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Abstract

The extraction of bitumen (heavy oil) from the gdinds is predominantly
achieved through a water-based technology. Th@wes a slurrying process,
typically called conditioning, which is categoriziedo three equally important
steps: bitumen-sand liberation, bitumen coalesceara air-bitumen attachment.
Previous studies found that bitumen recovery waedéent upon process
variables such as energy dissipation rate, temyrerand caustic addition.
Correlations between bitumen droplet size and regokiave also been
established; however no investigations linkingaf@ementioned process
variables to the resultant bitumen droplet size lbeeh performed. This work
investigates the development of a Batch Extradtlait built specifically for this
investigation as well as a study of the bitumerptosize as a function of the

rate of mechanical energy input.
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Chapter 1

Introduction

1.1 Oil Sands

Oil sands are comprised of bitumen, clays, silieands and water.
Bitumen is a highly viscous oil that can be foumdtihe Athabasca oil sands
deposit located primarily in Northern Alberta. Alustration of the Albertan oil
sands deposits can be seenFigure 1.1 The Athabasca oil sands deposit
contains approximately 1.7 trillion barrels of uoypen reserves and 178 billion
barrels of proven reserves which represents nedi®g of the world’s proven
recoverable oil deposits (Alberta Government). r€uoity, Canadian oil sands
production is approximately one million barrels ayd constituting 35% of
Canada’s total daily oil production (Alberta Gowerent). The Canadian
Association of Petroleum Producers (Whiteside, CABRpects that by 2015
daily oil sands production will increase 250% t& 3nillion barrels per day.
Additionally, by 2020, CAPP expects that over 80#4Canada’s oil production
will originate from the oil sands in Northern Alt@(CAPP).

Recovery rates of bitumen from oil sand are alrefygycally over 90%
however even marginal improvement can lead to waseases in profit. For
example, the Syncrude Project’s current design ymtioh capacity is 350,000
barrels per calendar day. By improving the recpveate by only 1%, an
additional fifty million dollars per year of net dame could be generated
(Canadian Oil Sands Trust). Therefore, it is inapige that sustained
investigation and research be performed in thikl fie maximize the recovery
rates of the bitumen. This chapter will give aebroverview of oil sands
extraction, the factors influencing bitumen recgyemnd conclude by introducing

the objectives and scope of this investigation.

1.2 Oil Sand Extraction
In 1929, Dr. Karl Clark patented a process of sa&jgag the heavy oil

contained in the oil sands (Heritage Community Fation). The process mining
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Figure 1.1 — Alberta Oil Sands Deposits



operations. Recently, several in-situ operaticagehbeen established; however,
the three largest oil sands operations continuséosurface mining methods.

In a typical surface mining operation, giganticwtle and trucks are used
to mine the raw oil sand. The oil sand is then if@d a pipeline where it is
combined with water to form a slurry; chemicals nh@yadded to the slurry to aid
in its processing. The slurry is then pumped ftber mine to the base plant in a
process called hydrotransport. During this transpgmtumen is separated from
the sand and aerated. Upon arriving at the pthst,slurry is fed into gravity
separation vessels called the Primary Separatiosséle where the bitumen
droplets float to the top. The floated bitumerresovered off the top using a

skimmer and sent on for further processing.

1.3 Factors Influencing Bitumen Recovery
The ultimate goal of this extraction process isn@ximize the recovery of
bitumen from the oil sand. In extraction, there #iree major steps that the

bitumen must undergo to be recovered.

1) Oil Sand Break-Up and Bitumen Liberation - The matrix of bitumen
and sand is broken via agitation and the bitumenelesased from the
sand grains. This step occurs primarily duringrbyrédnsport. Energy
dissipation rates (e.g. through turbulence) duthmg process impact
the size of bitumen droplets and the extent ofrbé&n separation from
the sand within the pipeline.

2) Bitumen Coalescence - After liberation, the bitumen droplets may
coalesce to form larger droplets. Again, this gbeipnarily occurs
during hydrotransport. There are many differentdes that can affect
the rate and extent of coalescence within the systbey include
initial droplet size, temperature (i.e. bitumen casity), water
chemistry, surface chemistry, quiescent zones amblulence, and

concentration.



3) Bitumen Aeration - A step occurring concurrently with the above step
is air attachment to the bitumen. Factors affgctins process include
bitumen droplet and air bubble size, water chemisand bitumen

surface chemistry.

Ultimately, these three mechanisms contribute édfitel bitumen droplet
size and density. The size and density of theteg@rhitumen droplets are of
critical importance in the gravity separation pge By increasing the droplet
size and decreasing the density, the rise velamityhe bitumen droplets will
increase, thereby improving recovery efficiencyhwitthe Primary Separation
Vessel. Therefore, the bitumen droplet size anakitle are important factors
influencing bitumen recovery in the primary separat/essel.

The study of bitumen suspended in water is esdfnén investigation in
liquid-liquid dispersions. A significant amount m#search in liquid dispersions
has been performed in the past fifty years; howewetestigations with highly
viscous dispersed fluids, such as bitumen, are rarbe present study will serve
to improve understanding of bitumen systems as agldispersions involving

highly viscous droplets.

1.4 Present Study

The purpose of this investigation is to increageftimndamental knowledge
of the effect of turbulence on bitumen droplet sizErom this, an enhanced
understanding of bitumen dispersions can aid fustudies aimed at investigating
the effects on the industrial process. To achiévie goal, the following

objectives are to be accomplished:

1) A batch extraction unit, capable of monitoring thi#gumen
droplet size in-situ, is to be designed and bthie; equipment is
to be calibrated and results from controlled experits are to
be compared with other liquid-liquid dispersion dsés to
validate the present experimental apparatus and



2) A relationship between bitumen droplet size and rgne
dissipation rate is to be established
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Chapter 2

Literature Review

2.1 Introduction

Immiscible liquid-liquid dispersions occur frequlgn in industrial
processes. They are encountered in industries aacpharmaceuticals, food
processing, and petroleum recovery. The importaftieis process has provoked
an extensive amount of investigation into undeitam of the mechanics and
characteristics of dispersions. One of the mogiontant factors determining the
characteristics of a dispersion is the level obtlence within the system. Other
important factors include the mechanics of droplketakup and coalescence and
the geometry of the mixing system. Each of thas¢ofs influences the effects of
the others; therefore slightly different designgmeters can cause significant
changes in the characteristics of the dispersesiepha

Extensive research investigating the aforementiofeadors has been
performed. Typically, the research has focusetherextent and characterization
of the suspended liquid. This chapter is a reviéwhe work performed to date.
It will begin by defining several important concepequired in the field. Next, a
synopsis of the mechanisms of droplet break up fanaation will be given,
followed by a scheme for predicting droplet sizéswill conclude by giving a
summary of the characteristics of the mixing apperaypically used when

investigating liquid-liquid dispersions.

2.2 Definitions

This section is an overview of important terms gmwdperties used to
define and characterize liquid-liquid dispersions.will cover several concepts
including the definitions of several measures ofeam” droplet diameter and
energy dissipation rate.

2.2.1 Sauter Mean Diameter, ¢

There are numerous ways to define the dropletdistabution within an



immiscible liquid-liquid dispersion. The most corapensive method is to report
the distribution as a graph illustrating the fremgme of occurrence of each drop
size. However, comparing and reporting distrigiaising this technique can be
challenging. A different method of describing tth@plet size distribution is to

report one of a variety of “mean” diameters. S@xamples of these are:

1) dv,10] - 10% of all droplets, by volume, are smallemtiifv,10],

2) d[v,50] -50% of all droplets, by volume, are smallemtligv,50],

3) dv,90] - 90% of all droplets, by volume, are smallemtiutv,90],
and

4) ds - Sauter mean diameter (see below)

Of these “mean” diameters, the Sauter mean diamdigris typically
regarded as the most valuable characteristic fderoning the extent of
dispersion in a liquid-liquid mixture (Leng and &hatese, 2004). This is because
it relates the interfacial area to the volume & thspersed phase. The Sauter

Mean Diameter is defined as:

> nd?
d32 = lznidiz

(2-1)

where d is the droplet diameter andsrthe number of droplets of size d
The following derivation shows how the surface aaed volume of the
droplets are incorporated into the Sauter mean etia/m The surface area, SA,

and volume, ¥, of a single sphere (i.e. a droplet) are:

SA= m 2 (2'2)

3
v, =0 (2-3)




Using these equations, the total surface areapHAand total volume,

Vtor, Of the entire dispersed phase (assuming all dieire perfect spheres) is:

Aror = z nd’7m (2-4)

Vior = - (2-5)

As such, the ratio of the total surface area tadka fluid volume is:

> nd’m
a= Dot _ 60 (2-6)
Vior Z n diaﬂ

where® is the dispersed volume phase fraction and aeigdtal interfacial area
per unit volume.

Simplifying equation (2-6) by inserting equationipgives:

a=— (2-7)

6 -
d32:?¢ (2 8)

Therefore, it can be seen that the Sauter mean etgamd,, is
representative of the specific surface area (béal tinterfacial area per unit
volume) of the suspension. It is important to ribizt all droplets are considered

perfectly spherical using this approach.
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Many authors (Brown and Pitt, 1972; Coulaloglou dra¥larides, 1976;
Calabrese et al., 1986; Nishikawa et al., 1987kBan and Calabreses, 1988;
Zhou, 1997) have suggested a relationship betwgesind the maximum droplet

size, chax in the form:

d,, = constant xd,., (2-9)

Estimates by the aforementioned authors for thesteom in equation (2-9)
vary between 0.38 and 0.70. However, Zhou et18198) discovered a linear
relationship between the constant and?NDrhis corresponds to the Reynolds
number in a mixing tank (Marshall and Bakker, 20@#)ere the Reynolds

number is

2
Re:’oND
7

Therefore, Zhou found that the constant in equati®/®) exhibits a linear
relationship with the Reynolds number.

2.2.2 Power Number

The power number, )\is a dimensionless parameter relating the impelle
speed to the power transferred to the fluid. ltyfiurbulent flow (i.e. a Reynolds
number greater than 2000), the ¥ constant for a given impeller size and tank
geometry. Rushton et al. (1950A) showed that thegp number can vary widely
between impellers of different types and sizes.e Td¢illowing equation can be

used to calculate the power number for any mixipgration using an impeller:

N p = ZNTq = P (2-10)
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where T is the torque (Nm), P is the power input (Wp, is the continuous phase
density (kg/m), N is the rotational speed of the impeller (rgvénd D is the
impeller diameter (m).

The power number is essentially the drag coefficin the impeller
(Hemrajani and Tatterson, 2004). It is a repredent of the ability of an
impeller to dissipate energy into the system. lihepespecific information

regarding N can be found ilsection 2.4.2

2.2.3 Average and Local Energy Dissipation

Energy dissipation into a mixing tank can be aebiein a number of
ways. In simple liquid-liquid dispersions wheregetons are not taking place, it
is assumed that the only energy transferred tdluigbis via mechanical agitation
(i.e. from the impeller).

The rate of energy input into the system can beesged as the time and

space averaged energy dissipation rEtQW/kg). It can be calculated using the

following equation:

7=_" (2-11)
10 cVT

where \f is the volume of the tank.

The use ofe to represent energy dissipation into the tanloisimdicative
of the turbulence or mixing intensity within thesgym. An alternate measure of
the energy dissipation rate is via the local desim parameterg (W/kg or

m?/s®). Batchelor (1953) estimated the following eqomtior ¢:

£=A— (2-12)

where A is an empirical constant on the order ynitis the root mean square

(rms) of the fluctuating velocities, and L is thieacacteristic length of the large
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eddies. It should be noted that the turbulent flpattern is assumed to be
isotropic when using the rms of the fluctuatingoegties (see isotropy discussion
in Section 2.3.4.

The fluctuating velocity at a specific point withia system can be
measured using a laser Doppler anemometer. Howewre absence of such
measurements, an alternative method must be us8dveral authors have
gathered empirical data showing that fluctuatingpei¢y is proportional to ND
(Bertrand et al., 1980; Ranada and Joshi, 1989teby$993). Additionally, the
characteristic length of the large eddies can lseraed to be proportional to the
impeller diameter, D (Brodkey, 1975). Therefonghstituting these relationships

into equation (2-12) gives:

(2-13)

where G and G are dimensionless constants.
Combining the constants and simplifying, the lczaérgy dissipation rate
for any point within the system becomes:

2-14
£ =C,N°D? (2-14)

where both @ and, subsequently, are functions of position and the empirical
constant, A, is on the order unity.

Therefore, the local energy dissipation rate capreéicted for any point
assuming the constang @ known. Values for £€have been calculated by Zhou
(1997) and are on the order of 1 to 100 dependimghe tank geometry. This
technique of calculating the energy dissipatio® iatmuch more representative
of the actual mixing conditions within the tank.kamnoto et al. (1981) showed
that the local dissipation rate could vary by ugp@otimes between two locations
within the tank at any given time. Therefore, whamestigating the forces
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experienced by each droplet within a tank, the llergergy dissipation rates

should be considered.

2.2.4 Maximum Energy Dissipation Rate

At certain locations within a system, the energgsigiation rate reaches a
maximum. It is important to consider this maximamergy dissipation ratesax
when investigating droplet breakup because thisesponds to the highest shear
rate that the liquid drop will experience. Therefothe emax is critical in
determining the equilibrium drop size within thesgm.

Zhou (1998) determined the values of i@ equation 2-14 in order to
calculate emax for a variety of tank geometries and impeller ®/pe For a
Hydrofoil, the values of €ranged from 0.467 to 1.22 while values for a Roisht
Turbine varied from 9.75 to 19.9.

2.3 Droplet Breakup & Coalescence

Energy dissipation rates play an important rolelétermining the droplet
sizes of a dispersed fluid. The droplet size isemheined by two opposing
mechanisms: droplet breakup and coalescence. iquih between droplet
breakup and coalescence will eventually occur ame@uilibrium droplet size
distribution is defined. The following section iniliscuss breakup, coalescence,

and the balance between the two.

2.3.1 Breakup Mechanisms
Current understanding of droplet breakup was pegdy Hinze in 1955.
He proposed three basic types of droplet deformatial breakup:

1) Lenticular Deformation and Breakup. Rotational flow patterns
cause the droplet to become a flattened ellipsdsignificant
differences in density between the two fluids &guired for the

centrifugal forces to bring about droplet breakumroplet
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impacts with the walls, impeller blades, and bafftgpically
cause this type of deformation.

2) Cigar-Shaped Deformation and Breakup. The droplet is
elongated into a cylinder whereby droplets may lreH at
either end. This type of droplet breakup typicalbcurs due to
uniform shear and is especially important in ligliepid
dispersions.

3) Bulgy Deformation and Breakup. Local perturbations near the
edge of the droplet cause bulges on the surfacdronds
disturbances in turbulent flow may cause small taerg

droplets to break off.

Each mechanism requires different forces to prepideformation and
breakup. During mixing, any combinations of thesechanisms can occur. The
ratio of the continuous and dispersed phase vigesss an important factor in

the extent of deformation in all three regimes.

2.3.2 Coalescence Mechanisms

Coalescence occurs when two or more dispersed etlsogbllide and
combine to form a single droplet. Coalescencensulii step process in which a
series of probabilities dictate the rate of coaese. The first requirement for
coalescence is for two droplets to collide. Thdision frequency,&, is the
number of collisions per unit volume per unit setde.g. no. i s). Based on

Kolmogoroff's theory for equal sized droplets inti®pic turbulence:

Q(C |:| d7/3£l/3n§ (2_15)

where R is the number of drops per unit volume.
Upon collision, the probability that the two droslewill coalesce is

known as the coalescence efficienty, The coalescence efficiency is dependent
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upon the length of time in which the droplets areontact, § and the length of

time required for film drainagey (Leng and Calabrese, 2004):
A, Oexpt,/t.) (2-16)

Furthermore, ¢ is dependent upon the mobility of the film, liquid
viscosity, interfacial tension, force of collisiomnd presence of surfactants.
Finally, the coalescence frequentgy,is a defined as the product of the collision
frequency and the coalescence efficiency (LengGaldbrese, 2004):

r=A2¢, (2-17)

Due to the inability to accurately quantify all mgdynamic and
physicochemical forces involved in film drainagee ttoalescence efficiency and

frequency are difficult to determine.

2.3.3 Range of Concentration for Coalescence

The collision frequency of the droplets is highlgpéndant on the
concentration of the dispersed liquid in an imnbgeiliquid-liquid mixture. This
is illustrated in equation (2-15). Therefore, ery dilute systems, the collision
frequency is essentially zero and, consequentlylesaence frequency also
becomes insignificant. In this case, coalescerae 2 neglected and droplet
breakup can be considered to be the sole mechatiating the final droplet
size distribution. Table 2.1 summarizes the concentration of dispersed liguids

experiments where coalescence was assumed to ligilsleg
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Table 2.1: Dilute System Concentrations in Other Sidies

Continuous
Authors Year (0] Liquid Dispersed Liquid
Chen and 1967 | 0.005 DI Water Various
Middleman
Calabrese et al. 1986 0.0015 DI Water Several@®ied0ils
Baldyga et al. 2001 0.01 Water Chlorobenzene
Leng and Calabrese 2004 0.0% - -
Nienow 2004 0.01 DI Water Silicone Oil

2.3.4 Droplet Size Theory

The difficulty in developing a predictive model falroplet size in a
mixing operation is determining the balance betwelaplet breakup and
coalescence. In any predictive model, changesratgss variables can easily
influence the flow patterns and mixing, therebiftg the parameters critical to
its success. Therefore, as a starting point, algied model is preferred.

The most difficult aspect in determining the eifpuibm droplet size
distribution is the modeling of coalescence. Bylaeeting droplet coalescence,
the problem of predicting the final droplet size sgynificantly simplified.
Disregarding coalescence is practical for systemshich the collision frequency
and/or the coalescence frequency is extremely lgee (equation (2-17)).
Therefore in experiments with dispersed fluid conictions on the order of those
seen inTable 2.1, only droplet breakup needs to be considered. ngJsihe
arguments of Kolmogoroff (1949) and Hinze (1955)elatively simplistic model
for droplet breakup in a dilute, non-coalescindtlent system can be developed
as outlined in Leng and Calabrese (2004).

Their arguments state that a droplet will brealraf the shear stresses
acting on the droplet are greater than the strdssldng it together. The balance

between these stresses can be seen in the foll@gination:

Z-c = Ts + Td (2'18)
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wherer. is the shear stress on the droplet due to th@wuding turbulent flow
field surrounding itzs is the resistive stress due to interfacial tensamlty is the
resistive viscous stress within the drop.

When the disruptive forces are in balance with ¢bbesive forces, the
maximum stable droplet sizeyg, will occur. In most mixing vesselspyg is
smaller than the turbulent macroscale eddies lngetathan the Kolmogoroff

microscalen. The Kolmogoroff microscale is defined as:

(VS j%‘ (2-19)

The continuous fluid exerts the shear strags,on the droplets. The
turbulent conditions of the continuous phase cascudeed by the energy
spectrum function, E(k) where k is the wave nuniber inverse eddy size). The
turbulent energy per unit mass can be representel(k)dk as influenced by
fluctuations of the wave number from k to k + dks such, the shear stress on the
droplet,z, is given by:

—, [ 2-20
r,=p.[  E(k)dk (2-20)

where the integration limits are from 1/d to infinsince only energy fluctuations
smaller in scale than 1/d cause potential dropieakup; larger fluctuations only
cause droplet deformation (Leng and Calabrese,)2004
The droplet size distribution is determined pridyarin the inertial

subrange. To develop an expression for E(k), aumaption must be made.
Kolmogoroff's theory of local isotropy (Kolmogoroff941a,b) states that eddies
in the inertial subrange are locally isotropic. relorecently, Zhou (1998)
confirmed this theory using a laser Doppler anenteme Zhou measured the
three fluctuating velocities (in the z, r, aldirections) in the region of maximum
turbulence. He found that they are essentiallyabdjuereby showing that the
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turbulence was isotropic. Therefore, accordingktdmogoroff's theory, and
assuming local isotropy, E(k) can be given by:

-5
3

E(K) = B.e ok 5 (L>>d>m) (2-21)

wherefy is the Kolmogoroff constant (~3/2).
Inserting equation (2-21) into equation (2-20), shear stress on a droplet

can be expressed as:

r.= pcg%d% (L>>d>>n) (2-22)

The resistive stress, due to the interfacial tansibthe droplet, can be
expressed as:

Iy = % (2-23)

whereo is the interfacial tension (N/m).

The resistive stress due to viscosity was assumjddimze (1955) to be
proportional to the characteristic velocity in tHeop, |/7./p, . The viscous

stress within the droplet is:

VTc/ P (2-24)

d

Iy = Hq

whereyy is the droplet viscosity ang is the droplet density. Equation (2-24) can
be seen as an approximation of Newton’s law of visgasE (du/dy).

Finally, equations (2-22), (2-23), and (2-24) che substituted into
equation (2-18) to find the maximum droplet sizecasated with the maximum

energy dissipatiorgmax
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o i o

5 be:
pc rZaxdréx - C4!1+ CS(&j Hy (gmaxdmax)}/ } (2-25)

where G and G are constants.

This equation is only valid for droplets that hgassed through the region
of maximum energy dissipation. The time required &ll droplets to pass
through this region is discussed later in this thiafseeSection 2.3.5. Further
simplification can be performed on equation (2-2§) considering only the
dominant force which resists droplet breakup. Twsesamerge:

1) Interfacial Tension-dominated Resistance (ITR). The force resisting

droplet breakup is dictated primarily by interfd¢ension. i.e.:

<<]1

IOC J}é :ud (‘gmaxdmax)}/

I, >>T, and CS(
Py o

In this case, equation (2-25) subsequently singdlifo:

%
A =C [ j P (2-26)
P

where G is on the order of unity (Hinze, 1955)

2) Viscosity-dominated Resistance (VR). The fluid viscosity is the

primary factor governing the restoring force witkine droplet. i.e.

>>1

pc J}é lud (‘gmaxdmax)}/

T, <<T, and Cs[
Pq o
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In this case, equation (2-25) subsequently singdlito:
dmax = CG (pcpd )_% ﬂd%gl;ié (2-27)

In both cases, there is in a monotonically decngpselationship between
the maximum stable droplet size and the maximunrggnelissipation rate.
Comparing the two expressions (equations 2-26 a@d)2an increasin@max
causes a faster,gk decay in the ITR case than the VR case as seehein t
difference in the power law exponents of —2/5 (-0140}1/4 (-0.25) respectively.

This finding is supported by the data of Arai (197Fjgure 2.1illustrates
the response of,@dx to a change irma for six fluids of varying viscosity as
performed by Arai. Originally, Arai reported the reape of @axto a change in
RPM within the system. In order to pkatax, equation (2-14) was used to convert
the RPM values into the maximum energy dissipataie. Additionally, the
constant was assumed to be the average of the \a@dtesnined by Zhou (1998)
as discussed iBection 2.2.4 The six fluids were graphed and their power law
equations were found using excel. The ITR systém8( cp fluid) exhibits a
power law exponent of —0.417 which is very similathe value of —0.40 derived
in equation (2-26). Additionally, Arai’'s VR dominateystem (1500 cp fluid)
produced a power law exponent of —0.254, similatht® exponent of —0.25
derived in equation (2-27). These two systemshatdd percent errors in their
power law exponents of 4.3% and 1.5% respectivelgicating that the

assumptions made in deriving the theory are likellge valid.

2.3.5 Time for Drop Size Stability

It is generally agreed that equilibrium betweerptEbbreakup and
coalescence occurs after certain mixing time. @aipy, this is determined
graphically by plotting the chosen diameter (esg. dhax, Or mean diameter) as a
function of time. Traditionally, authors such dse@ and Middleman (1967) and
Arai et al. (1977) proposed an equilibrium time 6féhd 40 minutes respectively.

Perhaps, due to increased precision in dropletrsggsurements, this mixing
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time has increased over the years. Calabrese €946) cited an equilibration
time of 1 hour for low viscosity dispersed fluidsda hours for high viscosity
dispersed fluids. Recently, Pacek et al. (1998puwand Kresta (1998), and
Baldyga et al. (2001) have shown that the time foomstant maximum drop size
to develop is 180 to 200 minutes. As well, Paced.gt1999) determined that the
length of time required to reach equilibrium was elggant upon the type of
impeller used for agitation. They reached thisabasion by showing that the
equilibrium time for a hydrofoil was ~1 hour whileRuston Turbine was ~3

hours.

2.4 Tank Geometry

The geometry of a tank has a significant effectruflow patterns and
energy dissipation rates within a system. When @mg and examining
different geometries, complications arise due ® ititeractions between several
geometric parameters (e.g. tank diameter (T) amkiler diameter (D), D and
impeller clearance (C), and C and T). The finaitisea of this chapter will
investigate the experimental design of other ligigdid dispersion
investigations. The goal is to examine the tarmapeters required for adequate

suspension and agitation of bitumen-water dispession

2.4.1 Tank Bottom

The bottom of a mixing tank has a large influencetloe flow patterns
within the tank and the dispersed droplet size ibigion in liquid-liquid
operations (Zhou and Kresta, 1998). Thereforis, éixtremely important to select
the proper tank bottom such that adequate mixirthetomponents is achieved.

Leng and Calabrese (2004) recommended againststhefuflat or cone
bottomed tanks in liquid-liquid operations due ¢égions of flow stagnation. As
well, Hemrajani and Tatterson (2004) as well as Lend &alabrese (2004)
observed that solids, in solid-liquid mixing, typily accumulated in the bottom
corners of flat bottom tanks where the turbulencé @nculation was low (also

known as dead zones). Generally, flat bottom tamkdain areas of low fluid
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velocity, which are not optimal for liquid-liquidr diquid-solid mixing. As such,
higher impeller speeds are required to compensatéat-bottomed tanks (Mak,
1992).

Dished heads (ASME dished, elliptical, or torisphajiare optimal for
inducing the flow patterns required for solid suspen (Atiemo-Obeng et al.,
2004). Liquid-liquid dispersion experiments ar@itglly performed in a flat
bottom tank however, the reasons for this are uncl€ne possible reason may
be the difficulty in producing a dished head matlglass, as is typically used in

liquid-liquid dispersions for use of a Laser Doppleremometer (LDA).

2.4.2 Impellers

Impellers can be separated into two general classea: flow and radial
flow impellers. Axial flow impellers are charactemizas primarily downward
pumping with a majority of their energy dissipatioanslated into pumping of the
fluid (i.e. they have a high pumping efficiency kbatlow shearing capability).
The flow pattern generated by axial impellers cansben inFigure 2.2 As
illustrated, a single circulation loop is formed, iah is ideal for blending and
solids-suspension. Radial flow impellers typicalligsipate a majority of their
energy via shearing of the liquid (i.e. high shead low pumping efficiency).
Figure 2.3 illustrates the two circulation loops (one below amte above the
impeller) that are formed as the fluid is pushetially from the impeller region.
Leng and Calabrese (2004) recommend that axial liexpg(e.g. hydrofoils and
propellers), should have a D/T ratio between 0.4(G6dvhile radial disk turbines
should have a D/T ratio between 0.25 and 0.4. Byles of impellers are
commonly used in liquid-liquid dispersions (Hemrajand Tatterson, 2004).

The Lightnin® A-310 hydrofoil is a commonly usediaxflow impeller.
It was designed to have a low shear rate but a vigly pumping rate. Two

literature power numbers can be seemable 2.2



Figure 2.2: Flow Patterns Created by Axial Impelles
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Table 2.2 Literature Power Numbers for Hydrofoil

Np |Source
0.3 |Hemrajani & Tatterson, 2004
0.4 |Lightnin LABS

The Lightnin® R-100 Rushton Turbine, RT, is a conmiyoused radial
impeller and has a very high shear rate. It prilmanoves the liquid in the radial
direction; however, depending on impeller clearainicean produce some axial
flow (Hemrajani & Tatterson, 2004)Table 2.3contains RT power numbers from

various sources.

Table 2.3 Literature Power Numbers for Rushton Turbne

Np Source

5.2 Weetman, 2004

5.5 Laity and Treybal (1957
5.75 Lightnin LABS

6.2 Rushton et al. (1950)

The power numbers, Np, stated Tables 2.2and Table 2.3 are from
experiments using various tank geometries with tlgathin® A-310 hydrofoil or
the Rushton Turbine, respectively. As mentionediezatank geometry has a
significant effect on Np; therefore, all the powenthers are not considered to be
comparable. Instead, they indicate a range of comwalues associated to each
of these two impellers.

2.4.3 Liquid Height

The liquid height, H, in liquid-liquid mixing influgces the homogeneity
of the tank contents. The minimum and maximumitigaeight for adequate
suspension is usually specified with respect totaim& diameter. Using a single
impeller, optimal flow patterns in liquid-liquid mixg occur between an H/T ratio
of 1.0 to 1.2 (Leng and Calabrese, 2004). AdditignaAtiemo-Obeng et al.
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(2004) recommend an H/T ratio of less than 1.3 iiddmuid mixing (for a
single impeller). If the H/T ratio is larger in ligg-liquid or liquid-solid mixing,
two impellers should be used to achieve uniform snsjpn and homogeneity.
Most liquid-liquid mixing research to date (Cherdaviddleman, 1967; Arai et
al., 1977, Okamoto et al., 1981; Calabrese et 8B61Zhou and Kresta, 1998;
Pacek et al., 1999; Baldyga et al., 2001) has hmformed in circular, flat-
bottomed tanks with an H/T ratio of 1.

2.4.4 Impeller Clearance

The height of the impeller above the bottom of taek is commonly
referred to as the clearance, C. Similar to theidi height, the clearance is
usually expressed as a ratio of the tank diameidre clearance of the impeller
can also have a very large impact on the energypdison rate within the system.
A wide variety of clearances have been used in teeature. Experiments by
Arai et al. (1977), Calabrese et al. (1986), anceRat al. (1999) used a C/T of
0.5, while Baldyga et al. (2001) used 0.25. In aesle performed by Chen and
Middleman (1967), an impeller clearance of one ithep&iameter was used.

Holmes et al. (1964) examined the optimal clearari@eRushton Turbine
by determining the circulation times of the two flbmops within the vessel (see
Figure 2.3). The circulation time is defined as the averegmdence time of a
particle as it exits the impeller region, proceadsund the loop and returns to the
impeller region.  As can been seen, a top ciradatioop and a bottom
circulation loop are created when using a Rushtamifa. Mixing between the
two circulation loops occurs primarily in the impllregion. By adjusting the
clearance of the impeller, the circulation timgs,of each loop is altered. The

circulation times of each loop are approximateagisi
w(TY
t,=—|— (2-28)

where the value ofc, 0.85, is an empirical constant (Holmes et al.4)96
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For a radial impeller placed in the vertical cerdka tank, the circulation
time of each loop is nearly the same. In this cédsa pulse of an immiscible
liquid was injected into the impeller region, thelkbwof the pulse in the top
circulation loop would return to the impeller regianthe same time as the bulk
of the pulse in the bottom loop. Because the Ipalkions of immiscible liquid
from each circulation loop return to the impellegion at the same time, only the
bulk portions are mixing and the mixing time reggirto reach a homogenous
dispersion will be very long. However, at an alteenapeller clearance the
circulation times of each loop will be different atiee pulse would return from
each loop at different times. Therefore, the mflkhe immiscible liquid pulse in
the bottom circulation loop returns to the impeliegion and mixes with the
liquid from the top circulation loop which has nonmscible liquid. At this
impeller clearance, the time required to creat®mdygenous dispersion will be
much shorter due to the mixing of liquid with a higtncentration of immiscible

liquid with liquid with only a small concentration whmiscible liquid.

2.5 Literature Review Conclusion

Chapter 2 has provided a basis for the experimental setupnefcurrent
study. Using this chapter as a guideline, the ngixemk and assembly can be
built to resemble those found in literatur€hapter 3 describes the experimental
setup and compares the current apparatus with tfesel in the literature
review. By developing a mixing tank similar to thidund in literature,
experiments which have been performed by other asittem be reproduced and
compared thereby calibrating the equipmenthapter 4 begins with these
calibration experiments. Once the equipment has hedidated,Chapter 4
investigates the previously unknown relationship weeih highly viscous
(bitumen) droplets and the energy dissipation rate.
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Chapter 3

Experimental Design

3.1 Introduction

The geometric characteristics of a mixing tank amportant factors
influencing the flow patterns required to createiiigliquid dispersions. Solid-
liquid mixing was not performed in this study; howevéhe experimental
apparatus was designed such that this could be\athiin future studies. This
chapter describes the experimental equipment amckdures used in this study.
Discussion will also be given on the calibration lo¢ texperimental equipment
and analytical instruments. Finally, determinatadrihe experimental fluids used

to develop the relationship betwegfx and ¢hax Will be discussed.

3.2 Experimental Setup

The objective of the experimental apparatus is ¢asuare the droplet size
as the energy dissipation ratejs changed. The experimental setup is illustrated
in Figure 3.1 The device can be described as four separatpauents: the

mixing tank, lid, motor/mixer, and data collectianalysis instrumentation.

3.2.1 The Mixing Tank

As stated inChapter 2, most liquid-liquid dispersions use flat bottom
tanks; however, Leng and Calabrese (2004) recommdesieed heads for both
liquid dispersions and solid-liquid dispersions. sli#d heads enable the flow
patterns required for liquid-liquid operations (lgeand Calabrese, 2004). A
dished head was selected because it contains &gsast zones than flat bottom
tanks. The mixing tank was constructed using asd8iedule 40 ASME Dished
Head and a 386 mm length of 8”, schedule 40 pipeusad as the tank wall. To
prevent corrosion of the mixing tank, the entireerior was painted with marine
paint.

To prevent solid body rotation in the tank, fouually spaced wall baffles
were installed (Hemrajani and Tatterson (2004)). Géidles were 184 mm long
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and were placed such that the bottoms of the badftiésnded to the start of the
ASME dished head. The baffles were 20 mm wide (~B4.@er Hemrajani and
Tatterson) and welded such that a 6 mm gap exisdelen the baffle edge and
the tank wall. This gap prevented dead zones freistieg along the length of
the baffle.

A %" pipe was inserted flush with the bottom of thekidgo drain the
contents. A NCS %" ball valve was fitted on the pipecontrol drainage. The
pipe has a volume of 0.0445 L open to the tankndudperation. Due to this
space being confined from the remainder of the,témk volume of liquid may
stay relatively quiescent as compared to the reseaiof the tank. Due to the
extremely small volume of this pipe as comparetheorest of the tank (~ 0.7 %
of tank volume) it was assumed that it did not dftee mixing within the tank.
The working (8” pipe) portion of the tank (i.e. nbe ASME head) is jacketed
such that the temperature of the tank contentdeasontrolled. This is achieved
by pumping heated or cooled glycol through the ¢ackising a glycol

heater/pump.

3.2.2 Mixing Tank Lid

A lid was designed to prevent aeration of the bitumathin the tank.
Aeration occurs when bitumen is being mixed in thektand consequently
attaches (preferentially) to the water / air inteefa To minimize surface energies,
bitumen tends to spread spontaneously at thevaatér interface, resulting in a
thin layer of oil which separates the air and watexges. Without a lid to prevent
aeration, bitumen that reaches the water / airfate stays at the free surface and
is no longer part of the dispersion. To prevehirben adhering to the lid, the lid
was made of typical soda lime glass. The soda gdasgdrophilic and repels the
bitumen, thereby facilitating the bitumen remaininguspension.

A 14.3 mm hole was placed in the center of the lidtifie impeller shaft
and a 31.75 mm hole, with an accompanying plug, weated to allow for
bitumen addition to the system. The lid restshantbp of the baffles. The small

gap between the lid and tank wall is sealed whiles loy applying a silica gel.
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During operation of the tank, an H/T ratio of 1.16 wh®sen such that optimal
solid-liquid and liquid-liquid flow patterns would gwail (as discussed Bection
2.4.3. Water is filled to a point above the top of tltkin order to eliminate all
air space (i.e. prevent aeration) and ensure thigedeflow patterns will prevalil
within the tank. Zhou and Kresta (1998) showed thbtrersion of the lid had
no effect on the mean drop size or flow patternsiwitie tank.

3.2.3 Motor/Mixer Device

The motor selected for the mixing operation is détsepower Pacific
Scientific 90 volt motor capable of 3450 rpm. Trhetor is located directly above
the center of the tank and spins a 3/8” shaft. fngue is measured using an
E300/RWT Raleigh Wave Rotary Torque Transducer fi®emsor Technology
Limited. BSD Thomas Miniature Couplings were located each side of the
transducer to protect it from vibration. The shaignment is fixed using two
press-fit, self-aligning ball bearings in separatgpports. A 20 mm diameter
spool was placed between the supports to allow forstispension of a known
weight for calibration of the transducer. Benedth bottom support, a shaft
coupler is fitted to the drive shaft to allow foretitonnection of the shaft and
impeller.

Two impellers were used in this study: a hydrofoidl @Rushton turbine.
Specifications for each impeller can be found Tiable 3.1 Additionally,
photographs of the impellers can be viewe#&igure 3.2A/B. Each impeller has
a different bore diameter; therefore two differehtafss were fabricated and
tapered to fit the shaft coupler. The shafts hadramon length of 438 mm. The
shaft designed for the hydrofoil was tapered, fra8i 80 7/16”, just above the
impeller, while the Rushton turbine shaft was tapefesin 5/16” to 7/16”, 230

mm from the bottom.



Figure 3.2A: Photo of the Hydrofoll

Figure 3.2B: Photo of the Rushton Turbine
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Table 3.1: Impeller Specifications
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Bore
Type Diametef Diameter | Material| Pitchl Design
Hydrofoil 3.4" 3/8" 316 SS - | Lightnin® A-310
Rushton Turbine 3" 5/16" 316 S§ -| Lightnin® R-10(

3.2.4 Data Collection/Analysis Instrumentation

Sensor Technology Ltd. produced the display soft@arehe transducer.

In the setup, the transducer measures the torqlisends the signal to the E302

Advanced Rayleigh Wave Torque Transducer Displayrfinte Module. The

interface module is connected to a computer viarelscable and the TorqSense

software outputs the rotation speed and torqueahtme. The software is also

capable of logging the data.

A three wire Resistance Temperature Detector (RTD}pfacalibrated

between @C and 206C is used to measure the fluid temperature withintémk.
The RTD was inserted through the tank bottom amdrpdes 15 mm into the

fluid. It is assumed that no temperature gradiexist within the fluid during

mixing. The thermocouple data is converted to a04mA signal using a

temperature transmitter and subsequently displaged) Delogger software.

A Sony DSP 3CCD color video camera was used to file tink

internals. A frame rate of 1/500 second was requicegrevent the bitumen

droplets from appearing as streaks in the framiegrther discussion regarding

camera setup and usage is detailegention 3.3.4

3.3 Equipment Calibration

The experimental apparatus required a varietyatibation experiments

to ensure its results were in agreement with otheguidiliquid dispersion

experiments. Calibration of the transducer, sofwand camera are all described

in this section.
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3.3.1 Torque Transducer Calibration

The first piece of equipment that required caliora was the torque
transducer. The experimental error of the torgaesducer is 0.005 -k (£0.25
% of full scale deflection) while the error in thagalar velocity was 0.3 rpm
(x0.1% at minimum experimental speed). To chec& #tcuracy of this
equipment, the following experiment was performed.

The motor/mixer assembly was tilted and laid horiatiyp on a lab bench
with the 20 mm diameter spool hanging over the edgke flexible couplings
were removed to prevent deflection of the shaft. uBket of sand with a weight
(F) of 51.84 N was hung from the spindle using antm diameter fish line. The
moment arm, b, of the fish line and spool apparatas 10.2 mm. The bucket
was attached to the end of the line, and the matarep was adjusted such that
the bucket was suspended at a constant height ahevground. Finally, the
applied torque was calculated using the relation:

M =Tq=FIb (3-4)

The value of M thus obtained is then compared ® tdrque reported by the
transducer/software. The transducer display ouipaillated between 0.525 and
0.530 Nm and the calculated required torque was 0.528n.N Repeated

experiments produced the same result and it wasluaed that the transducer
was measuring and reporting the torque within theufsaurer’s specified error
of 0.005 Nm.

3.3.2 Power Number Calibration

Ideally, the maximum energy dissipation rate fois tstudy should be
measured for comparison with literature values. Ha@wethe use of a Laser
Doppler Anemometer (LDA) is required to perform this aswement.
Application of an LDA was impossible due to the stemistruction of the tank.

An acrylic tank could not procured within the reqditene of this study. Instead,
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the average energy dissipation rate was used adimimary comparison for the
mixing tank apparatus.

In these experiments, de-ionized (DI) water was mixedg a hydrofoil
and a Rushton turbine. The results from the erparts can be seen kigures
3.3and3.4. As the Reynolds number, Re, increases foth@ scatter of the data
decreases; this is consistent with the change froenttansitional to a fully
turbulent regime. Therefore, to alleviate variaircéhe results, only experiments
with a Reynolds number above®Mill be used in the power number calculation.

The hydrofoil had average power numbers of 0.303 arRil4 in
experiments 1 and 2, resulting in a difference @1Q. The error in this
calculation (Holman, 1978) was calculated to be 0.802000 RPM based on
manufacturer’s errors of 0.005:mN error in the torque and 0.3 rpm error in the
rotational speed while an error of 0.1 mm was usmdtlie diameter of the
hydrofoil. The calculated error of 0.006 allows twalues to be within 0.012 of
each other (0.006 each) and is shown to be grdaarthe experimental error of
0.011. In addition, both numbers lie within the powamber range specified in
literature to be between 0.3 and Ol4lfle 2.2.

For the Rushton turbine, average power numbers7#, .76, and 3.78
were obtained. The error in these values is 0.@Bvaas calculated using the
same errors in the hydrofoil experiment. Again, ¢her bars of these values all
overlap and the power numbers are proven to be stensi However, the power
numbers obtained here are significantly less thase reported by other authors
as seen iMable 2.3 A majority of the power numbers reported in thadaused
flat-bottomed tanks, whereas the current setup likshed head. As discussed in
Section 2.4.]1 dished heads are primarily used in applicationsereshgood
circulation within the tank is required (i.e. sofdspension). Therefore, using a
dished head creates more circulation within the tahlch may account for the
lower than expected power numbers (Seetion 4.3.2.Xor discussion of power

law constant effect on results).
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3.3.3 Minimum Calculable Droplet Size

During experimentation, a Sony DSP 3CCD color videmera was used
to film the liquids within the tank. The video iglsequently converted to a series
of bitmaps and DaVis 6 software is used to analyzebitmap sequences. Each
bitmap image is 640 by 480 pixels in size. Thevgaife identifies droplets within
the image based on gradients of light intensitp. détermine the accuracy of the
software, an analysis of known droplet sizes was padgd. On a 640 pixel by
480 pixel image, a series of circles, ranging redrom 3 pixels to 100 pixels,
were drawn Figure 3.5 and subsequently analyzed using the softwiigu(e
3.6). As can be seen irigure 3.6the light colored circle outlines on each dark
circle are the approximation by DaVis for the sizetloé circle (i.e. in the
experiment, the droplet size). As illustrated Rigure 3.7, the percent error
between the actual circle size and the DaVis estinmedincreases substantially
for circle diameters less than 20 pixels. Themftihie minimum droplet size that
can be confidently reported within 2% error is 28es (actual size of 0.82mm,
see Section 3.3.5. Although mean diameters (e.gs>,dd[v,10], d[v,50], or
d[v,90]) cannot be calculated without being ablectmfidently calculate the
smaller droplet sizes, the maximum droplet sizgxdan be reliably reported by
the software provided it is larger than 20 mm Theee the maximum droplet

size will be the focus of this study.

3.3.4 Software Calibration

Prior to calibration of the camera, the adjustgideameters of DaVis 6
were specified such that the largest droplets withiseries of bitmaps were
depicted accurately. The largest droplets were exhdsr software calibration
because g« is the focus of this study. As illustratedRigure 3.8 changing the
adjustable parameter known as the “Global ThreshaftBcts the number of
droplets and, to a smaller extent, their reportemss Therefore, a Global
Threshold, based on visual inspection of the bisnayas set to 10% due to its
ability to closely outline the largest bitumen deip. The remaining three
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adjustable parameters, Minimum Threshold, High Leaetl Low Level all had
no effect on gax

3.3.5 Camera Calibration

In order to determine the focal position, camersitpm, and frame height
required for the most accurate results, an expatimasing 0.5 mm glass beads
(soda lime) from BioSpec Products Inc. instead ofimmiscible liquid was
performed. The purpose of using the standardizessgoeads was to video an
experiment where the droplet sizes (i.e. the beaelskiwere precisely known.
Coanda Research and Development Corp. (Vancouveg)zadaa sample of the
glass beads using a Malvern Mastersizer S long\ed 2.19; the results are
shown inTable 3.2 The results did not include the maximum dropize.
d[v,90] was the closest value tedreported and therefore this statistic was used
to calibrate the camera settings using the glaadse

Table 3.2: Coanda Results for Glass Beads

Mean Diameters d(v,10 d(v,50 d(v,90) d32
Size (um) 455.12| 522.41 583.28 517.92

The focal point of the camera was slightly inside tnterior of the
viewing window. This focal length was chosen to ensiiaé no bitumen droplets
were magnified in size due to their presence betwleeriewing window and the
focal point. Figure 3.9shows a variety of mean droplet diameters typesdmiag
visual inspection of the bitmaps. Visual inspectiand measurement were
required because the glass beads were too transparéme DaVis 6 software to
detect. As can be seen, the largest frame heighs@ d[v,90] most similar to
the results from Coanda (0.583 mm). It was dedubat as the frame height
increases, the accuracy of d[v,90] improves. Twiobthe largest frame height,
the camera was placed in a variety of positions awnay the tank. In all these
experiments, the camera’s aperture was fully opearedl the focal point was

adjusted to remain slightly inside the viewing window
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Figure 3.10illustrates the frame height as a function of thenera distance from
the tank. To determine the camera distance regdjumeobtain the maximum
frame height, the derivative of the quadratic eigumain Figure 3.10 was taken
and set to zero. The resultant maximum frame heighievable is 19.7 mm and
can be seen by locating the camera at a distan@6bfmm from the tank.
Therefore, for an actual height of 19.7 mm (ortanbp height of 480 pixels) each
pixel is 0.041 mm in height (and length since istgiare). Based on this pixel
height, the minimum calculable droplet size of 2Ge[s (as seen iBection 3.3.3
translates to an actual minimum calculable dropie¢ of 0.821 mm using this
camera setup.

Figure 3.11 compares two experimental results (using the camera
parameters obtained above) to Coanda’s. The ewpetal errors for d[v,10] and
d[v,50] are larger than that of d[v,90] due to keadentified beyond the focal
point. Consequently, the beads are sized smédiéar their actual size, thereby
decreasing the size of the reported d[v,10] ang50]vin this study. The error
between this study and Coanda for d[v,90] is fairggligible:1.6% and 4.4%
error for experiments 1 and 2 respectively.

3.4 Experimental Fluids
Careful selection of the continuous and disperseidsd was required to
ensure a dispersion of bitumen within the aqueostenry. The following section

describes the selection process for the two fluids.

3.4.1 Bitumen Selection

At different stages during oil sands extraction apdrading, bitumen has
much different characteristics. The bitumens hal#erent densities and
viscosities and contain differing quantities ofefa) clays, water, sulfur, heavy
metals, etc. In addition, bitumen originating fralifferent mines will also have
slightly different properties and impurities. Atnpberic Topped Bitumen (ATB)
from Syncrude Canada Ltd. was used in this study.
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ATB originates from an early stage in thgnagling process. After bitumen
is separated from the sand and collected as affiatinthe Primary Separation
Vessel, it is diluted with naphtha. Subsequentlg,dituted bitumen undergoes
centrifugation or inclined plate settling to remavater and solids. The diluted
bitumen is then sent to the Diluent Recovery Units (IPRThe DRUs operate at
atmospheric pressure and are responsible for fanetions:

1) Naphtha Recovery — The DRUs distill off the naphtha in order to reuse

the expensive diluent

2) Light Gas Oil Recovery — Light Gas Oil is fractionated and sent

directly to the light gas oil hydrotreater

3) Hot ATB Production — Hot ATB is produced for feed to the LC-Finer

hydroprocessor and Vacuum Distillation Unit (VDU)

The hot ATB produced in this process has undergorterveand solids
removal and only the lightest hydrocarbon fractias been removed. Therefore,
the density and viscosity of ATB are similar to that bitumen in the
hydrotransport process. In addition, the viscoueds in equation (2-25) are
much greater than the interfacial tension forcesshyisfying the following

equation:

&]% lud (gmaxdmax }/

3
T, <<T, and C‘{p ) =300>>1
o
d

where G was calculated by Hinze (1955) to be approximatel2®.

Based on these arguments, ATB was selected as thednekdate for this
study.

Figure 3.12 illustrates the exponential-like relationship betwe
temperature and viscosity for ATB. As illustratéloe trend line of ATB closely
resembles the CObitumen of Svrcek and Mehrotra (1982). The dédfere in
viscosity may be attributed to the type of bitumeed and the ore quality from
which the bitumen was extracted. It is importanhate that, at the experimental
temperature of 50°C, the viscosity of the ATB is52Ra-s. At this temperature, a
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variation of 1°C affects the viscosity by ~ 10%Table 3.3 illustrates the

compositions of ATB used in this experiment.

Table 3.3 Atmospheric Topped Bitumen (ATB) Charactastics

Overall

Characteristics Units Temp Mean Median
Density (kg/m3) 2%C 1020 1019

3¢°C 1016 1016
Ash (Wt%) 0.82 0.83
Cs - Asphaltenes (wWt%) 16.7 17.2
Dynamic Viscosity (cP) 7 583649 582722

40°C 68569 62000

60°C 8522 6920
Kinematic Viscosity (cSt) 4T 59214 60095
Conradson Carbon
Residue (wWt%) 14 14.5
Micro Carbon
Residue (wWt%) 14.8 15
Carbon (Wt%) 82.6 82.6
Hydrogen (Wt%) 10.2 10.2
Nitrogen (Wt%) 0.5 0.5
Oxygen (wWt%) 1.1 1
Sulphur (wWt%) 5.1 5.3
Nickel (mg/kg) 76 80
Vanadium (mg/kg) 205 212
Iron (mg/kg) 573 654
Simulated Distillation
IBP (°C) 242 245
25% off CC) 422 440

3.4.2 Continuous Phase (Water) Selection

It was important to select a continuous phase caitipo that prevented
bitumen-glass adhesion and bitumen-bitumen coalesceBitumen adhesion to
the viewing window would have prevented video recagdifi the tank internals
while adhesion to the window and/or lid would have edus diminishing
concentration of suspended bitumen. Three typesmtdr were tested: Tap water
with salts (NaCl, NaHCg and NaSQy), DI water with no salts, and Simulated
Process Water (SPW). The composition of tap waderle seen ifable 3.4
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SPW is made using de-ionized (DI) water and addingetlalts: 25 mM of NaCl,
15 mM of NaHCQ, and 4 mM of NgSQO,.

Table 3.4: Tap Water Quality Analysis

_ : 7-day
Water Quality Units Average
(mg/L

Hardness CaCQ) 182 2
pH 7.71
Temperature °©) 17.8
Chlorine Residual (mg/L) 2.031
Alkalinity (mg/L) 126.5
Conductivity (1S/cm) 433.8
Caustic Soda Dose (mg/L) 23.12

3.4.2.1 Water Selection: Theoretical Considerations

As discussed previously, no bitumen coalescenceesreti during the
experiment. Tap water contains significant quaetitof impurities such as
calcium, magnesium, bicarbonates, and sulphatesrami2004) showed that the
probability of coalescence with the addition of JhpCa&* to a NaCl solution,
increased from 45% to 78%. Therefore, bitumen eswance increased
substantially with the addition of a trace amountatium. Additionally, recent
studies by Basu et al. (2004) have shown than aease in the calcium dosage
(as CaC] or CaSQ) for a water/bitumen system results in a less megaitumen
Zeta potential, thereby causing a higher probghaitcoalescence. This may be
due to calcium adsorption at the bitumen interf@kecreased surface charge) or
to an increased ionic concentration in the solutidouble layer compression).
These conclusions were a result of observations déaeasing static contact
angle between glass and bitumen with additional waici Based on these
observations, all efforts to minimize £@&oncentrations within the tank should be
exercised. Therefore, tap water, with 165 mg/L o€Oawould likely increase

adhesion and coalescence within the system.
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DI water is devoid of any Gaand other polyvalent cations. Although
this water will not cause additional glass-bitumenhesion or bitumen
coalescence, it does nothing to prevent it. lory each out of the bitumen
within the system and cause bitumen-glass adhesibitumen coalescence.

Analyzing the surface charges in the system, aadaitn exists between
positively charged glass and negatively chargedni@n. The sodium ions
introduced by SPW prevent this ionic attraction. cas be seen iRigure 3.13
the sodium ions are attracted to the negative ceirfd the bitumen and form an
electric double layer around the bitumen particlésereby creating an
electrostatic repulsion between the bitumen dro@etsthe glass. The SPW also
contains C@ from the dissociation of NaHGO The CQ® is important
because, in the presence of Cians, a precipitate of CaGGs formed, thereby
removing C&' from the system. Therefore, the small amount oHG@;
included in the SPW acts as a safeguard to remayetrace C& within the
system. From the above discussion, it was expabtadhe SPW would be the

best aqueous solution for this experimental study.

3.4.2.2 Water Selection: Experimental Consideratios

To empirically determine the water chemistry mo&taive in preventing
bitumen coalescence and glass adhesion, a benkehesgeeriment was devised.
Three glass beakers were each filled with 1.5 L @&f oithe three types of water
discussed above and heated t8G0n a ThermaMix 201 hotplate/stirrer. The
components were agitated using a Teflon-coated ntiagsteérer. The rotational
speed of the stirrer was kept low enough such thaimweas entrained. ATB was
added in 0.2g increments to a total weight of 0:8@.05 %wt). The extent of
bitumen dispersion and glass adhesion was obsendeckaorded.

In the experiment using tap water with salts, a lag®unt of bitumen
quickly adhered to both the glass and plastic ilepethile only a very small
portion remained dispersed in the water. In bothsrwith DI water, a good

dispersion was created with very minimal amountsr(2 drops) attaching to the



R Rt

+ * + + =

+_ v #
(0 oo = F - °

- + _+ %

T T o g

o +

-1+

Charge distribution of solution

Positive .
surrouding the droplet

0

. i —_—
Negative Distance

Figure 3.13 Electrical Double Layer Around Bitumen

9G



57

glass. Since the DI water had no salts, suspendachdn droplets readily
coalesced with droplets attached to the wall. 1MVSEhe very small quantity of
droplets attached to the beaker wall did not inaeasize. Thus, it was deemed
that DI water, with 25 mM NaCl, 15 mM NaHGCGand 4 mM NaS@(i.e. SPW),

was the best option for the experiment.

3.5 Experimental Operations

Chapter 2, and the above portion &hapter 3 were used to develop the
experimental and analytical procedures for thisdwtu An outline of the
procedure for determining the effects of energsigetion rate on the bitumen

droplet size can be found in the following section.

3.5.1 Experimental Procedure

- Make 8 L of Simulated Process Water (SPW) by addihg9 g of NacCl,
10.08g of NaHC@ and 2.27g of N&O, to 8 L of DI water

- Heat 2L of SPW to 70°C using a hot plate and seghjeol temperature
for the tank heating jacket to 55°C

- Add heated SPW to tank and heat additional 4L of $38¥0°C

- Add 4L of heated SPW and 0.7L of room temperatuid/ $&tank

- Place glass lid into mixing tank and rest on baffl®rain any SPW that is
above the lid (should be minimal)

- Use Superflex Clear RTV silicone adhesive sealansdal the space
between glass lid and tank wall. Allow 30 minutesryp d

- Heat the remaining SPW to x°C as calculated belounffovia an energy
balance between the water in the tank and the rémgaiwvater to be
added):

X =2376 - 394y (3-1)

where y is the temperature of the water in tank argdtive temperature of

the water to be added.



58

- Position and turn on both 500 W photography liginid turn impeller to
100 RPM to keep SPW circulating within tank

- Allow water temperature to reach equilibrium and adjusating jacket
temperature if required to maintain a water tempeeatvithin the tank of
50°C

- Once a constant SPW temperature is achieved, rethevéd plug and
add 1.7 g of bitumen using a long spoon. To a@dbitumen, place the
spoon near the impeller and shake softly suchtiamen detaches from
spoon

- Once a majority of the bitumen has detached fronospoemove the

spoon and replace the lid plug immediately

SPW was used in this experiment as per the findm@ection 3.4.2 A
water temperature of 50°C was selected for this @xpeet. This temperature
was chosen such that the bitumen viscosity was ldwaer &t room temperature,
thereby increasing the ease of handling. In adltitthe temperature of 50°C is
similar to operating temperatures of existing irtdak oil sands conditioning
process.

A dispersed phase volume fractiob, of ~0.00025 was used for the
bitumen experiments. It is significantly lower th#imose specified by other
authors (sedable 2.1 to ensure that no coalescence occurred duringnglix
This precaution was taken because no dispersionshititmen-like viscosities
have been investigated - and the intent of thirpireary study was to investigate
dispersion in the absence of droplet coalescerieerthermore, a much lower
concentration was used due to the unknown effectanpfirities inherent in
Atmospheric Topped Bitumen (ATB) which may cause enbdncoalescence

efficiency.

3.5.2 Analysis Procedure
During the experiment, video was taken using the baged camera setup
outlined inSection 3.3.5 The video was started immediately prior to theitah
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of bitumen. Analysis of the video was achieved ggwlobe Photoshop, DaVis 6
Software, and Microsoft Excel. The following databsis sequence was used in

this study:

- Use Adobe 6 to record 20 second intervals of videto ¢ime computer.
For example, the first time interval would begin Inate after initial
bitumen addition and proceed to 1 minute and 2@rs#s after initial
bitumen addition

- Repeat 20 second time interval recording starttrigy 4, 8, 12, 20, 30, 40,
60 , 80, 100, and 120 minutes after initial bitunaeidition

- Convert each clip to a bitmap sequence using AddtzeoBhop. At 500
frames per second, 10 000 frames will be availalde tpme interval
recording. For each interval, convert every1@@me of film to a bitmap
to create a bitmap sequence 100 frames long

- Transfer all sequences to DaVis 6 software and conlvenp files to .imx
format using a picture of the back tank wall asréference for the light
intensity within the tank

- Analyze each series of .imx’s using the following 3a@i variables (as
determined irBection 3.3.%

= Global Threshold: 10
=  Minimum Threshold: 36
= Hilevel: 30
= Low Level: 25
- Export resulting text file (.txt) into excel (.xlsand determine the

maximum droplet size

The value of glax reported for each experiment was an average ofaeve
time intervals. Typically, the first four interveimes (i.e. gax resulting from the
first 8 minutes) were not used due to the largendtia droplet size variance
within the tank. There were large gradients withie tank because not all
bitumen droplets had been exposed to the impeéigion in the tank. The
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remaining values of gy were averaged, resulting in the reportedidor the
experiment.

Calculation ofeax Was done using equation (2-14):

£ =C,N°D? (2-14)

Zhou et al. (1998) calculated the value of fGr several different tank
geometries as discusseddaction 2.2.4 The current study’s geometry resembles
a setup used by Zhou et al., as seenTable 3.5 They performed five
experiments using this geometry to find thgr€quired for calculation ofmax.
For the hydrofoil, the average €alue from the five experiments was 0.967 while
the Rushton turbine value was 12.14. Thereforefahewing equations will be

used for calculating th&,ax in each system:

... =0967N°D* Hydrofoil (3-2)

£, =1214N°D?  Rushton Turbine (3-3)

Table 3.5: Geometry Comparison

Parameter Current Study  Zhou (1997)
Baffles 4 4
Impeller Diameter, D 0.375T 0.475T
Clearance, C 0.375T 0.333T
Average Re (*10) 3.9 12.21
Bottom of Tank Dished X

The error ofemax Was found using the uncertainly analysis as oudliog
Holman (1978). Standard manufacturer’s errors 8frpm for the rotational rate
and 1 mm for the impeller diameter were used toutale the error. The error for
the Hydrofoil was found to be 2.3% while the error tioe Rushton Turbine was

found to be 2.6%. These values will be used in @rap when calibrating the
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experiment and when determining the maximum drogilet - maximum energy
dissipation rate relationship.

Although the current study’s experimental apparatumt an exact replica
of that used by Zhou (1998), theg @alue determined in Zhou's experiment is the
closest representation available. In the currerdys this value will provide only
the magnitude ofmax and will not have any effect on the power law expbnen
Therefore, although the value of {S an estimate based on an experimental setup
slightly different from what is used in the curresttidy, only the magnitude of
emax Will be affected - not the trend or power law expdneBince the power law
exponent, and therefore the relationship betweerdtbplet size and the energy
dissipation rate, will not be affected, the thirdealtive outlined inSection 1.4

can still be achieved without additional error beimgoduced.

3.6 Conclusions

The experimental setup was designed similarly hermtiquid-liquid
mixing apparatuses; the major difference here wasdétection of a dished
bottom instead of a flat bottom tank. It is be&dvthat due to this deviation and
the resulting improvement in circulation, the Rashturbine power numbers
obtained in this study were lower than literaturaueal

Equations (3-2) and (3-3) will be used for calculgtihe maximum
energy dissipation ratg,ax in the tank. Due to restrictions in identifyingpglets
less than 0.82 mm in diameter, the effects,@f on dnax Will be investigated
rather than a different mean diameter Seetion 2.2.1for other mean
diameters).

Atmospheric Topped Bitumen (ATB) was selected for sigly due to its
similarity in density and viscosity to bitumen methydrotransport process. In
addition, ATB has relatively low concentrations opumities. Simulated Process
Water (SPW) was chosen as the continuous fluick$aahility to limit bitumen
adhesion to the glass viewing window and to aid inpiieention of bitumen

droplet coalescence.
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Chapter 4

Results and Discussion

4.1 Introduction

In Chapter 2, the design specifications for a liquid-liquid gission were
investigated and iilChapter 3 the specific design and calibration of the current
experimental setup were discussed. This chapterbedin with verification of
the experimental apparatus by investigating lowosgy oils, similar to that used
in the studies discussed {Dhapter 2. Next, a water-bitumen study will be
performed and compared to literature results amdrih Section 2.3.4 The

focus of this chapter will be on the effectegfx 0N dnax

4.2 Model QOils

A comparison between this study and literature resuéis first made to
validate the experimental setup and procedure.uddyg a fluid with a viscosity
similar to those used in the studies investigate@hapter 2 (viscosity is ~1-2
Pas; herein called the “model oil”), a direct comgan can be made. This
section will illustrate the model oil guidelines aselection criteria.

4.2.1 Model Oil Selection
Selection of the model oil for comparison with otlstudies depended
largely on two factors:
1) The ability for the DaVis software to capture oil deggprofiles as
bitmap images, and
2) the ability to suspend the model oil in water for extended
duration of mixing
In order for the software to detect the oil droplé¢te droplets had to be
sufficiently opaque such that the software couldtifysiish them from the
continuous medium. Additionally, in order for teplets to be quantified by the
software, the droplet size must be sufficiently éasyich that their sizes could be

analyzed accurately (se&ection 3.3.3for acceptable droplet sizes). It is also
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important that the dispersed droplet density wag tiest of water such that the
dispersed phase remained suspended within the coosnmedium and did not
accumulate at the top of the tank.

After investigating motor oils, gear oils, and wsity standards, the
model oil was chosen to be a toluene/bitumen mixtbesed on the
aforementioned requirements. To determine theet@tbitumen (T/B) ratio
required to create a mixture with a viscosity of P&2s at Z%&, the viscosities of
a 0.122 T/B mixture and a 0.249 T/B volume ratio eveletermined using a
Brookfield Programmable DV-II Viscometer. A temperatwf 25C was used
such that existing toluene and bitumen viscositia d@uld be used. Based on
linear interpolation (se€igure 4.1) between these two points, a 2 Pa-s mixture
could be created using a T/B ratio of ~0.15. Assiitated orFigure 4.1, a T/B
ratio of 0.15 gave a viscosity of 2.66 Pa-s. Idiah, with a low percentage of
toluene in the mixture, the density was nearly tifdiitumen; thus satisfying the
requirement that the model oil density was neardhatater.

The same experimental procedure describe&eantion 3.5.1was used
except that the toluene-diluted-bitumen was addatyus wide-mouthed syringe
instead of a spoon due to the significantly lowescuesity of the model oil. For

the model oil experiments, a Rushton turbine wad.use

4.2.2 Model Oil Results

The trend betweenygk and emax for the model oil system can be seen in
Figure 4.2 A power law relationship with an exponent of -0.25vpaoduced
from eight experiments with varying energy dissipatrates. Within the eight
runs, one experiment was repeated at a similarpdissn rate to test the
reproducibility. The percent difference between tine points is 1.04% thereby
indicating that the experiment is reproducible.isTgower law exponent was then
plotted onFigure 4.3 with data acquired by Arai (1977) for a variety afpmbrsed
phase viscosities. Extrapolating Arai’s data, a pdae exponent of -0.237 was
expected. In comparison with the current studylseaf -0.251, the power law

exponent is within experimental error of Arai’'s data.
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4.2.3 Model Oil Discussion and Validation of Expemental Setup
The validation of the bitumen / toluene experimengsults is based on

the ability to reproduce literature trends and th&oal predictions. As illustrated
above, the experimental results align well with &tere values. In addition, the
theoretical relationship derived between.x and dhax for viscosity-governed
breakup was derived to give a power law exponent @5-Qin Section 2.3.4
Therefore, the difference between the theoreticalgpdaw exponent and the
experimental value of —0.251 is negligible with ageat difference of 0.32%.
Consequently, the setup is validated via two sepam@nparisons:

1) The power law exponent is within experimental errortto#

extrapolated Arai (1977) trend line, and
2) the relationship betweenng andemax mirrors the theoretically

derived relationship from viscous breakup

4.3 Bitumen Experiments

Investigations into the effects of the rate of gyedissipationg, on the
maximum droplet size, s, are important in a variety of industries where
immiscible liquid-liquid mixing occurs. In the aflands industry, it is generally
acknowledged that larger bitumen droplets are raeavenore easily than small
droplets. Due to the highly viscous nature of beammcomparisons to other
situations involving immiscible liquid dispersioase not available. This section
of the study investigates the effect of differereamanical agitation devices (i.e.
impellers) on dax. Additionally, a relationship betweemax and d¢hax will also be

developed.

4.3.1 Effect of Varying Agitation Device

Two different impellers were used to investigatedffect of the agitation
device used to dissipate energy into the system.Ru&hton turbine and a
hydrofoil (as specified inSection 2.4.2)were used. The maximum energy
dissipation rates reported in this study were datexch using the following
equation, as developed by Zhou (1997);
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£ =0967ND? hydrofoil

&.., =1214N°D*  Rushton turbine

The coefficients in each equation, 0.967 and 12vkte selected based on
similar tank geometries as a setup used by Zhounofe detailed explanation
regarding these equations can be foun&eaation 2.2.4while determination of
the coefficients is detailed Bection 3.5.2 Figure 4.4 shows howemax Changes
with impeller speed. As illustrated, at similar iffiperotational speedgmax for
the Rushton turbine is nearly an order of magnithagher than the hydrofoil.
For the hydrofoil, there is a restriction of thepietier speeds because as the
pumping action of the hydrofoil becomes too grest,is entrained within the
system and bitumen aeration results. Alternativiely,impeller speeds using the
Rushton turbine (required to match they in the hydrofoil system) are typically
inadequate to suspend the bitumen for extendedgseaf time.

Figure 4.5 is an illustration of gax versusemax with data from both
impellers. As can be seen, the data from the irapebverlap and a single trend
line can be determined. Inserting a power law trigmel as is common when
comparing these variables in liquid-liquid dispers, an R value of 0.85 is
produced, thereby indicating a significant corielat In addition, at aBmax of ~
47 WIkg, both impellers produced values @f,dvithin 0.1 mm of each other.
These observations strongly indicate thatx is the controlling parameter in

droplet breakup while the source of the energy pisgin is irrelevant.

4.3.2 Power Law Relationship

A power law exponent of -0.137 was produced by combirthe data
from the two impellers and fitting them with a singlewer law trend line. This
trend line can be observed kigure 4.5 The power law exponent obtained in
this study, using highly viscous bitumen as theelised phase, was 45% lower

than derived in theory (-0.25 as seeiséettion 2.3.4 This study can also be
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compared to data from Arai (197 #rigure 4.6shows the data of Arai along with
an extrapolation of the trend line from 1.5 Pa-82da-s. From this data, a
power law exponent of -0.19 is expected for 21.5 Bitusnen. Again, a
significant difference (28%) exists between thigigts value and the

extrapolation from Arai’s work.

4.4 Analysis of Potential Errors

Several factors may have contributed to the diffeee between the
aforementioned observations. The following sectiolh document and analyze
three of these factors.

4.4.1 Error in gnax Calculation Related to Power Law Relationship Dewtion
One source of this difference may be attributedht estimation of the

constant, ¢, when calculating the maximum energsighsgion rate, i.e.

£ =CN°D?

where c is 0.967 for the hydrofoil and 12.14 for Beshton Turbine.

As shown inSection 3.3.2 there is a significant difference between the
literature power numbers and those determined is $tudy. As discussed
previously, the power number is an indication of #dlity to dissipate energy
into the system, and does not indicate the locatgndissipation at any point
with the system. The current setup, using a dighead, enables increased
circulation rates when compared to flat bottomedckdan Therefore, the total
energy input into the system, and possibly the pawenber, may be less due to
the improved circulation in the tank. However, Z®898) determined that local
isotropy existed in a variety of geometries, iredpe of the circulation rates
within the tank. This result indicates that in oréte the constant to change, the

root mean square (rms) of the fluctuating velositieust also vary. Because these
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velocities are indeterminable in the current setups not known how much the
constant ¢ will change for the impellers.

The actual constant ¢ may be different than thatluse determinemax in
this study. If only one mixing device had beerdisn this experiment, the
power law exponent would have been unaffected by i gr the value of the
constant, c, used. However, with two mixers (the hydr@nd the Rushton
turbine) used in the determination gfadvs emax the values of ‘c’ both needed to
both be indicative of the geometry of the currgrstam. Table 4.1illustrates the
percent error between the power law exponent fountgussie constants 0.967
and 12.14 for the hydrofoil and the Rushton turbnespectively, and those found
by altering the constant c. It can be seen thanhgimg the constants in each
equation by the same factor leaves the power lawrexqt unaltered as expected
(both reflect the geometry of the mixing systenti).is only when the constants
change by a differing amount that errors beginrieea The errors are relatively
small with only an 11% difference occurred when clagmghe Rushton turbine
constant by -20% and the hydrofoil by +20% (a r@4difference). Therefore,
errors in the calculation ofax and the power law exponent may have been

caused by inaccuracies when estimating the constant,

Table 4.1 - Power Law Exponent Error as a Result oRushton
Turbine and Hydrofoil Constant Error

Error in Rushton turbine constant, c, in

ema=CN’D?
20% 10% 0% 5% 10%  20%

20% [ 0% 3% 6% 7% 8% | -11%

Error in -10% 3% 0% -3% -4% -5% -8%
hydrofoil  -5% 4% 1% 1% 3% 4% 6%
constant,c, 0% 5% 3% 0% -1% -2% -5%
in: 5% 7% 4% 1% 0% 1% 4%
ema=CN°D*  10% 8% 5% 2% 1% 0% 2%
20% 9% 7% 4% 3% 2% 0%
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4.4.2 Effect of Viscosity Variation on Power Law Rkationship

Slight variations in temperature can cause larggatiens in viscosity, as
illustrated inFigure 3.12 A temperature profile of a common experiment loan
seen inFigure 4.7. Although a small variation of temperature withimet
experiment is observed, the steady state temperaetween experiments varied
between 4% and 52C. Over this range of temperature, the viscosityesaby
19% which could have caused error within the expertmeHowever, each
experiment had extremely similar temperature peefds illustrated iRigure 4.7.
Therefore, the variance of temperature within thepeexnent may have
introduced a small amount of error to the resutiwdver due to the consistent

way the temperature varied, this error is minimal.

4.4.3 Effects of Water Chemistry on Experimental Paer Law Relationship

Another source of error may have been the water isgmof the
continuous fluid. During experimentation, the siatatl process water (SPW),
used as the continuous fluid, may have containegreety of impurities that
affected the bitumen droplet sizes.

Polyvalent ions are one type of impurity that wollave affected the
maximum droplet size. As discussed3action 3.3.2 polyvalent ions such as
Calcium (C&") and Magnesium (Mg) compress the electrical double layer and
cause the coalescence efficiency to increase di@atigt(Moran, 2005). By
increasing the rate of coalescence, the maximumlelrsize within the tank may
also increase. Ultimately, however the effects ofewahemistry likely did not

have an influence on.gy due to the extremely low concentrations used.

4.4.4 Effect of Viscosity Orgmax

A brief investigation into the effect of bitumenseosity on gax was
performed. In these experiments, the water temperatas varied. An impeller
speed of 400 rpm was used for all seven experimdritgure 4.8 illustrates the

values of gax obtained at various bitumen viscosities (adjusiademperature).
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The figure shows no observable trends. Howevergitwo highest viscosity
experiments are neglected, the droplet size dezsemsthe viscosity is increased.
One source of error in determining this factor washe addition of the
bitumen. Due to the 10-fold increase in viscodityg manner in which bitumen
was added had to be altered. In all cases, a spasrused to drop the bitumen
in; at warmer temperatures (hence lower viscositig) bitumen flowed off the
spoon into the impeller. In cold water (hence bigkiscosities), the bitumen
came off the spoon in larger globules. In additiadhesion of bitumen to the
tank wall was more prevalent at colder temperatuiié®refore, bitumen addition

techniques should perhaps be altered for futuEsity vs ¢hax research.

4.5 Conclusions

The experimental apparatus performed as expected inkiestigating the
relationship betweenyfy andemax for the 2.66 Pa-s toluene/bitumen system. A
power law exponent of —0.25 was discovered for dispersion which is very
similar to the theoretical value of —0.25 and theiA1977) extrapolation of -
0.236. Therefore, the system was shown to be Validhe investigation of
moderately viscous dispersions.

The type of impeller was found to be irrelevant whievestigating the
dmax (at a constardyay). A power law exponent of -0.137 was obtained forzhe
Pa-s bitumen system and was seen to be significamier than the theoretical
value of -0.25 and the extrapolated value of -Crb®n Arai (1977). Several
sources of error may have been present in the sgubh as assumption of the

constant c (in equation (2-21)), water temperatame, water chemistry.
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Chapter 5

Conclusions and Recommendations

5.1 Introduction
This study had the following objectives:
1) Design and calibrate an experimental device capablereating a
liquid-liquid dispersion and measuring the dropgesim-situ
2) Develop a relationship between the maximum dropleg, Sihax, and
maximum energy dissipation ratgay for a bitumen-water dispersion
This chapter will evaluate the successes and failureolved in meeting
each of these objectives. In addition, recommeodsitfor future work will also

be made.

5.2 Objective 1: Experimental Design and Calibratia

The experimental design was describedCimapter 3, based upon the
literature findings outlined ifChapter 2. The biggest difference between this
study’s experimental apparatus and those founderature is the geometry of the
tank bottom. In the literature, typically a flabtbom tank is used. However, in
order to achieve suspension of solid particlesutare work, an ASME Dished
head was used. This may have contributed to theplmmwer number obtained
using a Rushton turbine due to increased circulati®his modification did not
have a significant effect on the power law relatiopdbetweerenax and ¢hax for
the toluene/bitumen experiment. The experimengsults agreed both with
theory and extrapolated data from another investigghrai, 1977). Therefore,
the experimental apparatus and procedure were detentedvalidated.

To more accurately determine thgyx and the droplet size distribution, a
glass tank should have been implemented such thaser Doppler Anemometer
(LDA) could be utilized. Determining the maximum raoean square (rms) of
the fluctuating velocities would have improved tiséireation ofeqnax experienced
by the droplets. In addition, an LDA would have bedxte to identify much

smaller droplets than the DaVis 6 software. It alsold have produced a droplet
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size distribution for transparent oil, thereby alilog a much less viscous model

oil to be analyzed and compared to literature \&alue

5.3 Objective 2: thax VS €max Relationship
The bitumen experiments produced a relationshipéxet emax and Ghax

of:

£, =constant xd %%

According to theory, a dispersed phase where viscasithe primary
restorative factor should have a power law exponérH0@5. However, the
viscosities of fluids investigated in the literaware nearly an order of magnitude
smaller than the 21 Pa-s bitumen used in the dusteidy, thereby requiring
excessive extrapolation. Additionally, extrapolgtinlata from Arai (1977)
resulted in an exponent of -0.19. Therefore, Araésult deviates from the
theoretical value of -0.25 and indicates a decngagiower law exponent as
viscosity increases. It should be noted that Ardésa was extrapolated by nearly
an order of magnitude, from ~ 2 Pa-s to 21.5 Pakherefore, the accuracy of his
extrapolation is questionable. Some sources of énrthe current work may be
attributed to factors such as the constants us#tkicalculation of the maximum
dissipation rate, the exponential relationship betwéditumen viscosity and

temperature, and the impure nature of bitumen.

5.4 Future Work

At the conclusion of this research, several areasfdture work are
evident. One such area is a further analysis iht gower law exponent
calculated for the high viscosity Atmospheric Topgatumen. Calculation of
power law exponents for toluene-bitumen blends rangirviscosity between the
2.7 Pa-s model oil and the 21.5 Pa-s bitumen iigatstl in this study may

indicate how the exponent changes as the viscasitycreased. Achieving this
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objective may provide insight into why the power laxp@nent increases beyond
the theoretically predicted value of -0.25 may lmeeevident.

In addition, a study of bitumen droplet breakup tie non-viscosity
dominated breakup regime (i.e. for viscosities ldsan 1.5 Pas) would be
valuable. This data could be used to plot how thegr law exponent changes
with respect to viscosity and subsequently used dmpare with viscosity
standards (e.g. the data could be plotted on FiguBeto serve as a direct
comparison). This study would provide more inforimaton the nature of
bitumen droplet breakup and serve as a tool forpamg bitumen droplet versus

viscosity standard droplet breakup.
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Appendix

lllustration of Sample Droplet Size Calculation

The procedure for the calculation of the Bitumerofet Size can be
found inSection 3.5.2 The following is an example of a sample experisdor
a hydrofoil operating at 503 rpm.

The first stage of the experiment was convertingvideo into a series of
photographs that could be analyzed using the Da¢wfthvare. An example of a
photo that was analyzed can be seerFigure A.1. Each 20 second video
segment was used to created 20 photographs simifagare A.1. DaVis 6 was
used to analyze the size of the bitumen dropletsafiol00 photographs. An
abbreviated example of these results can be se€abile A.1. From this Table,
the maximum droplet size is documented.

Table A.1 is the results from the video analyzed at 120 minkhe
maximum droplet size is taken from the remainimges (2, 4, 8, 12, 20, 30, 40,
60, 80, 100, and 120 mins). These maximum dropiets are plotted~{gure
A.2) and a determination of the equilibrium droplendi is made. The droplet
sizes after this equilibrium droplet time are agexd This final droplet size is the
maximum droplet size for the specified rpm / enedjssipation rate of this

impeller.



Figure A.1: Example Photograph for Analysis by DaVs
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Table A.1: lllustration of DaVis Software Output

Analyzed Particles = 3541
statistical number of Particles = 3683.37

Mean Diameter(D10) = 10.6487 pixel

RMS =5.18335
Sauter Mean Diameter (D32) = 18.7006 pixel

D[V,10] = 8.60119 pixel
D[V,50] = 20.8301 pixel
D[V,90] = 57.1793 pixel

Scaling: X' =1 *x

0.0422756

10.6487
5.18335
18.7006
8.60119
20.8301
57.1793

0.450179906
0.219129097
0.790578601
0.363620245
0.880604436
2417287735

Diameter High Threshold: Diameter of High Threshold (High Level, Second
Segmentation)

Diameter Low Threshold: Diameter of Low Threshold (Low Level, Second
Segmentation)

Average Diameter: Average Diameter of High and Low Threshold

Note: The following values are all given in Pixels

Diameter  Diameter
High Low
Threshold Threshold
7.74 8.14
10.40 11.06
7.48 7.90
8.59 8.81
6.96 7.14
9.10 9.64
6.38 7.23
13.96 14.71
13.35 14.27
8.59 8.96
14.00 15.18
12.15 12.46
10.59 11.34
10.22 10.59
13.73 14.32
5.75 6.08
6.77 7.05
12.05 12.77
9.37 9.84
12.46 12.96
7.65 8.14

Number of
Pixel Low
Threshold
47
85
44
58
38
65
32
153
140
58
154
116
88
82
148
26
36
114
69
122
46

Number of
Pixel Low
Threshold
52
96
49
61
40
73
41
170
160
63
181
122
101
88
161
29
39
128
76
132
52

Average
Diameter

7.94
10.73
7.69
8.70
7.05
9.37
6.80
14.33
13.81
8.77
14.59
12.31
10.96
10.40
14.02
5.92
6.91
12.41
9.61
12.71
7.89

Scaled
Diameter

0.3355
0.4536
0.3252
0.3679
0.2979
0.3961
0.2876
0.6060
0.5839
0.3710
0.6169
0.5203
0.4635
0.4397
0.5928
0.2501
0.2921
0.5245
0.4061
0.5375
0.3338
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Diameter Diameter Number of  Number of

High Low Pixel Low Pixel Low Sé?;ae?; D?grilgtctja "
Threshold Threshold Threshold  Threshold
12.91 13.49 131 143 13.20 0.5582
7.90 7.98 49 50 7.94 0.3356
7.14 7.40 40 43 7.27 0.3073
7.14 7.48 40 44 7.31 0.3091
12.87 13.59 130 145 13.23 0.5592
15.26 16.31 183 209 15.79 0.6675
6.86 7.23 37 41 7.04 0.2978
9.30 9.97 68 78 9.64 0.4073
13.87 14.45 151 164 14.16 0.5985
8.37 8.88 55 62 8.63 0.3647
11.62 12.26 106 118 11.94 0.5047
7.48 7.90 44 49 7.69 0.3252
17.26 18.19 234 260 17.73 0.7494
13.21 14.00 137 154 13.61 0.5752
6.77 6.96 36 38 6.86 0.2901
10.16 10.70 81 90 10.43 0.4409
14.93 15.96 175 200 15.44 0.6528
57.99 59.55 2641 2785 58.77 2.4845
6.58 6.96 34 38 6.77 0.2861
6.58 6.86 34 37 6.72 0.2842
10.59 11.23 88 99 10.91 0.4611
11.56 12.31 105 119 11.94 0.5046
12.41 13.21 121 137 12.81 0.5415
10.40 10.76 85 91 10.58 0.4474
10.88 11.94 93 112 11.41 0.4824
7.14 7.82 40 48 7.48 0.3161
9.97 10.88 78 93 10.42 0.4407
8.29 8.67 54 59 8.48 0.3585
13.45 14.00 142 154 13.72 0.5802
7.40 7.74 43 47 7.57 0.3199
6.38 6.68 32 35 6.53 0.2760
14.36 15.39 162 186 14.88 0.6289
6.38 6.77 32 36 6.58 0.2780
11.67 12.31 107 119 11.99 0.5069
9.71 10.28 74 83 9.99 0.4225
7.14 7.57 40 45 7.35 0.3109
10.09 10.65 80 89 10.37 0.4383
13.45 14.23 142 159 13.84 0.5850
9.84 10.52 76 87 10.18 0.4304
7.57 7.82 45 48 7.69 0.3252
7.31 7.40 42 43 7.36 0.3110
6.68 7.14 35 40 6.91 0.2920
9.84 10.40 76 85 10.12 0.4278
7.90 8.37 49 55 8.13 0.3438

NOTE - Another 58 pages of Sizing was performed but NOT included in
the APPENDIX



.
o

»
o
!

w
[

w

o
|
o
o

N
o
o

N
o
!

=
ol

Maximum Droplet Size (mm)
Lo
(o4

=
o
!

o
o

o
o

0 20 40 60
Time (min)
Figure A.2: Maximum Droplet Size vs Time for Hydrofoil @ 503 RPM
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