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Abstract
" The. purpose of this work is to investigate thg_effects
of clay and fines on the size of oil drops in oil/water

dispersions. The study was motivated by the need to

funderstand'why low grade oil‘éands result in a surp;isingl{'

low bitumen recovery in the Hot Water Process for recovering
bitumen from oil sand. A stirred vessel with a flat bladed

impeller was used to create ‘the dispersions. A photographic

: @ . -
method, using an image analyzer, was used to determine the

avérage drop sizes and the drop size distributions.

A

Results were obtained wusing a lighé hydrocarbon *

(hexane), a medium v@scosity paraffin 6il, and a heavy Cold
Lake bitumen. Pure kaolinite was used for the solids, as
well as an unpurified mixture of clay fines recovered from
Athabasca oil sand._Runs yeré carried out with and without
clay fines over\avrangé of Weber numpers. Different methods
of introducing the fines were studied, as well as the
. effecﬁsA of the pfesen;e of NaCl in-: the continuous water
phase. .

The addition of* clay was found to increase the drop
size for both the hexane ana the paraffin oil, approximately
doubling the drop size for hexane. }he éddition. of the
kaolinite to the~bitpmgn/wéter %ispersions was found to have

little effect. , ' .

iv
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1. Objectives |

¢

The objectives of this work are:

1. To construct an experimental set-up to determine the drop

size and drop size distribution of oil drops in oil/water

digpersions.
2. To investigate the effects of adding pure kaolinite to

\
dispefsions of:

- hexane/water

-~ paraffin oil/water

- bitumen/water

3. To $tud§ the effects of unpurified Athabasca fines on

hexane/water dispersions.

L w Wd
gy (._
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2. Introduction

An understanding of the.mechanisms of drop breakup and
coalescence is an important part of learning how industrial
mixing and, separation processes work. This understanding can
lead to more accurate control and better design for future
processes. —_— |

"One process where fluid mechanics and colloid chemistry
play an important "roley is the Hot Water Process for
récquring bitumen from oil.sand. In this process, the mined
0il sand is first mixed with hot water, steam, and caustic
soda in a large cylindrical tumbler. The oil sand lumps of
various sizes ate ablated away into a slurry consisting of
bitumen, wateéj‘ and solids (both coarse and fine), at a
ftemperature of about 80 °C. This mixture is sent to a large
gravity separation vessel, where the bitumén forms drops
which rise to the top of the vessel to form a froth. Most of
the coarse solids and water report to a tailings stream, and
" the fines, water énd small bitumen drops report to a
‘middlings stream, which is withdrawn near the middle of the
vessel. Bitumen is further recovered from the three exit
streams via secondary recovery processes. It has been-found
that oil sandgrwith exceptionally high fines content (those
solids less than 44 microns) usually result in a very low
bitumen recovery. One possible explanation for this is that

the fine particles, which are mostly silica and wvarious

types of clays, somehow affect the coalescence of small



)

bitumen dropg&snd impede the formation of a rich bitumen

froth. \\\o n

| Thi§ rk involvéd studyingidrop sizes and drop size
distributions in an idealized three compoﬁen; system. A
stirred cylindrical vessel was used to create the
dispersions, The dispersions were stirred with a flat bladed
impeller over a range of Weber numbers. Three different
oil/water ksystéms‘lwere studied; hexane/water, paraffin
oil/water, and bitumen/water. Pure kaolinite was primarily
used as the solid phase, but unpurified Athabasca fines were
also used for the hexane/water system. The sauter mean drop
size and the drop size distributions were meaéured with a.
photomicrographic probe. Photographs of the dispersions were

taken and subsequently analyzed on an image analyz;r.

. \
\ !

\-. 3
R ’ 3



3, Literature Review

The stability and formation of oil/water emulsions have
been extensively studied by, many researchers. The effects of
golid additives on the emulsions have been well documented.
Emulsibns are generally defined as being made up of stable

drops with sizes ranging from 0.1 to 50 microns. A great

' deal of research has also been performed on oil/water

dispersions. Dispersions are systems with larger size drops
which can coalesce and break up much more readily than in

the case of emulsions.

3.1 0il/Water Dispersions

In the field‘;£ oil/water d;spersions,-theoretical'and
experimental studies were conducted on drop breakup and drop
coalescence. Kolmogoroff [20) defined the concept of local
isotropy to describe drop breakup. Local isotropy reférs to

high levels of uniform local turbulence. Kolmogoroff used

two parameters, a length scale,
n = (vi/e)V/? _ (3.1)
and a velocity scale,

v = (pve)'/s (3.2)



For drops larger than Kolmogoroff's length =, inertial
forces are said to dominate drop bregkup. Viscous forces
dominate breakup of drops smaller than n.

Shinnar [36] stated that local isotropy is present when
the bulk flow has a high Reynolds number, and the width of

the fluid ejected

y the impeller is much higher than the

length scale n. The widfhvof the agitator is used as the
width of fluid ej$F ed by thq‘impeller.

Shinnar et agﬁ%[36]§[3f] uséd Kolmogoroff's theory of
g eéict some of the properties of
dispersiongs f%rticle size distributions. Shinnar
also ext e : g@ ﬂﬁéd the breakup and coalescence of
drdps in a dispe;éioﬁ: developing an equation for maximum
stable drop size when breakup is due to inertial effects

(d>>n),

Qpay = CNTO/SDTE ()38 | (3.3)

max
c

For a dispersion consisting of very small drops with d<n,
breakup is due .to viscous shear, and the maximum drop

diameter is given by
d = —— f(—) : (3.4)
K ‘

Equations 3.3 and 3.4 have beenAverified’experimentally by

Sprow [38] and Vermeulen [42].

w



(1

The Weber number [41] is also used extensively to

charactagize'oil/water dispersions. It is normally given as
D’ N? p,
We = ——— (3.5)
\

The Weber number is the ratio of kinetic energy of a drop to
the surface energy. There is a critical Weber number, We. ..,
above which drops become unstable and break up as the drop's
kinetic eneérgy overcomes the surface energy.

Equations have also been developed to predict the
minimum drop sizes required for coalescence to take place,
Sprow [38). It is found that in the region where inertial
forces dominate, the minimum drop size is given‘by

F3/8

d. = C, (3.6)
(pc)vaJ/tDl/z

In the region where the viscous forces dominate, d is

min

given by

F1/2V1/4
d.. =C, (3.7)
(uc)1/2N3/AD1/2

F is a force parameter defined by Sprow to describe the
force of interaction between two particles. |

Hinze [18] studied the mechanisms of drop deformatlon
and breakup both experimentally and theoretically. He found
three basic types 6f deformation. "Lenticular” deformétion,

vhere the drop is flattened to a lens shape, can take place



under conditions of parallel flow, axisymmetric-hyperbolic
flow, and rotating flow. "Cigar-shaped” deformation was
found in plane-hyperbolic flow and couette fl;w. The third
type of deformation found by Hinze was "bulgy" deformation,
in which the drop surface is deformed locally, which 1is
caused by irregular flow patterns. -

The parameter most used to describe drop sizes in

oil/water dispersions is the sauter mean drop size, given as
d,, = = (3.8)

The sauter mean diameter is also called.a volume to surface
mean diameter. The sauter mean diameter is especially useful
becdause it can ;be related to interfacial -area a(mi/m’),
where it 1is given as

a = —— (3.9)

Experimental data for the sauter mean diameter of drops

are normally correlated using an equation of the form -
d,, = C,D(1+C 9 )Wece (3.10)

A typical system, showing the order of magnitude of the

constants, is that of Mlynek and Resnick [25],

d,, = 0.058D(1+5.4¢) (We) ¢ (3.11)



Mlynek and Resnick developed Equation 3.11 to describe their
experimental results for dispersions of isooctane and carbon
retrachloride in water. They used a baffled cylindrical
vessel and a 6-blade turbine impeller to create the
dispersions. Drop sizes were determined from photographs
taken through a periscope which was inserted directly into
the mixing vessel. A drop encapsulation method was also used
to determine drop size parameters. Correlations similar to
Equation 3.11 have also been developed by Brown and Pitt
[3], Calderbank [7], and Coulaloglou and Tavlarides [12].
Other examples of correlations are thosg of Weinstein

and Treybal [46],

4

09,

d32 - (10"2.31600.6720 (yc)0.0722 C‘O.l‘)l (pc )O.\Qﬁ (3.12)
4
and that of Brown and Pitt [4],
5 (D)3
dy, = C, (5 ¢/3 ——) 5 (3.13)

e/t

In Equation 3.13, t_. is the circulation time, and ¢ 1is the

c
average energy dissipation rate per unit mass.

The . study of Tavlarides and Stamatoudis [41]) provides
an extensive list of various correlations used to predict
the sauter mean drop size. |

Gnanasundaram et al. [16] carried out experiments with

hexane/water dispersions created in an agitated vessel. Drop

sizes were determined from pHotogfaphs taken through the



glass wall of the experimental vessel. Their results are
ghown in Fiqure 3.!. The correlation Gnanasundaram et al.

used to describe their experimental‘results 1s

d,, =~ B(We) s (3.14)

where
B = 0.052e'* (3.15)

ward and Knudsen [44] conducted an experimental study
in whiéh drop sizes in a paraffin oil,/water dispersion were
measured. They created the dispersions in an agitated
vessel, and then circulated the mixed liquids through a pipe
loop. Drop’ size distributions, velocity profiles and
pressure drops were also measured. Photographs of the
dispersions were taken through a glass window in the pipe
section , and werehthen analyzed by hand for the drop size
parameters. The equation developed by Ward and Knudsen (44)

hY
to correlate their experimental resul-6 is
Re (——) rn s 2 (3.16)

The experimental results of Ward and Knudsen [44]) are
shown in Figure 3.2.
The physical design aspects of mixing vessels have been

extensively studied, including impeller type, impeller size
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and location, and baffle design 126],[27]. As well, drop
. | )

circulation patterns, velocities, local drop size variation

at different points inbthe vessel, and'other'parameters have

been examined [17],[19],[29],[46].

3.2 Colloid Theory -

There areithree main types of forces acting on small
(colloidal) particles or drops. These are Van der Waal's
attract1ve forces, Born repulslon forces, and electrostatlc
repulsion forces. The Van der Waal's forces are effect1ve
over a short range, whereas the the other two are long range*
forces. THé_Born repulsion forces are due to overlapplng
elect:bn clouds, while th% Van der Waal's attraction can be
due to the polarization of one molecule by fluctuations in
the charge distribution of a second molecule (Shaw [35]).
The electrostatic forces are due to the electric double
layer whiéh surrounds . most particles. The build up of

v
electric charge of a particle attracts ions with the
opposite charge towards the surface, and -repels similarly

charged ions away.
3
4

3.3 The Effect of Solid Additives '

| A large amount of work has been carried out studying
fine solid particles both as -emulsifiers and as emu151on
breakérs. A small number of studies have been conducted on-—

the effects of fine solids in non-emulsified dispersions.

Pickering([30], in 1907, determined the solid particle size
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required to form emulsions. Alternatively, Collopy and
Mueller [10] have used fine solids as an aid to coalescence,
and to break emulsions.

Mizrahi and Barnea [24] reviewed various studies which

»

have dealt with the effects of solids on various aspects of

_emulsions. They also performed a variety of experimths,

both batch and continuous, using various solids to either

break up or form emulsions. Their results indicated that if
'solids were preferentially wetted by tr= cqntinuods phase,

‘then the solids would aid in emulsification. Alternatively,

if they were prefentially wetted by the c¢ispersed phése, the

solids would aid in coalescence. Gelot, F-iesen, and Hamza

v{15] studied the effects of clays and other fines;4és well

as surfactants on toluene/water emulsions. Calcium kaolinite

. was found not to be an. effective emulsifier for

toluene/water systems, although calcium bentonite. did

stabilize a .toluene in water emulsion. When calcium.
kaolinite was added with an anionic surfactant, it was able
to stabilize the emulsions.

Dippenar [13];[14] studied the mechanism for liquid
film rupture by solids in.Fhe process of frotb flotation of__
m%@?rals using a water/ai; froth. High speed cinématography
vas used to study froth cells in which single solid
particles were placed on a single liquid/air froth cell. The
effects of particle size and shape were Studied for sevefal
different tYpes'of solids. It was found that a contact angle

of greater than 90° wés'generallyktequired for film rupture,
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using both round and irreqular shaped particles; such as
hydrophobic quartz. Particles with orthorhombic shapes were
able to break the froth film at contact angles even lower
than 90°. |

In the area of oil sand processing, Sanford and Levine
[22],[23],[33] have published a series of papers on the
effects of fines and other é;ocess variables on the recoverf
of bitumen from oil sand. They developed a thermodynamic
theory to explain the stabilization of bitumen emulsions by
fine solids. It was showﬁ that oil sands with increasingly
higher fines content had a decreasing bitumen recovery with
the Hot Water Process. While Sanford and Levine acknowledged
that clays were not the only(fine particles present in oil
sand fines, they pelieved that the clays were the most
important type of small particles. They explained that the
clay‘ particles "are attached to the bisumen drops by
un-ionized strong polar grodps which form part of certain
prganic constituents of the bitumen., The addition of NaOH to
the oil sand produces an anionic surfactant which bears the
same Sign as the clay particles (negative), and these forces

tend to stabilize the emulsions formed.”

3.4 Experimeﬁtal Techniques

There are several different methods avaiiable for
measuring drop sizes in liquid/liquid dispersions. The three
basic categories are chemical methods, light transmittance’

———

and reflectance mé@thods, and photegraphic methods. Each
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method has its own intrgﬁsic advantages and disaﬁ&antages.‘A
major difference is that while all of the methods can be
used to determine sauter mean drop size and interfacial
area, only certain of the photographic methods' will give a
drop size distribution.

The‘chemical method is probably the most accurate for
determining interfacial -area and sauter mean drop size.
Though mainly used for _gas/liquid systems, the chemical
‘method has also been used for liguid/liquid systems, as
detailed in reviews by Sharma and Dankwerts [34] and also by
Tavlarides and Stamatoudis [41]. This method uses a fast
reaétion of known kinetics, for which the rate of reaction
can‘accuratelytbé measured. The kinetic,parameteré of the
reaction can then be used to determine the interfacial area,
ahd'hence the sauter mean drop size. |

With the éhemical method it is very important to chdbseA
the correct reaction for a given .set of conditions.’ It is
not always possible to find an applicable ;eactidn fqryé
given liguid/liquid system. A major disadvantage‘fqund'by
Tavlarides and- Stamatoudis [41] is that mass transfer Ean
affect the interfacial tension of é systém, and therefore .
chande its interfacial area. Also, no drop,!‘siié
diétfibutions can be obtained with the cheémical method.

Stokes and Harvey [39] measured the size of oil drops
in oil water dispersions using \; Coultér Eoﬁhter. The

Couifer counter determines d4rop sizes by measuring

variations in electrolyte concentration as a dispersion is
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passed through it. A limitation of this method is that the
dispersions have to be electrolytes [39].

The light transmittance techniques are among the most
widely used. This is because of their éimplicity both in use
“and in anélysis of the results. The basis of the method is
that when a pérallel beam of light is passed through a
dilute dispersion, the dispersed particles.will scatter the
light. By measuring the amount of light which is .passed
unaffected through the dispersion, is is possible to
determine the interfacial area. There are several different
ways to measure the light scattering; Cal?erbahk [7]) and
others such as Vermeulen [421Uhave used qptical probes which
could be . inserted directly into the vessel. This "allows
measurements to be made over a relatively. short and
localised‘path length.

Others such as Landau et al. [21] measured the amount
of light.£ransmitted through the width of the entire vessel.
Some of the limitations of thii/methoa include a minimum’
measurable drop or bubble diameter of 0.0001 meters
(Calderbank [7]), and a maximum determinable interfacial
area of _700‘ square meters per cubic meter (Reith [31]).
Also, the technigue can only be used When the effects of
multipie and forward scattering are negligible. When using
tﬁe lighf'scattering technique, generaily the results must

be verified by another method becausa-of_the possibilities

‘for large systematic errors.
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A variation on the light scattering technique is the
light reflectance method. This method was developed "by
Calderbank, _Eéahs and Rennie [8) for use with optically
dense solﬁtiéns. In this technique a light is shone through
the vessel wall, and the amount reflected back by the
disperseg phase of the solution is measured. This method
only‘#ofks for very ébtically dense soiut%ons, and also has
the drawback of measuring conditions only at the veésel
wall, which may not be representative of the entire vessel.

As well as nét measuring the drop size distributions,
both the light scattering and light reflectance technigues
do not work wéll when a third solid phase is added to the
solution.

The « third major category of drop size measurement
technigques involves photogréphic methods. The simplest of
these methods involves photographing thé dispersion thrdugh
the vessel wall. To prévent distortions caused by using a
circular vessel, a sqﬁare column or vessel can be used
(Akida and Yoshida [1]), or the vessel can be fitted with a,
rectangular perspex jacket, such as that used by Landau et
al. [21].

A 1problem photographing the dispersion through the
vessel wall is that conditions at the wall may not represent
those in the bulk of the solution, as Iwith the 1light
feflectance techﬁique. To overcome this problem, \various
researchers have developed phosographic probes thch can be

inserted directly into the vessel to determine drop sizes at
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almost any desirable position. Photomicrographic probes as
well as fibre optic probgs. have ‘been used by some
researchers s;ch as Coulalaglou and Tavlarides [11],[12] and
Park and Blair (28],[29]. Both still photography and high
speed cinematography haver been usea by several different
researchers. A disadvantage of using a probe is that the
hydrodynamic conditions in the vessel may be changed with.
the insertion ofnthe probe. Also, only a small volume can be
examined at a time (Landau ét al. [21]). {

Another method used succesfully by some researchers
" such as Mlynek and Resnick [25] is to withdraw a portion of
the dispersion from the vessel for aﬁalysis.'Various methods
have been used fo prevent the drops from coaléscing after
withdrawal, including fhe use of surfactants, and
encapsulation of the drops with polymers (Mlynek and Resnick
[25]). The major disadvantage with sample withdrawal methods
is that «+the hydrodynamic conditions of the system are
changed. Once withdrawn from vessel, the drops can be
pﬁotographed using a microscope, or other similar apparatus.

The final stép in any photographic technique is the
analysis of the»photographs or images produced. In the past
this analysis has often been done by hand, using a ruler or
other similar measurement 'tecﬂﬁique, which could be very
time consuming. With the current image analysis technology
the analysis process has become much faster. However, with
both methods of anainis there can be subjective errors

introduced into the results, such as determining whether to



include certain drops.
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4. Experimental Apparatus and Procedure

The method chosen in this work for measuring the
required dispersion parameters was the 'photbgraphic
technique, This represented a method that would not change
the interfacial properties of the oil/water system, and
would be adaptable to adding clay. Also, both the sauter
mean drop size and the drop size distributions could be
determined. The inherent disadvantages of the the sample
withdrawal method and the methgd of photographing through
the vessel walls ruled out those particular methods.

It was decided to use a photographic probe similar to
.nat of Coulaloglou and Tavlarides [11],(121, though a fibre

optic probe was also considered.

4.1 Experimental Apparatus e

The dispersions weré prepared in a 20 litre Pyrex
vessel havi;g an inside diameter of 30 centimeters. The
vessel was elevated on a 41.5 centimeter -high platform so
that the llght probe could be inserted through the bottom of
the vessel, and various light sources used underneath., A
0.75 horsepower variable speed direct current motor was used
to drive the impeller. From ?igure 4.1 it can be seen that
the motor was connected to the agitator shaft with a belt-
and pulléys. This was done in order to leave as much free

space as possible on top of the vessel in which to work with

the camera and optical probe. A flat bladed impeller was

e
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used to agitate the dispersion. This impeller had six
blades, with an overall diameter of 10 centimeters. It was
positioned 10.5 centimeters above the\bottom of the vessel.
A removable set of four baffles was used in thetvessel. Each
baffle had a width of 2.9 centimeters, and éhe baffles were
equally spacéd around the vessel. The vessel was fitted witp
an aluminum lid which had holes drilled in it for the
optical probe, a heating element, and a thérmocouplg. The
bottom of the vessel was fitted with a teflon cup in which
Fhe impelleé shaft rested.

The stirred vessel apparétus was modified for the runs
with bitumen/water dispersions in order to enable the runs
to be performed at 70°C. A thermocouple aﬁd a 1000 watt
immersion heater were inserted through the top of the
vessel, and were attached to a temperature controller.

As mentioned previously, an optical probe and a light
probe were used to photograph the dispersions. The optical
probe was inserted through the 1id of the vessel, while thé
light probe was inserted through the bottom #f the vessel.
The light probe was sealed in place with two "O" rings set

in a stainless steel holder. Both probes were free to move

up and down to any desired depth in the vessel.

The light probe was a 23 centimeter long pléxiglass rod
which ‘was highly polishéd at each end. The rod was inserted
into a stainless steel tube.

The optical probe used in this work was similar to that

of Coulaloglou and Tavlarides [(11],[12]. A schematic diagram
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of this probe is shown in Figure 4.2.'The probe was fitted
with an objective lens and an eyepiece from'a microscope. A
‘composite eyepiece was’used, which had a magnification of
6X. The objective lens used for most of this work had a
magnification of S5X and a numerical aperature of 0.15. The
probe was constructed with a tube length of 200 millimeters
(Figure 4.2)," in order to provide mgximum flexibility of
use. Thi§ was longer than the 160 millimeters for which the
eyepiece(and objective lens were designed, but the images
were still very clear (as also found by Coulaloglou (v1) ).
The overall magnification for the optical probe was 56X
normal size. The optical probe was inserted in the vessel to
a depth of 15 centimeters. B

The plane of focus of the objective lens was
approximately 25 millimeters away from the lens itself. When
the probe was inserted 1in the dispersion, the drops between
the tip of the lens and its plane of focus were found to
interfere, so that a sharp image could not be obtained.
Therefore the objective lens was fitted with an extension
tube similar to that of Coulaloglou [11] (Figure 4.2). The
extension tube was sealed with a cover glass of 0.15:
millimeter thickness.

Photographs of the apparatus égd of the optical probe
are shown in Plates 4.! and 4.2. \

A Polaroid MP-4 Land camera was initially used to
photograph the dispersion through the optical probe.

However, because of the limited range of flexibility oi;the

\
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Polaroid films 1in term§ of contrast and film types
available, it was decided to switch to a 35 millimeter
Singlé Lens Reflex cameré, The camera chosen was a Nikon
F2-A, with a 55 millimeter Micro-Nikkor lens, Variéus films
were experimented with, and the one finally choéen was Kodak
Techngcal Pan 2415. This was a high contrast, fine grained
~ film when developed in Kodak D-19 developer. The photographs
were printed on 12.7 X 17.8 centimeter sheets of Kodak
Polycontrast paper. Contrast of the individual prints was

varied with a set of Kodak Polycontrast filters.

4.2 Experimental Materials

Experiments were carried out with three different
hydrocarbons: n—hexane; paraffin oil (white, heavy), and a
.Cold Lake bitumen. The physical properties of these three
hydrocarbo re shown in Table 4.1. Further bitumen

-

'n-prqpertiés given in Appendix A. Hexane/water and
yﬁafaffin oil/water interfacial tensions were measured with a
Fisher Surfaée Tensiomat, which uses a platinum ring. The
viscosity of the paraffin oil was measured with a ‘Canon
U-tube viscometer.

Two types of clay were used, a pure kaolinite (Rydrite
UF) and an unpurified mixture of Athabasca fines. The pure
Kaolinite particles had a medianfgize‘of 0.2 microns. Other
properties of the kaolinite are given in Appendix A. The

‘ Athabasca fines were an _unpurified mixture of solids

recovered by solvent extraction from an Athabasca oil sand.

beh
ook,
i
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Hydrocarbon Temp. | Density Viscosity |Interfacial
Type °C kg/m? kg/m-s Tension,N/m
Hexane 23 657 0.00030 0.051
paraffin 0il 23 866 0.177 0.0279
Bitumen | 70 990 0.520 0.016

Table 4.1 : Properties of hexane, paraffin oil,
and bitumen
|
The particle size distribution for the Athabasca fines 1is
given in Appendix A. The median particle size was
approximately 10 nmicrons. The fines were a mixture of sand,

)

silt and clay. The clay composition is“giQen in Table 4.2.

'/(\

Constituent Composition
Illite - 30%
Kaolinite 30%
Montmorillonite 25%
Chlorite 15% , >

Table 4.2 : Clay composition of Athabasca fines

The water used for “all the experimental runs was double

distilied and deionized.



4.3 Experimental Procedure

The first step in performing an experimental run was to
thoroughly clean the vessel, batfles, agitator, and all
other -apparatﬁs which might come in contact with the
dispersion. ThlS was done by fxrst scrubbing the apparatus
with a soap solution, and then r1n51ng at least five times
with water. The final rinse was performed with dlStllled‘
‘water. |

" For the runs with hexane or paraffin oil, the vessel
was cleaﬁed_ before each run. However, for the Dbitumen
system, the cleanup time was several hours.'Thereforé, to
save time, up to five runs were done consecutively wiﬁh the
same bitumen/water system befoFe the vessel waé emptied and
cleaned.

A Tpe 16 litres of distilled water used for each run was
next measured into the vessel, and the required amount of
salt was added. The salt was dlssolved by stirring the water
for five minutes. The. requ1red amount of hydrocarbon was
then added to the vessel. For the experimental runs where
solids were addqd, the next stgp involved mixing the solids
with approximately .100 millilitres of water using a. high
speed Kinematica mixer. This was done to break up‘any lumps
of partiéles which might have formed.

The next step .was to turn on the dispersion vessel
mixer and to set the required mixer speed with a
stroboscope.‘lf solidé'were to be added, that was done at

this time. At least one hour was requ1red for the dispersion

o
v
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to reach equilibrium, so the total mixing time was set at
two hours to ensure equilibrium. -

* Though the increased salt concentration helped to
prevent the drops from sticking to the coVéfglass on the
optical probe, washing the glass thoroughly pegore insg;ting
the proge into the vessel was found most @ffective. Also,
when working: with bitumen, the probe was}\hgated before
insertion into the vessel. )

| After two hours of stirring, the opticai and light
probe positions were.set as required for a givén.:un. The
eleétronic flash was then positioned, and theuflash sﬁrength
set according to the visibility conditions in@the vessel.
After positioning the camera and setting the correct
exposure, 20 to 30 '‘photographs were then taken. The film was
developed before stopping the run in order to' determine
whether the photographs were acceptablé for analysis.

The' films were developed with Kodak D-19, a high
contrast.developer. However, for segeral of theoruns it was
necessary to use a set of Kodak Polycontrast filters to
enhance the contrast even further. A photograph of}a shaded
_calibration circle on a slide, as viewed through the optical
probéuhwas printed with each roll of film., This was done to
allow for calibration of the image analyzer in determining
the drop diameters. Once the photographs wete ready, they
were prépared for image analysis using a proéed&re developed

in the Mining, Metallurgical and Petroleum Engineering

-
Department at the University of Alberta. First, a black 1ink
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mechanical drafting pen and a series oOf circle templates
were used to circle each drop‘ which was in focus on a
photograph. The outer diameter of thg ink.circles was chosen
so as to coincide with the outer diameter of each drop. The
number of photographs chosen for each run wasd that which
would give a‘'total of at least 200 drops.~The final step in
photograph preparation was to bleach the photograph with an
Ipdine/Potassium Iodide based bleach. This process left only
the ink circles on each photograph and turned the background
white. |
Finally, the bleaéﬁed photographs were analyzed on an
image analyzer in order to determine the sauter mean drop
. diameter and the drop size distribution. A Bausch & Laumb
Omnicon Alpha Image Analysis System and later a Beuhler
Omnimet Image Analyzer(were used for the analysis. The first
step in the calibration procedure was to use the light pen
to measﬁ;% the progected diameter of the shaded calibration
.c1rcle. A calibration factor was then determined by dividing
the actual callbratlon circle diameter by the measured
diameter. The individual diameters of all the drops on the
experimental photographs were then' determined using the
light pen. The final results. were then ;Ftered into'dagg“
files on the cémputer, and each run was analyzed for the
sauter mean drop size and the various parameters of the drop

size distributions.



5. Results and Discussion

The experimentai results are primarily presentéd as the
variation of sauter mean drop size with impeller speed for
the given conditions being studied. For the three basic
oil/water systems - hexane/water, paraffin oil/water and
bitumen/water, the results are- shown in Fiqure 5.1. These
results compare base case condition$ .for each type of
dispersion at 0.001M NaCl, and with no solids added. For all
three tyges of dispersions, drop‘éize was found to decrease
wivh ingreasing agitation speed. The bitumen drops were the
largest of the three oils, while the hexane drops were the
smallest. The paraffin oil drop size was in between those of
bitumen and hexane. In this study, the highest interfacial
tension was for the hexane/waéer sys;em';nd the lowest was
for the bitumgn/water system. According to Equation 3.11, -
the sauter mean drop diameter decreases with decreasing
interfacial tgnsion and consequently we should havé observed
thevopposite trends in‘the sauter mean diameter. However,
the disperséd phése viscosity was lowest for the‘hexane and
highest for the bitumen. Therefore the dispersed phase
viscosity plays a -more important role than interfacial
tension in the systems being studied. Because di?pers
phase viscosity plays an impq;tant role in the ‘breakup
process but has much less - effect on coaléscence, this

indicates that drop breakup may be the controlling process

in our system.

32 | R N
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Figure 5.1 : Sauter mean drop size as a function of impeller
- speed for 5% hexane/water, paraffin oil/water,
and bitumen/water dispersions (0.001M NaCl) -
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Photographs of the drops in the three different ﬁypes

of dispersions are shown in Plates 5.1, 5.2 and 5.3.
The hexane/water system was the first to be studied.
All runs were carried out with 5% by volume hexane in water.
Two NaCl concentrations were studied, 0.001M and 0.02M, and
two different clays were examined, puré kaolinite and an
unpurified mixture of Athabasca fines. The results for the
hexane/water dispersion at 0.001M NaCl are shown in Figure
.5.2. The range of impeller speeds was determined by two
factors. The minimum speed was chosen so that all of the
floating hexane from‘the upper surface of the liquid would
~ ,be drawn down and mixed uniformly within the dispersio&. The
“maximum speed was chosen ;; as to allow a wide range of
speeds,‘but not to produce extremely small d;pps. For the
first set of hexane/water runs thi's resulted in a range of
agitation speeds from 320 to 450 revolutions per minute.
From Figure 5.2 it can be seen that the results with the
hexane/water dispersion with no added clay are scattered
fairly'evenly ébout the line repregenting;Equation 3:11, the

correlation of Mlynek and Resnick [25],

d,, = 0.058D(1+5.4¢)(We)*® (5.1)
]

This correlation has been compared to other researchers work
with similar systems, so this would -seem to indicate that

the results of this work compare wellAQith that of other
: . b

researchers [3],[7].

-



Plate 5.1 : Photograph of a 5% hexane/water dispersion
at 349 rpm (no clay, 0.001M NaCl)

Plate 5.2 : Photograph of a 5% paraffin oil/water dispersion
at 375 rpm (no clay, 0.001M NaCl)



Plate 5.3 : Photograph of a 5% bitumen/water dispersion'
at 450 rpm (no clay, 0.001M NaCl)
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Figure 5.2 shows the results when 0.04% by weight pure
kaollnlte was added to the system. It can be séen that the
sauter mean -drop ‘size greatly 1ncreased .over the entire
range of agitation speeds studied. The kaolinite used in
this work had a median particle size of 0.2 microns.
Therefore, the kaolinite particles were much’smaller than
the hexane drops, with an approximate kaolinite partlcle to
he;ane drop size ratio of 0.001. The kaolinite'used is also
-primarily a water wet solidy although it does have some
afflnlty for 011 From the experimertal work it was observed

‘that long after. agitation had been stopped and mostéof the

oil and water phases had separated, most of the kaollnlte

A

remalned in the water phase, with less in the oil phase.'

Therefore, durlng agltatlon, most of the kaolln1te must have

. remained suspended in the water phase or at the rnterraceﬁ.'

between the continuous phase (water) and the dlspersed phasé’

‘._, ,v

)(hexane). The amount of kaolinite added vas' not enough to;}ﬁﬁ“

completely cover ali of the surface aréa -of the hexane?k |

—

drops, and therefore completely stablllze them. However, the

kaolinite particles may have acted as nucleate sites which

~

would aid, 1n the coalescence of drops., Without any clay.

added, when two drops, coll1ded they may not have hadfﬂ“

7.
sufficient momentum to overcome the caplllary pressure,'and

so would not coalesce. The presénee of the kaollnlte may

have lowered the qulllary pressure, and so. 'made it easier

e
:,i-’,v !
7

for -two collé@ﬁgg drops to coalesce.“

[ L “
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Another possible explanation of the increase in sauter
mean diameter with the addition of kaoliniﬁe is related to{
the effect of kaolinite on drop breakup. As discussed‘
earlier, breékup may be the most important factor
controlling the drop sizé.’in the systems being studied.

“Therefore, by this argument, the increase in drop size
caused by the addition of kaolinite must have been rgléted
to the effect of kaolinite particles on drop breakup, which
is assumed to be the contrélling process. This may have been
made possible if Fhe kaolinite particles surrounded tﬂe
hexane‘ drops, and therefore stabilized the drops during
breakup.

The results for the addition'of 0.04wt% Atﬂ;basca fines
are shown in: Figure 5.3. It can be seen that onlg a slight
increase in the drop size occufs in comparisaf to the runs
QLth no clay added. This increase is much less than when the
pure kaolinite is .added. The Athabasca fines 'had a median
size éf 10 microns, which was much larger than the kaolinite
pa;t@cles. This means that for the same weight of solids,
there woll@ be fewer Athabasca fines particles than
kaolinite. This would mean that the number conéentratioh is
less, and so the'Athabasca fineé would have less effect on
drop coalescence.

“Alternatively,  because the Athabasca fines weré
unpurified after their recovery from oil sand, the;e\could
have been some organics Q;esent:(5Q the su{face of the

“particles. This may haéﬁgméée th&LﬁEhabaséa fi&%s more oil

s
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wet than water wet and so decreased the effect the fines had

on coalescence.

The method used to add the clay for the first series'of

runs was to first disperse the clay in appfoximately 0.5

litres of the water to be used in the experiment using a

. high speed homogénizer. Once the hexane was added to the

vessel and the stirring started, the 0.5 litres of
clay/water mixture would then be added. However, some runs

% » 3 . . . .
were also carried out in which the kaolinite was first

dispersed in the hexane before addition to the main vessel.

These results are shown in Figure 5.4, and the results seem
to be fairly close to those whén the kaoiinite was first
dispersed in the water phase. 1t was observed 'that the
kaolinite did not dispersej y well in the hexane, probably
as a result of it being primatily water wettable.

A series of runs were performed with' the hexéne/water
system in which the NaCl concentration was raised from 0.00f
to 0 02M. The runs with no clgy added showed a slight
increase in the sauter mean diameter with the - 1ncreased NaCl
concent;ation, shown in Figure 5.5. This increase in drop
size was probably due to the effect of the NaCl on Aghe
electrical double layer surrounaing the oil drops. Watanabe
[45] found that NaCl can in some cases decrease the strength
of the electrical double layer sur(oqndlng oil drops. The
electrical double layers of the hexane drops would all have
the same charge, causing a repulsion Dbetween drops.

Decreasihg the strength of the double layer decreases thé
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repulsive foree, thus allowing drops to coalesce more
readily.

when 0.04 wt% kaolinite was added at the higher NaCl
concentration, the sauter mean drop size again showed a
slight increase, Figure 5.6. However, this increase wa;mnot
as large as that produced by adding kaolinite at the lower
NaCl concentrétion. The reason for the smaller increase in-
sauter mean drop size at 0.02M NaCl could be related to the
electrical double layer surrounding the kaolinite particles.
The increased NaCl concentration may decrease the strength
of the double layer sugﬁounding the kaolinite particles,

caysing them to form aggregates, and theréfore decreasing

their net concentration by number). The/ smaller number of
g f

particles would have less effect on the dispersion.

The resulté for most of the hexane/water runs showed
the expected trend\of decreasing drop size with increasing
impeller speed. This is because the higher impeller speed
imparts more shear into the dispersion, which increases the
breakup frequency, and hence decféases the drop size,

Figﬁre 5.7 shows the results from the paraffin
oil/water runs. The NaCl concentration for these runs was
kept at 0.001M, and the temperature was 23°C. The amount of
paraffin oil used in the dispersion was 5% by volume. ?he
paraffin oil drop sizes are larger than those with the
hexane)wa%er system. The experimental points are also

somewhat less scattered than those found with the

axane/water system. For this system, the correlation shown
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in Equation 311 developed by Mlynek and Resnick [25) does:
not _Eredict the experimental results very well. This is
probably because the correlation does not take into acézunt
the effect of variations in dispersed phase viscosity. As
shown in Table 4.1, the viscosity of paraffin oil is 0.177
kg/m-s, whichtis much higher than the viscosity of hexane,
0.0003 kg/m-s. A correction factor proposed by Rodger et al.
[32] does take inﬁo account the effect the continuous and
dispersed phase viscosity,
K4
d,, = 0.058D(1 + 5.4¢)(We™*®) (‘—1:)0-2 (5.2)

The viscosity correction factor increases the drop size
predicted by the correlation, as shown by the upper line on
Figure 5.7. This is closer to the experimental data than
those predicted by Egquation 3.11, but there is still a gap
between predicted and experimental results.

Calabrese et al. (6] have recently proposed an equation
which includes a term for dispersed phase viscosity,

. 4
d,,=0.054D(1+3¢) (We) 8 [1+4.42(1-2.5¢) Vi ( —%L )0-333]10-6 (5.3)

4
where ’j

p - ,
vi = (-pf-)O-5 by 2 (5.4)
. Md

For very dilute dispersions with ¢=0, Equation 5.3 reduces
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to

d,, = 0.054D(We)™®¢ [1+4.42Vi{ ?-;i )0-33370-¢ (5.5)
Equations 5.3 and 5.5 were developed from experimental
studies of silicone oil/water dispersions. Calabrese et al.
[5],[6],(43) varied the dispersed phase viscosity from 0.1
to 10 kg/m-.s?, while interfacial tension was varied from
0.001 to 0.045 N/m. The dispersions were created in various
baffled cylindrical vessels using flat bladed turbine
impellers. A photographic method was used to determine the
drop size parameters. 2

From Fiqure 5.7 it can be seen that Equation 5.3
provides a better prediction of sauter mean diameter than
does Equation 3.11 for paraffin oil/water dispersions.
However, the predictions of Equation 5.3 are still slightly
farther away from the experimental data than those of
Bquation 5.2.

The addition of 0.04 wt% kaolinite to the paraffin
oil/water dispersion increased the sauter mean drop size, as
was the case for hexane. However, -the increase was much
smaller with the more viscous paraffin oil. This may be due -
to the higher viscosity of the paraffin oii, or to the lower
paraffin'oil/water interfacial tension [42].

The results for the bitumen/water dispersions are shown
in Figure 5.8 . As with the other hydrocarbons, the amount

of bitumen used in the dispersions was 5% by volume. These
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runs were carried out at 70°C, with a NaCl concentration of
0.001M. The bitumen drops were somewhat larger than both
those in the hexane /vater and paraffin oil/water
dispersions. This is in agreement with the 1increase in
gauter mean diameter with increasing dispersed phase
viscosity as predicted by Equation 5.3. This effect is
partially o?iset by the decrease in sauter mean diameter as
interfacial tension decreases. Eqguations 5.2 and 5.3 both
predict a value for the sauter mean diameter which is much
lower than actual experimental data, as shown In Figure 5.8.

As the impeiler speed increased, the bitumen drop size
decreased. However, the addition of 0.04 wt% kaolinite to
the mixture had no discernible effect.

Figure 5.9 compares sauter mean 'diameters predicted by
Equation 5.3 .with those determined experimentally for
hexane/water, - paraffin oil/water and bitumen/water
dispersions, Figure S$.10 compares the predictions of

Equation 5 5 w1th the experlmental results of several other

researchers, [21 [5] [91 [38] and [43]. From Figure 5.9 it

s xperxme taf‘ &gga for hexane/water

- A%
‘,". o

data,( shown  in? afot' paraffln

o1l/water dlspersﬁons“ ’ 1 close gto‘ the
predlctxong of Equatlon 5 3, agaxn wlthln the range of other

researchegs ; expe:1mental data. “The results for

.\

b1tumen/waté dx§persxons j,are farther away from the
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M,

_.predictions of Equation 5.3. ‘This is, however, consistent

-

‘with the results in Figure 5.10 where the deviation

““as.the sauter mean diameter 1ncreases. )

5.1 Average Drop Dlameters
"The average drop diameters’ for all of the dispersions
- studied were less than the"sauter mean drop sizes, as shown
_ in‘ Appendix B. This is because the sauter mean diameter
\quuation 3.8) is a "volume to surféce“ mean diameter, and
is strongly /éép;ndent on the iarger drops, as found by
Calabrese ed\dl [5]. In fact, the average drop diameters
were approximately the same fopr—hexane/water, péraffin.
Oil/water and bitumén/water. dispersiohs (with no tlayv

added).

4

/

The addition of kaolinite to hexane/water and paraffin
01l/water dispersions caused a sllght 1ncréase in‘average
dlaqeter, although the increase ‘was not as large as that
found in the sauter mean diameters. A similar trend was
found when kaolinite was\gdded to hexane/water dlsper51ons

at 0.02M NaCl. No change' was found in the. average drop

" h»

diameter when kaolinite was added to the bltumgm/water
dispersions, which agrees with the results for sauter mean

" diameters.
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"gbz Drop Size Distributions
W r:Drop size dlstrlbutlons were plotted for each of‘the
exper1mental runs- performed. Examples for each of the
general systems studied are shown in Figures 5.11 to 5.16,
The distributions for all of the remaining runs qre given in
Appendif C. Standard deviations for ali-rpns are given in
Appendix B. For each plot, %he overall range of drop sizes
studied’ was d1v1aed into 20 equal size partltlons. A typlcal
drop size dlstrlbutlon for a hexane/water dlsper51on is
*“—__“HGWﬁ"ln Flgure 5.11. The drops for this run follow a fairly

i

tYpl@al distribution. The addltlon of kaollnlte:ﬁ*oadens the

drop size d15tr1but1on, producmg quite a few more larger
drops, as “shown 1n‘Flgure 5.12. The add1t1on of Athabasca
fines has a similar effect on_.the hexane/water dﬂ:p size
distribution, althgpgh not as pronounced. Increasing the
NaCl conCentration also tends to broaden the ydfop" size
distribution by broducing more 9f the larger 4rops.
. : The drop size distribution - for a typical paraffin
| Qﬁ%%water dlsper51on is shown ‘in F:;ure 5.13. There is a
greater,proportlon of smaller drops compared to  the total
number of drops for the paraffin oil/water systém than there
is foé the %exane/waier system.‘There are also more of the
larger drops. The broadening of the drop size dlstrlbutlon
with %ncreas1ng dispersed phase v1sc051ty is”.in agreement
wlth the results found by\Calabrese et al. [5]. As with the

hexane-runs,.xhg“addltlon of kaol}nlte tends to broaden the

- drop‘size distribution for the paraffin oil/water system, as

'

PSS
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"shown in Figure 5.14

The bitumen/water drop size distributions again have a
greater proportion of smaller drops, as shown in Figure
5.15. There are also a few very‘large drops present, up to
1.0 millimeter in diameter. The presence of larger drops is
also consistent with the results of Calabrese et al. [5].
The add{tion of kaolinite has little noticeable effect on
the drop size distributions for the bitumen/water system,
Figure 5.16. This cérresponds to the lack of change found in
the sauter mean diameters when kaolinite was added. "

Figure 5.17 shows the drop size distripution for a
hexane/water dispersion plotted«oﬁ log-probability axes. The
data p01nts lie in a straight line, which indicates that the
dlstr1but10n is a log-normal distribution. The addition of
kaollnlte to the hexane/water system produced a d15tr1but1on
with the same slope as without the clay, but with - larger
drop sizes, as shown in Figure 5.17

The 'dfop size distribution for a paraffin/water
d15tr1but1on plotted on log- probability axes is shown in
Figure 5.18. The data follow a fairly stralght line, which
indicates a log-normal distribution. When kaolinite 1is
added, the data exhibit two distinct regions, each with a
different slope. This may indicate that there are two
separate populations in the system. |

The log-probability curves for the bitumen/water
system, both with and without kaolinite addition, follow a

log-normal distribution, as shown in Figure 5.19. The two
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curves overlap, which indicates that the addition of

kaolinite to this system had no effec; on the drop size

: distributw.

a3 Max imum Drop Sizes

Dispersions can be characterized in terms of maximum
drop size. The results of this work, in terms of maximum
drop size for a given dispersion, are shown 1in Table 10.1 in
Appendix B, As expected from the trends”in sauter mean drop
s{ze, the bitumen/water dispersions have the largest maximum
diameters. There is a good deal of scatter betweer maximum
drop sizes for similar dispersions. One of the reasons for
this is that only 200 to 300 drops were measured for each
dispersion. There are actually several thousand drops in
each of the dispersions studied in this work, and therefore
it is unlikely that the largest drops would consistently be
found in a sample of only 200 to 300 drops. However,‘the
primary focus of this work was to determine sauter mean drop
sizes, and not the maximum diameters. Therefore, the sample
size chosen is acceptable for the main focus of this work.

one trend which is shown in tht maximum drop sizes is
that as the dispersed phase visi,iity-increases, the maximum
drop size also increases (Tab?5“10.1). This is consistent
with Equation 5.6 developed theoretically by Arai ket al.
(2],

‘ « pND?
d,,, = 0.367D (:

— max

)70.78 (5.6)

@

4



r 1(6 6

"This equatlon was proven exper1mentally by Arai et al. over
h a wide range of experlmental condltlons Polystyrene -0-
' xylene/water, dispersions were studied in  a baffled

cyl1ndr§eal vessel. Drop sizes wehe degeimined from
’.phoﬁographs taken: through the wall ~of the vessel. The

, pQ{ystyrene concentratlon was varied from 0 to 25wt%, whlch
-changed‘the dispersed Thase v1sc051ty from O. 00078 to 1.500
kg/m.S- T , K2

t

.Jhen Equation 5.6 is applied to the systems being

'ftudled in this work, the‘results~celculeted are shown in'”

‘Table 5.1. The actual experlmental ‘maximum drop d1ameters

are a?pe\jhown 1n-thls-t?b;e. S N
' Hy.drbca/fbon dmex (mm) dmax ' (mm) dmax (mm)
Type _ Equation 5.6 Experimental, |Experimental,
. o .no clay +kaolinite
Hexane © 0.0035 0.1438 0.3300
|paratfin0il| = 0.4238 1 0.3125 ©0.3496
Bitumen .. | . 0.9510 |  0.8747 - |  0.9265

~ S

" Table 5.1 @ Theoretlcal and experlmental maximum drop
IR "diameterd* (at a nominal agltatlon speed
. of 408 rpm) . .

igure 5 20 shows the exper1mental and theoretlcal ,

'resulhs presented in 'graphical “form Frbm @able 5.1 and

,Flgure 5.20° 1t can be seen that the exper1mental results of

a

'3th1s work agree reasonably well w1th the predlctlons of

'Bquatlon 5.6. However, the predlcted maxlmum drop 51ze for

* |

“the hexane/water dlspers1on does not agree very well- Wlth_

‘o . . . . ' 1

Fiat
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that determined experimentally The addition of 0.04wt%

kaol1n1te to a hexane/water d1sper51on greatly increases the

max imum drop diameter, as shown in Tah%f 5.1 and, Figure

5.20. The paraffin 01l/water and bitumen/water dlsperst?ns

4

show only a slight increase in maximum drop diameter when

_ kaolinite is added.

5

The average values of the ratio d,,/d,., for the three
different types of dispersions studied are shown in
Table 5.2. Appendix B contains data for d;,/dp,, for all of

the different experimental runs.

Hydrecarbon | Average . Average
Type - d32/dmax, . d32/dmax,
, no clay +kaolinite
; Hexane - 0.5374 0.5069
paraffin 0il  0.5905 0.6337
_ |Bitumen | 0.5453 0.5647

‘Table 5.2 : Comparison of @veragé values of diz/dmax

N

" Calabrese et al. [5] found &,,/d,,, to be 0.6 for moderate

v1sc051ty401ls,'and 0.5 for hlgh vlsc051ty oils. Frbm;&able

5.2 it can be seen that the values of the ratio d4;,/d,,

\

found in this work agree well with those found by Calabrese

et al. [5] The results oi this work hodbveJ show no real

trend ogjdecrea51ng dn/am" with 1ncreas1ng dlspersed phase

viscosity.
) -

4

et
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From Table 5.2 it can be seen )Lhat the values of.

+

d3,/Gnax are approximately the same : for hexane/vater
dispersions with and without \added kaolinite. A similar
trend :is found for —the paraffin oil/water and the
bitumen/water dispersions. It is interesting to note that
values of d,,/d,, are similar for the hexane, paraffin oil
and bitumen dispersions; with and without the addition of

kaolinite. The _average value of d,/d,, for the six

tabulated 4,,/d,, values of Table 5.2@i5.0r56.

5.4 Expermmental Errors - ‘ - i

N

The repeatlblllty of results in this work was found by

s

repeatlng several runs and determlnlng 'the percent

"dlfference between the largest and the smallest ‘sauter mean

drop sizes. The error was estimated to be +15%.vTh15 error
is of the same order of magnitude as that found by other
researchers u51ngE§1m11ar optical methods []6], [44].

hy definition, the sauter mean drop size is wéighted
more towards the very large drops in comparlson to' the very

s
small drops. As a result of the magn1f1cat10n used for most

of this work, (562), some of the very small drops may not

~have been visible, and therefore would not have been

sauter mean drop 51ze, ~but it would skew the drop size

{
distributions.

The field of focus for the objectlve leng used in the

:'

photomzcrographlc probe was chosen so as to be w1de enough

o

I e e v‘,"."ﬂ' Q‘;?“E ©

Vmeasured. Th1s would therefore have llttle effect on the .
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to allow even the largest drops-to be seen. However, there
could be some problems with drops which were just on the
edge of the field of focus, because the inner‘part of the
drop would be visible, but the edges mlght be indistinct.
The, gap between the optlcal probe and the llght probe was
'Yar1ed from 1 to 3 ;entlmeters, "but no effect was found on
the measured sauter mean drop size. ‘The gap used for all of
the resultlngvruns was 2.0 centimeters. bther researchers
have determined the variation of sauter mean drop size at
‘ﬂfferent points in the vessel such as in the work of Park
and Blair [28],[29] and othens [40]. 1® was found that the
drops are smaller in the region of the impeller than at th;
top of the vesselﬂﬂgn the. present work the optlcal.probe
-was kept at the saméip051t10n for all runs, which was 15

i

égntlmeters from the top of the vessel ' . - [iw

.~ The lﬁwel of 1llum1nat10n used i, the experlmen ‘ as®

%
found to be 1mpor€?nt because 1f ?vavas too bright some of
/

the drops, espec1ally the smaller ones, y not have been
visible. Alternatlvély, @f) there was not enough
M111um1nat1on, 1t was also d1ff%§ibl to see the- drops because
‘of the reduced contrast levels. The hexane and paraff1n 011
drops were essentlally clear (transparent) and were‘qngy4w§
v1sxble as a dark outer circle w1th a ntansparent center.
The llghtlng was less cr1t1cal with the b1tumen/waterasystem'
because the bltumen drops showed as sol1d ‘black c1rcles.
However, overlapp1ng bltumen *drOps would tend to obscure

‘each other cau51ng some analyszs problems. Occas1onally a

-0
’



large bitumen drop would attach itself to the glass cover of
the gptical probe, making it ‘impossible to seela portion of
the dispersion.

One area where son@v'error may have been introduced is
in the analy51s procedure where the drops in fécus have to
be circled prior .to bleachlng Th1s procedure was a
subjective one, ,oeCause the drops appearing in the
photographs ranged from sharp images to very unclear ones,
with mo-%‘faf&‘g& somewhere in between. An effort was made

ol ) o

t in the choice of @g{ops which were

4'~*g focus to be circled and therefore recorded.

However;“ﬂr is p0551ble that some error was 1ntroduced with

. ‘the smaller drops which often were the most - d1ff1cul§ tQ~§&
<3 ,’see, S | } .
& - “Almost allv of the drops - studied for the ‘different
L oil/water dispersions were essentially spherical in shape:
For those few that were not, an average was taken'of_the
g.‘ﬁp s length and width. Bven the non- Spherical drops were
@nly partlally elongated and there. we" no drops that could
- be called c1gar shaped" )
\ The minimum number of drops required for each separat/
w;' _exper1mental run was approxlmately 200 Th1s number . was
| chosen as a cémpromise between getting enough drops to make
‘the run statistically meanlngfpl but not trying to analyze
'too many drops,_whlch would decrease the amount of dlfferent

exper1mental runs whlch could be performed The c1rc11ng of

the drops was the most tlme consuming step of ghe analysis
; , a7 -a N e

LY A
e

b
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procedure.
The experimental work done by Park and Blalr (29] and

others suggests that one“hour was suff1c1ent to allow the

N >

mixed dlsperslon to reach equ111br1um (1e. for the drop
coalescence and’ ‘breakup rates to stabilize). To av01d any
p0851ble problems, the d1sper51ons in the pre;gnt work were

stirred for at. least tag hours. ,
. ‘, . ‘;V
Another p0351ble source ofﬂerror was loss of hexane due

-

to evaporatlon. From Equatmn % 1 it ¢ n,be seen that the

term which descrlbes the 'effect of dlspersed phase ‘
. - MQ\
oncentratxon' on sauter mean drop size on}y has a. wégill

Q&gect This means’ that even if there ‘were’ a. émall loss ofn

xane it would hive 11ttle effect on the sauter mean drop
;mze. Therefore,'kvaﬁorat1on was not an 1mportant factor.
The paraff1n oil and the bltumen are even less volatlle, and
so would . h% little evaporatlon. The bitumen, however,

endedﬂgto s k ‘to the baffles, ‘shaft, probe and vessel

¢

. wa)ls, so there may have been some swall ertors caused by

the decrease in bitumen~concentration.’

'S JRR—

. 8
w



6. Conclusions
a
1. The addition of pure kaol1n1te to a hexane/water and to a
paraffin oil/water dispersion 1ncreasgs the sauaet mean dfop

s1ze. Th15 ~may be caused by the clay partlcles acting as

\

nucleate s1tes aiding in coalescence. Alternatlvely, the
kaolinite partlcles may stablllze the drops during breakup
2. The addition of an unpurified mixture of Athabasca fines
to a hexane/water disper$ion ‘increases the sauter mean drop
size- by only a small amount. The decreased effect in
' compar.ison with pure kaolinite is possibly caused by the

presance of organlcs in the unpurified Athabasca flnesﬁaqg

. U
%;bywthe 1argé% 51ze bﬁ-the Athabasca jlnes. o

-

3. Increasing the.sodlum chlorlde concentrat1on increases
the sauter mean drop size for hexane/water dispersions. This
is because the sodium chloride decreases the.strength of the

electrical double layer surrounding the drops, thus aiding »
‘ \ L ﬁ‘

coalescence. ' , e
S

4. The addition of kaolinite has less effect on sauter mean‘ '

.
{

drop 51ze at h1gher sodium chloride concenttat1ons. This- may
be due to the sodium chlorzde cau51ng the clay partxcles to

form 'aggregates,, which would decrease the net clay
L]

concentratxon,‘and thenefore its effect on the hexane/water
o

“
—dispersion, -

- : 73 . \
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7. Recommendations

t. Further work should Dbe done with biéumen/water
dispersions, studying the effects of NaCl and NaOH.

2. The effect of using a pure oil-vet clay in 'thé”
dispersions should be studied, as well as the results of
using pure illite or silica fines. g?

3. >The consequences of adding variousl surfactants tJQ.
011/water/clay dispersions should be studied. o

4. To allow more work in a shorter perlod of time, a more

versatile image analj!%r should be used ?h future ‘studies.

ﬂ%&;‘)‘{
v
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9. Appendix A : Material Propertie$

9.1 Properties of Kaolinite used in this work
Name: Kaolinite
%ype: Hydrite UF

Supplier: Georgia Kaolin
. L

Chemical Properties
Chemical Analysis (%):
Aluminum Oxide 38.38
'Slllcon Dioxide(combined) -~ 45,30

Ignition Loss at 950C (comblned water) 13.97

~Iron Oxide - 0.30
Titanium ﬁioxide‘ ' | 1;44
Calcium Oxide T 0.05
Magnestum Oxide A 0.25

. Sodium Oxide 0.27

Potassium Oxide ' 0.04

Chemical Reactivit&: Kaolinites are chemically inert
and react with acids and bases only under extreme

conditions. This kaolinite was water processed to

)
f

reduce soluble salt content to extremely low levels.
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Pﬁ}sical Properties

¢

Kaolinite particles finer than+2 microns are thin, flat

" hexagonasl plates.

: {
Particles larger than 2 microns are stacks of these

K

plates, and are bound'to§ether as a single particle.

Physiq@l Constarts:
S

~

Refractive Index: 1.56
Weight per solidcgallon: 21.66 pounds
Moisture: 1% Maximum

} :
Specific Gravity: 2.58

v

Physical Test Results:

Median Particle size: 0.2 microns
Maximum Particle size: 1.0 microns
. Brightness (G.E. % of ng): 82.0 - 85.0
pH 6f a 20% agueous Slurfy: 4.2 - 5.2
325-Mesh Residue Max. (%): 0.03
0il Adsorption (%): 47
- Surface Area B.E.T. Nitrogen Adsorptidn (m?/gm): 21
Typical Aqueous Viscosity (centipoise): 400
(58% solids, 0.5% 'sodium hexametaphosphate on

weight of kaolinite. Measured at 10 rpm on a
Brookfield Viscometer.)



9.2 Properties of Athabasca Fines

ORIGINAL
WEIGHT(gms ).
96.80 - '
‘PHI SIZE IN WEIGHT IN  WEIGHT CUMULATIVE 100 MINUS
MICROMETRES GRAMS PERCENT HEIGHT 4  CUMWT %
-1.00 2000.00 0.47 0.49 0.49 99.51
-0.50 1414.21 0.17 0.18 0.67 99.33
0.00 1000.00 0.38 0.40 1.07 - 98.93
0.50 707.11 0.80 0.84 1.90 98.10
1.00 500.00 0.97 - 1.01 2.92  971.08
1.50 353.55 1 0.82 0.86 3.78 ' 96.22
- 2.00 250.00 0.93 0.97 - 4,75 95.25
2.50 176.78 0.80 0.84 5.59 94.41
3.00 - 125.00C 1.36 1.42 7.01 92.99
3.50 88.39 2.17 ' 2.27 19.28 90.72
4.00 62.50° 4.09 4,28 13.56 86.44
4.50 44.19 3.72 3.89 17.45 - 82.55
5.00 31.25 7.44 7.78 . 25.23 74.77
5.50 22.10 8.26 8.64 - 33.87 66.13
6.00 15.&€ - 8.68 '9.08 42.9% . 57.05
6.50 11.0 . 6.61 "~ 6.91 49.86 50.14
7.00 7.81 5.79 6.06 55.91 44.09
7.50 - 5.52 7.02 7.34 - 63.26 36.74
- 8.00 3.91 4.96 5.19 68.44 31.%6
8.50 2.76 4.55 4.76 73.20 - 26.80
9.00 1.95 4.96 5.19 78.39 - 21.61
9.50 1.38 3.72 3.89 82.28 17.72
10.00 0.98 3.31 3.46 85.74 14.26
10.50 0.69 1.65. 1.73 87.47 12.53
11.00 0.49 1.24 1.30 88.77 11.23
<11.00 <0.49 10.74 11.23 100.00 0.00
STATISTICS
WEIGHT SAND SILT CLAY
RECOVERED PERCENT PERCENT PERCENT -
- (GRAMS) - —
'95.61 .13.56 64.35 22.10
CLAY CUTOFF=2.0 MICROMETRES ‘ -
PHI PHI STANDARD

MEDIAN MEAN DEVIATION
6.82 6.79 2.81



g :

9.3 Properties of Cold Lake Bitumen used in this work
0il Sands Physical Properties Data Base

Sample Identification

Sample I.D. No.: 82-01

Country: Canada -

Stratographic Unit: Clearwater

‘Location: LSD SEC 4 TWP 65 RGE 3. W 4%

Classification: Bitumen . .

Field (pool): Cold Lake s '

Method of Production: Steam= timulation .

Source of Sample: ESSO ResOurces

Date Sampled: January/82 -

Other Sample Description: 82-01: sample had 8.62% water
g : which was extracted

", I
, ~
N .

L]

Simulated Distillation

Cut Temp. ‘ vol. % Sum Vol.% 2
0 deg. C- — : :
197 . IBP 0.50

225 ' 1.75 2.25

250 1.56 3.81

275 - 1.85 5.66

300 e 3.48 9.14

325 T 361 12,75

343 2.60 15.35

375 , 4.74 . 20.08

400 4.05 24.14

425 4,00 . 28.14

450 4.01 32,15

475 4,00 . 36,15

500 ) 4,01 " 40.16 -

524 ’ 3.72 43.88

residue ©T 56.12 100.00



Hydrocarbon Characnpristiqs-

-
Gravity ! 9.999
)2elat1ve Density 15/1% deg c + 0.9994

isgosity (cps.) 15 deg.C 410,233

. , 25 .deg.C 86,943
60 deg.C 2,751
100 deg.C 220

Molecular Weight _552
carbon Residué R wt.% 12.0
Ash ,‘wt’i - 0.05
Carbon T A " - 83.91
Hydrogen e . 10.46 . diy
Nitrogen wt. % 0.60
Sulphur wt.% 4,50
Oxygen wt.% 1.26
vanadium ppm wt. 155
Nickel ppm wt. 67
Saturates wt.% 17.34
Aromatics : wt.% 12.49
polar I wt.% "21.45
Polar II wt.% 13.18
Polar III : wt.% 17.94
Asphaltenes wt.% - 16.61
Acid Number 0.88

Heat of Combustion J/g : 42.041



\

!

10. Appendix B : Experiméntal Data

Table 10.1 : Drop size parameters
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11, Appendix C : Experimental Drop Size}.Distributions
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