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The properties of heavy oil emulsions produced in heavy oil extractions processes often
fluctuate, thus making treatments difficult. We investigated whether oil-phase ratios and
flow conditions might influence these emulsions. We studied turbulent mixing effects on
droplet sizes in real time, using a fully baffled stirred tank with a Rushton turbine in
bench-scale batch experiments. Breakup/coalescence of various volume fractions of
toluene diluted heavy oil in model process water was measured at four mixing speeds. The
range of oil volume fractions was 0.01 to 0.3, where 0.01 is the Kolmogorov limit and 0.3
the upper limit for oil-in-water (O/W) emulsions. Results showed that size distributions
depended on mixing time, rpm, and oil fractions. Breakage dominated at low oil fraction
0.01 and high mixing intensities produced bimodal distributions. The persistence of finer
droplets was attributed to reduced coalescence. Steady state was not reached. The middle
range oil fractions (0.05, 0.1) approached steady state more quickly and followed a
first-order breakage model at 800 rpm. The size distributions narrowed before the end of
the mixing time. The highest oil fractions and lowest mixing speeds produced the largest
droplet sizes. Plots of d;, vs. rpm for 75 min mixing showed that as the volume fraction
of oil phase increased the shapes of the curves changed from concave to linear to convex.
The d;, vs. energy dissipation curves suggested that turbulent dampening reduced
breakage. However, drop coalescence from erosive collisions as well as droplet surface
elasticity were factors affecting droplet sizes.© 2006 American Institute of Chemical Engineers
AIChE J, 52: 2639-2650, 2006
Keywords: heavy oil, droplets, breakage, coalescence, size distributions, turbulent,
stirred tank

Introduction

Heavy oil emulsions are produced during extractions from
deep wells and reservoirs. The characteristics and properties of
these emulsions vary on a daily basis and are often difficult to
treat. The formation and stability of these emulsions are still
not understood.! During extraction the oils are mixed with
process water and sand as they flow, mostly turbulently,
through the pipes. Thus understanding of the droplets’ forma-
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tion and stability during turbulent flow is necessary for pre-
scribing treatments of produced water before discharge into the
environment, and for heavy oil recovery.

Turbulent agitation of increased dispersed-phase volume
fractions (holdup) of clean model oils without surfactants in
water produces increased droplet sizes.>* This response has
been explained as an effect of turbulence dampening,> which
means the death of low-energy smaller eddies in flow and the
survival of the high-energy larger eddies. During turbulent
agitation of increased dispersed-phase holdup in a fixed tank
volume, a high number density of droplets is produced and
collision frequency can be expected to increase. Without sur-
face-active barriers at the interface, droplets of clean model oil
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readily coalesce on collision when the collision time is greater
than the film drainage time.>® Heavy oils contain natural sur-
factants that migrate to the oil/water interface of droplets.
Toluene-diluted heavy oils with the self-contained surfactants
and stabilizers are expected to behave differently from model
oils. Coalescence time is expected to be longer than collision
time. Such studies on stability effects for increased holdup of
dispersed heavy oil phase, during turbulent agitation in a stirred
tank, have not been explored or found in the open literature to
date.

Our earlier results indicated that droplets of various heavy
oil concentrations in toluene responded differently to reduction
in turbulence intensity compared to surfactant-free model tol-
uene.® We showed that at a fixed oil fraction (& = 0.05) in
water, the heavy oil droplets for 25 wt % heavy oil in toluene
had a layer of adsorbed stabilizers at the oil/water interface and
were more stable to breakage and coalescence (at 800 rpm:
Reynolds number 34,400) than droplets with lesser surface
coverage. We also showed in another three-phase (oil-water—
sand) mixing study that increased shearing of the 25 wt %
heavy oil-in-toluene droplets in the presence of sand caused a
significant increase in droplet breakage.!®!! Thus it is expected
that during turbulent mixing of two phases, by varying energy
dissipation levels and/or volume fractions of this 25 wt %
heavy oil, the breakage and coalescence behavior of the drop-
lets in the same water would respond unlike the extensively
studied model oils.!'213 The adsorbed films of interfacially
active asphaltenes and resins'# inside the droplets at the oil/
water interface can lead to different droplet responses for
increased intensities of turbulent flow. During turbulent agita-
tion, it is expected that coalescence time will be longer than
collision time,'s thereby affecting the resulting transient size
distributions.

To our knowledge, studies on the effects of increased vol-
ume fractions of dispersed heavy oil phase, during turbulent
agitation, have not been published to date in the open litera-
ture.!' Thus the objectives of this study are to measure the
transient droplet size distributions of the heavy oil droplets
formed for varied turbulent intensities and oil fractions and to
gain some insight into the emulsion stability under these con-
ditions.

The present article investigates the effects of varied volume
fractions of a 25 wt % heavy oil in toluene during turbulent
mixing in model process water. The stability of the oil-in-water
emulsion systems is monitored while varying the mixing rpm
of a Rushton turbine for fixed oil fractions, and while varying
oil fractions at fixed rpm. Droplet size distributions and Sauter
mean diameters (d5,) are measured as a function of time during
continuous agitation and after rest. The d5, data are collected in
real time for heavy oil droplets produced at four impeller
speeds for four volume fractions of dispersed phase.

Experimental
Materials

Heavy oil from a steam-assisted gravity drainage process
(SAGD) in Primrose Alberta was used in this study. The
concentrations of the groups of chemical structures that make
up the solubility classes (SARA) in this oil were: saturates (S)
23 wt %, aromatics (A) 21.1 wt %, resins (R) 38.8 wt %, and
asphaltenes (A) 17.1 wt %. The average molecular weight was
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Table 1. Experimental Conditions and Fluid
Properties at 22°C

Experimental Conditions

Mixing time, min 100

Sampling times, min 1, 8, 15, 25, 35, 45, 60, 75, 90, 100
Impeller speeds, rpm 600, 700, 800, and 900

Reynolds number range 25,800 to 38,700

Weber numbers 657, 895, 1169, and 1479

Impeller diameter, D, cm 5.08

Tank diameter, D, cm 10.43

Power number, P, 5103

Off-bottom clearance, D,/3, cm 3.47

Fluid Properties

Volume fractions of oil 0.01, 0.05, 0.1, 0.3
Wt % heavy oil in toluene 25

O/W interfacial tension, mN/m  19.9

Dilatational elasticity at 50 Hz,

mN/m 4.8
Viscosity of oil, mPa - s 1.56
Density of oil, kg/m? 895.45
Asphaltenes in oil, wt % 4.28

Density of mpH,0, kg/m® 998.3
Viscosity of mpH,O, mPa - s 1.00
pH of mpH,O 8.5

534 g/mol,'s density at 22°C was 1003 kg/m?>, viscosity at 24°C
was >10,000 mPa-s, and American Petroleum Institute gravity
degrees (°API gravity) was 10—11. The simulated process
water (mpH,0), as previously described,'® was a mixture of
0.01 mol/L NaHCO;, 1.8 X 10~° mol/L CaCl,, and 1.37 X
10~ * mol/L K,CO, in deionized water prepared from Millipore
reverse osmosis and Milli-Q polishing. The pH of mpH,O was
8.5 and specific conductivity around 870 wS/cm. All salts were
99.9% purity Sigma grade from Aldrich Chemicals. The HCl
and NaOH were ACS grade, whereas toluene was a spectro-
scopic grade from Fisher Scientific. All buffers and conductiv-
ity standards were obtained from Fisher Scientific.

A Malvern Mastersizer 2000 laser light scattering instrument
and the HydroSM small-volume recirculating cell were used
for size analysis. Oil viscosity was measured using the Ubbelo-
hde capillary viscometer. All samples were equilibrated at
controlled-temperature baths at 22°C. Densities were measured
at 22°C with a Paar DMA 4500 densitometer by direct injec-
tion. Details of the mixing apparatus are published else-
where.>!!

Methods

Sample Preparation. The 25 wt % heavy oil in toluene was
prepared by weighing 25 g oil into a graduated glass jar
containing preweighed toluene (75 g). The mixture was shaken
for 2 h using a horizontal shaker until no lumps were seen
under the microscope at 100 X magnification. The physical
properties of the toluene-diluted heavy oil (from hereon re-
ferred to as “the oil”), are shown in Table 1. The selected
concentration of 25 wt % heavy oil in toluene was previously
shown to produce stable emulsions at an oil volume fraction of
0.05 and 800 rpm.°

Mixing and Sampling. The experimental procedures
closely followed those of our earlier reported studies, which
showed details of the mixing apparatus, sampling, and droplet
detection.®-!'" In the experiments herein, kinematic, dynamic,
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and geometric similarities to conventional larger-scale stirred
tank systems were maintained. Mixing was conducted as a
batch process in a 1-L flat-bottom cylindrical glass tank of
diameter D, = 10.43 cm and with liquid height H equal to tank
diameter D;. The diameter of the Rushton impeller was D,/2.
The impeller height was at off-bottom clearance of D,/3. There
were six baffles symmetrically spaced in the tank. The Rushton
impeller speeds were controlled in time with a Lightnin mixer-
motor. All the systems were preconditioned with the water
phase before the start of mixing. A volume fraction of stock-
diluted heavy oil was layered over the water in the mixing tank
for a period of 1-1.5 h of preequilibration before the start of
mixing. The fraction of the conditioned oils was mixed in
model process water for 100 min at specified speed (rpm).
Mixing was not interrupted during sampling. Samples were
aspirated using a positive-displacement syringe attached to a
Teflon® capillary. The latter was inserted at the level of im-
peller offshoot in the tank. In one continuous motion the
emulsion was sampled and deposited into the HydroSM sam-
pler of the Mastersizer in <10 s. The details of fluid properties,
mixing conditions, tank dimensions, and sampling times are
summarized in Table 1.

In the present study, the highest volume fraction of oil is ®;
= 0.3, which is the limit for dispersed oil in water.* Agitation
speeds are listed in Table 1. Visible air entrainment began at
1000 rpm; therefore all mixing was kept below this speed.
Timing began from the start of mixing at a fixed speed and
samples were removed for droplet size distribution analysis
after 1, 8, 15, 25, 35, 45, 60, 75, 90, and 100 min of continuous
agitation. Emulsion samples were removed as mixing contin-
ued. Sets of 16 experiments in a matrix of four mixing speeds
and four volume fractions were conducted. Numbers of sam-
ples analyzed per set were 4 X 4 X 10 as volume fraction,
mixing speeds, and time varied, respectively. Duplicate sets
were measured to confirm the observations. The Sauter mean
diameter d5, and size distributions of droplets were measured
by light scattering methods using the Mastersizer 2000. Both
sampling and size distribution measurement® were completed
typically within 20 s. Size distributions were again measured
after 24 h of rest.

Results and Discussion

The following results are presented for fixed volume frac-
tions of oil at varied agitation speeds, followed by comparative
graphs for fixed speeds at four oil fractions. The results are
discussed in relation to our previously published studies with
concomitant explanations published by others on behaviors of
model systems during stirred tank mixing.

Size distributions and d;, vs. time for fixed ®,; at four
agitation speeds

Figures 1 to 4 show plots of d;, vs. agitation time for
droplets from oil volume fractions 0.01, 0.05, 0.1, and 0.3, at
mixing speeds of 600, 700, 800, and 900 rpm, respectively.
Following each of these plots are drop size distributions in
Figures 1b-1g, 2b—2e, 3b-3e, and 4b—4e for emulsions formed
at selected times of agitation between 1 and 100 min. The
experimental size distributions fitted lognormal distribution
functions at R? of 98% or better for all tested volume fractions
of oil. The size distributions for times not shown are the
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transients. Some selected size distributions of 24-h aged
creamed emulsions are also shown in Figures le and 1g to
illustrate emulsion stability.

At the lowest oil fraction at ®_; = 0.01 (well within theo-
retical boundaries for applying breakage arguments according
to Hinze—Kolmogorov theory!>17), there are wide differences
between d, values for 600 and 900 rpm, and some fluctuations
in droplet size were initially observed for the 600 rpm mixing
speed. As expected, the droplet sizes were the largest at 600
rpm. At 600 rpm, for which one expects the lowest intensity of
turbulence—and thus low kinetic energy—the large sizes are
often interpreted as being attributed to lessened droplet break-
age arising from the larger turbulent eddies in the fluid. The
700 rpm curve coincided with the 800 rpm curve up to 60 min,
after which the latter showed a stepped drop in d5,, whereas the
former decreased at the same rate. At 800 rpm the droplet size
reduction coincided with that for 900 rpm for 15 min, de-
creased at steady rate for 60 min, then showed a stepped
decrease in size. After 75 min, the size reduction rate did not
change up to 100 min of mixing. At 900 rpm, within 35 min a
temporary plateau in droplet size was reached. After 35 min, a
stepped decrease in ds, is shown with mixing time. Droplet size
steadily decreased up to 100 min mixing. These behaviors were
found repeatable. The size distributions for ®_; = 0.01 are
shown in Figures 1b to 1g. A secondary peak of finer particles
appears at the time when d5, underwent a marked decrease (see
Figures 1d—1g). The bimodal size distributions for heavy oil
volume fractions of 0.01 at 800 and 900 rpm reflect the step
change in average droplet size.

The observed stepped change in droplet sizes can be ex-
plained by analogy to the two steady-state sizes that Kumar et
al.’s presented in their multistage breakage model for drops
under turbulent flow. Their model treats a drop as a Voigt
element with deformation and relaxation occurring in stages
after several passes from impeller to tank. Breakage occurs
after the strain becomes unity. The drop recovery after defor-
mation is dependent on the relative restoring stresses of inter-
facial tension and the viscous resistance to deformation. Ac-
cording to these authors, full recovery does not always occur,
and so the strain may approach unity as turbulent intensity and
mixing time increase. Thus, complete breakup occurs in stages
with mixing time.

Secondary drop sizes are not unusual in industrial processes.
Desnoyer et al.' explained the phenomenon as the breakage of
one drop into two daughter drops and “satellite” droplets as a
result of stretching of a liquid filament just before the daughter
drops separate. The thin filament undergoes breakup by Ray-
leigh instabilities.?® Baldyga et al.?! used an extended theory of
drop breakup by suggesting turbulence intermittency to explain
the drift toward smaller drops as agitation is maintained. How-
ever, erosive breakage by shear stresses of fluids flowing
tangentially off the impeller blades should not be ruled out at
low oil fractions. In water, the low dispersed phase volume
fraction of 0.01 (for 25 wt % heavy oil in toluene) and high
turbulence intensity support reduced coalescence, after break-
age by elongation stresses. Pacek et al.>> observed bimodal size
distributions with turbulent mixing at low speeds for <5%
chlorobenzene in deionized water. However, they found that, at
higher fraction of dispersed phase, the bimodality diminished.
It is not unusual to find these unwanted finer droplets, which
are seen as a “haze,” in turbulent mixing of very dilute indus-
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Figure 1. (a) Decrease in diameters of oil droplets for ®_;, = 0.01 in model process water (mpH,0) as a function of
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agitation times and impeller speeds of 600 to 900 rpm. Size distributions of oil droplets in water for ®_; =
0.01 measured for various times at (b) 600 rpm, (c) 700 rpm, (d) 800 rpm, (e) 800 rpm (at 100 min and after
24 h of rest), (f) 900 rpm, and (g) 900 rpm (at 100 min and after 24 h rest).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]
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Figure 2. (a) Decrease in diameters of oil droplets for ®_;, = 0.05 in model process water (mpH,0) as a function of
agitation times and various impeller speeds. Size distributions of oil droplets in water for ®_;, = 0.05

measured for various times at (b) 600 rpm, (c) 700 rpm, (d) 800 rpm, and (e) 900 rpm.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]

trial systems.* It appears that the bimodal droplet sizes ob-
served in this present work can be well explained by these
arguments, even though our drop viscosity is small.

For breakage, generally the dynamic interfacial properties,

July 2006 Vol. 52, No. 7

Published on behalf of the AIChE

viscosity ratios of dispersed to continuous phases, and flow
conditions are significant factors. Because the present diluted
heavy-oil system has a viscosity << 10 mPa-s, which is the limit
above which viscous resistance is significant, the resistance to
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Figure 3. (a) Decrease in diameters of oil droplets for ®_;, = 0.01 in model process water (mpH,0) as a function of
agitation times and various impeller speeds. Size distributions of oil droplets in water for ®_, = 0.1
measured for various times at (b) 600 rpm, (c) 700 rpm, (d) 800 rpm, and (e) 900 rpm.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]

breakage for the initial period at 800 and 900 rpm might be
attributable to viscoelasticity in the drop, as discussed in our
earlier work.%!! A buildup of a thick adsorbed layer of surface-
active film (40-60 nm for 40 Pa and 21.4 nm at 135 Pa

pressures for mass ratio 1:3 of bitumen:toluene) was reported.!#
This is by analogy comparable to film inside the droplets in our
case for the 25 wt % oil-in-toluene system. We showed that the
viscosity of oil-in-toluene systems increases dramatically at
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Figure 4. (a) Changes in diameters of oil droplets for ®_, = 0.3 in model process water (mpH,0) as a function of
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[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]

around 25 wt % (still <10 mPa-s).2? This indicated that vis-
cosity was too high for achieving a steady-state interfacial
tension during droplet deformation and/or the asphaltenes may
be self-associating inside the heavy oil droplets. These inter-

actions, which lead to the rise in viscosity similar to that of
macromolecules, may also oppose oil droplet breakage from
elongation stresses. Koshy et al.?* showed that, subject to the
same turbulence, viscoelastic drops tend to be larger than

AIChE Journal July 2006 Vol. 52, No. 7 Published on behalf of the AIChE DOI 10.1002/aic 2645



inviscid drops. Similarly, Walter and Blanch?> gave an expla-
nation of interfacial elasticity as being responsible for the
persistence of large droplets of air bubbles coated with high
molecular weight surfactants.

Te 24-h aged samples in sealed microscope slides maintained
the integrity of most of the droplet population, especially the finer
sizes, even though they were closely packed in the slide. This
indicated that a protective barrier kept the droplets stable on
standing. Our visual observations were that creamed emulsions,
which were exposed to air over time, broke in the jar, thus
eliminating some larger droplets in the aged samples from the jars.

It appeared that breakup of droplets continued over the
experimental time for an oil-phase ratio 0.01 and no steady
state was reached within the time frame for measurements. At
this lower oil-phase ratio 0.01, reduced collision frequency
favors breakage over coalescence. Agitation at 600 or 700 rpm
over time did not supply sufficient turbulence intensity for
further breakage, and eddy time was less than drop relaxation
time. However, agitation at 800 and 900 rpm did, and resulted
in secondary peaks in the droplet size distributions and de-
creased droplet sizes.

For ®_; = 0.05 (Figure 2), 0.1 (Figure 3), and 0.3 (Figure 4)
at the four mixing speeds, the d;, vs. time curves segregated
into groups as oil volume fraction increased. Figure 2 shows
that the 600 rpm curves for ®_;; = 0.05 still have the largest
droplets with agitation time, whereas the 700 and 800 rpm
curves coincided and separated from the 900 rpm curve after 45
min of mixing. From 700 to 900 rpm, the gap between ds,
values at equal time intervals for each volume fraction of heavy
oil narrowed as the volume fraction increased. The 700 rpm run
for ®_; = 0.1 (Figure 3) approached the 600 rpm run, and for
., = 0.3 (Figure 4) the 600, 700, and 800 rpm runs were
separated from the 900 rpm run. Steady state, shown by lev-
eling of size vs. time curve, was reached quickly and was
maintained at oil volume fractions 0.05 to 0.3. There were no
secondary droplets or tails observed at the higher oil volume
fractions in the agitated vessel, which is consistent with obser-
vations of Pacek et al.?2 on model systems.

As agitation time progressed for each ®_; > 0.01, the size
distributions narrowed and reached a near steady state before
the end of the mixing at 100 min. The exception for ®_;; = 0.05
is at 900 rpm (Figure 2e), when the 100 min distribution shifted
to smaller sizes than the 75 min distribution. For ®_, = 0.1
(Figures 3b—3e), this shift in distributions occurred only at 700
rpm for the 100 min sample. For 800 and 900 rpm, the size
distributions in each run were superimposed after 45 min of
mixing. At ®;; = 0.3 (Figures 4b—4e), the 600 rpm distribu-
tions were more broadened initially to 75 min and at 100 min
became narrower. This pattern was consistent for distributions
measured for 700, 800, and 900 rpm, as well.

Effects of oil-phase volume fractions on droplet size
distribution

The d5, vs. time curves for various volume fractions and
fixed impeller speeds are compared in Figures 5 to 8. At 600
rpm, there were minor differences between the d;, vs. time
curves for @ = 0.01 and 0.05, and some differentiation be-
tween @ = 0.1 and 0.3 curves. The gaps between the d, vs.
time curves at the four volume fractions were widest at 700
rpm (Figure 6). However, at 800 rpm, values of d5, vs. time for
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volume fractions of 0.1 and 0.05 were closer together and were
separated from the curves for ®_; = 0.3 on one side and ®;
= 0.01 on the other. At 900 rpm the d5, vs. time curve for ®;
= (.01 deviated from the curves for ® = 0.05 and 0.1, which
again were closer to the d;, vs. time curve for @, = 0.3.

The increase of droplet size with increased ®;, is consistent
with published data on model oils. For turbulently agitated
model oils with and without stabilizers droplet sizes increased
at high volume fractions of the oil-dispersed phase.19-26-2 The
behavior was generally attributed to coalescence by a higher
collision frequency between droplets.!3-30-32

The droplet sizes of our systems with higher @, quickly
reached steady state. They appeared to show less breakage with
time (slope of d;, vs. agitation time curve) for ®.;, = 0.05,
even at higher agitation speeds. This suggests droplet death rate
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Figure 5. Changes in diameters of oil droplets formed in
model process water (mpH,0) as a function of
agitation time at 600 rpm for ®_;, = 0.01, 0.05,
0.1, and 0.3.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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Figure 6. Changes in diameters of heavy oil droplets
formed in model process water (npH,0) as a
function of agitation times at 700 rpm for ®;, =
0.01, 0.05, 0.1, and 0.3.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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Figure 7. Changes in diameters of heavy oil droplets
formed in model process water (mpH,0) as a
function of agitation time at 800 rpm for ®_;, =
0.01, 0.05, 0.1, and 0.3.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

(breakage into smaller droplets and coalescence to larger drop-
lets) equals birth rates (breakage of larger droplets and coales-
cence of smaller droplets).?> The results indicate that the tur-
bulent energy effect was significant in droplet breakage, but
only until steady state was reached. Breakage probability can
be a function of droplet sizes as well.

The conventionally accepted explanations for this behavior,
in contactor studies, are that the increased number density of
droplets increases the probability of collisions, thus leading to
increased drop—drop coalescence. The increased volume frac-
tion of oil dampens the turbulent eddies, leaving the eddy
lengths much larger than droplet diameters. As a result, the
droplets cannot be broken further.* Turbulent dampening at
large dispersed phase ratio is used frequently as an explanation
for larger droplet sizes.> As the particle number density grows
high, however, coalescence takes place only if interfacial film
thinning occurs before the intrusion of a turbulent eddy. The
film drainage time should be less than the collision time for
coalescence to occur.>* If the droplet does not recover from
deformation because of a relatively immobile film, it is par-
tially on the way of a dimple formation in film drainage
mechanism when contact is made with another dimpled drop-
let. Breakage, on the other hand, will occur only after many
passes from impeller to tank for these systems.

The argument for reduced coalescence for this oil concen-
tration in toluene relative to others at a volume fraction of 0.05
was presented in an earlier study.® A stepped reduction in
agitation speed then did not change the droplet sizes. This
resistance to coalescence was attributed to the larger film
thickness and reduced film elasticity that prohibit immediate
coalescence on drop—drop contact in the less-intense turbulent
flow. Interfacial elasticity of asphaltene films for crude oil-in-
water emulsions has been measured? in the range of 0.12 to
0.74 mN/m and up to 2 mN/m for crude oils.>® For the system
under study interfacial dilatational elasticities from 4.8 to 10.1
mN/m at oscillation frequencies from 50 to 5 Hz were mea-
sured using pendant drop oscillation. On the other hand, co-
alescence in a “rest” situation when film drainage is the con-
trolling event is treated as a series of intricate phenomena that
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are dependent on the mobility of interfaces, internal phase
viscosity, interfacial tension gradients, fluid circulation within
the phases, velocity of approaching interfaces of two drops, and
squeezing flow properties of fluids in the lamellae.’” In tur-
bulent flow coalescence events are treated statistically with
respect to drop breakup and drop collisions.

Increasing the speed of collisions would enhance coales-
cence because deformation on collision will bring bare patches
on the droplet surfaces. Sovova3® attributed coalescence in high
dispersed-phase holdup to erosive collisions, which favor co-
alescence as a result of contacting of bare patches on the
surface of droplets. We pursue this point further in another
study by using a stator-rotor to homogenize oil droplets at
increased heavy oil fractions.!!

A more detailed view of the droplet breakage processes at
increased dispersed oil phase ratios can be seen in the size
distributions at fixed times of agitation (Figures 1b-1g to
4b—4e). Even after 24 h, the droplets persisted, although the
smaller droplets survived the larger ones, as shown in the
measured distributions. However, our recorded video images
showed that the droplets were stable if undisturbed over 24 h
and broke only if exposed to air. Drainage of lamellae toward
coalescence was a very slow process on standing.

Figure 9 shows a summary of d5, vs. impeller speeds for the
four volume fractions of oil after 75 min of mixing. The shapes of
the d;, vs. rpm curves for increased volume fractions changed
from concave (®; = 0.1) to linear ($,; = 0.05 and 0.1) to
convex (®_; = 0.3). These are of practical interest because the
droplets from oils at ®_;; = 0.05 and 0.1 behave similarly com-
pared to @ ;; = 0.3, which shows the beginning of change toward
inversion and lessened stability. However, from a theoretical per-
spective, comparisons based on energy dissipation below are more
informative.®® The responses are shown next under equivalent
energy dissipation. The results of the studies at higher oil fractions
are reported in another study under the topic phase inversion.!!
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Figure 8. Changes in diameters of heavy oil droplets
formed in model process water (mpH,0) as a
function of agitation time at 900 rpm for ®_;, =
0.01, 0.05, 0.1, and 0.3.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

DOI 10.1002/aic 2647



i pH 8.5, mpH O
——p— ———
.
g %0 -
Eﬁe
§ Y
E
£
B o =001 .
B o, =005 S
20+ & @ =01 \‘“\-.{H
v @, =03 :
10

550 600 650 700 750 800 850 900 950
N, rpm
Figure 9. Summary of d;, vs. impeller speeds for various
oil fractions at 75 min of mixing.38

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

Comparing the d;, vs. average energy dissipation € at
increasing volume fractions of oil phase

Figure 10 shows the droplet diameter vs. average energy
dissipated in the tank £, for the four volume fractions of
dispersed oil phase. The d5, values are those measured after
75 min of agitation. The experimental d5, values for &, =
0.01 and 0.05 are almost the same at the same energy
dissipation (2.2 W kg~ "). Above 2.2 W kg™ ', a differenti-
ation in size at equal energy input is shown. The decrease in
size with increase in £, was greatest for the lowest volume
fraction (that is, ®_;; = 0.01), confirming that breakage was
dominant in this system.

Thus, it is apparent that the higher the volume fraction of a
25 wt % toluene-diluted heavy oil in water, the larger the
droplets for a given energy dissipation rate. These results also
confirmed that energy dissipation in a stirred tank with two
phases is not the only factor that determines the droplet size.
The sizes appear to depend also on the volume fraction of the
dispersed phase and the flow property of the internal oil phase.
The occurrence of larger sizes at the high volume fraction was
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Figure 10. Effects of average energy dissipation £ on
the diameters d, of oil droplets of ®_;, = 0.01,
0.05, 0.1, and 0.3 formed in model process
water (mpH,0) at 75 min mixing.38
[Color figure can be viewed in the online issue, which is

more reasonably explainable by a balance between breakage
and coalescence, with coalescence being more effective as the
droplets are closer to each other.

Breakage as a first-order kinetic process for midrange
oil fractions at 800 rpm

The parallel but linear responses of ds, vs. rpm for oil
fractions 0.05 and 0.1 show more ordered breakage behavior.
The kinetic first-order breakage function (Eq. 1) was fitted by
least-squares regression to the experimental data d;, vs. time
for oil fractions 0.05 and 0.1 (Figures 2a and 3a). The deriva-
tion of this function was described in a previous publication,!©
where d3 represents the calculated steady-state size:

dy, = dy, + B exp(—ki1) ey

The kinetic constants k, with the coefficients B and the calcu-
lated d5, at steady state are tabulated in Table 2.

The results in Table 2 are in reasonable agreement with a
first-order kinetic breakage process. The R? values are >96%.
Breakage rate constants k; suggest that collisions resulting in
breakage were close. However, the larger steady-state size at
the higher oil fractions indicates that the oil fraction influences
the overall average size of the droplets.

The next question to be addressed is: Do the heavy oil systems
behave according to size-predictive models based on the balance
of turbulent and interfacial stresses, at increased oil fractions? This
topic is addressed in another paper based on this work.?3

Conclusions

(1) Increasing volume fractions of oil phase led to increas-
ingly larger droplet diameters at all agitation speeds studied in
turbulent mixing of 25 wt % heavy oil in toluene in model
process water. The largest size droplets occurred for the highest
volume fraction of oil phase. Results were consistent with
published results on similar behavior that was explained as
turbulence-dampening effects.

(2) The bimodal droplets size distributions for heavy oil
volume fractions of 0.01 after prolonged mixing at 800 and 900
rpm were reflected as step change in average droplet sizes. The
probability of a reduced collision frequency at the lower oil
phase ratios favored the dominance of breakage. Breakage
resulting in bimodal distribution was attributed to satellite drop
formation. Lack of bimodal behavior at the higher oil volume
fractions was consistent with published findings on other sys-
tems. Broadened size distributions after rest for ®_; = 0.01
mixed at 800 to 900 rpm indicated changes in the sample
exposed to air, and a very slow coalescence even at high
droplet packing density.

(3) Small droplets remain in a broadened size distribution.
As agitation time progressed for each oil phase at volume

Table 2. Constants and Coefficients for a First-Order
Breakage Rate Function at 800 rpm

ky er
Dy d35 (um) B (min™") R*  (Wkg™")
0.05 41.67 =£0.28 7.8 0.5 0.054 0.97 4.1
0.1 439 +03 8.1 £0.6 0.053 0.96 4.2

available at www.interscience.wiley.com]
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fractions > 0.01, the size distributions narrowed and reached a
steady state before the end of the mixing time. High electrical
double-layer repulsive forces of the charged droplets would
contribute to reduced coalescence after breakup.

(4) Segregation of droplet sizes vs. time curves as mixing
speeds changed from 600 to 900 rpm and the widest spread at
700 rpm at oil fractions of 0.05 to 0.3 indicated transient
changes in the systems with energy. Summary plots of ds, vs.
rpm after 75 min mixing, show behavior went from concave to
linear to convex, as the volume fraction of oil phase increased.

(5) The oil fractions 0.05 and 0.1 followed first-order break-
age in time function best at 800 rpm.

(6) At an equal energy dissipation rate the larger droplet
sizes at oil fraction of 0.3 and the shapes of the curves with
energy dissipation rates indicated that turbulent dampening and
reduced coalescence were not the only parameters controlling
droplet sizes. Droplet resistance to breakage from their elastic
films appears to play a role as well. However, at an oil volume
fraction of 0.3 there were indications of instability setting in as
droplet number density increased.
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Notation

D, = tank diameter
D./3 = off-bottom clearance position of impeller in tank
d;, = Sauter mean diameters, dy, = X% n,d} /25 n,d?
d55, = steady-state diameter
d; = diameter of droplet of identity i
n; = number of droplets of identity i
H = liquid height
k, = Kinetic constants
B = coefficient
mpH,0O = model process water
rpm = impeller revolutions per minute
t = time

Greek letters

£, = mean rate of energy dissipation, W kg~
@, = volume fraction of toluene-diluted heavy oil

oil
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