti-
cally by Baron et al. (I).

(13)

CONCLUSIONS

This has been a study of friction losses, velocity pro-
files, and drop size distributions of liquid-liquid disper-
sions in turbulent flow. The study of drop size distribu-
tions provided qualitative information concerning the
breakup and coalescence processes in the flow system.

For the systems studied a criterion for determining if
a liquid-liquid dispersion behaves as a homogeneous New-
tonian fluid is proposed in Equation (13).

Effective viscosities of lig}xt oil dispersions following
the criterion of Equation (13) could be suitably pre-
dicted by Einstein’s equation [Equation (11)]. The re-
sults agree with those obtained by Faruqui and Knudsen
(4) on Shellsolv dispersions. The effective viscosity was
determined both from friction factors and velocity pro-
files, and each method gave comparable values.

Heavy oil dispersions showed an anomalous behavior,
which was explained on the basis of their drop size dis-
tribution.

The most frequent drop sizes in the Shellsolv disper-
sions were 25 and 50 to 70 microns. As dispersed p]gase
viscosity increased, the drop size distribution indicated a
preponderance of very smalfdroplets and few large drops,
these large drops constituting most of the volume of the
dispersed phase in the dispersion.

The turbine circulating pump appears to be a location
of high rate of drop breakup in the system. Coalescence
probably is predominant at locations of low shear rates.
In the equilibrium condition the average drop size in-
creases with concentration and first increases then de-
creases with flow rate. The latter effect of flow rate repre-
sents the relative predominance of the breakup and co-
alescence processes as affected by velocity.
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NOTATION

A, B = constants in Equation (8)
B’, B” = constants in Equations (9) and (10), respec-
tively

C = constant in Equation (1)

D = tube diameter, L

Dy = arithmetic average diameter

D3 = mean diameter

Dgs = ninety-fifth volumetric percentile, L

d. = collision diameter

dmax = maximum stable drop size

d; = diameter of j*t drop

d, = particle diameter, L

K = constant in Equation (7), 1/mL-"

L = length

I, = Kolmogoroff microscale of turbulence, L

m = mass

N = empirical constant in Equation (12)

n; = number of drops counted in each diameter in-
terval

3n; = total number of drops counted

Apy = pressure loss due to friction, m/Lt2

R = tube radius, L

Nge = Reynolds number based on effective viscosity of
dispersion

Npe, = Reynolds number based on viscosity of contin-
uous phase

t = time

U = average velocity, L/t

u = point velocity, L/t

ut = dimensionless velocity, u/u*

u* = friction velocity, L/t

v? = mean square of the turbulent velocity fluctuation,
L2/

w = mass flow rate, m/¢

w* = collision velocity, L/t

y = distance from tube wall, L

y* = dimensionless distance, yu®p/u

Greek Letters

energy dissifation in turbulent flow, L3
frequency of coalescence, t~1

€
v

#e = viscosity of continuous phase

ra = viscosity of dispersed phase

ne = effective viscosity of d.}i)spersion, m/Lt

¢ = volume fraction of dispersed phase

bmax = volume fraction of disperseg phase at the tube
axis

pc = density of continuous phase

pa = density of dispersed phase

pe = density of dispersion, m/L3

o = interfacial tension, m/#*
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Penetration Theory for Diffusion

Accompanied by a Reversible Chemical

Reaction with Generalized Kinetics

R. M. SECOR and J. A. BEUTLER

E. I. du Pont de Nemours and Compony, Inc., Wilmington, Delaware

The penetration theory equations representing diffusion with a generalized, reversible chemi-
col reaction of the form vaA + 8B = YMM -+ NN are solved by a finite-difference
method. Many solutions are presented in graphical form. Approximate solutions to several lim-
iting cases are obtained analyticolly by means of a steady state representation and are useful

for estimating results of the solution to the penetration theory equations.

Since its inception, the penetration theory of Higbie
(14) has been applied widely to unsteady state diffusional
processes. The Higbie model has been particularly useful
for solving many problems involving diffusion with chem-
ical reaction. In most cases, interest has been directed to-
‘ward diffusion of one reactant into a semi-infinite medium
containing a second reactant that depletes the first ac-

1 Il.( A. Beutler is with General Electric Company, Schenectady, New
ork.
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cording to some known kinetic mechanism, Obtaining an
expression for the rate of diffusion of the first reactant
through the boundary of the semi-infinite medium in
general requires the solution of a set of simultaneous
partial differential equations or in some cases a single
such equation, with appropriate boundaril conditions.
Restrictions of various kinds have been placed on the
physical problem in order to facilitate solution of these
equations. Solutions to the penetration theory equations
have been obtained for diffusion with:
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