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— " ABSTRACT

This research program was directed towards advancing an *
understanding of the factors which inflgence bitumen displacement
from compacted oil sand. Of particular interest were the effects

“that the chemistry of the oil sand exerted on the method for
determining recovery. A rapid, inexpensive test method was
devised to obtain a quantitative meaﬁs of assessing the effects on
recovery of changes to tﬁe oll sand comﬁosition. Comparative
displacement tests using alkaline solution and distilled water
were performed to investigate the interactions between the oil
sand chemistry and the chemistry of the displacing liquid. The
two primary objectives of this research were: (1)} to develop a
rapid test method to study the displacement of bitumen from oil
sand and (2) to use the test to investigate gﬁe influence of oil
sand properties OQ\EE;> recovery process,

In the initial work, mined Athabasca oil sand was packed into
a displacement cell and experiments were conducted at 250°C., The
experimental procedure wag refined until the test was cépable of
producing reproducible results. The method is suiﬁable as a
screening test to evaluate the effectiveness of additives in the
displacing phase. -

The focus then shifted to examining reconstituted oil sands.
Cleaned sand, water and diluted bitumen were tumbled together to
produce a batch of reconstituted oil sand. Diluted bitumen was
used to facilitate the tumbling process and also to reduce the

bitumen viscosity. This eliminated the necessity for conducting
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experiments at high temperature, hence displacement experiments
were conducted at 30 to 60°C, This technique permitted the
spécific alteration of an oil sand componeét to test its effect on
;ﬁe recovery process, The use of the reconspitution ptécedure to'
systematically asséss the varied influences of oil sand
éomposition on the displacement process has not previously been
reported, A number of ihteresting resﬁlts were obtained from the
low temperature displacement testing of these reconstitutednoil
sands,

As the oil sand pack density increased, the recovery with
water increased, but the caustic recovery efficiency was largely
unaffected. This has been attributed to a fundamental difference
betweeq the chemically-controlled alkaline displacement,procéss
and the physically-controlled water displacement prﬁcess.‘

The recoveries resulting from displacement Ey alkaline
solution and water were affected by the pretreatment condition
applied to the sand prior to reconstitution. Specifically,
exposing éhe sand to temperatures up to 400°C increased the amount
of incremental recovery observed with caustic., Exposure to still
higher temperatures led to the difference between céustic and
water recoveries being reduced to zero. The differenée could be
reintroduced by adding humic material back to a sand which had
been previously heated to 775°C, Humic material interacted with
alkaline solution to lower the interfacial forces in the oil sand,
thus enhancing the recovery efficiency of caustic compared to
water.

The connate water saturation strongly affected the water

—
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.displacehent process. As the saturation increaseé, the recovery
due to water increased ﬁarkedly. The effect o; caﬁstic
displacement was much less dramatic. Again, this is believed to
be reléted to the fundamental difference in the dominant factors
Iinfluencing water and caustic displacement.

The malténe £factioﬁ of bitumen exhibited lowlinterfacial
tensions against 0.1 M NaOH, and when this fraction was used to
reconsfitute an oil sand sampie, an incremental recovery was
observed with caustic compared to water. -%he hydrocarbon . '
subfraction of maltene did not exhibit io& iﬁferfacial tenéions,
and the recoveries yith'ﬁaustic and-ﬁater were equlvalent in oil
sands containing this materiél. fhis demonstrateé the influencé
exerted on fecovery by potentially surface active functional
groups within thé organic ﬁhase. —

Elemental and Fourier ﬁranéform infrared analysié of the humic
mater@al detected high carbon and oxygen contents. The organic
ﬁaterial was closely affiliated with kaolinite possibly via a
metal complex bridge. Fram thermogravimetric.analysis, about 25?
of the humic material was removed upon extreme heating: This may
have included water loss and oxidation of organic constituents,
Scanning elec£ron micfoscopy revealed that.éands wPich had been
dried at 25°Cicontained aégregates which were not present in sands
heated to 775°C; From x-ray analysis it appeared that the humic
material was reaponsible for cementation of these aggregates.

Storﬁge of reconstituted oil sand samples for extended periodsl
of time made.them much more difficult to process.- This has been

attributed to sample dehydration.
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ORIGINAL CONTRIBUTIONS TO ENOWLEDGE

The principal contributions of this.rese;rch towards advancing
the understanding of the process of bitumen digplacement from oil
sand are listed below. These developments,'ta the best of my
knowledge original, are as follows:

1. 'The reconstitution technique has been used to undertake a
systematic study of the influence of oil sand tomposition on the
displacement process. The characteris£ics of the inorganic .
matrix, the connate wafer and the bituminous phase were all varied
and the regulting.influences on the ﬁisplacement'process observed.
This evgluakion of the effects on recovery of compositional
changes in the oil sand has contributed to a fuller understanding
of the mechanisms by which the displacement processes occur.

2. The recovery efficiency by water displacement was observed
to increase as the oil sand pack density increased. Displacement'
by alkaline solution was largely unaffected by the pack -density.
This suggested that wat®T displacement was influenced by physical
characteristics of the porous medium such as the liquid
saturations and the dimensions of the flow pathways. The absence
of a corresponding effect during caustic displacement indicated
that alkaline flooding was chemically controlled. Changes to the

interfacial energetics of the system due to in situ-generated
surfactants influenced the displacement process more strongly t;;h
the physical properties of the porous medium. "
3. The characteristics of the inorgapic matrix were dependent,

e sand after solvent

upon the extent of heating appkied to

[
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extraction. Sand dried at 25°C was oil-wet whereas sand dried at
300°C was water-wet. This has been attributed to the removal of
traces of toluene at elevated temperatures. Further heating to
775°C caused the removal of humic material from the sand. The
humic matter, and strongly affiliated clay particles, appeared to
be responsible for the cementation of sand aggregates. In sands
devoid of humic material, similar aggregates were not observed.

4. The recovery process was influenced by the humic content
of the extracted sand. The presence of humic material on the sand
enhanced the efficiency of caustic displacement, but had little
effect on the water displacement effectiveness. This was due to a
reaction between caustic and humic matter to form surfactants
which lowered the interfaciéi forces in the oii sand, thué
improving the recovery process.

5. The water displacement efficiéﬁcy was much more strongly’
affected by the connate water saturation than was the caustic
- displacement efficiency. This phenomenon can be satisfactorily
explained using the disjoining pressure concept. At low connate

water saturations, the thickness of the adsorbed water layer was

small, hence the attractive force between the sand and“bitumen
surfaces was large. This strong attractive force impaired the
water displacement efficiency. During alkaline flooding, however,
the produced surfactants concentrated in the interfacial region to
decrease the strength of the sand-bitumen interactién. Hence
caustic displacement ;as much more effective than water

displacement at low connate water saturations. As the connate

water content increased, the adsorbed water layer thickness

. 4
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incréased, and the strength of the sand-bitumen interaction
therefore decreased. This change lead to a marked increase in the
water displacement recovery because the resistance to bitumen
movement was greatly reduced. The effect of increased water
saturation on caustic displacement was negligiple because the
interfacial forces were controlled primarily by chemicﬁl—induced

factors .rather than the physical dimension of the water layer.

~
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1. INTRODUCTION

As reserves of conventional oil are depleted, Canada will
-increasingly come to rely on its léss accessible petroleum
resources. The oil sands of Wéstern Canada repreéent tﬂ; largest
alternative source of petroleum products. According to 1984
figures, Canada had 1.1 billion cubic metres of prdven-resérves of
conventional oil and was producing at a rate.of 220 thé&sand cubic
metres per day (15. At that rate, the proven reserves represent
onlf 13.6 years of supply. By comparison, the oil sands are
believed to contain close to 160 billion cubic metres of crude
(2).

Thg two cpmmetcial operations in the Athabaséa region,
operéted by Suncor_and Syncrude, rely on surface mining of the oil
sand and its'transportation to a central site for separation.
bnly about 10 to 15% of the'resqurce cén—be handled in E?ie
manner, For the remainder, thé;bverburden 1aye¥ is‘too thiék,
hence, in situ recovery.techniques must be developed to
commercialize those regions. Research aimed at developing and
imiproving in situ recovery methods will ultimately become very
important because the economic and strategic benefits to Canada of
exploiting the oil sands are very sizeable.

The present research program has focussed on developing a
better understanding of the factors which control the efficiency
of bitumen displacement from compacted oil sand. Two basic
objectives were established at the outset of the program; these

-were:



(a) To develop a rapid, inexpensive displacement method to
permi£ testing over‘a wide range of experimental conditions. The
effects of these clianges on the recovery efficiency were to be
monitored. The goal was to treate a comparative test method to
obéerve relative shifts in the displacement efficiency.

(b) To use:the developéd model to assess the impact on
recovéry of chemical species within the o0il sand. Reconstitpted
0il sand samples were used, introdﬁcing the ability to
specifically control the chéracteristics_gf each component. The
alm was to relate changes iﬁ oil sand composition to mechanistic
iﬁterpretation of the displacement process. This is believed to
be a novel approach which could ultimately assist in matﬁhing
fieiﬁ operating conditions to oil sand characteristics.

In the ligeratufe review section, a brief -overview of St
practical applications of in situ recovery techniques are
presented. This is followed by a secﬁion describing laboratory
methods for modelling the recovery process. Proposed models-of
oil sand microstructure are presented to show the evolution of
knowledge in this area and also to define the characteristics of
the system being studied.” Next, are three sections dealing with
the three principal coméonents found in oil sgnd. The inorganic
matrix, the connate water and the bitumen are all described in |
terms of their physical and chemical properties and the influence
exeried by each on the displacement of bitumen from oil sand. The
final section descripes flpw through porous media, in éeneralﬁ and

4

discusses the specific displacement of oil by water. The emphasis

.is on surfactant and alkaline injection to alter the interfacial
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properties in the porous medium and thus improve recovery.

| The experimental section begins by outliﬁing the me;hodoiogy
for conducting a ‘displacement test at high teﬁperature using mined
Athabasca oil éand. The discussion then shifts to similar
description of the low température displacement test‘procedurc.
The ability to perform tests at low temperature which modelled
certain aspects of the high temperature tests, and the ability to -
introduce perturbations to the oil sand compositionr, were made

'

possible by development of a feconstitution method for preparing

-0il sand samples. This procedure is described. Next, the

methodology for packing oil sand into the displacement cell whikg"

‘causing minimal sample disturbance i{s presented. The analytical

-

procedure for separating the bitumen and.wa;er from the sand, and
also for determining the displacement recovery efficienéy is also
described, Conside;asle effort was expended characterizing the
residual organic material remaining on the sand after extraction
of the bitumen and water. The approaches used to investigate the
propertieé of this material are included. The measurement of
interfacial tensions between alkaline solutions and various
organic phases is described. In one portion of the research the
influence on recovery of specific components in bitumen was
addressed by performing a chromatographic separation into chemical
types using solvents of increasing polarity. An existing method

was modified for this purpose and.the details are presented,

Finally, other analytical techniques used throughout the course of

th@ research are gpecified. -

The results and discussion section is presented in approximate

3



chronological order. The evolution of the test wethod is detailed
and the results from the early tests at high temperature using‘
"wmined oil sand are presented. The motivAtion for shifting to low
thpéruture experimentation is reported. V?Ee addition of a
diluent to lower the viscosity of the bitumen 1s justiried and the
properties of this mixed system of hexadecane and bitumen qreh
defined. The selection of the reconstitution parameters is
described. The properties of compacted oil sand are related to
the packing strategy empliyed. Tﬁe discussioq then shifts to the
results from the low EEEﬂErature displécement experiments. The
{irst results peftaln to tests performed to assess the important
operational parameters which must be controlled to obtain
reproducible results. The second factorial design begins to
"examine the cffects on recovery exerted by the oil sand
coaposition. This is followed by three large subsec;ions
describing in more detail the imp;rtance of each of the principal
components to the‘reCQvery process. The 1influences of changes to
the sand surface characteristics, of changes to the connate water
saturation and composition, and of changes to the organic phase
composition ;re 81l described. In each case, thé results are
presented for two displacing phases: 'Ggstilled water and alkaline
solution. Next, the basic flow parameters which existed during
low temperafure displacement are developed. This is followed by a
section discussing the results of work performed to identify the

wettability state of the samples which were studied. 1In the

ensuing section, the results from attempts to characterize the



solvent insoluble organic material on the sand, the so-called
humic material, are detailed. The interfacial tension

_ measurements and the implications of those results are presented.
A section of work wﬁich used non-bitumen containing organic phases
. to reconstitute oil sand samples is included. The Dean Stark
analytical method is discussed, paying particular attention to the
modifications which were introduced. Finally, a short section
dealing with proper sample storagé to preserve oil sand integrity
is included. .

The body of the thesis concludes with short sections

presenting the conclusions and recommendations for future related
study.
There are six appendices. The first presents the mathematical
detail invﬂf:zg in the calculation of the disjoining pressure.
— hN
The -second contains a detailed description of the Dean Stark
analytical test method in modified form, The third, fourth and

fifth embody the details of the fractional factorial designs

related to the packing procedure, and the influence of operational

‘and compositional parameters on the recovery process,
respectively. In the sixth, the flow parameter calculations are

detailed.

-



Q - 2. - LITERATURE REVIEW

2.1 In situ recovery by steam stimulation

Almést all processes aimed at in situ recovery from oil sands
employ thermal methods to reduce the .viscosity of the bitumen,
These can be broadly divided into two categories: steam
stimulation and in situ combustion. Discussion of in situ
combustion is beyond the scope of thé present research. A few
.attempts have been made to inject chemicals into the reservoir to
lower the viscosity of the bitumen. Chemical-only floods are
farther_from commercial viabiiity than thermal methods, but
chemical co-injection éo improve thermal recovery perfofmance is a
distinct possibility.

Thermal methods are used because of the pronouﬁced effect of
temperature in lowering the viscosity of bitumen, as depicted in
Figure 2-1. 1In general discussion the terms heavy oil and bitumen
are used interchangeably to refer to a very viscous oil, However,
strictly speaking, heavy oils have specific gravities from 0.93 to
1.00 at 15.6°C (atmospheric pressure), and viscosities of 100 to
10,000 cp at resérvo}r conditions (3). Bitumens have specific
gravities greater than 1,00 at 15.69C (atmospheric pressure), and
viscosities greater than 10,000 cp at reservoir temperature (3).
Whenever possible, the viscosity is used to determine the
appropriate classification,

Steam stimulation involves injecting high pressure, high
temperéture steam into a reservoir to heat the bitumen and render

it mobile. The two basic strategies:” cyclic steam stimulation

Y . Ty
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and steam drive are dgﬁictéd in Figure 2-2, 0il fecovery by steam
stimuiation has been attributed to numerous factors (4,5),
including: |

{(a) physiéal displacement,

(b) distillation of volatile components.

(¢) 4in situ solvent driQe.

(d) wviscosity reduction.

(e) thermal permeability and capillary pressure variations.

(f) thermal expansion.

(g) gravity segregationm.

(h) solution-gas drive.

(1) emulsion drive.

(i) conventional water drive.

(k) wettability alteration,

(1) ‘intérfacigl tension reduction.

In a given reservoir formation some of these factors will be
important and others will be igsignificant. The o0il sands contain
very low gas saturations and minimal amounts of volatile material.
Therefore, recoveries due to: - distillation, in situ solvent drive
and solution-gas drive would be minimal.i Specific reservoir
testing is required to ascértain the relative importance of the

remaining factors. ' —

2.1.1 .Cyclic steam stimulation

Cyclic steam stimulation production (steam soak, huff and
puff) alternates steam injection with oil production from the same .

well drilled into the oil-containing formation. For each well,

1
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ﬁigh preésure steéh'is injected for several weeks, after which the
well is shut-in to allow a soak period og_several days. This
permits S;rtial condensation of the steam and allows time- for thé .
injected heat to be distributed. AF the endpof the qoak period,
oil may be produced gﬁ‘depre35urization of the heated zone,
followed by pumping.. 0il production is at a maximum rate’
initially and declines slowly over.a period of months. Once the
recovery rate reaches a limiting lower economic limit the
production phase is stopped and the injection of steam is resﬁmed.
This cyeie is repeéted until the oil production ceases to be
profitable.

In the hiéher grade oil sands, bitumen fillg most of the void
space in the reservoir. Since the bitumen is highly viscous at
reservoir cbﬁdiﬁions it islnot very mobile, and the effective

porosity of the formation is close to zero. A method is necessary
o k) .
to heat a portion of the bitufen so that flow channels can be
created. Some reservolrs contain a gas cap or bottom water zone
which can be used to provide the initial heating. Where no
naturallchannels exist, the formatién is often fractured by
injectipg steam at & pressure greater than tha; of the overburden.
This cauées the reservoir sand to part, forming fissures into
wﬁich the steam flows to heat the bitumen. These a;tificiaily
created. flow channéls, provided £hey can be. kept open, allow for
the movement of flu%ds through the reservoir. Controlling the
extent and orlentation of-th; fracﬁures is a separate problem, in

a cyclic operation it is desirable to have the fractures propagate

radially. from the well so that a large proportion of the reservoir
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can be contacted. For a steam:ﬁrive, it is necessary to have the.
fractures exten&ing fromfthe injection#well to the production well
. to establish and mgintain communication,
" The_advantaﬁes of cyclic steam stiﬁulatibn are: -

(a) The initial drilling costs are low because single wells
. can be operated. ™ ‘
(b) The stimulated:reservoir goes on produciion after only a

few weekg, thu; a quick return on Ynvestment is realized,

(c) The operation is simple and requi;es‘little control,

The priméry disadvantage-is that the ultimate recovery is
lower than that achie%éd using a steam drive. For this reason
there is incentive to start in ppe cyclic mode ﬁut‘to convert
ad jacent wells iﬁto a steam driﬁe operaticn once the heated zones
from the two wells start to overlap. 1In this way an operator can

benefit from the quick initial return provided by the cyclic

operation and the better long-term ecvnomics of the steam drive.

2.1.2 - Steam drive

Steam drive (steamflooding, steam displacement) involves
pumping steam into an injectibn well and pushing it towards a
production well. The injected high pressure.steam serves to heat
the formé;ion'and also to provide the d%iving force for
disp}acement.' As steam heats the reservoir it loses its latent
heat of vapourization and condenses. Therefore, ahead of the
steam front there is a water zone with a thermal gradient from

steam to reservoir temperature,

-,
The water zone ahead of the steam front is subject to the game



fingering problems that occur in conventioqal watet floods.
However, the steam front tends to be quite flat because of its
"self-healing” nature, If & finger of steam forms and starts to N
grow, 1ts heat losses wlll eventually exceed the heat input from
the bulk steam, When this occurs the flnger condenses thereby
restoring a flat steam front. An.inherent prob}em which decreases \
the volumetric sweep efficiency ig the tendency of steam so
override the formation. Steam has a much lo;er density than oil
and water so it migrates'to the top of the reservoir under tﬁe
influence of gravity. The tendency to override is a function of
the steam temperature, injection rate and location of the
injection port, so it can be conﬁrolled to'some extent,

As mentioned, a communieation channel must be establ?shed
between the wells. Injected fluids preferentiai&y flow through
this channel because it is a path of lower resistance. Therefore,
it becomes a major operational problem to obtain a balance between
the flow through the channel to maintain communication and flow -
into the rest of the reservoir to get a good sweep efficiency.

kN

2.1,3 Field pilots

| A large number of in situ field pilots to recover bitumen and
heavy oil have been tested. Althcugh the pfesent discussion
focuses primarily on Canadian experiences, similar technologies
have been employed in other parts of the world; e.g., the Kern
River heavy oil deposits in California and the oil sands of
Venezuela. Nicholls and Luhning (2) provided a detailes

description Ef completed and ongoing field tests in each of the
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four principal Canadian oil sand deposits: Athabasca, Cold Lake,
Peace River and Wabasca. Redford (6) presented a history of figld-
testing in the largest single deposit - Athabésca. This review
proceeds to discuss novel, largely untried recovery methods.

Using the information availab}e from these studies, the author
summarizes the common trends and conjectures how future
development will procecd.

The most successful of all of the in situ pilots has been the
Esso-operated Cold Leke project (7,8). The operation is now of
commercial rather than pilot scale. Originally; éssb had ‘intended
to embark on a mega-project to convert the Cold Lake pilot into a

. 25,000 m3/d commercial facility.. Under the terms of the
federal-provincial energy ag;eement signed: in 1981, Esso decided
that the project was not financially attractive and placed it on
hqld. In 1983 the schemé was resurrected in the form of sig‘f
independent phases which would ultimately produce 9000 m3/d. The
advantages of construction in'a modular fashion are:

(a) The initial capital outlay. is smaller.

(b)Y A return on investment occurs faster.

(¢) Reévenues from the initial phases can be used to finance
subsequent construction. _

Other commercial:gcale ventures were planned prior to the 1986

Coil price;£eductions. Includéd were a 50:50 partnersﬁip between
BP Canada and Petro Canada at Wolf Lake (1100 m3/d) and Shell
Canada's Peace River project (1600 m3/d) (9). The present status

of these pfojects is unclear.



2,2" Laboratory modelling of steam stimulation

:

-

The development of a viable recerry method is a long proceés.
Initially; bench-scale experiments are performed. These resulps
are combined.with the results from numerical models to .construct
larger and more sophisticated models, eventually leading to a

field test., TIf the field pilot proves successful the operator is

.in & position to consider a commercial venture.

2.2,1 Physical models

Physical'modelling in the present context refers to
laboratory-scale experiments to qbtain informﬁtion regarding the .
recovery of bitumen ﬁfam 0il sands. 1In simplified terms, most
experimental units require a fiuid injection'system, a reservoir
model, a ﬁroduced fluids collection system, data monitoring aAd
analysis. Experimental simulators fallrinto one of two general
ﬁategories:. elemental or scaled models.h -

In an elemental model, the reservoir section congains actual
oilrsand. This includes repacks of mined oil sand and cores cut
from the formation; Elemental models are easy.to construct and
operate, however, the results obtained cannot -be easily scaled-up
to make predictions concerning field behaviour. Neveftheless,
elemental models have been used exténsively to investigate the
effectiveness of various recoverf schemes in removing bitumen. from
oil sand (10,11,12).

‘A scaled physical model is more complex to\develop and to

construct. The basic concept is.to establish similarity of
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critical parameters between the model and the reservoir to be
simu}ated. The procedure is to manipulate the.differential
é&uétions governing fluid flow, heat transfer and mass traﬁgfer to
obtain a set of dimensionless groups. Similarity is achieved by
equating these dimensionless groups in the model with the
corresponding groups in the reservoir. A difficulty arises when a
particular parameter must be scaled down te satisfy one coudition
and scaled up tokiétisfy another. This dilemma is resolved by
overlooking one group in favour of the other on the basis of éome
rationalization regarding the relative importance of each, As
mentioned, these scaled models ére.more difficult'to‘construct.
However, the results of a properly.scaled model can be used

directly to make predictions concerning field behaviour. For this

reason, scaled models have been used in many applications
(13,14,15).. " ' /W

2.2.2 Numerical models

Numericqi or computer modelling attempts to predict reservoir
behaviour on the basis of mathematical éalculations. The
differential equations governing fluid flow, heaf/;;3 mass
transfer are simultaneously solved to predict the movement of the
fluids in the reservoir. In a sophisticated model there will be
many differential equations to solve so computers are used to
provide numerical solutions. This computef.work must be
supplemented with laboratory data to obtain values for the
characteristic parameters of the reservoir fluids and fﬁck which

appear in the equations, e.g., viscosity, permeability, thermal



conductivity, -

If'évery factor affecting flﬁid flow could be included in the
model then one could very accurately predict in a few hours what
would occur in the reservoir over a period of.years. Many runs
could be made in whicT the process variables would be changed to
determine the optim?I’meﬁhod for operating a field project. .«
Although attracti;; in principle, ig is not (yet) possible to
adequately model all of the factors that influence the reservoir
perf;rmance. However, for some purpoées numerical models are
adequate and have been used to predict certain aspects of
reservoir behaviour (16,17).

Numerical models and pliysical models are used interactively to
refine one another. The output from the numerical simulato; can
be used to improve The operating conditions in the physical model,
anﬁ*the output from the physical model can be used to 1mprove the
accuracy of the parameters appearing in the differential

equations,
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2.3 04il sand microstructure

The fundamental objective of bitumegkggcoyerj‘schemes 1s to

separate the bitumen from the sand. To explain observations that
r.’
some processes work and others do hot, various é%hels of the

§

\

AN
microstructure of oil sands have beén proposed.
I U B

High grade oi

sand generally has pé&osity of about 35%, and

from 85 to 90% of thi: péce is occ ;i?&fby bitumen, with water
and fines filling the remaindkr. OQEr graderoil sand contains
more fineg, more water and less b
oil sand structure proﬁosed by Qottrel. assumes that the sand
grains are surrounded by a layer of water coqtaining suspended
fines, with bitumen fiiling.the remaining volds, as shown in
Figure 2-3. This empirical model was able to account for the
relative proportion of water, bitumen and fines; and was also able
to explain why Canadiaq oil sands are water-wet, In Tecent years
this model has undergone refinements,

X Dusseault (18) refined Cottrell's model by suggestifig that the
Qﬁhd—to—sand contactls have evolved over geological times so that
ad jacent grains have iecome "keyed" into one another through a
process known as diagenesls. This means that from an initial
porous medium of rounded particles with point contacts, the
regservoir has evolved into a network of irregularly shaped
particles having surfaces of contact. This accounts for the fact
that the densities of repacked oil sand samples are not as high as

the denaity of oil sand in the reservoir. Once this intimate

structure is disturbed by mining, these highly oriented
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Figuru.2-3.- Two models of oil sand microstructure.



grain-to—grain contacts cannot be reconstructéd. Rather, a random
arrangzment forms which will be bulkier and hence of lower
density.

Takamura (19) suggested that the water is present in the form
of pendular rings between adjacent sand grains and also as a thin
film su;rounding each sand grain, as depicted in Figure 2-3.
According to this model, in Tower grade o}l sands the fines are
concentrated in wgger—saturated clusters which would account for
the observed -changes in fines, water aud bitumen saturations.

Zajic et al. (20) proposed.a different model for the structure
of oil sand, developed from freeze-fracture techniques and
electron microscopy. Comparing the photomicrographg of oil sand
samples with microgréphs of known systems it was suggested that
mﬁch of the water in the sample existed in the form of a
water—innbiﬁumen emulsion. The pictures show no evidence of a
layer of water surrouhding‘the sénd grains, but the limit of
detection of such a layer would be abaut 10 nm. Takamura .
estimated that the water layer is about 10 nm thick, so the two
proposals .are not in direct conflict,

Continued research of this nature to define the microscopic
orientation within oil sand will promote a better undérstanding of
the mechanisms responsible for bitumen separation and
displacement. Tﬁis type of information will also help explain the
effects of injected additives and will assist in the selection of

preferred operating conditions. .-



2.4 Characteristics of the sand and clay matrix

The iE;Tganic fraction of Athabasca oil sand is composed ~
primarily of quartz sand. Clay is also present in gignificant
amounts, mostly in the forms of kaolinite and illite; The élay
content of a san& generally increases as the bitumen content (the
grade) decreases, Bowman (21) listed a number of other mgnerals
which have been identified in oil sand. These include: pyfite,
siderite, magnetite, hematite, rutile, tourmaline, feldspar,
dolomite, calciteland mica.

This segment of the o0il sand can influence the displacement
process in a number of ways. First, the physical size
distribution of the particles affeqﬁs the pore geometry and
tortuosity within the pofous mediuh. These factors will influence
the sweep efficiency and the microscopic flushing efficiency' ’
during displacdement. Secondly, the surfiéf characteristics of the
particles.determine the wettability state of the sand which in
turn impacts on the displacement effectiveness. Thirdly, strongly
adsorbed organic material on the inorganic matter can, in certain
‘circumstances, be rendered surface active; These in situ
generated surfactants alter the interfacial energetics within the
porous medium, thereby affecting the ultimate recovery.

In the present work the influence of the inorganic particle
size distribution has only been examined briefly. Likewise, the
‘'mineral composition of the oil sand was largely unaddressed. |

Theése two factors were kept constant by using the same sand source

throughout the research. However, the influence on displacement
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of the pafticle wettability state and of the role of strongly

adsorbed organic material have been studied in detail.

2.4.1 Wettability considerations

'Theré\appears to be contradictory evidence regarding the
preferred wettability condition to achieve maximum oil recovery,
Bobek et al. (25) presented expérimedtal results which concluded
that water-wet cores fisod more effectively than-oil-wet cores.
Morrow et al. (23) demonstrated an.opposite efféct. Strongly
water-wet cores were preflushed with crude ofﬁ. This caused
organic species in the oil to become adsorbed.on Ehe rock
surfacgs, renderiné them only mildly water—wet. Flooding Qf these
pretreated cores was observed to be more efficient than in the
untreated, strongly Qaterfwet coreg. Wagner and Leach (24)

reported that maximum recovery was achieved when the core was

changed from oil-wet to watef-yet during displacement by the

advancing aqueous phase. This situation was superior to -

- maintaining either oil-wet or water-wet conditions throughout the

flood. Other hybrid theories have been proposed to account for
experimental observations. Fatt-and'Klikoff (25) advanced a
fractional wettability concept. The fractional oil and water *
wettabilities were determined by the fractional internal surface
areas in direct contact with oil and water respectively. Tﬁié
theory addréssed fhe fact that reservoir rock is heterogeneous and
thus a uniform wettability state should pot’bE'expggted: Along
the same vein, Salathiel (26) expléinedérecovery daté\Iﬁ“tgrms of

a mixed wettability within the porqus”ﬁedium. Lower residugl oil

i .
/‘
\—
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saturations were observed in specially constructed mixed
wettability systems than in uﬁiform. strongly oil or water-wet
systems. - When the preferentially oil-wet portions of the. core
formed a continuous pathway, tﬁen recovery would continue even at
very low 0ll saturations, Normally, production ceéses,'or drops

dramatically, once the oil saturation becomes discontinuous.

The range of viewpoints regarding the effect of wettability on

recovery and -the optimum conditions, presents a confusing

scenario. It appears that the influence of wettability is very
sité—specifid. The characteristics of a reservoir depend on the
mineral composition, the types of species dissqlved in the éonnate
water and the nature of the crude oil, ‘Sipce the effect of
wettability can depend on any number of these parameters, it is
not too éurprising'that‘different trends havé been observed. A e

problem thch'has hindered the quantitative examination of the

factors which control wettability is the lack of a means for

. measuring contact asngles within & porous medium. At present this

information is inferred from external tests such as imbibition and

-
-

dfainage behaviour. Quantitative measurements of contact angle
are at present restricted to polished plates, usually made of
quartz. However, these measurements do not allow for any effects

due to other minerals or adsorbed organics, T

2.4.2 Strongly adsorbed organic constituents

Numerous studies have demonstrated that organic species can be
adsorbed onto the surfaces mineral matter commonly found in oil

sands’ (27-32)., The heavier fractions of the bitumen, which
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possess high heteroatom and polar functional gfoup coﬁtents, tend
to be adsorbed. The clay frabtion of the inorganic matter; with
its high surface area and reactivity, is most susceptible to
adsorption. Formatipn of these clay-organic complexes ﬁost
certainly changes the surface characteristics of the inorganic -
matrix and thus influences the displacement process.

Baldwin and Gray (28) developed a mﬁlti-layer model'wﬁich had
the large aromatic or.heteroatomic ﬁolecules stronély interacting
with the rock surface. Next, was a 1aye} ofﬂsmaller, highly
aromatic"mélecules which interacted less sﬁrongly, and finally,
fhe bulk of the ;il which interacted weakly, if at all, with the
rock and its tighter adsorbed layers. They correctly point ﬁut
that it is this altered rock surface which shqﬁld be used in
modelling studies, Assuming the rock surfaces to be tl;an
" introduces a gross erfof int6 the model &esign.

Another class of adsorbed organics, the so-called humic
matter, is considered separatelfl Humic material (humié acids) 1is
a generic term used to describe large organic moleculés of
biological origiﬁ containing'poléf functionalities, nbtably
cagboxylic groups. Thisg material is tmsoluble in organic solvents
and remains on the inorganic surfaces dfter exﬁraction of the
bitumen and water. In"unaltered 0il sand, it is_debatable whether
the humic acids are adsorbed.on mineral surfaces or disperséﬂ in
- the bitumen, and only forced onto'the mineral surface during
gsolvent extraction. The evidence favﬁurs tﬁe notion that ﬁumic.
acids and mineral matter, spécifically the clays, are affiliéted

in some manner prior to any perturbation of the oil sand.
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Montgomery (33) reported that the orgahic chemical types found in

‘humic material are not observed im bitumen. He also stated that

the humic material contained a complex mixture of acids and hence

it would beé expected to affect alkaline flooding. .Strausz and
Montgomery (34) commented that humic material has';h elemgﬁtél
composition which resgmblés loﬁ rank cpal more closely thgn
bitumen, It ig rational‘;hgt'thése humic acids could be coal -
precuréofs; | |

-Kotlyar et al. (35) described Egrk which was performed to

characterize the feed and the settled solidsigtreamé'df the

"solvent extraction spherical agglomeration process. The sand was

separated aécording to;pérticle’size and analyzed, It.was found
that as the particle size ﬁecreﬁsed,'the orgénié ahd-inorganié
carbon conteﬁts of the samples increased. Additionally, the
éonéentra:ion;of heavy eieﬁents, most notably iron, was higﬁer iﬁ
the £finer fractions. It has therefore-been hypothesized that the
Eﬁ}vgng:}psoluble huﬁig materiai wags affiliated priﬁarily with the
cléy particles in oil sand. The large concentrations of heavy
elements led to thé conjecture that the humié‘matgrialfwés.
attached to the clay vis an iron complex linkage. It ig suspected
that metal oxides and hydroxides serve as the cémplexation
agents.. Siﬁilar findings reported 5y Keasick (36) state ﬁﬁat the
adsorption of heavy‘organic material to clay surfaces is promoted
by the ferric ion. Since théiclay—organic association appears to
be due to chemisorption rather than physical adéorption,

separation of these species would be expected to be difficult.

Althoﬁgh these humic materials are insoluble in organic
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solvents, they can be liberated by caustic. Alkaline solution
reacts with acidic functional groups in the humic matter creating
a charged complex which can be solvated in an aqueous medium.
Affiliated clay maf be carried into suspension along with the
solvated huéic material. Tgnasiuk et ;l. (37) presented an
extraction seﬁuence which ca; be uéed to obtai;“;;;é;ﬁtrated
samples of humic material. The procedure consists of liberating
the humic acids by caustic extraction,'follqwed by acidification
of the ;xtract to precipitate the humic matter. Elemental énd
infrared analyses were performed on;the concentrated sagples of
humic acids: It was observed that these species were rich in
oxygen and nitrogen. The presence of carboxylic acid functiona%
gfoups‘w;s sﬁégested. Tron is again mentioned as a probable link
in £he c}ay—organic complex, They make further distinctions
between humic and non-humic materiél. For the purpose of the
pgéaent‘discussion, all of the toluéné—insoluﬁle organic material
‘is cla;sified under the generic name of humic matter.

An important consideration is the influence thesge
‘clay—orgﬁnic complexes during displacemeéf. If the displacfgg
phase-contaips caustic and reacts iithlthe humic acids, the
surfactants prdduced may alter the interfacial forﬁes in the’
porous medium so as to influence the recovery. Mobilization of
the clay-organic complek can potentially exert either a positive
;r a hegative effect. VAs fine particles move in a reservoir they
can accumulate in, and block, narrower capillaries (38). This

would be detrimental early in a flooding operation because zones

of the reservoir would be bypassed. However, late in a flopd it
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could be advantageous because the f£low could be diverted into
previously unswept areas. These mobilized clay—organih comﬁlexes

could also serve as emulsion stabilizers (39). This would enhance

I

the recovery efficiency, but may present troubles at the
Aproducéion end. . - l

The specific influence of the inorganic matrix on oil>sand
processibility in the hot water extraction process has been
studied. It ig believed that these results have similar
implications for in situ recovery. Strausz and Montgomery (34)
attempted to ac;ount for the poor separability of low grade oil

sand. They selected a low grade and a high grade oil .sand and

"solvent e;tracfed_both. Cross mixtures of oil sand were prepared

by combining the sand froh the low grade sample with the bitumen
from the high grade material and vice versa. These reconstituted
0il sands were subjected to the same separability test. It was

found that the nature of the inorganic material determined the

*

~recovery efficiency. The low grade sand plus high grade bitumen

r

sample reéponded poorly, whereas the high grade sand plus low

grade bitumen responded well. Therefore, the difference in oil

', sand processibilities was atthEByed_primarily to differences

within the inorganic fraction.
Smith et al. (40) related the oil sand-extraction performance
to the.surface morphology- of the sand grains., Three types of sand

from different depositional areas were identified; these are:

. fluvial, estua?ine and marine shoreface. The efficiency of

processing these sands is related to the surface roughness of the

grains. Some particles, both rounded and angular, possessed
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smooth surfaces. Other sands had been subjected to diagenetic
altération. The quartz overgébwths on these particles ggbe the
sands a very rough, irregular surface. The processibility of‘
sands from the marine shoreface environment was correlated with
theﬁdegree of surfacesroughness in the sand. The more irregular
the surface, the pod&erlthe recovery of bitumen. The usual
indicator of p;ocessibility is the fineéﬂgongént in the sand.
Howevey, in this insténce the surface irregularity is a bettér

" predictor of the recovery response, This study did not conside;i
the gntirg inorganic fracti;n, onl} those gréins félling within a
nérrow size range, Nonetheless, it may provide a method for

explaining and understanding apparent inconsistencies in the

behaviour of o0il sands from different locations.

\‘
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2.5 Characteristics of the connate water

From the early daye of oil sand research it has been
" speculated that the presence of connate weter was responsible for
the relative ease'of Athabasca oil sand separebility._ However,
very little research has focussed on quantifying the effects ogw
connate water and its composition on tﬁe'reeb;ery of bitumen from
oil sand. Kumar et al. (41) stated thdt the elssolved salts in
connate water influence the oll-water interfacial tension and

- {
therefore should also influence recovery. Recently Takamura and .
Chow (42) and Hall et al. (43) developed similar argumenttho‘
relate.the nature of eonnate water to the separation of‘bltumen
" from send grains, The work of Takamura and Chow has been used as
the basis for the ensuing discussion.

A parameter termed the diejoining pressure"is used to predict
the interaction forcee exieting in.a model coﬁpoéed of charged
bitumen and sand surfacesfseparatedlby an”iurerveniné layer of .“
water — theﬁufpotheeized‘adsorbed water, .ﬁetails of the
‘calculation are given in Appendix 1. Condltions which yleld a
negatlve disjoining pressure favour attractlon of the bltumen and
sand surfaces while cond}tlons which yield a positive d19301n1ng
: pressure favour repulsion, According to the model,mbltumen
‘seperability is better uhen the,ner-force is reuulsive.

The model has beeu successfully used to explain phenomena
observed in the crumble test (44). The disjoining pressure is

.positive for selected alkaline solutions and the rate of crumbling

. is high ip_these solutions. The addit1on of small amounts of Cal+
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markedly retards the crumbling rate. 'This is accompanied by a

simultaneous change to a negative disjoining pressufe.

»

I
The disjoining pressure in connate water is observed to be

positive. This is used as indirect evidence to support the

contention that a stable aquéous film of water is adsorbed on the
sand surface,

Thése‘calculationé should also be useful for predicting in
gitu recovery behaviour s;nce the chemistry of ﬁﬂe system 1s the
same. Factors which promote repulsion of the bitumen and sand
éurfaceé would logically favour‘the‘displacement of bitumen from
the porous.medium. Inaccuracies in estimating the adsopbed water
léyer tﬁickness.introduce a complicating factor in all of these
calculations, It.céhﬁot be observed so indirect estimati;ns‘must
be used. Tts value ié of critical iéﬁortaﬁce because as the water
.Rthicknesé gets large, the disjoining pressure appréacheg zera for
all ;queous compositions. In addition, fo; a given aqueous phase,
the disjoining pressure-can change from positive to negative or
vice versa as the water layer thickness increases. Therefore, to’
compare and predict the behaviour of a particular system, some

means of determining an accurate measure of the water layer .

thickness must be devised.
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2.6 ACharacteristics of the organic phase

2.6.1 Chemical compoéition of bitumen

Bitumen is a complex mixture of molecular types which possess
a wide range of chemical and physicgl properties, Component
identification and characterization is accomplished by first
fractionating the bitimen. Numerous separation schemes have been
reported (45-52}. The‘usuallfiféf step is to précipitate‘thi.
asphaltenes, The deasphalted bitumen, maltene, is then further
fractionated. Most of the separation techniq&es are
chromatographic in nature. Fractiqns_of increasing polarity are
eluted by flushing with solvents of increqsiﬁg polarity.

A typical primary separation scheme would‘fractionate bitumen
into: saturates, aromatics, polars and asphaltenes. Within each
fraction near-infinite subfractionation is possible. Trends have
been detected in the phyéical and chemical properties of the
compoﬁents. Progressing from the saturates to the asphaltenes, as
listed, the following changes occur:

{(a) The fractions become denser and more viécous.

(b) The heteroatom content increases.

(¢) The concen;ratiaﬁ of polar funcﬁional groups increases.

(d) The averége molecular weight increases,

Extengive research has been performed using field ionization
mass spectrometry to identify the mqleéular-entitiés within thg,—;;_
fraptions (46-48), Aqothef'ongoing researcg-interest ig th
development of rapid methods for characterizing bitﬁmen and” Its

constituents (53).

-
-l
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Detailed informat%?n regarding the molecular fpecies in
bitumen is beyond the scope of this work. The preliminary
separation of bitumen into its chemical types and examination of
those fractlons has been addressed with the objective of

determining which components most strongly influence the
n’ .

iiiijpcement process.'
. . *
/ , :

2.6.2 Viscosity and density COrrel tions

Ll

For bltumens and heavy oils, the c?enge_in\gil viscosity with

'temperature is an 1mportant con81derat10n in the’ deéign of test

conditions. A correlation which is frequently accurate,’
especially for lighter oils and narrow temperature ranges is the

Andrade equation (54): o
7 = A exp(B/T) | | [ (2.67i3

where A,B are empirically deterﬁined constants, 7 is the

viscosity and T is the absolute temperature. For very heavy oils.

and bitumens, ‘the change in viscosity with temperature is.very

-, rapid, particularly in‘;he.high viscosity region. The Waltheq”

eqdation proeides a better fit for this type of data (54);

" 1n1n(#40.8) = -n In(T/T*) + lnln(3%+0.8)  (2.6-2)

v=1/p ‘ s (2,6=3) 7

vhere v is the kinematic viscosity and 0 is the density. The

"begt" available data 'point is used to determine »* and T*, The

i
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narameter n is deterﬁined‘empirically. Use of this equation
requires a knowledge of the temperature dependence of~den§ity. In
the absence of .experimental data, the density at a temﬁerature t,
iﬁ\°C, can be estimated, if the density at 15°C is known, as

v

follows (54):

P= P15 / [1 + (t-20) / 1047)] | © o (2.6-4)

In most of the present research, a mixed organic phase of
bitumen and hexadecane has been used. Empirical correlations have
been devised to estimate the viscosity of such mixtures. Cragoe

~

(55) developed a correlation based on .the calculation of a

-

parameter termed the liquidiry, L:
L = 2995.73 / (lan+ 7.6009) ‘ (2.6-5)

where the viscosity has units of poise. For a mixture of two
~liquids containing a weight fraction f of'&iquid 1, the liquidity

of the mixture (subscript m) is calculated from:

A

Lp = f1 Ly + (1-f]) Ly (2.6-6)

where liquidities are calculated from Equation 2.6-5 for each
liquid. Knoging the liquidity of the mixture, its viscosity is
,Qetérmined fréﬁﬁEquation 2.6-5. Therefore, the viscosity of a
mixture at any temperature can be calculated, given the

viscosities of the coﬁponents at that temperature.

N

~
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'Shu (56) developed the following.correlation for calculating

the mixed viscosity, again given the component viscosities:

In 7 =x1 ln 71 + x2 In 72 (2.6-7)
X] = -avl / (avV1+V2) (2.6-8)
x2 = 1-x] (2.6-9)
=6/ 1n (M1/12) . (2.6-10)

G = 17.04 ap0-5237 0,3.2745 (,1.6316  (2.6-11)

whéré subscript 1 refers to the more viscous-component and V is
the volume fraction. To use this cor}elation, the dgnsities of
the components at the calculation temperature must be available.

The data obtained for the hexadecane-bitumen system were '
fitted using both techniques. Tt was found that the Cragoe method
more closely fit the data, hence it has been used. This supports
- the statement by Farouq Ali (54) that the Cragoe correlation is
the most satisfactory of those available for fitting data obtained
using liquid; of widely varying viscosity.

The density of hexadecane-bitumen mixtures has been simply
calculated by assuming ideal mixing of the two liquids. The

density of the mixture is calculated from:

Pn = (Mp+Mp) / (M1/p3+4M9/02) (2.6-12)

where M is the mass of 1iqdid. This method produced excellent

agreement between calculated and experimental values.
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In the low temperature displacement experiments, oil sand
samples we;e reconstituted by mixing the inorganic material, the
aqueous phase and the organic phase. Much of the wor® has
involved intrbducing selective changes into the cﬁaracteristics of

the oil sand components and then testing the effect of the change

on the displacement efficiency.’ Currie et al. (44) reported the

results of crumble test experiments performed using reconstituted
oil sand samples. In'their work, only sand andlbitumen were mixed
together, The resulting pellets of oil sénd were observed not to
crumble. This is reasonable in view of the fact fhat water was
not added during reconstitution. Strausz and Montgomery (34) did
add water to the éénd prior to the introduction of the bitumen.
The samples thus prepared would be expected to behave more
realistically, '

@
Therefore, the use of reconstitution to prepare oil sand

samples has been used previously. However, none of the reported

studies have used the technique to. perform the type'of extensive,

systematic investigation addressed in this research.
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2.7 Influence of displacing phase on recovery

From a practical viewpoint, the control of an in situ
displacement procésé is accomplished by judicioué selectian of the
operating conditions. This includes physical parameters such as:
temperature,_pressure, flowéate. and injection strategy: and
chemical parameters such as the use of additives in the steam/.hot
water injection stfeam. |

Flow of a sihgle fluid in a porous medium is governed by

Darcy's law, expressed as:

q = (-k/m) VP L(2.7-1)

i

where q is the linear velocity, k is the permeability tensof?ih is

A

the fluid viscosity and P is the combined static and gravitational

pressure. The equation can be simplified by introducing the
following assumptions:
4?23\ The porous medium is isotropic (permeability the same in
all directions). . L N }fﬂyw\\‘
e >\~4,
(b)Y The flow is one-dimensional (denoted as the x dﬁisifion).

(c) The flow is horizontal (gravity effects ignored).

Darcy's equation can this be reduced to: . ‘\~z\
q = (-k/7) (dp/dx) . i (2.7-2) = /

where p is the static pressure.

Darcy's law is valid in the "seepage velocity" domain,
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corresponding to the parallel concept of laminar ‘flow'in pipes.

The limit of applicability is obtained by calculation of the

folldwing Reynolds number (57):

Re = q dp/y _ y (2.7-3)
¢

where pis the density of the fluid and d is a "characteristic
dimension" of the porous medium (e.g., average grain size or pore
diameter). There is conside{able discrepancy regarding the
maximum value of the Reynolds\number for which Darcy's law remains
valid. Valqu‘ranging from 0.1 to 75 have been reported (57),
hence caution mus;lbe exercised when interpreting estimates \
falling within this range.
| Numerous attempté have béen made to calculate permeability as
8 function of other measurable properties of a poroﬁs system, One
which finds widespread usage is the Kozeny-Carman relation (57):

k= @3/ 582 (1-4)2] | (2.7-4)

where ¢ is the porosity and 3+ the specific surface area, is the
s0lid surface area per unit volume of solid. This relationship
has also been employed to calculate the specific surface area of a
porous medium, given its pgrmeability.

-The simulta;eous flow of two or more fluids can be handled by
éxtension of Darcy's law. For the specific case of displacement
of oil (subscript o) by water (subscript w), the following

additional assumptions are made:
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(a) The liquids are incompressible:
(b) The liquids are immiscible.

- Equation 2.7-2 can then be applied to each, component as:

Gy = (=ky/T) (dpy/dx) | (2.7-5)

1}

Qo = (~ko/Mo) (dpo/dx) (2.7-6)

where kw and ko are the effective permeabilities to water and oil.

It is more common to refer to relative permeabilities defined as:

kei = ky/k (2.7-7)

From extensive investigation it appears as though the rela;ive
permeability is a functionaof the fluid saturation only. The
similarity in shape of many relative permeability versus !
‘gaturation curves has led ﬁo the dé;elopmgnt of empirical .

equations for determining the relative permeabilities of the

wettiné and non-wetting phases (57). 1In the present contéxt, the

wetting phase is water and the non—Gétting phage is oil. The

‘relevant equations are: ' B
: 3
‘k‘;§= Sw3 (2.7-8)
kro = 1q - 1.11 Sw , (2.7_9)
where S is the saturation defined as:
. . X1
Si=Vy /PVp . (2.7-10)
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where Vi is the volume of the ith fluid and-VT is the total system
volume, Therefore, qbVT is the total pore volume and saturation
corresponds to the proportion of the total pore volume occupied by
the fluid of interesti

The pressure terms in Equations 2.7-5 and 2.7-6 are related

thréuéh the capillary pressure, Pe o defined for a water—wet

system as:

Pc = Po~—Pw ' (2.7-11)

The capillary pressure can be expressed in terms of the oil-water

" interfacial tension, 7Y, using Laplace's equation:

pc = Y (1/R1+1/Ry) RNt R AT

where Rl and R2 are the principal radii of curvature of the

interface.

2.7.1 Displacement of oil from a reservoir

The displacement of oil by water is never complete since there
.is always a residugl oil saturation, The goallof a recovery
operation is to lower the residual saturation at a cost which is
not prohibitive. In general terms, the recovery is a product of
the overall swéep efficiency and the microscopic flughing

efficiency.

Sweep efficiency. The sweep efficiency of a recovery process is a
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macroscopic parameter which, for the present purpose, defines the
volumetric proportion-of the reservoir conéacted by the displacing
fluidir“If the displacing fluid could be made to move in'a flat
front over thelentire cross—-section of the reservoir then the
sweep would be complete. Howevér, in practice, the sweep is
always less than 100% efficient for the following reasons:

(a) Permeability is a function of reservoir structure, and
regions of differing permeaﬁility exist, The natural tendency for
a displacing fluid is to seek the path of least resistance betweén
thezinjection and production points, which leads to‘the formation
of fingers. This causes the frqnt to assume an irregular shape as
opposed to the idealized flat surface. Once a finger bresks
through at the production end, practically all of the diéplécing
fluid will pass through this channel with very liﬁtle subsequent
expansion of the swept volume into uncontacted reservoir.

(b) Due to density differences between the displaced and -

displacing phases there may be gravity segregation causing the
displacing fluid to migrate to the iop or bottom of the reservoir,
.leaving the other portion unswept. This is particularly evident

in steamflooding because steam is much less dense than oil or

water, hence it has a strong tendency to derride the o

oil-containing portion of the formation,
(e} A reservoir often contains.flow barriers, such as
impermeable streaks, which influence the flow patterns in the
forma?ion and cause bypassing of some regions.
Considerable research has been directed towards overcoming

these problems., A parameter known as the mobility ratio, M, is
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useful for predictihg the stability of a displacement process. It

-

is defined as (57):

M= 1o ky /My ko i (2.7-13)

If the rétio is less than 1; the displuceﬁent process is stable,
whgreasAfor values greater than 1, the displa¢ing fluid will tend
to finger and the flood will be less effective. ﬁThe mobility
ratio can be made more favourable by incréasing the water
viscosity. 1In light oilé this can be achieved by addition of
water-soluble polymers. The sémé principle cannot be directly
app}ied to heavier oil§ because the polymers degrade at the high
temperatures encountered iq.these applications., However, with the
developmentspf more thermally—stﬁbie polymers this approach could
become viable,

An altefnative that shows promise for steamfloods is to use
foams as blocking and diverting agents (58,59). The idea is to
inject a surface active cﬁemical with the steam which causes féam
to form in tﬁe high permeability channels'wherg gas flowrates are
high. Once gteam breakthrough has occqrreﬁ;EEB surfactant can be
injected to create a foam to block that pathway. The formation of
the foam decreasé; the permeability of the channel causing steam
to be diverted into other portions of the reservoir. .The future.
use of blocking agents in steaming operations appears to be A;\
attractive. Additional work is necessary to evaluate the foaming
capacity of surfactants, their temperature stability and their

compatibility with heavy oils and bitumens.
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Flushing efficiency. Even the“swept portion of the reservqir wilf
be left with a=residua1_oil saturation caused by incdmplete
digsplacement from the pores of the rock. Wardlaw (60,61)
sﬁggésted three mgchanisﬁs by which oil can be mitroscopically
trapped; thése are termed: snap-off, bypassing Q«d surface

. trapping. fSnEpiﬁff—is due to constriction of the E

ing oil at
the outlet throat of a pore by the simultaneous flow of the water,
If the oil is pinched completely, an isolated blob of oil forms
and it will not be subsequently récovered. Bypassing refers to )
the preferential flow of the displacing phase through one of a
series of paral‘él pores, thereby isolétiné oil in the
non-preferred pa-hways. Surface trapping pertéins to, oil adhering
to oilmyetéable surfaces,

Various parameters have been devised to provide an indication
of the success of a displacement operafgon. The most prevalent of
these is the capillary nﬁmber, NCa y introduced by Moore and
Slohod (62). The generél form of this dimensionless ratio of

vigscous to capillary forces is:

Nea = a1/ (Ycos) ' (2.7-14)

where q is the Darcy velécity, Nis thé viscosity of the
displacing phase, Y is the interfacial tension between the
displacing and displaced phases and @ is the contact angle
between the displacing phase and the porous medium. In normél
.waterfloods the Ssgglary number is of the order of 10-6 (62). It

has been found tha ﬂ;o-significantly reduce the residual oil
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saturation, fhis number must be increased by several orders of
" magnitude (60,63,64), In an ordinary waterflood, which'for
economic reasons contains a minimum of additives, the- viscosity,-

interfacial tension and contact angle are all relatlvel 1xed.

Theréfore, the only way to increase the capillary ber is to

hfnorease the flowrate within the constraint that t velooitfibe :-
kept under the fracturing limit. To achieve still lowert'
saturations the capillagz number mmst be‘Sncreesed‘by altering. the
other three parameters in the equation. The viscosity of the
water‘cen be increased by adding'water—soiuhle polymers. The
inﬁerfacial tensi ﬁ”Eéh be reduced by the qse-of eurfactants. The
changes which additives have on, contact angle are,variable,‘
depending upon the nature of the rock.

The importance of thé viscosity ratio has been incorpofated

into the capillary number expression by Abrams (65):

Nea = Q Mw /W’CWH/ﬂo)O°4 _ (2.7-15)

1

This expression was developed by analyzing exﬁgriments done with a
wide range of oil viscosities. In the work of Moore and Slobod
(62), the viécosity_ra%io was nearly unity, therefore this
modified parameter maf be more eporopriate for studying viscous
crudes, This, and ooher, forms of the capillary number are often
simplified by omitting the cootact angle-depeodenoe. This,is
valid in situations where the displacing phase strongly wets the
porous medium (such as Athabasca oil sand); in other cases the

contact angle‘dependence should be included.
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A second group, the dimensionless ratio of gravity to viscous
forces, termed the Bond number, Nb , is important in“applications

<

where gravity"segregation is important (66). - Its form is:

~

‘Np = apg k /Y | (2.7-16)

where Ap is. the déﬁéity différenqg between the phéses and g is
the g;avitationél éonétant. |

"The beneficial effects of using additives in the water can be
realized at two times in the. production history of a reservoir.
One approach is to continue the waterflood until iﬁs.eﬁonomic
limit is reached and then to initiate ;he che;ical flood. This
would be classified as a tertiary recovery scheme., Alternatively,
the chemicals can be added during the secéndarj production stage
to conduct an enhanced waterflood. It has been shown to be mére
difficult to displace the residual oil trapped by a waterflood
than to recover thig same oil by an enhanced waterfloed when the
oil distributionlis more continuous Qggbf A

In the present work, the focus haé been on changing the

interfacial forces within £he porous mediﬁm. Indirect alteration
ﬁf the sand and clay surface wettabilities may have occurred:in
the process., There are two different methods for altering the”
interfacial forces, but fundamentally they are quite similar.

These are:

(a)} The direct injection of surfactants.

s

(b). The injection of alkaline agents to react with acidic

-
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species in the potous medium to produce surfactants in situ,

2.7.2 Surfactant injection

Isaacs et al. (11,67,68) reported the results of experiments
which used aqueous solutions of surfactants to displace “bitumen
from packed Athabasca oil sand. The resulté,inﬂicate that a R wxh\
displacing phase of water yielded the same recovefy_as a brine
solution. - The addition of surfactant enhanced this recovery, and :
the use of surfactant and salt was better still, The iqﬁredsed"
recovery was accompanied by a parallél decrease in the interfacial .
* tension, which increaéedzthe capillary number, henge improved e
displacement efficiency wdulﬁ be expécted.

The use of surfacﬁﬁnts in oil sands suffers from Ehree? ) "
drawbacks, First, at the high temperatures normally encountered,
surfactants undergo thérmal'degradation.(68,69). Secondly,
surfactant adsorption of the reservcif matrix may necessitate the
use af prohibitive amounts of chemical in order to maintain a
' éufficiently high concentration at the front (11). Tﬂ;rdly,_the
efficiency of a surfactant flood is diminished as the surfactant
ages (70). .These def;ciencies must be overcoine b?fore field use -~
of surfactants at-high temperature becomes viablé: One advantage‘
of operating at hiéh temperature is that the interfacial tension
of most crudes examined by Flock et al, (712~decreased.as the
temperature increased. |

A rapid test has been developed at the Alberta Research

Council to screen surfactant formulations for their ability to

break-up the o1l sand matrix (44). The "crumble test" was devised
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as a means of explaining and predicting phenomena observed in the

hot water extraction process. Howeyer, the information obtained

~ N

- may also be useful for undérstsnding aspects of in situ—type

: recovery. For example, factors which facilitate the clean
F
. separstlon of BI/nmen from the sand grains should also fscilttate
K LI -\‘
dlsplacement of\bitumen from a pore. -~
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R Closely related to interfacisl tension is the subject of

' :';ad‘.' © ' -reservoir rock-wettability The contact angle can be changed
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2.7.3 Alkaline injection o _
-~ o . ' . ' "

rd

Alkaline flooding has been.proposed as a means of loweringbﬂ
residual oil saturation in“reservoirs which contain a high aeid
number oil: Tiab et al. (72) reported that caustic steamflooding
. isba very effective enhanced” 0il recovery process in acidic oils,

JFurthermore, Rosmalen and Hesselink (73) pointed out that &lkaline

flooding is one of the few chemical recovery methods presently

amoan o

. viable at high temperatures because of the relative insensitivity
of caustic to the harsh conditions.

The principle behind alkaline flooding is that.thelcaustic '\\¥-

X reacts with the naturally occurring acids in the oil to produce

e



46
surfactants in place (74-77). Once generated, these surfactants

function in much the same manner as an injected micellar solution,.

4 ' .
The caustic-oil reaction is just one which is possible; reactions

with inorganic speciés‘may also influence the diéplacement‘
process. |

The mechaniéms of enhanced recovery achievable uSing‘caustic
are (74,71):

-

(a) Interfacial tension reduction leading to emulsification
and entr;;ment.

(b} Interfacial tension reduction leading to emulsification
and entrainment,

{(c) Wettability reversal in either direction.

The presence of even small amounts of §82+ increases the
intgrfacial tension because calcium scaps are much less surface
active than sodium soaps (74).

The interfacial tension between caustic and an acidic oil
exhibits complicated behaviour. The interfacial tension is
time—dependent; 1initially decreasing until a minimum is attained,
then increasing. The minimum is often orders of magnitude lower
thu; the steadf;statc value (75,78). Rubin and Rédke (78)
proposed an explanation for this transient effect. Upon contact
of the oil b} caustic; the acidic compﬁnents in the o0il diffuse to
the interfece, are adsorbed, react, desorb from the interface and '
diffuse into ghe bulk aquecus phase. It is postulated ‘that |
initidlly the rate of accumulation at the interface is greater
tha; \E?Ee of ‘degorption and diffusion away. At some time, the

~

yhterfacial harge will reach a8 maximum, corresponding to the
i ‘ i s : o
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ettainment of minimum interfaciai tension (76). Thereafter, the
rate of desorption exceeds the rate of adsorption and the
interfacial tension starts to rise.

Most measurements of low interfacial tensions have been
performed using a spinning drop interfacial tensiometer. .In this
meaéurement the water to oil ratio is or the order of several
‘hundfed,hwhereas in an actual reservoir the ratio will be close to
one. Rubin and Radke (78) state that the relativeiy la%ge volume
of water in the spinning drop measurement exaggerates the rise in
interfacial tension befond the minimum. 1In-an actual field test
it is proposed that the operable interfacial tension is the
minimum value observed in the laboratory.

The éaustic—oil interfacial tension has been obser;ed to

\\\éépend on the concentration of salt in the aqueous phase (79). As
the concentration of NaCl increases the concentration of NaOH
required to achieve low interfacial tensions decreases, but the
absolute value of the minimum increases. P

Temperature.also influences the shape of the transient
interfacial tension versus time curve. At elevated temperatures,
the magnitude of the minimum interfacial tension decreases and the
time taken to reach this minimum also decreases (75). The
lowering of the magnitude of the minimum interfacial tension can
be explained in terms of surfactant solubility. At higher
temperatures the solubility of the surfactant in water increases
(higher critical micelle concentration) which in turn results in a
Higher surface concentration and a lower interfacial tension, The

faster occurrence of the minimum can be explained in terms of
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reduction of the oil and water (mainly oil) viscosities. At lower
" bulk viscosity the organic acid/surfiactant diffusion rates will Ee‘
higher, go the ralnimum interfacial tension will be observed B
sooner. |

Sharnﬁ and Yen (80) developed a thermodynhmié model to predict
the steady-state interfacial tension (i.e., after complete
reaction) between caustic and oil, as a function of pH, salinity
‘gnd temperature. The model is not capable of handling the-
.time-dependent p;rtibn of the‘interfacial ;ension curve, which is
the most ‘interesting part. . |

Sydansk (81) reported that NaDH reacts with sandstone at
elevated temperature to promote some or all of the following:

(a) dissolution of susceptible silicate minerals.

(b) increased porosity.

(c). leaching of water-soluble silicates.

(d) altered permeability.

(e) redeposition of aluminosilicate minerals.

The extent of reaction (and the extent of caustic consumption)
is a function of the rock type, temperature, caustic concentration
and the duration of contact. Southwick (82) suggested that
problems related to silica dissolution by caustic could be reduced
or eliminated by injecting an alkaline solution already satgrated
with the mineral species in question;

Alkaline solution can alse be consumed by hydrogen ion

exchange with the reservoir rock according to the reaction (83):

Rock-Ht 4+ NatOH- = Rock-Na + Hy0 (2.7-18)
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From the preceding.it can be concluded that the practical
application of caustic flooding is a complicated procedure. There
are numerous factors which must be considered in the dé;ign of an
efficient ﬂisplacement process, The wide variation in reservoir

characteristics will likely require that each potential field

operation be uniquely designed.
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3. EXPERIMENTAL METHOD

3.1 High temperature experiments

In the early stages of experimentatiﬁn, mined Athabasca oil
sand was.manually tamped into the displacement c¢ell and
experiments were conducted at high temperature, The original
displacement apparatus is depicted in Figure 3-1, Central to the
apparatus is the cell which has an internal diameter of 2.54 cm
and an inside length of 38.1 cm. The apparéE:; was constructed to

permit either a vertical or horizontal orientation of the cell,

Surroundiné.the cell is a 3-zoned, hinged oven built to
specifications Sy the Tndustrial Heater Co., New York, NY. The
rate of heating of each zone of the oven is contrglled by a
variable rheostat. Fach zone.contains a type K (chromel—alumef)
thermocouple to measure the temperature and the information is
relayed.to a Honeywell Diaiapak temperature controller. A central
multicouple well ;as constrgcted to specifications by
.Thermoelectric Ltd., Bramptoa, Ont. It contains 4 equally;;paced
type K wire thermocouples enclosed in a 0.318 cm outside diameter
sheath, One of the cell endcaps was modified to accept the
insertion of the thermocouple well into the cell to provide a
temperature profile along the central axis. The inlet and outlet
lines were traced with heating tape and wrapped with woven
fibreglass insulation. Each section contained a type K

thermocouple comnected to a Honeywell Dialapak controller. All of

the thermocouple outputs: 4 in the centrai ﬁéll, 3 from the zones:

-
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Figure 3-1. High temperature displacement apparatus.



52

of the éven and those from the inlet aﬁd outlet 1ines were plotted
as a function of time on a Honeywell Model 112 12-point strip

chart recorder. Other components of the displacement apparatus
are a vacuum‘pump {B evacuate the system prior to an experiment, a
.Lapp pump to deliver water into the sytem, and pressure'gauge; to .
measure the pressures on the inlet and outlet sides_of the cell,

A side line is connected to arnitrogen tank to pressure tesg the
system,

The first step in conducting an experiment was to pack the_;‘
cell. The end cap containing the central thermocouple well was
secured, a wire screen positioned at the face of the cap and a
section of -glass beads poured into the cell. A 300 g sample of
oil sand was divided into 13 equal sections. Each was manually
tamped into the cell, around the central thermocouple well, using-

a specially constructed plunger and a rubber mallet., Glass beggg_,/
were added to the void space remaining at the top, and a wire
‘screen was placed on top of the beads. The other end cap was then

secured. The packed cell arrangement is represented in Figure
3-2.
. -~

The packed cell was then mounted in the displacement
" apparatus. The system was evacuated and a predetermined volume of
water was injected into the cell. The heaters were turned on and
the system allowed to reach steady-state teﬁperature conditions,
usually at 250°C. At that time, the collection port was opened to
release the built-up steam pressure and simultaneously bitumen was
recovered. The recovery efficiency was measured by performing a

Dean Stark analysis of the collected liquids, the outlet side

glass beals and the bitumen washed out of the production side end
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cap.

The first modifications mad& were as follows:

(a) The mass 6f 0ll sand used in a test was reduced by a
factor of 10 to simplify the experimentaliprocedure. The smaller
sample size could more readily be packed to a consistent density,
and it could also be easily dislodged from the displacement cell
‘when performing-the analysis for residual oil content. 7

(b) The central thermocouple well was removed to improve the
packing efficiency.

(cj_The packing was performed in one step using a hydr?2}5;>
press. This eliminated many of the packing inconsistencies
embodied in the segmental, manual tamping method.

The loaded cell after introducing these changes is depicted in
Figu;e 3-3. Experiments were ﬁerformed by injecting a volume of
water, bringing it up to steam conditions and then relying on the
drive'resulting from steam presssure létdown to dfgﬁlagsagftumen
from the packed o0il sand. The recovered bitumen was determined by
measuring the amounts of bitumen remaining in the oil sand pellet
énd talculating the amount displaced by difference.

The next modification was to shift to a system of hot water
flooding. The Lapp pump was replaced by a Rugka pump which is
capable of delivering more reproducible flow rates at the
pressures encountered. An experiment was started by injecting
enough water to éccupy only a portion of the inlet side glass bead
region. The system temperature was brought up to 250°C, as
before. In these experiments, the displacement was accomplished

by pressurizing the inlet lines to match the pressure W{Z;;A\the
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sand sample.



cell while keeping the inlet valve to the cell closed. Once the
two pressures were balanced the conﬁecting valve was opened and
water was pumped into the—cell, through the oil sand section, and

water and‘recovered bitumen were collected in the outlet side

glass beads. 1In this.arrangement, the system was never opened to

the atmosphere so the steam pressure was not released. As the

“cell filled with water, the pressure within the system increased.

.

Controlled tests performed with the central thermocouple well in
place showed ﬁﬁap temperatures within the cell remained constant
throughout the displacement operation; Again the analytical
procedure was to remove the oil séné'pellet, determine the amount

of bitumen remaining and calculate the amount recovered by

difference.

2



3.2 Low temperature experiments )

o

A significant development in thigxresearch was the sﬁift to
‘low temﬁerature modelling of the hiéh temperature displacement
process. Samp1e$ of oil sand were reconstituted (discussed in
next éeation) from the basic components, thus introducing control
over its characteristicé; The packing sequence Eill be described
in detail 1atér, but the final cell arrangeﬁent is the same as
dgpicted in Figure 3-3, .

The low.temperature displacement apparatus is shown in‘Figure
3-4. The cell and surroundiﬁg heating arrangement are the same as
before, but in this case the.horizontal orientation is fixed. A
Ruska pump, which was introduced during the later high temperature
experiments, is used to provide the driving force dur&ﬁé &
displacement. The particular displacing liquid of interést is
contained in the liquid fese;voir.

An experiﬁent is‘conducted as follows. Initially valves 1,4
and 5 are closed and the vacuum pump turned oﬁ to remove air from
the system. Once full vacuum is attained, valves 3 and 6 are
closed and thé vacuum gauges are observed for a few minutes,
Satisfied that the system is leak-tight, valves 4 and S5 are opened
to allow the displacing liquid in the reservoir to be''drawn into-
the cell ‘and connecting lines. When the voids are filled the
vacuum gauges drop back to regist® zero vacuuﬁ. Valves 4 and 5
are closed and time allowed to see if any vacuum redevelops.
Sometimes one or both gauges indicated the reestablishment of a

\
low level vacuum, probably resulting from the slower advance of
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injected liquid into the finer pores. When this occurs;'the
.appropriate inlet valve is opened momentarily to allow additional
liquid into the system, Aftér the system is filled with liquid,
_thé inlet and outléf vacuum gauges are removed. The hinged ovén
is closed around the cell and turned on. Valves 2 and 7 are left
open to maintain atmospheric pressure on both sides of .the cell
and to accommodate ény thermal expansion which occurs-during
heating. Some expe;iments were performed with the thermocouple
well in the cell, The rate of temperature increase was monitored
and it was found to take 2 hours to reach a steady-state
temperature of 60°C,

nAfter reachiné thermal equilibrium the displacement process is
initiated by closing all Qalves except numbers 1 and 7, énd
pumping water into the cell. Water appears at the collection port
in a few seconds, indicating that the voids iJ the cell were
viftualli‘filled with water initially. The outlet side ﬁressure
is.atmospheric throughout, and the inlet pressure is monitored.
Pumping continues until the desired volume has been péggza“through
the.system. The pump is shut off and valve 1l is clesed. The
heaters are turned off and the apparatus left to cool. Valves 2

and 7 are open during the cooling stage in case any vacuum

redevelops which could cause backflow in a closed system.
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3.3 Reconstitution

Réconstitutioﬁ is the term which is used to describe the
praocess of mixing together th; clean sand,-vaﬁer and organic phase
to “reconstruct” a sampic of oil sand of prescribed composition.
The first step i§ ta take a sample of toluene-cxtracted sand an

subject It tg\ffﬁccted preconditicning. For example, this may

“involve heating it to a given temperature for a certain length‘of

-time-or extracting it with NaOH. After pretreatment, the sand ts'-

always dried to ensure that/no unaccounted for water is introduced
into the oil’sand. - The dried sand and calculated amount of
agueous pﬁ?sc are added to & glass jar and ménuﬁliy mixed, The
jor ig then placed in gfdry blender which tumbles with a period éf
anﬁt 4 s. During the first 6 hours of t@hblfng'%he blender is
stopped 3 or -4 times and thelconFents of the j;; are manually

mixed, ;This_ménual'stirring dislodges material which has adhered
. - r o -

 to the jar wall. The tumbling is resumed and continues overnight.

4

The next day, a quantitagixgﬂﬁmount of the organic phase is

introduced and the tumbling qfocedure repeated. 1In.addition to

screping material off of the jar wall, the manual mixing serves to

break up g;iln of oil sand which form during this stage. The
Y .
f61lowing day, the blender is stopped and the sample of

reconstituted oil sggd,removed. Just prior to using a sample, ‘the
w S . .

~

contents of the jar are once again manually mixed.

. 1
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.overnight at temperatures ranging from 25 to 775°C. Another, Cot
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Medium grade Athabasca oil sand obtained from the Alberta
Research Council Sample Bank HQ§/Lsed throughout this research.
It was divided into 500 g padkages which were stored at -18°C

until needed. In all of the high temperature experiments, this

0il sand was used as is.

The clean sand which was used during reconstitution was

‘obtained by toluene-extraction of this same Athabasca oil sand,

After extracting the bitumen and water, the sand was subjected to

different pretreatment conditions. One, was to dry the sand

was to extract the sand with 0.1 M NaOH. The procedure'wus to ‘ &-
shake the‘sand with caustic and let it stand overnight. The next
day,'thé mixture was céntrifuged and the aqueous phase, including
extracted and suspended material decanted. The extraction
procedure was repeated until.the supernatant colouration became
very faint; this usually required four staéesi Afterwards, the
sand was washed with distiiled water until the pH of the wash
water was 7. A third pretreatment condition was to add
quantitative amounts of the aforementioned extracted and suspended |
material, in dry form, back to a sample of sand which had been
previously heated to 775°C. This will he discussed in mor.e d;EE}1
later,

In most instances distilli water has heen used to represent

thie connate water in the recqpgfituted oil sand. The effect of

-lonic composition has been inve tigated by the addition of feagent
i . P2 . .
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#
grade sodium chloride or calcium chloride (Anachenia) to the
water. 7 /
The bitumen which has been used is a sample obtained from

Suncor. The properties of this bitumen are compared with others

from the Athabasca region in Table 3-1. In much of the work to be

discussed the bitumen has been diluted with certified grade

hexadecane (Fisher). In some experiments, the organic phase has
been composed entirely of castor 0il (Fisher) or white, heavy
paraffin_oil (Fisher).

In the high temperature experiments which relied 6n steam

blowdown to displace bitumen, the injected aqueous phase was

'alwéys,distilléd water, In the hot water flooding experiments,

the diéplacing bhase usuallf consisted of distilled water or a
solution of sodium hydroxide (Anachemia Acculute). However, in
some cases soluqions.conté;ning one or more of the followihg were
used: réagent grade sodium chloride (Anachemia), Petrostep 465
petroleum sulfonate (Stepan Chemical Co.) and 5 to 6 million
molecular weight polyacrylamide (Scientific Polymer Products).
‘In most of the low temperature experiments, the Qiéplacing
phase was compriﬁfd of either distilled water or caustic. In a

few experiments Anachemia reagent grade sodium chloride or calciun

-

chloride were added.

-2
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I
Table 3-1. Comparison of Suncor bitumen used in this research with

other Athabasca bitumens,

Analysis ' This work #1 82 #3
Elemental, wtf C 82.9 B83.9 B83.8 83.5
' H 10,1 10.4 10.6 10.3
0 0.60 0.69 0.73 - 1.50
N . 0.44 0.79 0.60 " 0.47
'/ .
S 4,7 ‘Q.3 4,2 4.2
ppm Fe 358 .« 61 - 38 -_ -TUnLm,
Ni 67 . 66 64 B8l
v 213 211 208 - 204
Asphaltenes, wtX 15.3 15,9 16.3 17.2
Ash, wti 0.5 n.a. n.a. 0.1
Specific gravity 1.009 1.013 n.a. 1,008
(16/16°C)
Viscosity, cp: 60°C 2060* 2460% 2025% 4620
100¢eC L70* 302 249% 114
Acid number 2.60 n.a. n.a. 2,72

data for samples 1,2,3 taken from reference 84
* interpolated or extrapolated using Andrade's equation

.
-J,
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3.5 Packing method | A
. P

The evolution of the packing methodology has been outlined in
Section 3.1. The procedure usedrihwbhe\}ater high temperature
experiments and all of the low temperatu;; experiments is as
follows, Plungers were machined to fit angly into the
displacement cell. One of these is positioned inside the chamSér
and the'sémple of 0il sand is quantitatively transferred jimfo the
cell. The second plunger is placed on top and the whole assembly
mounted vertically in a Carver press. The des%Fed pressure is

—~applied to the oil sand, held for a few seconds and released. .
This sequence is fbjfated until the oil sand has been compacted to

a selected density.” The plungers are then removed. Two wire

screens of the same diameter as the chamber of the cell are
positioned on top of one face of the oil sand. Glésg beads are \\ \4\5;_J,
:poured in to fill the rest of the space on that side of the'éell.
}/ AnQEPer'cheep is ‘placed on zgp.of the beads and the cell end cap
is secured. The cell is then inverted and this procedure repeated
on the other side. The complete assembly is depicted in Figure

3.3,
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3.6 Dean Stark Analysis -

The oil content_pfvﬁ glven sample is determined by the Dean
Stark.procedure developed for oil sands by the Alberta Research
Council (85). Details of tﬁe method are given in Appendix 27 Tw; _
modifications were introduced to the Alberta Research Councilr
method; these are:

(a) The extraction thimbles are taken directly from the 90°C y
oven and weighgd, both priﬁr to use and after evaporation of the
toluene from the sand. As a result, the adsorbed water content of
the thimble is the same at the beginning and end of an experiment
and thus does not influence the calculations, |

(b} The toluene is evaporated from the oil sand at room
temperature in a fume hood, assisted by the ggrced air flow
created by the suction of the hood., Slower evaporation of the
toluene reduces the possibility of driving off constipuents of the
bituminous phase. |

In analyzing an experiment; the ratio of oil to sand in the
swept pellet is determined., Knowing the initial ratio, the amount
displaced is calculated by difference.

Two types of controlled tests were performed to ensure that
the method being used was accurate. In one, o0il sand of known
composition, or quantitative amoﬁnts of the various types of oils,
were piaced in the apparatus and analyzed to determine the degree
of overall mass balance which could bé achieved. In the second, a
known weight of kaolinite was placed in an extraction thimble and
refluxed to ensure that fine particles are not passed through the

thimble and collected in the distillation pot.
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3.7 Characterization of residual oréanic material on sand
. &

Considerable effort was expended characterizing theeresidual
organic material remaining on or in the sand after toluene
extraction. Samples of whole sands exposed to varying
pretreatment conditions and concentrated éamples of residual
organic matefial‘have been tested.

Concentrated samples of the residual organic material were
obtained following a procedure similar to the one described by
Montgomery {33). A sample éf cleaned sand is dried at 300°C to
render it water wet. It is then shaken with 0.1 M NaOH following-
the procedure cutlined in Section 3.4. The combined reddish-brown
s&pernatants from the successive extractions arelgcidified with ES
HCi. Below a pH of about 3 the previously suspended material is
precipitated. The remaining supernatant is clear and has a yellow
tinge. The precipitated material is separated and dried for later
-use.

Samﬁles ‘of whole, toluene—extracted sand dé}ed at room
Egmperature, 200°C for 24 hours and 4OOOC\£SE/54 hours were
submitted for carbon, hydrogen and nitrogen analysis on a Leco CHN
600 (courtesy Analysis and Standardization Section, CANMET).
Samples of thege sénds were also mounted and examined using coal
petrographic téchniques (courtésy Coal and Coke Constituﬁion,
CANMET). Samples of the reddish—bfown solution extracted from
3000C-processed sand by 0.1 M NaOH were submitted for elemental
analysis by inductively coupled plasma on a Jarrell Ash ICAP 9000

(courtesy Analysis and Standardization Section, CANMET), and for

aft
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combined mass spectroscopy and gas chromatography on a Finniéan
:4500 unit (courtesy 0il and Gas Laboratory, CANMET). Sanp&es of
sand heated té 309 and 775°C, éand which had seen subjected to
caustic extraction and concentrgted-samples of residual organie
material héated to 300 and 775°C, were submitted for Fourier
.fransform infrared ( ) spectroscopy using a Nicolet 60SX
.(courtésy Separation and Characterization, Catalysis Research
Sections, CANMET). A sample of concentrated. residual érganic
material was submitted for thermogravimetric analysis (TGA) on a
Perkin-Elmer 7 Series Thermal Analysié System (courtesy Cosal
Liquefaction Section, CANMET). Samples of sands dried at 25 and
7759C, and samples of concentrated organic material dried at 110
and 7759C were submitted for scanning electron microscopy and
Xx-rdy analysis on a Kevex Inc, Nanolab 7 with electron microprobe
(courtesy Department of Chemistry, University of Ottawa).

-

Quantitative amounts of congéﬁtrated humic material were added
- A
back to a sand which had been heated to 775°C, and these altered

sands then used to reconstitute oil sand samples for displacement

testing.
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3.8 Interfacial tension measurements_'

Interfacial tension measukemeﬁfs wéré made -using Univeréity of
Texas Spinning Drop Tensiometers. The“MédelAsoo waé used for .
experiments performed at ambient température'and the Model 500 was
used at elevated temperatures. The-equ;pment and mode of
operation have been detailed elsewhere (86). Measurements were
made betweéﬁ O.i M NaOH and a solution of 20% hexadecane in
bitumen at temperaturés from 25 to 75°C, Other measurements, allV
at 25°C, wére performed between 0.1 M NaOH and various organic
phases including: fractions of the bitumeﬁ, castor oil and

paraffin oil.
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3.9 Separation of bitumen

+

Bitumen was fracFionated to assess the importance of each
component to the recovery process. The first step was to
precipitate the asphaltenes. This was accomplished by mixiﬁg‘
bitumen with roughly 30 times its volume of pentane. The mi#ture
was”sonicated to improve the contact efficiency and left overnight
to digest. The next day, the mixture was briefly resonicated and
gravity filtered through Whatman No. 1 paper. The collected
solids (asphaltenes) were washed with pentane until the filtrate
was colourless. The filtrate was rotoevaporated to remove
pentane, leaving the deasphalted bitumen or the maltenes.

Further fractionation of the maltenes was performed by scaling ~
up a procedure developed by Sawatzky et al, (50). In their
procedure, the ﬁaltene is fractionated into: saturates,
monoaromatics, diaromatics and polyaromatic plus polar material.
In the modified version oﬂly two fractions were collected with the
cut coming between the diaromatics and the polyaromatic plus polar
Vma£efial. The two fractions are termed hydrocarbons and polars
for éimplicity. |

The modifieﬁ procedure was tolpack a vertical ‘steel column
(7;2 cm inside diameter by 121.9 cm loqg) with approximately 2800
.cm3 of each of silica and alumina. The silica was on the bottom.
The giiica was activated at 200°C overnight; the alumina was
activated at 400°C overnight. Pentane was pumped into the packed
Asystem from the bottom until it appeared at the top. Then about

300 cm3 of maltenes (containing some residual pentane) was loaded
: 4
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onto the column., The hydrocarbons were eluted by pumping 7 L of
toluene through the system and collecting the effluent. The
polars were eluted using 6 L of methanol. The collected fractions
were rotoevaporated to obtain the two subfractions of maltene.

Where applicable, the bitumen fractions were characterized
according to elemental composition, density and viscosity. %\
‘ &
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3.10 Other analyses

-
R

U
The ash content of a liqiid or solid sample was determined by

placing a known weight of the maeterial into a tared platinum

. \\/\
crucible and heating the contents over an open flame. After .

removal of most of the volatiles, the crucible was transferred to
a furnace and kept at 775°C‘overnight. The next day, the sample
was cooled and weighed to determine the amount of ash initially
present in ihe sample.,

Viscosities of translucent liquids were measured using
Ostwald-type capillary flow viscometers. Special reverse flow-
viscometers were used with opéque liquids.

Densities of véry heavy liquids and solids were measured using
pycnometers. Lighter 1iquid§ were injected into an Antcn Paar
DMA4O Digital Density Meter.

The elemental analyses of liquids and solids were conducted L.
using the following instruments (courtesy 0il and Gas Laboratory,
CANMET). Carbon, hydrogen and nitrogen contents were determined
Psing a Perkin-Elﬁer PE240C Elemental Analyzer. Oxygen was
determined on a Perkin-Elmer PE240 Elemenéal Anﬁlyzer. The sulfur
content of solids and heavy liquids was measured using a Leco
5C32. The sulfur content of lighter oils was obtained on a
Princeton Gamma-Tech Model !CO,

The acid number of bitumen, hexadecane and a 20% solution of
hexadecane in bitumen was measured following ASTM procedure.
D664-81' (courtesy Fuels ;nd Lubricants Laboratory, National

‘Research Counéil).
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Sand size distribution was determined by placing a saﬁple of
sand on top of a tower of tared siéves and mounting the assembly
in a mechanical shaker. After shaking, the indi%idual sieves were
reweighed to measure tﬁe amount of sand retained by each. The
‘shaking was repeated until consistent weights on each s;reen were
obtained. Sand surface aréas were measured by B.E.T. nitrogen
adsorption-(courtesy Carbonization; Catalysis Research éections,

CANMET).

2%
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4. RESULTS AND DISCUSSION

4.1 High temperature experiments

Jr—
-

L

4.1.1 Evolution of methodology

The initial high temperature experiments were performed by
manually packing oil sand into Ehe displacement cell, Pack
densities of 1.80 to 1.90 g/cm3 were obtained. The oil sand
occﬁpied abaut 85% of the cell volume in these experiments. The
' ‘remaining space was occupied by glass beads. "The porosity in_LhS
glass bead region was 427, A temperature profile along the &
central axis of the cell was obtained at four points using a
multiple.thermocouple well. 1In the vertical position it was

observed that there was a tendency for a thermal gradient to arise

. oo
if the three tempefature controller setpoints were identical (at

250°C). The temperature was 250°C at the tdp and 225°C at the

bottom of the 1. This is attributkd to convective heating in

the air space between. the pven and the cell. The magnitude of the

gradient can bhe reduced b? introducing a compensating gradient in

the controller set points. In the horizontal position, the
& o

temperature profile within the cell was uniform. It was
p .

determined that about four hours was necessary for the
r

temperatures measured by the céntrél.therﬁo;oﬁple well to achieve
steady-state conditions of 250°C.
The driving force for. displacement came from opening tHe

production valve and releasing the steam pressure, Using this

procedure roughly 20%Z of the bitumen could be recovered from the

1 B -
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oil sand. However, the following undesirable features'existed

L Qith the method:

(a)VThe'packing was done manually so it was difficult to

standardize the procedure to get reproducible pack densities,

(b) The oil sand bed was packed in segments. Therefore many

individual zones, each possessing its own density gradient, were

.

contained in the cell,

(c) Steam blowdown inﬁb%yed thg rapid introduction of a large-

1
-

pressure drop ia the system. The violent nature of the recovery

mechanism, and the limited amount of control over it, created the

A 4 -

suspicion that poof experimental reproducibility would result,

- e .

(d}ﬂrhe bitumen which was displaced from the oil sand, but

- byl X . o
trapped in the outlet TVines was not included in the analysis.
L)

ObseTved recovery efficiencies would therefore be lower than their

+
‘ 3
-

true, values,

-

. {
(e) The préducedqsteam,

~

hot wdter and bitumen were collected
in an ice trap. However,,the volatile components of the bitumen

that were not trapped represented a noxious emission. For health

reasons, this situation was unacceptable,
‘Thége problems were addressed by introducing the following

|
changes to the -experimental method:

-

» (@) The mass of 0il sand used in an-experiment was decreased
from about 300 g to 30 to 60 g.~.This change meant that only 8 to

16Z of the displacement cell contained packed o0il sand. This left

.

ample gspace to conduct the displacement operation within the
I .

confines of the cell, The change to a smaller sample size also

made it practical to measure the amount of bitumen remaining in a

@&
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pellet after displacement.

This improved the accuracy of
evaluating the recovery efficiency.
(B) Thé packing was performed using a hydraulic press. This

{ntroduced the ability to standardize the packing pfocedure.s
nq . N _ -

-

kc} The central thermocouple well was eliminated. To use it
withthe hydraﬁlic preSg youla‘have required extensive unnecessary
equipment mddificaﬁidn;. By that stage of the experimental
program, the témpérature behaviour within the tell had been
s@fficiently monitored.

- The final high.temperature operating methodology repsesents a
ﬁ;ocedufe fof'performing rgpid;'inexpensivg,pestfhg of the
displacemeﬁt of bitumen from oil“sand by hot water. The metpod is
ideal a5 a scréening test géievéidéle thg iﬁffuence on recovery of
éhanges to the ogérating conqifigﬁ;?--Dévelopmentadf this test
proceduré fulfilled one of the'objéctiveé'established at the
outsst of this research progfam: _In all subsequent>discussion the

cell orientation wes horizontal to avoid temperature gradient

. complications.

. 4.1;2 Experimental results

The phreeHoperational pérameters which were varigﬂ‘ﬁére: the
nature of the displacing phase, the oil sand pack density and the
teﬁperature. |

Table 4-1 pfesents the data obtained with various displacing
phases. 1t is.noted that the_feproducihility of recovery ih:d
repeated experiments is within 1%. Therefore, comparisons can be

made between experiments, with confidence that observed

¥~
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- differences in recoverr are real -The higher recovery produced by
caustic compared to distilled water fqllowé’the trend which would *

i ™ - o L B- \

: . be expected of’ an acidic oil. The causgic reacts with acidic

oty R : e Toen

species withih nhe oil Band tQ generate surface active agents in

- t.‘ \' - - -.-_l -.Q.-..‘, :1

Lo By

i situ These surfactants serve to lqwer the interfacial forces

i +, -_,.\F‘. F‘_'. .p .
h

within the pnrous medium. As prediqted‘from the capillary number,

N -
PRAR Ty

as the ceﬁillary forces decreaee and the viscous force remain
. P SERT I . ST
constant‘ the retovery efflciency :ou!d be ﬁxpécted to increase.
iri Comée}iﬁé the reshlte.uslnghpetroleum sulfonate with those )
es;;g éate; it- ts observee that the presence of ;urfactants did
fﬁdeed@improve the receeefy efk1ciency.°‘The ratio:ale for
. - v VALY

expecting regbvert to 1ncrease is the same as discussed for in
Ll B

s sitd surfagtaﬁt genbratlonh The differenceﬁln this case is that

L

the surfactagh wis exterhally introduced into the porous medium.

- b 4

o
«'he presencer of salt fu;ther improved the effectiveness of the \\\

-

< " :
petroleum sulfonate in displacing.bitumen. This agrees with the N
r. *

‘observdtion+that g certain concentration of salt must be present

in petroleum Sulfonate éolutioge to obtain ultralow interfacial

-

.
N

. tensions (87). The improvemernt in Fecovery is therefore
attributed to a further lowering of the interfacial forces in the

system. .

o

" The_two resuils with pelyaé?ylamide are again as would be
pred;cted from examination of the capillary number. ‘The function
of a water soluble,pdlymer in the;displacing phase is to increase
the eaterveiscosity. This imp;oves the stability of the
displacement process, ahd thus‘a higher recovery is expected.

Tﬁeee tests demonstrate that the method which has been

*
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developed can be used to screen additives in-.the displacing phése;

3 £ R
In each of these cases, the effect which would be predicted was

K&

indeed observed.. The method can presumably be extended to assess

additives whose behavioyr is not so easily predicted, and also to

Y

rank additives according to their relative effectiveness.

el

=k : ' - ‘;;Y;& ] )
- o The effect of the steady-state Yemperature on recovery is

shown in Table 4-2. It is noted that as the teémperature Yy

A ) ,
decreased, the recovery decreased. This occurs because the rail %
. = ™)
i . \ 4T Wik
viscogity increased much faster than the water viscosit?ﬁ as the =
L ‘

température decreased. Therefore, the displacement process became
“":"} . 1-:';‘-

more unstable and lower recovery would be expected and waS‘fndeed\

1

X

observed, Also interesﬁing is that the reproducibility of

- U .

repeated experiments at 60°C is much poorer than gt 250°C. This
o - w‘?

is attributed to the very high oil-water,viscosity ratio at 60°C

»

causingthe displacement process to be ve;% unstable and hence
M. Ex o,

&- I
unpredictable., Tt is noteworthy that the effe%p of témperature
. _ i,

. . . -t}_. LY
was not as significant for caustic displacement as it was for

. @
water displacement. This indicates tﬁ%&§the surfactants produced

L2

by the chemical reaction between caustic and acidic components in

the'oil sand exerted a strong enough influence tg partially

A,
R

e overcome ‘the adverse viscosity efféets.

«. The effect ®f the oi}, sand pack dggsity on recovery by water

is shown im Figure 4-1, At the two highest densities water and

k] *

o 5, bitumen were Bqueezed out of the oil sand during compaction. This

- . ]

¥ i :
situation which shpuld be avoided to minimize alteration of

1

¢ is a
the il sand composition. Thgvtrend observed was that recovery

increased with density.
P, o :

-~ -

B i /\
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Table 4-2. Recovery of bitumen from Athabasca oil sapd, packed to
- ", ' 2,
. a density of 2.00 g/cm3, as a function of temperature. 7
' n“":‘h|““‘.“; . L
- T o
- o . S
: T
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AN - L) o
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} . ¥ £
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This density effect must ‘have been -due to changes imposed upon

... the flow channels within the porous medium by the applicstion of

..-“
i N

different packing pressures. In its natural state, Athabasca oil
sand contains mineral matter,‘bicumen&snd an aqueous pndse. There |,

is essentially no additional pore spaceyoccupied by ailr or other
> -
A fat

gases. After mining, however, recompacted samples of oil sand .,

i

will always possess some additional "artificial" porosity., The~

sand grains cannot - be rearranged into the highly ordered state

‘which existed underground. In the dsta represented in Figure 4-1,

the density increeses were Prought about by a reduction-in the
amount of artificial porosity. Table 4-3 illustrates the
interrelationship between the fluid distributions and the packri
density for the present ssmple of mined Athabasca oil sand A
reduction in the srtlflClal porosity decreases the tendency of the
disp;sping liquid to channel throzii these high permeabillty
zZones, Therefore, a result g? increased pack den51ty is a better

overall sweep efficieggy and-a higher recovery. The important

e
conclusidn forthcoming from_this data is that pack density does

- ‘ﬁ.t‘\

‘influence rece@%ry and therefore must be controlled to obtain

-,
e
=Y

e

reproducible results, o

Asﬁpreviously stated, development of this high temperature
displacement technique gatisfied one of the goals_gg this

research. The second, more fundamental objective, was to explore
: = L L Y
the factors which affect the displacement process in terms of A
(2 .
assessing the roles which chemical species within oil sand exert

on that process: This has been accomplished by using

H I':-

reconstituted oil sands in which the che}acteristlcs of each of
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Table 4-3, Calculated variation of fluid volume saturations

within an oil sand pellet as a function of pack density at 250C

Density, . Water 0il Alr
g/cm3 saturation, E ~ saturation, % saturation, %
1.80 ) 14.5 56.0 29,5
1.85 15.5 59.8 24.7
.90 16.5 64.0 19.5
1.95 17.7 68.5 ‘ 13.8
2.00 - 19.0 73.4 7.6
2.05 20.4 78.7 N 0.9

R

.



the component parts have beénxsﬁrictly controlled. Whereas:
displacemepi of bitumen from ‘Athabasca oil sand was conducted at
high temperatures,~in the remainiﬁg experiméhts the biltumen

viscosity was lowered by the use of a diluent, thus énabling the

displacement tests to be performed at lower temperatures.
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4,2 Hexadecane-bitumen mixtures

The prime motivation for usiné a diluept was to lower the oil

phase viscosity Ybile retaining the chemical functionality‘of the
bitumen, With a viscosity-reduced bituminous phasé, displacement
experiments could be cohducted at lower temperatures, The main
purpose of heating oil sand is to render the bitumen more mobile.
fhe amount of added hexadecane has been controlled to maintain an
oil-water viscosity ratio similar to that between unaltere& >r
bitumen and water at high temperatures.

In searching for a suitable diluent the following
éﬁ;;acteristics were iméortant:_

(a) The diluent had to haigfé'low vapour pressure (high
boiling point) so that it was not preferentially volatilized
during a displacement experiment or the subsequent analysis stage.
Thié is important because selective removal of a portion of the
organic pﬁase would mean that the characteristics of the displaced
phase“#ould be continually changing during an experiment., The
accrued losses would alse distort the calculated recovery
effic{éncy.“

‘Eb) A material which was relative%y“inert to éhustic and water

was desirable so that the chemical reactivity of the oil phase was

not affected.

" (¢) The diluent had to combiée’with-bitumen to. form a stable
mixture. ’—*“\S ) o * .

"The vapour preééure_pf"hexadecane is 1 mm Hg at 1050C (83).

From the data in Table 4-4 it is seen that the rates of

e



Table 4-4,

Liquid -

Toluene
Bitumen

1

Dodecane

"

Hexadecane

"

B85

Rates of evaporation of selected organic liquids.

Temperature, °C Evaporation rate, g/hr gg?

25 .0.139

25 2.47x1073

90 1.51x1074

T - - 5.57x107%

90 2.52x10%

s 2.07x1075

90 2.15x10~%

I
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\ : | C:\“\
evaporation are ﬁegligible at-the temperatures encountered in
these'experimgqgg. Therefore, it is safqvgo assume that‘nq
sigﬁificént'amount of hexadecane will be 1os£ because of its
volatility. Hexadeéane is a pure hydrocarbon and does not contain
any functional groués thch would be reacfivé with caustic. Thus
the reactivity of the hexadecane-bitumen mixture to caustic will
be the same as bitumen.alohe, apart from an d&fgirences resulting
from the dilution factor. Hexadecane and bitumeﬁkcombine readily
to form what appears to be a homogeneous mixture. After standing
for several months no #pparent gravity segregation occurs. As a
precaution, stock solutions of fhe mixture were always stirred
prior to use anyﬂay.

Asphaltene meééurements w;re performed to determine if the
displacement'process was preferentially displacing ole the
lighter fractions of the oil phase. The asphaltegg/éontents of
the produced and the residual samples of 2Q%—hg;;decane in bitumen
after a displacement experiment were 16,2 and 15.2% by weight
respectively, Therefore, there did mot appear to be any selective
segregation on the basis of molecular wéight.

" Extensivéitesting of the viscosity of these ﬁixtures has been
performed. Viscosities were measured for bitumen, hexadecane and
a mifture of 207 hexadecane in bitumen at temperatures betwee£V25
and 1000C. The data for hexadecane has been interpolated using
Andrade's equation. For b}tumén; the data has beenlextrapolated
. from 50°to 250C from a viscosity vs. temperature plot on ASTM )

. 341-43 gi;pﬁ“pag@;,_'The gradations on this type of paper are

scaled according to a varlation of the Walther equation. The

. (-“30_“ | | , :
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viscoaities of hexadecane in bitumen mixtures have been calculated
o= : T
using the Cragoe correlation. The collected data is shown in

Figure 4~2, The agrecment between calculated and measured

rviscosities for the mixture of 20X hexadecane in btgymen is within
202 at all times. This level of agreenment iswﬁeég;ded as good

. .
because the bitumen viscosity changes by o{ders of magnitude over
the temperature range inyelved. The result is that any unknowh

»
Coghed ——

mixture viscosity can be approximated given the percentagn of
hexadecane present and the temperaturd: N

The densities of mixtures containing%ﬁb and 30% hexadecane in
bitumen were messured at temperatures Beeween 25 and 85°9C., In-all

t

cases, {t'is uotcd thuL densities culculated [Sssuming ideal

A

mixing and measured densities agree to wichin-O ST. Therefore for

EL

any givcn tcnpcrature and dilutTon factor, the denslty of a ¥

mixture can be calculated, given the component densitles at that
Uf . 4
tcmperaturc. The data is represented in Flgure 4-3 .
On the basis of the foregoing dlscussion, it hag been

demonstrated that hexadecane meets the criteria of a good diluent.

Cperattonally, a dilution factor of about 202 hexadecane’ by weight '

,.,_,....\ Ava W

wvas optimal, At higher dilytion, the compacted oil“sandtmellet
Ccndcd to move inside of the displacement cell whén the wire
écrecns;nndwend caps were positioned. At lower dilution,_;he._
hexadecane-bitumen aixture was so viscous that it was difficult to

ensure good mixing during reconstitution. °\\;
, ' o

G
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4.3 Reconstitution parameters 2 " i
Rt
The sample of Athabasca oll sand obtained from the Alberta $

Research Council Sample Bank was used as a-model in selecting
appropriate reconstitution paramet.cs. The composition of tidtis
oil sand is listed in Table 4-5. 1In subsequent calculations the

unaccounted for weight, the losses, hds beéen included in the

bitumen weight following. the procedure adopted at the Alheytu

Research Council (89). In reconstituted samples the relative

volumes were kept intact because constant compunent saturation has

L s o
more physical significance than constant relative weight. 1In ‘

Table 4-6 the conversicn is made from weight to volume percentages

for Athabasca oil sand:—

In some experiments, thes?,saturations were kept constant and
the nature of the organic phase was varied. Since each of the
organic phases possessed a different dengity. the relative weight
ratios in the oil sand changed. 1In Table 4-7 the oil sand
compositions are converted back to weight peréentages because
reconstitution was performed on.a;weight basis. For each of these
0il sands the relative compdnent wéights vary but on a golumé
ratio Hasisrthéy are identical.

In some experiments, the objective was to vary the initial
water and oil saturations. If the water saturation is varied but

the oil saturation kept constant, the amount of artificial

perosity in the pellet would neﬁessarily'have to change (aésuming

that the pack denSity‘is to remain congtant), Alternatively, the

0il saturation can be adjusted to compensate for the changing

It
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Table 4-5, "Compoéij;tioh of- medium grade Athabasca oil sand in“weight

L] N

; pércentages. K oo
KN M g v o W, N
' Samﬂle- Bitumen- | Water Sand  Losses - Bitumen j-_ losses
R S V% W 3.3 83.5 1.0 - 13.1
- d . : \ ! - e s
"2 12.0 3.5 83.1. 1.4 »0 13,4
‘ o ‘ - . [ -
o3 12.2° 3.0 83,1 1.3 13.5
4 12,2 . 3.7 - 834 0.8 13.0
5 12,00 © 2.9 ,-.8.6 1.5 13.5
6 11,7, 3.5 838 0.9 12.7
Aveérage 12.0 3.4 - 83.4 1a2 o 13.2
q . o , . . .
-,‘I * ’\ - .
B ’ » = - ';ﬂ-.
= ”
s L -
i é)’ -+ + *
-\ } N
&y + :T S
Y
- N ' ~ .- Sryts
- !‘ "
‘.
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Table 4-6. Conversion of the_weight proportions of Athabasca oil

sand to volumetric proportions (100 g basis).

Component Wt £ - Density (25°C), g/cm3

Volume, gm?

Sand 83.4 : 2.60

Water 3.4 ' 0.997
Bitumen  13.2 1.004
o
# e
st

s

32.08
3.41

13.15

-

=]

—
x|

66.0
7.0

27.0
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Taqge.4—7. Reconstitution parameters for various oil phases at

constant saturations (same basis as Table 4-6).

Parameter 10Z C16 in .
bitumen
Sand volume, cm3l - 32,08
Water volume, ecm3 3.41
.\‘;{‘ .
0il volume, cm3 13.15

0il density (250C), g/em3  0.974 ...

Sand mass, g : 83.4
Water m;ss, 8 ‘ . . 3.40
0il mass, g- 12.81
Sand, wti | 83.7
Water, wt? 3.41
0il, wtZ - S 12,9
0il:sand, w/w | . 0.154

Cl6 = hexadecane

s

4‘;';- e 'ﬂ:“ g
.’Kb - 4
a f’;‘:\ SIS
20% Cl6 in Castor Paraffin e
bitumen oil oil o, 'gﬁ "
bitumen oil oil .
' Y -
e Wy
. g _ Qh"'
32.08 %2.08  32.08% % tiae, .
LI i
3.41 3.41 3.41 oo N
’r.‘.f A . "5 E
13.15 13.15 13.% % “
. ° e
0.948 0.961 0.870 LAY
- B3.4 83.4 83.4 T
2
3.40 3.40 3.40 ,
12.47 ¢ 12,64 11,44 ¥
" 1;*1‘. 4?*-‘1: "‘}‘- )
84,0 <  83.9 84.9 -
I T
3.43 3.42 3.4 T
1256 12.7 11.6 Y,
” R .1
1 0.150 0.152 0.137 ..
.1:-‘: ‘1; . A N
._-& -
" x ey YN
- :'*' . \.5 i
~ k.
! s .
-
. v
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Table 4-8. Reconstitution”?arameters'for varying water and oil

contents (samé basis as Table 4-6). The oil is 20% hexadecane in °

ks —

bitumen, - . . ' o
Parameter L ‘ Samplé 1 Sample 2 - Sample 3 Sample 4
' Sand voluie, cm3 © 32,08 32.08 - 32.08  32.08
- Total volume of . e :
: P e . f
oil  watef§ cm3. - ©16.56- . 16.56 ' 16.56 © 16.56°
Water volume, cm3 Do ° 1.00: 3.4 7.82-
;" 0il volume, cm3 16.56  15.56.  ,13.15  8.74
Shnd mass, g . 83.4 83.4 l83.4 83.4
Water mass, g 0. ©0.997 © 3,40 - .7.80
01l mass, g ' 15,70 14,75 12.47 = 8.29
Sand, W% © 7 8.2 B&1 84D 83.8
Water, wtl . 0. 1.01 3.43 7.84
011, wtZ | 15.8 14.9 12,6 -~  8.33
0il:sand, w/w 0.188 0.177 - 0.150 0.0994 -
. 'l
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4.4 Packing method

Hgdréulic pressure was used to compact the oil sand into

_packed beds in a reproducible manner. Considerable effort was ™

expended in the development of this methodology.
: Figure 4-4 shows the results of compacting 20 g samples of
Athabasca oil sand in a 2.54 cm inside diameter steel cylinder.

Two features .are apparent. First, for a given compactioﬁ

~ pressure the pack density was greater if a series of on—off

pressurization cycles was'used.. Secondly, the pack density
reached a constant value after about 5 minutes for continuous

preasurization, and after 5 cycles for cyclic préssurization. The

~ higher density resulting from cyclic pressure application has been

attributed to the release of trapped air dﬁring pressureAletdown.
The 1osé of air permits a denser packing on the next |
pressurization step. | |
Figure 4-5 illustrates thé depehdence of Athabascé oil sand»
pellet density on the applied pressure and the packing‘strétegy.
The corfeSponding data fér a reconstituted oil sand containing 20%

hexadecane ‘in bitumen are presSented in Figurg 4-6. 1t has been

calculated that the maximum density of the Athabasca oil sand is

2.05 g/cm3, In arriving at this upper “bound it was assumed that

the oll sand contaiﬁbd no artificial porosity. TFor reconstituted

0il sand containing 20%Z hexadecane in bitumen, the calculated

maximum density is 2.04 g/cm3. Comparing Figures 4-5 and 4-6 it

, 1a noted-that for a given'pressure and packing strategy, the

L

density is the same for both types of oil sand. This is a result
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of:the decision to maintain the volyme "distribution of the

- Athabasca oil sand in the recongtituted oil sand.

As the applied pressure increases, part of the pack densit}
increase is a resui£ of crushing of the sand grains. As seen in
Figure 4-7, as the amount of compaction pressure increases, the
prgportion!of smaller pprticles sizes in the sample increases. A
given mass of sand Can'bewcompééfed into ayéﬁalier overall volume
if the' particle size distribution is broadened. However, this is

~ an undesirable consequence becauge the surface properties of the
. S

sand grains may be altered. Another negative feature of <incrensed
preséhre.applicatioh is that . above a certain level, ‘water and

bitumen are squeezed out of the pellet. This change in the liquid.?*

- saturations within the 0il sand was avoided. o

-+,

" Further def&nitiqn of the packing procedure resulted frqm'a

..25*} fractional factorial design pérférmedton the yvariables in

+

.. _Table 4-9. The secoqdiand‘thifd columns list the upper and lower

values respectively of each of the variabieé._ Athabasca oil sand

was used in these experiments. . The significant: main effects were

*

" found to be: the apﬁlied pressure, the;sand'ﬁ%éé and the number
of cycles. - Detaiié of;tﬁe.desigﬁ analysis aﬁpear in Appendix 3.

As a result of these studies; the packing procedure adopted

i .
- .
n

was as follows:: . b .
(a) To minimize sahd grain crUShiﬁg and iiduid expulsion, the
-applied pressure was kept te a minimum,

(b) Pressure cycling was used. The same pack density can be

4
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Table 4~9. Range of pack density design variables.

“ Variable : Upper level Lower level
Pressure, MPa 35.1 26,6
0il sand mass, g 60. - ‘-AO.
Pressurization

duration, s 10. 3.

Pressure release . '
‘duration, s .10, 5.

Number of cycles 30 ; v 15
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. \‘ \ .
achieved at a lower pressure using cycling as opposed to continual

'

application,

(c) The apﬁI;ed pressure was adjusted so that from 10 to 20
. cytlea were requiréd to achieve the desired &ensity. With this
number of éycles,,the final dqns;ty was gpproached;gradually.' The
slow increase in density minimized the severity of any density
gradient which may have been present. The number of cycles was
not excessively large to keep the time involved in packing a
sample short. |

The oll sand samples were compacted right in the displacement
cell to reduce the tendency for- slip flow to occur at’ the wall,
~ The packing was performgd a:h;;om temperature -and the packed cell
.. was heated to‘Aisplacemfat anditons._ The following Céiculation
indicates that the thermal -expansion w£ichloccurred during heating
worked tao negate eny tenden;y fg;_sliﬁ.

The linear coefficient of thermal expansion for steel is
3.7x10-6 oc-1 (88). The volumetric coefficient for solids can be
estimated to be three times the linear coefficlent, hence for
steel it is 1,1x10-3 oc-1, For“quaftz theriinear céefficient is
5.7:&0‘7“0(2‘1 (88);”;nd the volumetric cééfficient woitld therefore
be 1.7110:6'6C-1. The volumetric expansion of 20% hexadecane in
bitumen is estimated from the data.in Figure 4-3, Comparing the
densities at 23 and 54°C an average ‘coefficient of volumetric
thermal expansion over that temperature range 1s calculated to be
6f93x10~4 oc-1, The coeffiéient for water at 250C is 2.57x10-%
°c-1 (90). Using the data in Table 476, a weighted average

volumetric thermal'expansion coefficient for the oil sand can be
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estimated as follows:

—

Average = O.66(1.7x10;6) + 0.27(6.93x10“4) + 0.07(2.S7xlé£b}‘

= 2.06x10-% oc-l

Compared to the value_of 1.1x10-5 oc-1 for steel, it is
observed that the oil sand expands more than the displacement
~cell. Therefore, heating will tend to favour the maintenance of

close contact between the cell wall and the oil sand pellet.
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. 4.5 Low temperature experiments

4,5.1 Opefational.vafiables

Paraﬁeters ex;e:nal to'the sand were examined to determine the
senéit;vity of the diSplaceﬁent.procésS to each of Eﬁe selected
variables. A 25-1 fractional‘fa;torial design of the parameters_
in-Table 4-10 was performed; These have been termed operational
variables because they pertain to parameters which are external to

. the sand itself. .

The temperature at which“the digplacement experiments were
conducted was included because the viscosity of the oil pﬁase is a
strong function of temperature. The mﬁss of-an oii sand sample
Qas selecged to‘determine if recovery was affected by cﬁanges -
related to ghe size of the packed bed. The flowrate can influence
rec;very through the viscous force exerted as the displacing phase
progresses through the pofous medium. By varying the numbeni&f
pofe volumes pumped through the pellet, a meaguré of the

N ; M .

‘\tumﬁigzggggg\of the displacement'process can by obtained. ‘These
experiments(&ere to be condu;ted until ;esiduél oil satufation (or
ultimate recovery) conditions were approachéd. The naturé of the
displacing phase was investigated to.observe the effect exerﬁed on
recovery brought about by the reaction between caustic gnd acidic
components in the oll sand. .

‘The composition of thé reconstituted oil sand was the samé in
all_16 experiments. It was composed of 84% by weight sand, 3.4%

distilled water and 12,62 bituminous phase, The clean sand was

“heated at 3009C overnight prior to reconstitution, “the bituminous

AR ]
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Table 4-10, Range of opérational variables.

e

.Variable " Lower level _ “Upper level
.. Temperature, OC - : 30 ’ 60
Sand mass, g S 40 . 60
Water flowrate, cm3/h - 123 288
Pore volumes pumped _5 . 3 15
Displacing phase water . 0.1 M NaOH
“p
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phage cohtained‘ZOZ by weight hexadecane in bitumen. ‘The pack

density was constant at 2,00 g/cm3 throughout.h

The sole significant ‘variable at the 95% confidence level was’ '

the nature of the disp1acing phase. Chang?s to the other'”
variablés within their test limits, did néﬁ exert a éignificant'
effecé on the obs;rved reESVery.‘zFurthef deta;is of”tﬁe :
calculations are presented‘in Abpendix bhoo

Duringjthe cougée of experiméﬁtation there wefe‘two
differences (other than redpvery efficiency) béfwéen tests done

with caustic and those with water as the displacing phase. In

some of the tests done with caustic, a pressure drop of the order - .

‘of 1000 kPa was measured across the pellet.  In contrast, when
‘water was used, the;gréséure drop wés éf.thé order of 100 kPa.
The second difference was that the produced aqueousfphasé was dark
brown and cloud;.after caustic displacement and colourless and
.clear afté: water displgsimenzj/rThié ihdicates that the N;OH
solubilized and/or susﬁendéd species present in the oil sand. The
phenomena of qolouration and high pressure drop may be related.
The material.dispersed in the aqueous phase during'alkaline
flooding may have created blockages in some of the flow channels
‘therebf causing the 1arge pressure drop, -

The‘negligiblg effect of temperafufe‘is interesting. Over the

temperature range employed, the viscosity of 20% hexadecane iﬁ;.

bitumen changes by neariy an order of magnitude, as notéd\in\

, | i
Figure 4-2. Hence the displacement efficiency is not sensitive to

fluctuations of this size in the oll viscosity.

The absence of a significant effect due to the number of pore

~

Tl
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" of an effect for caustic displacement is indicative of a
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X,

to

volumes pumped has an important consequence, Since recovery is

A
the same whethler 5 or 15 pore volumes are pumped, it is reasonable

“fo conclude that residual oill saturation conditions are closely

‘1
approached after 5 pore volumes. Attainment of ultimate recovery

. conditipns was desired because it eliminated the difficulties

_inherent in trying to compare transient effects. -

*+

The range of flowrate test conditions was extended by

periorming tests at O and 20 cm3/h. In the no flow case, the
caustic was admittéd, the heaters turned on, the system left to

[

achieve thermal steady-state arid then shut off. The results of
thege éxperiments.’combingd with the averaged data points at i23‘
and 288 cm3/h from the operatiﬁnal design; are’shown in Figure
448.‘_At zero flow about 12% récovgry still occurs. This may‘
result-from‘ﬁisplacément by: imbibitian, ;hermai expansion or
cross-pellet élowhduring the filling of.the Ceil. Tt is noted

that above 20 cm3/h, flowrate can by varied by an order of

-

magnitude without altering the recovery effectiveness.

- -

An opératibnal variable studied.independently was the oil sand
' v

pack density. The effect which this variable had on recovery is

illustrated in Figure 4-9, Recovery with water ‘was strongly

affected,-while recovery with caustic was largely indepéndent of
the pack density; The behaviour of the water recovery experiments

was very similar to the corresponding results-obtained with

-

Athabasca oil sand at 2509C, presented in Figure 4-1. The absence

N

~ ]

mechanistic:diﬁference in its method of displacement. -With

caustic, the displacement ﬁroceés is-chemically controlled, as

v
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opposed to water displacement which is more. physically controlled.’
The chemical reactions between the ceustic and the oll. @and
produces an effect which is dominant over the physical effects ofis
changes to the pore sizZes and liquid saturations. Ia water
dlsplacement this chemical factor is not present and changes to

the physical properties of the oil sand pellet do influence

v‘
recovery,

-

Comparison of the data et low and high temperatures reveals

some Similarities. The recoveries by caustic and ﬁater, and the

difference between the two are numerically similar. Also, he

1nfluence whitch pack den81ty exerted on recovery .by water was the

.\?L oy

same at both temperatures. These paralf“i trends pr0v1de -an
P

element of. verification that the low temperature model is

representative of'the high temperature process.

4.5.2 Compositional variables

A 27-3 fractional fectorial design was performed on six

variaples related to the intefnal composition of the-oil sand.,
'

The variables and- their upper and 1ower 11mits are listed in Table
1 :
4-11, The d1;p1&c1ng phase composition was the other variable.

The operatlng conditions forg a dlsplacementltest were selected

~based on the resuits of the previous'factofial degign. : The

b . T L ..
conditions listed in Table 4-12 were used throughout this set of

experiments.,

The sand drying'tempersture waa_selected because after heating

at 3000C thefsand.was'water—wet ad*detected by the imbibition of
. . ) " ' 4 K

"watet, whereas after drying at' 250C the sand was still .

s ' . 4
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Table 4-1F. Range of compositional variables.’

Upper level

Variable o Lower level
Sand drying temperature, ©C 25
Sand size distributién entire
Added kaolinite, wtZ 0
Hexadecane dilutibn, wtd 10
Connate water content, wt%. 1.0 "
NaCl in connate water, M 0

Displacing phase water

300
-80+200 meéh
3
20
3.4
0.1

0.1 M NaOH
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Table 4—12. Opéraﬁing conditions. -

Variable ©  Value
_ Temperatﬁre,_oc T -
Sand mass, g 40
* Flowrate, cm3/h 204
) Eo;ze ;'olum_é”é pumped _ 10

4
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toluene-wet, This chsnge in surface characteristics of the sand

could have been a factor influencingAthe displacement process.

E Controlling the sand size distriﬁution and specific eddition of
kaolinice were intended to alcer.the geometry and pore size
distribution within the oil sand pellet. The hexadecane dilu%don
factor was included co Lscercain the effect on recovery of this
modification to ther{;uninous phase; therelwere potential
chendcsl and viscosicy effects involved. The connate aquebus
phase is hynothesized to reside between the bicumen‘and ssnd‘

.surfaces and thereby occupies an important position in the 611

. sand during displacement. .For.this resson; the water content and

A

composition were varied
| .

A complication was encountered in these experiments due to the
differences in clay content and sand size dlstrlbutlon from sample
to sample. It was not possible to phy31cally recreste the -same
inerganic matrix in each experiment. The sand -grain size !
distribution was a variable, therefore it was not ‘desirable to . |
inflict differing levels of crushing during packing. The |
procedure adopted was to use the same packing pressure andithé
same number of cycles In all experiments. The result wéé that the - #
oil sand pack density varied from experiment to experimenc. As
previously observed, pack density does influence recovery for.
water displacement, hence the complicat;on._ The problem was
"eddressed by normslizing the recovery results to constant density. . =
The normalization procedure was applied ss follows:

(a) For a displacing phase of caustic no adjustmenc was made.

(b) For water displacement, the observed recovery was adjusted

—
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by applying a multiplicatioh factor obtaired Eromikhe data in

Figure 4-9. o
é;ﬁggg_galculaggd.' In dne,

. - \
Three sets of parameter estimate

-~

f i
were normalized to a r ente densify of 2.00 g/cm3. In the
- - -
third, the recoveries were nor to a density of 2.10 g/cg3.
The normalization procedure was done at points to ensure that

the results were not dependent upon the selection of the reference

density. In all three cases the results are the same, The
significant variables at the 95 confidence level are the nature

of the displacing phase and the water saturation. Details of the

calculations’ are presented in AppendixﬂS.

An interesting outcome of this design is that the oil phase

, viscosity was varied by nearly an order of magnitude yet this was

not translated into a significant effect on recovery. This

- corroborates the observation that temperature had no“significant

effect in the operational factorial design. The oil to water

viscosity ratio must necessarily influence the recovery processf
\ " -
Hoyﬁger,-within the range encountered in this work, it appears
‘ ¢ .

"thak the viscosity mustgchange by more than an order of magnitude

to exert a'significant effect on the recovery.

~
-

4,5,3 Alteration of sand surface characteristics
The results of the compositional design indicate that the '
rétovery was noc affected by the initial wettabiliéy state of the

sand grains. However, at.temperatures above 300°C in the presence

~ of air the sand undergoes further changes, as signalled by a
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ﬁ;ogression'to a 1ighher colour. The results of experiments -

. performed using oil sand samples reconstituted frém clean sands’

heated at temperatures ranging from 25 to 7759C_are presented in

Table 4-13. The most significant features-to be withdrawn from

this data come from examination of the difference parameter. The

difference parameter is defined as the recovery by caustic minus

 the recovery by water. It is noted that the difference increased

up to 400°C and then decreased to zero by 650°C. Therefore, the

recoveries with caustic and water became equivalent if the oil
sand was 'reconstituted from a sand which had been exposed to
’ 4

temperatures of 650°C or higher. This is very noteworthy because

the reconstituted oil sand still contained bitumen, hence -acidic

- species would have been present, yet their reaction with caustic

did not enhanée its recovery effectiveness coﬁpared to water
alone, At high temperatu;es, in agr;‘it‘is believed that heavy
organic speciés (humic material) on the sand are oxidized and
femoved. Apparently, these species are partially responsible for
the &ﬁ;;emental~recovery evidenced with caﬁstic compared to water,
A'sgco;q‘pretreatment method was to cbﬁtact the sand with 0.1
M NaOH;‘ The sand was shaken with caustic,‘the extract deéanted,
the sand washed with distilled water until the supernatant was
neutral and then the sample dried. Samples of sand which.had been
heated at 300 and 7759C were subjected to this-preconditioning
step aﬁd were then uéed to reconstitute batches of oil sand. 1In
all of these é%périments the oil saéd'coﬁﬁositioﬁ‘was: _B4.0Z by
weight sand, 3.42 distilled water and 12.6Z of a mixturé of 20%

hexadecane in bitumen, ;
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Table 4-13. Effect of sand drying temperature on recoveries with -\\

caustic and distilled water.

+

Temperature, Recove[lrwithu Recovery with ﬂEEiEBE
. caustic, % water, % ‘difference, z

25 ' 55.8 46 | 9.2

. 90 L 56,7 45.3 ' 11.4

200 45,7 © 33,0,28.6,31.9 14.5

300 . 58.5 435 15.0 ’

500  51.6,50.5,46.2 28.6 20.8

500 46.5 36.5 - - '10.0

650 . 50.1 o 50.9 \ - 0.8

775 45.2,39.2,39.8  43.9,43.2,44.0 -2,3

_— ‘ 2

A



_the humic¢ matter will have been removed, but more importantly,
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When the 3000C-processed sand was mixed with caustic, the
supernatant became reddish-brown and cloudy. It was evident that
portions of the sand were reactiﬁg with the caustic and thus were

solubilized or suspended. The effect on reco#ery as a fuﬁction of

the number of extraction steps employed is shown in Figufe 4-10,

It is observed thdt the initial preconditioning.steps served
increase the.recoveries by both caustic and water. After 3 aud 4
extraction stages, the recoveries by caustic and -water and the

difference between them were all decreasing. ese Lrends are

rationalized as follows. After 1 or 2 extraction steps, somenpof

some reémains on the sand in a surface active state. When this
preconditiﬁned sand is used to reconstitute an oil sand and
displacemenﬁ tests pefformed, the }etoverieé with caustic and
water are both enhanced due té'the‘presence.of thege surfactantg.
After 3 or 4 gxtractionsi the extent of humic acid removal is so
large that there is no 1onger:sufficient material to ﬁrovide the
samé reduétion in interfacial forces. As a result, the recovefy
efficiencies of both causéic and water-decrease, and the relative
superiority of caustic is diminished. .

- The same extraction procedure applied to 775°C;proce55ed sénd

produced markedlj different behaviour.  The superngzﬁﬁf\{emained -

- ) . N
clear and colourless, indicating that no reactions occurred. The

displacement results using this precontacted sand are showﬁgin
Table 4-14. It is noted that prior contact with.caustic.did

nothing to alter the recoveries with either caustic or water,

]

These observations fucther support the view that sand heated to
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heated to 775°C._

Sand pretreafment

conditions
Heated at 7759C
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with water,lz

1
w

‘Table 4-14. Effect of NaOH extraction on sand previously

Recovery

with NaOH, %

43,9,43,2,44.0 39.2,45.2,40.6
© 44,3 39.4
4 - N Ii"
]
Cidiad "

A
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775°C o lqnger contains species which can react with oaustic to

improve its recovery effectiveness.

This hypothesis was tested by adding quantitative amounts of
huliic material to 775°C—proceeeed sand ‘prior to reconstitution.
’ ¥ ,'- - . .- o

The humic material was obtained by caustic extraction of a sand

dried at 300°C, followed bf'acidification.of the extfact and
. drying the precipitate, This yielded;concentrated samples of the”

. - - o -
humic material in solid form. Addition of this humic matter was

-

an_attempt te reintroduce some reectiv ty to caustic intoqthe

' 77SOC;processed sand, - The recovery data in Figure 4 11 are for

v “

oil wands composed.of* 84 0% by weight sand plus- humic matter,

N

.3 AZ’distilled water and 12, 6% of  a mixture "of 20% hexadecane in

A . T

»

bitumen. It is noted that the introduction of the humic material -

-~

did-nestore some caustic reactivity as evidenced by'the

lncremental recoveries btained with caustic compared to water,

sample of the 775°C-proceesed sand plus 0. 34% humic material was’

ggain subjected to heating at 775°C overnlght. The aim was to see
if the heating denatured the humic material which has been

gpecifically added., In Figure 4-11, for a humic content of 0.34%,

L

the recoveties with caustic and water were 52.5 and 42.2%
. . E N ! S

5 . : .
respectively, When thg sand plus humic matter were;reashed prior

to Teconstitution, the corresponding recoveries were 41.2 and

-

+ 42.7%Zy Therefpre, the extreme heating reestablished a condition

in which caustic and water displaceqent were equivalent. Since

- the sand had'elready been heated to.7750C, the change must hafe

been due to the removal of the humic material., This provides

T

additional substantiation for the claim that the humlic material in )

~

-
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.the oil sénd.ié.partiélly rééponsiﬁle for the greater

effectiveness™éf caustic displatement. -,

4.5.4 Influence of connate water compositien . - _ A

. -

* "The displacing'préSSure cohéeﬁt presented by Takamura and Chow
« .

(42) Haﬁ been successfully applied to intefpret behaviour obseryed.

L a
uging the crumble test. An effort was made to extend the concept

to permit prediction of the efficiency of diﬁpiacement from packed

W PP ¥,
Ay o N

' - L A A
" ,beds of oil said.. In pringiple, factors which promote attraction

- v . .
‘ between the bitumén and safid surfaces would be expdcted to lead to

¥

lower recovery efficiency than factors gpiéh'promoge separationwofy

P 4 L] N ) : *
the two surfaces. 5 ' Cow

The applicability of this concept was tested by drading '

digectly on the data of Takamura and Chow, ‘and tﬂ%reby making the
: . &

followitg, implicit assumptions: N '
(a) The zeta’potentials of the hexadecéﬁe—bitumen_mixture used

in this work were similar to thoée obtained using bitumen glone in
¥ ’
™ thefcited work. * .
. *+
P .
(ﬁv‘yhe sand surfaces in the two cases possegsed the same zeta
‘P&tenﬁﬁ;alsi . ' e
ot S . AV ~ *

On this basis, a solution of 0.1 M NaCl should havé promoted
¢ .
. repulsion of the bitumen and sand ‘surfaces and a solution of 0.0l

" T . ’
5 M CaCl2 in 0.006 M NaOH should have promotgd attraction. These

»

LS

x

LY

vll

A . 5 \_/-”'/

-solutions were used'to represent the connate water during

=)

reconstitution of oil sand samgles. Ex%eriments were conducted at ' -

+ r
two saturation levels. *A water content of 3.4% by weight was

*

selected to be consistent wiEp the bulk of the previous work. The



: thosehin tests 1,5,6 and 1%:

P T Y .

I . Y « L
3

other value, 0.7%, was aelec;ed for a'specific-reason. The -
surface area of the tlean sand was measured to be 1,16 mz/g.ﬁ The
thlckness of the water layer around each grain is much less than
. gt e

the. grain dlaAeter hence it.is, assumed that-the water" film can be
.regarded as planar. If all of the water is evenl;‘elstributed
‘dver the sand‘eurfaceé its thlckness would be 7.2 nm when the {~
conpate. water content is O 7% Thls is the .maximum thickness
whlch a unlform water layerrcould have._ Since some oﬁ the water
will reside in pendular riqgs the thicknesa of the water layec

would be less than:7.2 om, It is for'smallhwater“layer

| thicknesses that the disjoining pressure becomes most significant.

Therefore a water content of 0.7% was selected to ensure that the

N -

£ilm thicknéss is in the région where disjoining pressure is 'most
sensitive. Table 4-15 liats thé watef'layer thickness for other
water contents calculated using the sameé assumptlons.;

4

- The dlsblacement results appear in Table 4-16., Comparing

~tests 1,5, 6 and 12 it is seen that the ionic eomposrttbﬁ of the

\toﬁ\ate water exerted no infllience én the efflciency of water'
dlsplacement. To covercome the possibllity that the connate water

-

was being diluted by the dlsplac1ng dlstllled water, the
L - . ’ :

displaging phase was modified to be of the same composition as the -

o

' connate water. The recovery in test 7 was essentially the same as

~ * L >

When the connate water content was reduced to 0.7%, the

1 T

displacement efficiences decreased ma?kedly. Recoveried for 3.4%

. N - .
water were’ about 40%Z whereas recoveries for 0.7% connate water
* -

-

“were about 10%. Impoftantl}, the recoveries at low water content
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Table 4-15.. Relationship between connate water content and

adsorbed water layer ,thickness assiiining that all of the

.
water resides in & uniform planar film, .
. Water Water layer \ -
content, wt % -thickness, nm
0.2 2.1 ' . « .-
0.4 4,1
0.6 6.2 ‘
©o0.7 ] 7.2 -
. N oo 4
0.8 8,2 -
- > i
1.0 10.3 e cem
’ Sae oy
2.0 . - ©20.5 ~ v~ ~ A
3.4 . 34,9 .
3 ‘ . " N P [y " 'kf:
- ", 'ﬁ‘ - ’ -
i T . .
v . v
) ) Y.
‘ ) - ~ 1w ™
. ‘—l'\_ " )
- 3 . -
]
- & .
" - ~ e i
( XN — U .
-t . B
. N ) y o
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Table 4-16, Effect of ‘connate water composition and saturation X

on recovery,

A
.-

Recovery, %

>
Test ™ Water ‘Water .Displacing’
.. Composition content, wtl . liquid
1 water 3.4 water -
2 " - » . NaOH .
3* o T 0.7 " water -
e L " " NaOH
5 Ca/NaOH 3.4 water
6 " * 1 ; 1
." t
. T - " Ca/NaOH
~ 8 " 0.7 "
"9 . " * L water
! P -~ -
10 "w - - n P "
Ly : = = hd .
. 11 " n . NaOH .
. 12 = N%\Cl' 3 water
13 T ~ 0 n
v 14 " ‘ T om . NaOH
4 A ‘ ) i .
- ¥ ipterpolated from Fig. 4-12
- . o~ A
- Ca/NaOH = O."Oll"'lﬂ,CaCl2 in 0.006M NaOH
" 7 NaQH = 0.1M NaOH .
. NaCl= 0.1M NaGl/ o ‘ . .
: . "k | A )
. .
- TVwy ;' .
'y _ . - - 4
- . .

.
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were independent of the water composition., Connate water phases : i,
- of distilled water, 0.1 M NaCl and 0.01 M CaCl2 all behgved Y o
similarly. According to the disjoining pressure model;these -

. . - am a ., —
= ‘aqueous phases’ were expected to beHave differently. Possible
‘ b —
. .reasons for the absence”of an effect arel
- : N '_‘ ey
' (d) The displacement'procéss is dynamic whereas the crumble

»
»

. test is static. The vistous forces applied by the flow-df rhe
\ 5 B L)
displacing phase may override the influence of the disjoin%ng

el e -~

’ .
pressure, _ -

: (B) The. zeta potential data published by Takamura and Chow may ™

not be directiy appiicable to the present.system, 3 3

\ " - ' T

e

I8 ~ - - T
* (¢)+The presence of salts in the clean sand used in w n o
- - . i N R , R

] -

- reconstitution may have had a dominant’ influence in-governing the

.

A P R4
connate water composition., During Dean Stark extraction the water
¢ is distilled over, but previously, dissolved salts remain behind, = .
T, [ ' . ! . . -
probably in the sand. Reintroduction of water to the sand would . e g
. " N o "
. ¢ 1 - - :
i solubilize them again. Whethér the native or the specifically B
- _ . r . 3 . ~ ’ - . :
! added salts predominates depends on their relative concentrations; -
. . .
- . - . o= =
, an unknown in this case. * —_— p—

- 2 SR SO T
(d) The differences may have been masked by the experimental .
) “
i B uncertainty of the tests. " " T ™
. : £

=,

The net result is.that the*addiﬁipn of salts to the connate

—
water did not exert a significant effect on the recovery. For

. -~ T
convenience, distilled water alone was used to represent the

~ -
connate water in spbsequeht experiments, However, water

[ 11
" %

saturation was observed to strongly influence.the recovery

process.
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% 4,5.5 Influence'gﬁﬂconnate water saturation
T, T a .« - _

- : Additional experimentation was,performed to explore the

»~ ) A1t gL

~ an

" ™

for the variablé water volume,

The,conStrannt placed wgon' " they

- - %
in:ii?hce‘ﬁf“the connatd water saturatiqn on recovery. Differing
nts oﬁvdi§tilled Qnter were added during reconstitution, - The

amount of 0il’ phase introduced was always ad justed to compensate

- - _ . 'reconstltutlon procedure was to*mainta ﬁ&a constant total volume

-

- C of%connate water and oil. The result ‘are reported in

e
the weight per ceit of water added.
&

descrlblng thexvarlsble water content ar e*presént\ﬂ in Tablevh 17

. -

MSam:p.les of'b11~sand?conta;nfng veétiable wan

by -rr

e et LR

terms of
vy WYy

ther equivalent unitswfor'

coﬁtent Eere

reconstltuted and dlsplaced w1th“0 1 M NaOH and dlstilled water,

' 4 -, .

tn
BOUOC aré presented in F1gure1&‘12 " A paraklel series

o} F

e
s

A,l:'

As hefere¢~tﬂe ;nib&al

-y Y
un77560-pr10r~te recenstitution.
conterit was varied and.the effect on recovery obsgrved.
LS " ﬂt&‘c - -

b < 7= results ape showWn in Flgure 4213,

- -

+The phen?mena obse:(ed .in Figures 4-12 and
[\ v -

.
ToT e o

oz : i
Ay

e

+ -t

b » disjoining pressure improvéd the recaxery efficiency.
~four recovery Aurves will be discussed individually.,

- it

In Figtre 4-12 the water recovery at zero initial

o,
content was very low.

4-13 can be :

- explalnad quite well using the digjoining pressure concept.

Sy

The resultgtfor oil sand’contalnlng sani prgylously heated to '

el
of,
. F'

[

experiments’ was performed using saad which had been heatéd to

™

water.
The

e

o,
P

Tn

Each of the

Yoo

water

-y

in direct contact and thus a highly actractive force would have

existed between the two surfaces.

existence of an adsq;hsd water layer in Canadian oil sand is

e

I has been reported that the

s

. . e L. . e X .
. this discussion 4t is assumed ~thatcondi®ions which increased the

In this situation the bitumen and sand were

u-

g

]

.

i
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Table 4-17. Equivalent descriptions of the relative water and
oil contents for an oil phase of 202 hexadecane in bitucen and an

RN
0il sand pack density of 2.00 g/cm3,

T

Wnter, Water . 0il 0il

wt T sat.uratioh, X - saturation, % wt T
0. 0. 90.5 15.8 k-
1.0 5.5 | 85.0 14.9
2.0 . 10.9 . 79.6 13.9
3.4 18.6 71.9 12.6
5.6 30.6 59.9 o105
7.8 42.6 . 47.9 8.4
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Figure 4-12, Recovery in samples containing 300°C-processed sand

and variable initial water contents.
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primarily responsible for its relative ease of processability“
compared to oil sands which do not possess such a film (Ai).
Therefore, the high éttractive force between the bitumen aﬁd sand
(large,.negative disjoining pressure) resulted in very low
recoveries using water.  The addition of 1% connate water did not
improve the recovery_behaviour so presumably the thickﬁess of the
resulting adsbrbed wapef layer was not sufficient to significantly
reduce the attracgive force between the two surfaces. At 3.4%
connate uaéer, the recovery efficiency had increased dramatically.
The behaviour caﬁ’be explained if it is assumed tﬁat some of the
additignal water resided in the adsorbed layer. As the thickness
of the layer increases the disjoinigg pressure eventually
‘apprpaches‘zero because of the distance between the bitumen and
sand surfaces (42). An increase iﬁ the disjoining pressure to-
near zero would explain why the recovery‘jumped so sharply.
Further increases in the connate water content did not change the
recovery. The disjoining pressure was already near zero so
further water addition did not provide any beneficial effect,
The behaviour for caustic recovery in Figure 4-12 is quite

different. At zero water content the caustic recovery was much
‘higher than the corresponding water recovery. This was due to the
caustic induced reactions which occurred. The caustic reacted
with acidic species in the 0il and with the humic acids on the
sand, The accumulation of the‘resulting surfactanﬁ; at the
bitumen-sand interface served to lower the attractive force, or
increased the disjoining pressure. Simultaneously, the production

of surfactants in the porous gedium would lower the capillary
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forces which in turn would improve the disﬁiacement efficlency.
The end effect was that.cauétic recovery was ;ubstantial even in
the absence of connate water. The recovery with caustic was
iargely.indépendent of the connate water céptent and thus also
indgﬁeﬁdent of the adsorbed wateqtlayer thickness. ThiS'suggest
that tﬁe caustic recovery process was controlled by the generation
of surfaétants rather than by the proximity of the~bitumen and
sand surfaces., ]

The behaviour of the water\recovery data in Figure 4—13 was
gimilar to thét presen&ed in Figure 4-12. The only notable
qeviation occurred at 7.8% connate water. The recovery efficiducy
was much higher when the oil sand was composed of sand containing
humié material. This may have been due to the difference in sand
wettability brought about by the removal of the humic material,
Additiﬁnal work would be required to ascertain the‘preferred
wettability state and to determine why its influence on recovery'
became evidént;only at high water contents,

The recovery with caustic in Figure 4f13 ig quite different
from that in Figure 4-12, 1In the oil sand which did not contain
humic material the caustic recovery decreased with increasing
water content. - This implies that the products of caustic reaction
with humic material were responsible for the corresponding higher "tha,

_ recoveries evidenced in Figure 4-12. It is interesting to compare
the features of Figures 4-12 and 4-13 at 3.4% connate waﬁerf In
the former case, caustlc recovery was significantly higher than
water recovery, while in the latter case the two recoveries were

equivalent, This was unexpected because in both cases the oil

~
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. .
. phase contained potentially surfaéé.activeﬂppecies which would".‘,-.
lead éo a prediction of better performance with caustic than with
wate%. That this did not occur demonstrates that the oil-water -
interfacial tenesion alone is not always a reliable predictor of
recovery behaviour. As depitted in*these two sets of data, the
observed recovery is a function of the sand charactefistics and.
the water content 'as well,

Tt should be pointed out that the behaviour of the %resent
system behaved differently from the one described by Takamura and
Chow (42). In the cited work, it is reported that an équeous
phase of pﬁ 13 led to very slow disintegration of an oil sand
pellet using the crumble tést, This was supqgﬁted by calculapioné

- which.showed that the disjoining pressure peaked at‘aboﬁt pH 12
and by pH 13 the maximum disjoining *pressure was near zero. In
the present work, however, it was observed that a displacing phase
of 0.1 M NaOH (ﬁH 13} produced the highesf recovery, for at least
one set of operating conditions. This is shown in Figure 4-14.
The oil sand composition in these experiments was:z 84% by weight
of 300°C-processed gand, 3.47 distilled water and 12,67 of a
mixture of éOi hexadecane in bitumen. Therefore, for the S -
conditions encountefed in this research it is believed that a
displacing phase of pH 13 was near optimal,

One of the implicit assumptions made in the preceding
discussion was that the adsorbed water layer thickness increased

" as the connate water content 1ncreésed. This conjecture is

speculative but it is believed to be reasonable, at least at low

water saturations. At higher saturations the water layer.
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thickness may reach a plateau levkl with further water being
distributed throughout the porous medium rather than around the
éand surfaces. ﬁhether,this occurs 1s not crucial becausé the
disjéining pressure function is most sensitive at low water layer
thicknesses.

Sipce the initial oil content of. these samples was varied,
there are several ways of representing the recovery data, For
example, suppose the percentage recovery is constant for all yater
(and. 0il) contents. As the oil content decreaées, the absolute
amount. of oll produced Aecreasesf' Therefore, the greatest mass of
0il would be produced when zero water i1s initially.present. An
alternative frame of refeéence is to compare the residual oil
saturations. For constant percentage recovery, the residual oil
saturation decreases as the initial oil content decreases. This
method ofhrepresentation is depicted in Figure 4-15 using the same
data which generated'Figure 4-12, Although the curve shapes are
different, the same general features appear. There is a large
difference in residual oil saturations resulting from caustic and

- *
water displacement at low connate water contents. The difference
y

becomes mich less pronounced at higher water contents. Also, the
residual oil sat;ratidn decreases sharply between 1 and 3.4% water °
for water displacement. TFor caustic displacement, the residual

© 0il saturation decreases more uniformly. Therefore, regardless of
the mode of presentation, the significant features which require
explanation remain the same., In the subsequent discussion dealing

with systems of variable liquid saturations the data is presented

in terms of ‘percentage recovery only.
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.4.5.6 Influence of bitumen fractions

Comparison of the.bitumens in Table 3-1 indicates that the

ot

Jmaterial used in this study is very similar to the pAthers and

A

oA

The only marked deviation is an iron coq{ent several\ times higher

than in the others. This may be due to the fact thgi e bitumen

v

was originally contained in a steel drum and iron may have been

leached into the oil.
. \.-
As detailed in the experimental section, the separation
sequence was to first separate the bitumen into its asphaltene and

5

maltene fractions|, and then to further fractionate the maltenes
. ‘ Y nT

using liquid chromatography. The asphaléene comprisesrébout 15%
by weight of the bitumeﬁ. The maltene fractionation was not
conducted quantitatively. Using the data of Payzant et al. (46),
Athabasca maltene tgp%cally contains 707 hydrocarbons and 307%
polar material. The elemental analyses of thé separated fractions
are shown in Table 4-18. It is noted that the asphaltene and
polar fractions contain the highest propopgion of hetercatoms.
This was expected because there is usually a concentration of
heteroatoms in the heavier fractions of any oil. The heteroatom
content of the hydrocarbon fractioﬁ is lower, indicative-of a
relative absence of polar functional groups.

The density and viscosity measurements in Table 4-19 again
confirm predictable trepds., Maltene is lighter than bitumen due
to the removal of the very heavy asphaltenes, Maltené splits into

)\\g :



ﬁTable 4-18. Elemental analysis of bitﬁmen and 4its. fractions.
[ o N ' t., °

s+ in weight percentages.

Sample

~

.
Bituﬁeh
Asphalteﬁe“
Maltene
Hydrocarﬁon

. -=— Polar

-

[o]
|

MO

|=

0.44
0.66

0.36

0.25

0.64

'

=]
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lower dehsity hydrocarbon and higher density polar fractions. The rey
viscosity data reflect che same_ changes._ The asﬂ content of the ' . Qay
i v ¥ \.'\‘ \ }h‘_n;. 0..*‘
aaphaltene accounts for nearly all of the ash in the bitumen, “Kw%ﬁ
thérefore, the other fractions were essentialfy ash—free. 3
Oil sand batches were reconstituted uging these fractions.. . o
o . ! - - =TT
. The oyjective was to assess the influence on recovery,of the | )
. w Y . 3 . . § ’ “ B -- 'I-"i;,:._ Y
.various chemicalffgnctionalitiés.“'The resitlts. presented in TgPle " "
. - ’ . N ' iy,
4-20 contain several interesting featﬂres. The wemoval of the
‘ v PV . e
S . N .~
asphaltenes caused opposite effects in cdustic and water . 5 {
displacément. Caustic recovery was greater in an oil sand A N
va = o
containing taltene than for an oil phase composed of 20%
- e
hexadecane tn bitumen, The reverse occurred_for water e
= ’ ‘ \ ' . -
displacement. - Réconciliation of these opposing trends requires - o
' v N T », - ’ b -“;,5‘.3
that tHe coincidental removal of asphaltenes and also hexadecan® * .
be considered, _ S ' =
\‘ o \ . - LY
For caustic displacements thevasﬁhaltene.fraction does nothing-
l b -t
to enfiance the interfacial activity of the bitumen (as will be
seen in Section 4.9). Therefore its removal‘does not impair the =

generation of surfactants which facilitate the displacement

b ¢ ) b ‘:" e

Jprocess. Pexadecane is inert to ¢austié hence its presence serves m‘
to dilnte‘the’concentration of reactive species in 'the bitumen. ;
Since there was no hexadecane im the maltene, the higner e
incremental recovecy observed with the maltene-containing oil sand ) oy

13 attributed to a higher concentration of reactive species in the

oil, Provided the oil-caustic interface was not presiously .

.

Y "

aaturated, the generation of a higher concentration of surfactants

should further lower the interfacial forces and thus increase
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Tabl® 4-202 Influence of organic phase composition on recovery
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Recovery
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Recovery Difference, 1

with water, Z

A M, ' .- S ‘
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system containing the hexadecane diluted bitumen than in one

144

recovery.
: [

For water displaéement. the lower concentration of polar
species in the hexadecane-bitumen mixture due to dilution
decreases the strength of the interaction between the sand_and
bitumgp surfaces.. Therefore, the capillary forces aré lower for a
composed of maltene. This results in the recovery observed with
water being lower in the oil sand comprised of maltene:

Addiéional polar material was added to the maltene with the
aim of enhancing the reactivity and surface activity of the
maltene. The results show tliat the caustic recovery of this
combined cil was the sam¢® as for ;n o1l phase of maltene‘aloné.
This is attributed to oneibf two factors:

{a) The concentration of polar material neceséary to enhance
recovery may reach a éaturation level with further addition ﬁéving

no incremental effect.

(b) Simple remixing of the maltenes and polars does not

:guarantee that the molecular species in each will exhibit the same

chemical properties that tiiey possessed in the orig‘ al bitumen.
Therefore even if the poténtially surface active species are in

the polar fraction they maj be in an orientation which renders

them inactive.

For a sample of 0il -sand containing only the hydrocarbon phase

the recoveries with caustic and water are the same. This occurs

becauge” of the\abéence of polar functional groups in the

hydrécarbon fraékion. It is these gglar groups which are

responsible for thé\(giifi?n beEEgéh caustic and bitumen,

S
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The hydrocarbon fraction was doped with 2 and 10Z by weight of
the polar fraction in an at;empt to reintroduce some reactivity
into the oil. The results show that recoveries were not affected.
This may-have been due to one of the following factors:

(8) There may be a threshhold concentration of polar material
required before displacement by caustic will be significantly
greater than displacement by water, |

(b) The simple recombination of polar and hydrocarbon
subfractions does not gﬁgrantee that the chemical functionality of
the mixture will be {éstored. Tt is possible that duking the
separation process, the chemical or physical properties of the
molecules were altéred and upon remixing these changes may not be
.reversible. If not, then the proﬁerties of the recombined oil

could be quite different from those of the parent material.
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4,6 Flow parameters

The flow parameters for a typical low temperature displacement
experiment are calculated in Appendix 6. The representative oil
sand upon which these calculations are based was composed of: 847

by-weight sand, 3.4% distilled water and 12.6% of a mixture of 20%
. ’ ¥
hexadecane in bitumen. An oil sand pellet density of 2.00 g/cm3

e

was assigned.

An upper limiting Reynolds number was calculated to be 0.003G.
ALl of the.displﬁcement expe;iments had Reynolds numbers less than
or equal to this, hence all of the tests were in the seepage
velocity domain as defined in Section 2.7.

It is calculated that the pressure drop across a loaded

'displa ement cell occurred primarily across the oil sand pellet,
The glass beajs at either end contributed negligibly to the
overall pressurér‘rop.

The effective permeabﬁlfty to water during water displacement
hﬁ?agﬁ&g:gz?ined to be 3.86x10~10 cm? during the initial stages of
an experiment, and 1.93x10710 cn? towards the latter stages. The
saturation conditioné at the start and end of an experiment Qere
known, hence the relative permeabilities to waﬁer could be
estimated. At the initial saturation conditions, the relative
permeability to water was 0.0188 and at the finél conditions it
was 0.176. On this basis, the absolute permeabilities were
estimated to be 2.05x1078 and 1.10x102 cm? at the beginning and |

* end of an experiment respectively.

Therefore, as an experiment progressed, both the effective
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permeabilit! to water and the absolute permeaQiiity dgcreased.
This has béen attributed to the movement of fines in the porous .
medium which tended to block some of the flow paths, Duriné
caustic displacement experiments, the preksure drop was, in some

cases, an order of magnitude higher than in the water displacement

.experiments, Since all of the other parameters in Equation 2.7-5

, were the same, this difference must have been due to a decrease in

the oil sand permeability. This is reascnable because during
caustic flooding the aqueous phase became clouded and coloured .

indicating that the migration of fine or colloldal material was

intensified.
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4.7 Wettability considerations

The wettability state of a porous mediim strongly influences
the displgcement process. Howéver; quantitative determination of
the wettability indicator, contact angle, within a porous medium
is difficult if not'impossible.. A number of qualitative M
experiments were performed to estimate the wettability 3
characteristics of extractéd saqd and oil sand. |

After toluene extraction ofnbitumen and wgtg{<‘the clean sana.
was in a toluene-wet state. This was evidenced by tﬁe observation
that toluene imbibed into this sand whereas water balled‘on top.
When clean sand was heated to 300°C, the sand imbibed water, hence
a reversal to a water—wet state had occurred. This has been
agtributed to the volatilization of traces of toluene adsorbed on
the sand surface. Further heating to.775°C changéd the humic
content of the sand, but the wettability siate was not noticeably
affected.

A semi-quantitative verification of the change from water
non-wet to water—wet during heating was obtained by placing three
microscope slides in the Dean Stark extraction apparatus, and
conducting a toluene reflux. Afterwards, the slides were dried at
90, 200 and 3009C overnight respectively. A water droplet placed
on the slide dfied at 909C exhibited a contact angle of about 459,
On the slide dried at 200°C, the angle decreased to about 30°, and
on the slide dried at 300°C, the water droplet spread to form a

film thus the contact angle was near 0°, It is likely that a

parallel trend occurred in the extracted sand due to its chemical

[}
It
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similarity to glass. o

The presence of caustic in the aqueous solution did not change
the wet;ability behaviour of the sanq markedly, Sqnd heated to
300°C.aﬁd.alkaline solution came into intimg}e-contact veiy
£apid1y, as'detected by the immediate colourétion of thelAQueous

phase, However, sand dried at QSOC was not easily wetted by"
: y

caustic, Even after several days of contact, the alkaline

-
5

soluticn was only faintly coloured.

fhﬁ presence of caustic did'influence the relative affinities
towards glass of the aqueous phase and a mixture of 20% hexadecane
in bitumen. The organic mixture was placed on top of distilied
water in a test tube and the tube ;ilted'back and forth. When a
'ﬁportion of the tube which had been in contact with water was~
contacted by o0il, the oil remained on the glass in preference to

P .

the water. However, when alkaline aqueous solution was used, the
0il surface advanced and receded as the tube was tilted. This
indicated that caustic was able to wet the glass in preference to
the organic phﬁse. An explanation of this behaviour is that the
polar species in the bitumen interacted so stfongly with the
silica that water could not dislodge the oil. In contrast,
caustic reacted with these ‘polar species to produce surfactants
which;?pwered the oil-solid interfacial tension sufficiently that
causticﬁbecahé.the preferential wetting agent. -

Water was also piaced in contact with compacted gamples of oil
sand;- Droplets of water positioned either above ;r below a

compacted sample of mined Athabasca oil sand exhibited initial

contact angles of about 900, but after a few minutes the drops

"l;r
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disappeared into the pellet. The same behaviour was observed in
reconstituted oil sand pellets containing diluted bitumen. The
high initial contact angle was probably due to the inability of

t
water to wet the organic phase. The subsequent imbibition

indicates one of two things. Either the water was able to contact
a water-wettable surface or the overall system energetics were

better with water, rather than air, occupying the artificial

porosity in the pellet.
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4.8 Charécterization of ﬁumic material
Several approaches were taken to characterize the humic
material. Initially, whole samples of clean sands were submitted
for analysis. The results of elemental analyses of three sands
heated to different temperatures are shown #n Tablé 4-21, Two of
the sands had carbon contents of about 0.1% which is near the
detection limit of the apparatus; Samples were also examined
using Fourier transform infrared (FTIR) spectroscopy and 4§
petrograghic techniques. The principal feature of the TFTIR
spectrumgzx the sand dried at 25°C was a ggries of peaks in the
3600 to 3700 cm~l region. These are attributed to OH stretching
ithin kaolinite present in the séﬁd. The sands heatgd to 200 and
- 400°C exhibited much weaker'OH'stretching indicating that thermal
dehydration of the kaolinite had occurred. The lack of organic
peaks means that the organic content of ﬁhese sands was less, than
about 17 (91). Pgtrographic aﬁalysis 09 the darker portions of
the sand which had been dried %E 259C ;;vealed the presence of
lignitic sﬁecies; this-substaﬁ;iated the findings of étrausz and
Montgomery (34). A sample heated to 400°C contained no such
~ structures. Combined mass, spectroscopy and gas cﬁromatography was
unable to detect organic species. This %mplies that any organic
species on the sand were composed of more than about 40 carbon
jatoms and thus were too heavy-to be volatilized at the
temperatures‘attainable with the instrument,
To better characterize the humic material a concentrated

sample was obtained by the method described in Section 4.5.3. The

\
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'Table 4-21. Weight percentages of ‘sarbon, hydrogen and nitrogen in

whole sands heated to different temperatures,

Temperature,©C

c : N
90 0.08 0.01, 0.05
200 ' 0.09 0.0l 0.05 Ve
400 0.00 0.01" 0.10

“x
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elemental analysis of this cancentrated matefial ié shown in Table
4-22. From}this data it can be éaid conclusively that organic
material was on_ GhE‘E' n sand and it was extracted by caustic.
Polar organlcféuncfional groupg and waters of hydration probably
accounted for the oxygen content of the sample.
Thermogravimetric analyses of the concentrated material was

.EA —_——

conducted and the results-shown in Figure 4-16. The sample was
observed to lose about 25% of its welght upon heating to 1000°C i;
the presence of oxygen. Almost all of this weight loss occdrred
between 300 and S500°C. When the analysis was conducted in
nitrogen the overall weight loss was the same, but the shape of
the curve was different. In thé nitrogen atmosphere, the major
weight loss occurred over a wider range of temperatures,

Fourier transform infrared spectra 6f this concentrated
material and a sample of concentrated material ashed at 7759C were
obtained. The spectra appear in Figure 4-17. The unashed sample

. iy

' exhiﬁited a set of peaks at 1600 to 1700 cm~!. This is indicative
of carbonyl groups or doubly bonded carbon. The other noteworthy
peaks were at 3600 to 3700 cm“l, the same OH stretching peaks
which had been 0?ff:ﬁgd/ﬁgiﬁgxaggiiizfnd. In the ashed sample,
these two sets of peaks at 1600 to $Z00 and 3600 to 3700 em~1
disappeared. This is attrfbuted to oxidationdof the carbonaceous
material and thermal dehydration of the kaolinite respectively.

The basic extract obtained by shaking 300°C-processed sand and
caustic was analyzed for heavier elements using‘inductively
coupled argon plasma. The principal constituents of the solutian

and their relative abundances are shown in Table 4-23.
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L

Table 4-22, Elemental analysis of material.

extracted from clean sand, dried at 3000C, using

NaOH. .
. | | |
~ZElement . Egigﬁé?i\;“” Atomic ratio

= . Lo carbon
Carbon - ] .7.39.h-. 1.00
Hydrogen '_ | . L.47 T 2.397
Nitrogen T 0.37 0042
Oxygen 10.19 - 1.03

: 0.023

Sulfur 0.45
-~
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Table 4-23. Elemental analysis by inductively coupled

plasma of materidl extracted by 0.1M NaOH.from clean sand
L o ¥ . ;

3N

heated to 3000C.

Element Element:silicon Elemént:silicon

mass ratio . atomic ratio

Si N B o Joooo T

Al 04756 0.787

Fe 0.140 -~ 0,070 -
T 0.046 ° 0.027 >
Ca 0.113 ' 0.079 >
Mg | . 0.064 0.074 |

K - 0.122 _ 0.088

S . 0.63 0.557

'S | 0.005 0.003

g
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SEanning electron microscopy wes used to examine samples of
whole sand dried et 25 and 77506: and samples of concentrated
humic material dried at 110 and 775°C., The yhele sand dried at
25°C is shown at two magnifications in Figure 4-18. In the lower |
magnification photo;it is ndted that most of the particles are tn
the 60 to 100 mi&gl; range; but two large particles are evident.

The one in the foreground, particularly, appears to be an

aggregate of smaller particles. The large patticle in the central:
part of the photo is shown at K{gher magnification in the second

photn. - From this picture it is seen that its surface is very

rough.

In Figure 4-19 therpébject is the'sample_of whole sand which
had been heated to TVSQC._ From the low mdghifieaddon photo it is
noted that the particles are 511 of approximately the same‘size.
There is no eyidence of the aggregates cbserved in the previous

¥
“photo. Thé magnified shot of one 6f the particles shows these

sand grains to be very’ smooth“‘>

The scanning electron photom1crobraphs of samples of humlc

material thCn had been heated to 110 and 775°C are shown in
Flgures 4- 0 and 4-21 respectlvely. These samples appear to be

-

very similar.

- The principel concludfén drawn from this work is that the
whole sand dr1ed at 259C contained aggregates bound together by a
material whlch imparted a high degree of surface roughness to the
particles. After the sand was heated to 775°C these aggregates
‘*were not present 1naicati-n5 thatd}he biading agent wag removed or
at least rendered inoperativn by the exposnre to high temperature.

-

et : '



159

‘Figufe 4-18, Scanning electron photomicrographs of sand

previously heated t6.25°C.. h

L
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Figure 4-19, Scanning electron photomicrbgraphs of sand

previously heated to 775°C.
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Figure 4-20, Scanning electron photomicrographs of humic material

previously heated 'to 110°C,
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Figure 4-21, Scanning electron photomicrographs of humic material

previously heated to 775°C.



e et

This binding aéeaﬁ is belieted to be the humic material and
affiliated clay partihle;. Similar behaviour was observed
elsewhere during the experimenta&_work. After.performing a Dean
Stark analysis of a swept oil sand pellet, the cleaned sand
remained in its cylindrical form in some cases and in others‘the
sand was entirely disaggreé;ted. A strong correlation was present
between the final state of the sand and the temperature at which
it had been heated prior to reconstitution. When pretreated at
low temperatures the sand tended to hold its shape while sands
heated at high temperatures tended to disaggregate. This, ¢
phenomenon can also be explained by the bindigg agent mechanism
just.outlingd. B N '

Sections of'phe samples which were used for scanning electron
micréécopy were mounted for g-ray analysis és ;ell. Fach analysis
revealed two types of information. First, the relative ahﬁndances
of elements of atomic number greater fhan about 10 were .
determined. Secondly, the relativelabundance of lighter elements
sugh~ds carbon aqg/éxygen could be inferred from the detected

e .

~—
count frequeni:;J/erelatively high count frequency meant that the

surfaég\hqeer Servation was clean. That is, very little
' I '

_interfering or diluting material, such as organic matter was on

the surface. Contrarily, a relatively low count frequency implied
that the surface contained appreciable amounts of interfering
material.. The combined results are shown in Table 4-24.

Comparison of the data in Tables 4-23 and 4-24 show that for the

-most part the same elements were detected in the caustic extract

o+

using- inductively coupled plasma and x-ray analysis. However, the
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Table 4-24, X-ray analysis data.

)ﬂ
Sample Atomic ratio to silicon Count
Si v Al Fe - K | frequency, g‘l
Whole sand, 259C ° )
aggregate 1. *0.,171  0.077 —- 25
Whole sand, 259C
single grain . © 0,034 —— -— 300.
. _ P
L.\
Whole sand, 7750C 1, 0.005 --—-  —— 450
Humic material, ) ;
1100C * 1. 0.319 0.0s4 0.b71 [ 70
Humic material,
7750C ** 1. 0.321 0.033 0.085 200

/

* glso traces of S, Ti \_*E

** also traces of Sb, V, Cu, Ti
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.
, .
relative abundances as measured by the two techniques vary

considerably. . . . -

The following trends are evident from the x-ray data:

(a) In wﬂole sand dried at 259C, the large agg;egated lump of
%and po;sessed higher iron and aluminum contents than the discrete
sand grains. Tn addition, the count frequency was much lower for
the aggregate thaq.for the single particle. This infers that the
aggregate contdined é higher concentration of material on its
surface which was undetectable bylihe techhique. -These two
observatioqs support the conjecture that humi® material was on the
sand surface and was responsible for the coﬁesiv; force which kept
cluster intact. The corresponding high iron and aluminum
contlents support the findings of Kotlyar et al. (35) that the

material is attached fo clay via an iron complex linkage.

b) The whole sand heated_to 775°C.contained no measurable
amount of iron, low aluminugbé ntent and the count frequency was
high. \Therefore, tﬁe humic material and affiliated inorganic
species Qere not on the sand surface. This supperts the
hypotﬁesis that the humic acid is removed at high temperatures.
There was not much difference between the sand heated to 775°C and
the individual sand grain in the sample heated to only 25°C., 1t
appears that even in the sand dried at 25°C, gsome of the particles
were devoid of humic material, Obviously, the iron and aluminun
detected on the aggregate in ﬁhe 259C-processed sand were not
volatilized during heating to 775°C, Rather it is supposed that
when the humic material was removed, the associated minerals

collapsed into very fine particles which were not observed in
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these analyses.

(c) The samples of humic material show high concentrations of
aluminum, irom, titanium, potassium and lesser amounts of
suifur,antimony, vanadium and copper. The high aluminum content
is indicative of the high concentration of clay in the samples.
Except for aluminum and iron, the listed elements were not
identified in other samples. The analyses of the samples heated
at 110 and 775°C were very similar. The distinguishing parameter
igs the count frequenc}. The sample héated at 1109C had a low
freqpency presumably due to the presence of carbonaceous material
on the surface., The sample heated to 775°C had a much higher
count frequency because the carbonaceous material had been burned

off. :

On the basis of the foregoing, the following hypothesis has
been formulated. In untreated Athabasca o0il sand, there are
segmentg which are rich in humic material and kaolinite. The
organic components are not solubilized by toluene and remain in
the clean sand after Dean Stark extraction. This humic matter
reacts with caustiﬁ/to produce surfactants which improve the
recovery efficieﬂéy. Upon extreme heating the organic material is
removed from éhe sand. This reduces the reéctivity of the sand
matrix to caustic and leads to a decrease in the efficiency of

P

caustic displacement felative to water displacement.
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4.9 Interfacial tension measurements

[

The interfacial tension data obtained between 0.1 M NaOH and
20Z2 hexadecane in bitumen at temperatures from 25 to 759C are
shown in Figure 4-22, Comparison of these curves reveal the

following trends:

. (a) At‘higher temperatures, the minimum interfacial tensicn

occurs faster.

(b) At higher temperatures, the system exhibits low
interfacial tensions for a shorter peried of time. ‘

(?) The magnitude of the minimum interfacial tension i$§
essentially unaffected by the temperature.

It has to be remembered that the water to oii ratio in a
spinning drop measurement is many times larger than the
coyreéponding ratio within the porous medium. Therefore, the
transient effects of interfacial tension observed in the spinning
drop will occur much slower in the oil sand during displacement.
The more important aspect of these experiments is that the
magnitude of the minimum interfacial tension is not a strong
function of temperéture over the range studied.

Interfacial ﬁension measurements were made between maltene and
Eh'éaheous phase of 0.1 M NaOH containing variable amounts of
éuspended and extracted humic material. The results are presented
in Figﬁre 4-23, It is seen that the interfacial tension decreased
as the amount of humic material in the aqueous phase increased.
This demonstrates that the humic material on the sand did indeed ~
interact with alkaline solution in a mannér which may account for

the incremental recovery observed with caustic 1in comparison to

s
J
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Figure 4-22, Time and temperature dependence of intejgacial
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Y
water. The ﬁechanism is basically the same as the oné proposed
for reaction of caustic with acidic¢ species in the oil., 1In both
cases it is hyﬁothesized that the caustic reacts to produce
suffactantsaat the interface. These surfactants , lower the
capillary forces within the poroﬁs medium thus facilitating more
‘effective displécement.

When NaCl was present in the aqueous phase, the transient
interfacial tegsion effeéts were accelerated. During spinning,
the droplet elongated and contraéted'muéh faster than when
salt-free aqueous phases were used, In some instances, the

.minimum interfacial tension waz attained before the initial drop
width measurement could be completed. '

Interfacial tension measurements were also performed using the

bitumen fractions. The aqueous phase was O,IAM NaCH. The results
are 1isted in Table 4-25. In some cases; the oil d id gt
elongate at all, indicative of a higﬁ interfacial tension. This
situation was denoted as an interfacial tension >1. Comﬁaring the
first two sets of data itlisinoted that the removal of the
agsphaltenes does not alter the interfacial tension. Although the
agphaltene fraction is'compos;d ogzpolar entities, its removal
does not impair the reactivity of the bitumen towards caustic.

»r
Similar behaviour of crude and deasphalted heavy oil have been

reported elsewhere (92). _ T

The interfacial tension between caustic and'the hydrocarbon
fraction was very high. This correlates with the observed'
equivalence of caustic and water recoveries from an oil sand

contaiding the hydrocarbon phase. There are no reactive species



.

171

Table 4-25, Minimum igterfacial tensions vs. O;IM NaOH at 25¢C,

0il 0il density _ Interfacial

g/cm3 tension, mN/m

207 hexadecane

80X bitumen 0.948 -0.0320
maltene 0.973 0.0331; 0.0449
hydrocarbon 0.955 ">l
7% polar
93% toluene +'0.876 ol N
58% polar _
42% toluene 0.950 : >1
T }
37% polar
40% hydrocarbon . . :
‘23%toluene 0.956 ‘ >1
47% polar T

51% hydrocarbon™

2% toluene o 0+983 >1
N N ﬁ?
4% asphaltene
967 toluene 0.879 o 3!
. 207 asphaltene ¢ .
80% toluene 0.927 . © o.100 @
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present in the oil, so caustic and water become equally‘effective

displacement agents.
None of the o0il mixtures containing the pelar fraction

exhibited low interfacial tensions. This explains why the

addition of polar material to the maltene and hydrocarbon

fractions did not enhgnce the effectiveness of caustic
displacement. Again, the explanation for this may be due to a

‘ \
problem with simple recombination of fractions to try to recreate
the conditions which existed in the parent material,
Alternatively, it may be that the ?nterfacialiy active fraction‘of

the maltene remained on the chromatographic column during the

separation sequence. ‘This could also account for the fact that

~maltene exhibits a low interfacfal tension against caustic,

. o . - o
whereas neither of 1tsk$fact10ns do.

A

—-—
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4,10 Other organic phases

The influence which the organic phase exerted on recovery was
‘studied by substituting for the hexadecane-bitumen mixture.
Castor oil and paraffin oil were used to reconstitute oil sand and

experiments parallel té those represented in Figures 4-12 and 4-13

were performed. Properties of these two oils are listed in Table

4-26,} Castor oil was selected because it is a viscous oil which

Al

-contains acidic components, as evidenced hy its acid number of

|

0.89." Its comparatively low interfacial tension against caustic
indicates that these acidic g}oups.reaciigtfo produce surfactants.
! _ , QUPS |

e
N .

Therefore, the behaviocur of castor oil was similar to

-
- .

_hexadecane-bitumen in this rega:d.qﬂThé_ééraffin oi{.was selected

_because.of“its lack of reactive acidic.comporents, -

LY

As before, oil sand bqtchqé were reébhgtitugéﬂ*using sands
which had been previausix heated to 300 or 775°C. The plots of

) : - .8 .
recovery versus ipitial connaté water saturation are shown in

- ¢ - v o>

Figure 4-24 for an orgaqic*pﬁésﬁ of castof” 0il apd in Figure 4-25 .

- .\ ' s,
r LS e soh

LY

for paraffin oil.:
The behavidur:of the oil sands-cogtaining castor 6il follow

many of the same trends-as were exhibited in oil sands contdining

- - ' . .F';
hexadecane-bitumen. "Alkaline recovery started out much higher
) ‘ - . .5
than water recovery: -Again this'iscattributed to-the reactions
which occurred to produce surfactants. As the initial water .
~ -, oyt

content increased, the recovery with thep rode rapidly while

- -t -~ .
caustic recovery changed only slightly. A a result, caustic and

A -

water recoveries became equivalent at certain water saturations

i P
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Table 4-26., Properties of castor and paraffin oils.

ey

Para%fin oil

Pfopertg Casto? oil
Viscosity (20°C), cp 986
Density (250C), cp 0.961
Acid number, mg KOH/g 0.89

Minimum interfacial

1

tension vs. 0.1 M NaQH, mN/m 0.170 .

T,
H

6l

0:870 .

= <0.01

1

&
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Figure 4-24, Recoveries from oil sands reconstituted with castor

0il: sand pretreated at 300°C (—) and 7759C (—-).
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Figure 4-25, Recoveries from 7}l/san&s~reconstituted with

paraffin oil:

sand pretreated/at 300°C (—) and 775°C (—).

N R
¥
~. \ -
3'\" A Nw L \\ N
- \\\“‘,‘.‘ \‘\\\P
“-‘I \\ \\-...‘ "w\-
.}H el \\\ “h‘\\
) o T
1'\\ \\ ‘U
ay B « \\
;.ﬁ-..‘ \\\\
\"I‘ . S -
TJ :
¥ 3f; -
20.0 O = Caustic Displacement
O = Water Displacement .
h
¥
10.0 - ) ) (Al _
: o
_;J
0.0 T T T
0.0 20 4.0 6.0 8.0
. : Fiiad
Wt % Water in 0Oil Sand »



177

&ﬁalin fact water appeared to be superior to caustic as a
displacement agent in some cases,

The results obtained using the paraffin oil as the organic
phas;:ﬂin Figu;e 4-25, contain two fe?tures of note, First, at
zero initial Qater content the recovery using caustic was much
better than that using water for the oil sand containing

3009C-processed sand. Recalling that this oil contained no acidic

\]
.y
e

groups, this result suggests #hat the interaction between caustic
and humic material on the sand was responsible for its Incremental

recovery. Secondly, when the o0il sand was composed of sand heated

to 775°Cﬂ the recoveries with caustic and water became equivalent -

N
for all water saturations. In this case, neithe; the sand nor the
ki
0il contained reactive acidic groups hence caustic was no more
. g T T .
effective than water as a‘dlsplac1ﬁ§ liquid.
2
These results confirmed earlier obsegyations and explanations.
The displacement process is a function of the surface
characteristics of the -sand, the connate water content and the

nature of the organic phase. Furthermore, interactions between -

these thrge variables have been observed. The influence exerted

by any one of them depends on the conditions prevailing in the 4

other two. =

-,
a1

S

"y
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4.11 Dean Stark analytical method

The most significant deviation of the present Dean Stark
procedure from the cone developed at the Alberte Research Council
(85), is the evatoration of toluene from the oil at room
temperature rather than at 90°C. The motivation for this change
was a concern that at 90°C, the volatility of the oil
(partﬂtulac&y components other than bitumen) could give rise t%

k)
significant amounts of the oil being evaporated with the“toluene,
xS

thus distorting the recovery data. x

The rates of evaporation of tovhene, bltumeq and hexadecane
.!’ £ ) ¥ b
are shown in Table -4—4, It is noted that the rate of evaporgtion
R

ol - ."‘

of hexadecane at room temperature is agproximately equal to that

of bitumén and both are abqﬁt four orders of magnltude lower ,than
- A 5

¥ P
rLhe rate of toluene evapora&iog; Therefore, the selective removal

X x )
of joluene was easy even a¥ room temperatures. The experlmental
‘f

method adopted was t ,record the“ﬁp1éht of'thg drylng pan and {ts
y 2
contents,until two succegsive weights obtained an hour apart.

agreed to within 1Z. This epsured that thgre bas nog a t

L

- ? = ? -
i o Fy

Lhe - : h '

w 3

significant amount of toluene remaxnigg in the saﬁﬁlefto influefice*

the SUbsequgnt calculation af the recover§;efficiency. ! =

Controlled teats;of thls method wePe conducted by plac1ng §
known %eights of hexadeEane and bltumen along ﬁlth toluene into
4 - -
the Dedn Stark apparatus and’reflux1ng the mixture for, three :

- -

. . LRI I3

‘hourg. Aftergards, the contents Of the glaek wérefemptied into ay

. iy,
.dryin§. pan and,thd evaporatloq.procedure fpllowed as outlined, In
. - 5 X - ” £ 2

' ~ L 3 P .
4 T2 ’ i 4., -
. [ 5 = so4 e r "y 2 -
2 . 1 N - - 4 1 A - * -
’ - R 4 oa 3
oy < Lo -
- . s -y : . & )
. ) -+
. 1 . Ty . .- cfoa N
v - &
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evapgfation g&re compounded, After drying to consistent weight it
¥ ' . v
was found that the agreement between the known initial weights and

FoSTy

the'ieasured f;i'ﬁ'al‘éwei,ghts vas within 2%, Further controlled
testing of just the room temperature evaporation stage was
performed using known weights of hexadecane and bitumen in.weight
ratios ranging from 10 to 30% hexadecane. In all cases, following
the established procedure, the initial and final weights agreed to

i
within 2%.

.

—

In some experimenEé the organic phase was composed of castor
or paraffin oils. The modified Dean Stark procedure was tested
using a known weight of castor oil and the agreement between T

initial and final weights was within IZ.‘iA controlled test was
£ ) -
not doife with paraffin oil becduse’ #t is basically a heavier
kS
. EY
analogue of héxadecane. Therefore, it has been concluded that -
- ’, '

following the analytical procedure described herein, it is
- - e

54 " possible to accurately measure the oil content of an oil sand A
. 1 i
- o
it

samplg%for all of the g¢rganic phases ¥pich were used,

. A controlled test was alsc done to determine if fine particles

£ Sl
. {
“* *in the sepd pagsged through the extraction thimble during reflux.
< .
Known yweights of kaolinite and sand were placed in an extraction

“¥ 3 v
K d T - ™ hd

’ thimblé and refluxgq. Afterwards the thimblei@as'}emoved*from the &'
o ‘?ppgratus and "thetoluert removed. The final ‘weight §gr§éd

L1 oE ‘efactf} with the initial weight hence none of the kaoli%;pg was ¥ T
carried over by the toluene or ‘passed tEfougb the“Rgres of the_t

" 5 : Wy
extraction thimble.

‘ . #
4 . . o o ‘ F N
The recovery reported in this research was' calculated by ."
3 ° a : : "
. "y,
N
measuring the amount of oil and the @mount of sand contaiped ‘in a « .
&) o ] T, . - f
—— R -
* - *
A " v ] - » Rl »
. ¥ ] ' Lo
";‘ H . N - O .
El ! B ! A ' = n .:!‘
' : ‘e ~ '{ 1'
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swept pellet. The final oll-sand weight ratio was compared to the

initial oil-sand weight ratio to calculate the recovery according

to the formula: - -

Recovery = [(Oil/sand)init - (oil/sand)gin] / (oil/sand)y,q¢

Comparing the oil to sand weight ratio provides a more
accurate estimate of the recovery than would be obtained bj
comparison of the masses of oil alone. Some of the oil sand gets
left on the walls of the displacement cell when the pellet is
dislodged. T1f it is assumed that the oil-sand ratio in this lost
sand is the same as in the pellet, the calculated recovery is not’
affected by these logses. However, if absolute masses of oil were
compared, then the o0il left behind while dislodging the pellet

-

would incorrectly appear in the calculation of recovery as
N :

}“displaced oil.
An overall oil mass balance was measured by comparing the ~
o
initial knbwn wedight Qg 5il in thé pellet and the sum-of the
w7 g FAE e .

- producéd and residual oil weights, after displacement. An overall

sand balance was measured by comparing the initial sand weight
0

o ir Yith the sum of the sangfwezéﬁt in ﬁhe‘?wept pellet pius the *k .
J;ight of sand leff in Epe'displacequg‘cell. The’overall oil
%y E )
e ,~ma§s ﬁglance*was 987 comfilete and$the §aﬁ; balance was-more -than- . -- -
99% éﬁmplete. Therefore, oil sand components were nét lost in -
(/’-u r sfgn;ficaﬁt a@oﬂnts duffhg'tﬁé experimentél ;Equencg,,.The higﬁ r
- oil béf%nce,ﬁrov;déq:tﬁe 1gﬁ£1€icatidn‘for qnalgzing the, reaidual -
tof . ol qu}eh& of é}pellét and caf@ulating;ih% recovery by f: “fg,-:, .
N sl f} *x y j LJ - u\. \ - . T y
N i ~ R CRS ’ ST "o
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4.12 Preservation of oil sand samples

!

The batch of oil sand received from the Alberta Research
Council Sample Bank was divided into 500 g packets and stored at
-18°C. At this temperature, the rates of water evaporation and
oil oxidation are very slow, and the oil sand characteristics

remain essentially constant for extended periods of time (89).

Al

The reconstituted oil sand samples were stored in capped;jnrs

at reoom temperature, A'change was noted in the recovery

-

performance of these oil sands if they were stored for long
periods. Table 4-27 shows the recovery data for an 0il sand

comprised of: 84Z by weight 300°é—processed sand, 3.4% distilled
water and 12.6% of a mixture of 20% hexadecane in bitumen., Tt is

seen that after storing for 32 days the recovery was much lower *

than it had been in experiments performed when the oil sand was
fresher. This difference is attributed to a lowering of the water
saturation within the oil sand. When stored for long periods of
time, significant amounts of water may be evaporated from the oil

sand. A similar trend was observed in Figure 4-12, At~ low . '

». connate water satidrations, the reecovery with a displacing phase of
25 -

water was relgti;élf-low.

Y
-

Therefore, if samples of reconstituted oil sand are to be

- ey

_.saved for ldﬁger term use, additional precautions would have to be

taken. The batches could be stored at lqwer temperatures or the
.

- da

containers <ould be hermetically rsealed to prevént the escébe of

- -
.y - .

water “vapour. The problem was avoided in this-work by using only

*

- e

frashly prepared oil sand samples.~ | -

> ~
.-

(=

-
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Table 4-27. Influence of storage time, after reconstitution, on

the efficiency of displacement by water.

Storage time, days Recovery, %
4 | s
5 54.9, 54.6
6 o ses
32 , 11.3
46 2.1
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5. CONCLUSIONS

The following conclusions have been formulated:

1. A rapid, reproducible elemental model test method has been
develcped for studying the displacement of bitumen from compacted
oil sand. The method shows promise as a screening procedure for
assessing the influence on recoverf, of changes to thei
displacement conditions.

2. A reconstitution procedure was developed which permitted
the formulation of specifically designed oil sand samples. The _
characteristics of each of the components comprising oil sand was
controlled, énd the resulting samples tested to observe the effect
of introduced changes, on the recovery efficiency. The test can
be used to assess the effect of very specific changes to the oil
sand composition,

3. The use of hexadecane diluent to lower the bitumen
viscosity introduced the ability to perform displacement
expérimeﬁts at near-ambient temperatures while retaining most of
the oil sand chemistry. The viscosity of mixed solutions can be
estimated to within 20% using the Cragoe correlation. The density
of hexadecane—bitumeghéombinations can be calculated to within
0.5% by assuming ideal mixing. |

4, As the oil sand pack density increased, the recovery by
water increased and the recovery by alkaline solution remained
constant. Thig,difference has been attrlbutéd to a
physically= unt}slled displacement mechanlsm for water compared to

a chemibélly-controlléd mechanism for caustié'solution. Therefore



~ humie dnterial bac" to stch a spnd. This behaviour is %§cribed to oF

“the initial presence of huaic materinl which was OxidiZQd”Bnd

185 - .

consideration must be given to controlling the o£1 sand pack
dennity, or accounting for its influence on the displacement
process,

9." The connate water 3nturntlon added during reconscitution
significantly anffected the recovery behaviour. Its influence was
more pronounced in water displncement'expcrimen;s. At low R e
saturations, the recovery by alkaline solution was much higher
than the recovery by water. As the saturation incrensed, the
recovery by water increased dramntiénlly, vhile the recovery by - :©
caustic remained largely unchanged. According to the .sjoining

pressure concept, the sand-bitumen interaction is strongest at low Wi 35
water saturations. This f[actor apparently influences water
Rl -

recovery, but is overcome by the chcmically—controlleé:caustic
displaceacnt proccss. ~Therefore, in the course of condugtlnﬁgj

‘diquuccncnt cxpcriments it is essential that the wvater saturation
L . rt 9

L - p oo
chnrnctcristxcs within the porous medium be known. o s

6. The recoveries resulting from dxsplacement by caustic and

- B ¥ L
2 .

wnter were o function of the temperature at which the cleanysandi~™
vae e

hnd been heated prior to reconstitution. For a connate water < ¢ -

A’-"z;l‘"
- it . . - =
content of 3.4% by~ucight, the difference between caustic and =% . . e

sty A-.-.

wnter. nccoverics increased up to it “pretreatment temperature of,

;,‘

400°C and then declincd _to zero by 650°C Although rec:owzrieé\\1 Tt

“ i

&
with nlknline solution and watér mere equivalcnt when the ¢tean
o "‘:’ ‘.,:. . 4 —,__"

sand had been heated to 7759C prior to reconstitution, the Y

e v ' -y
—:‘__ £

incremental rq&cvery due to caustic was restored by addition of™ . “

- Jl

1'

: L P -
A R —_
; . e
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. ..o removed upon extreme henting. The humic acid interacted with
et by

_.caustie~to lower the int¥rfacial forces in the oil sand thus
SO0T T 4itg? s :

L

rendering displacement by glkaline solution more efficient than

water displacement. After removal of the humic material, caustic

and water became cqually effective displacing phases. These

_Gﬁindings have important, consequences in modelling studies., ‘The

sand fractjgn of oil sand should not be regarded ns n mixture of
inorganic species, rather the presence of a surface layer of

bt . . - .
orgaric material and affiliated kaolinite should be incorporated

into the model desigp.
‘!

7. Analysis of thpe humic materihl detected high carbon and

3% . oxygen contents. The organic maserial was intimately'affiliated
(232 ' e . -
with kaolinite, possibly“through a metal complex “linkage.

.

3canning electron microscopy revealed that sands which had been

drieﬂ at 259C contained aggregates which were not present in sands
- h ) - o .
. heated to 7759C. From x-ray analysis. it appeared that the humic,

d3 . ol
and affiliated, material were responsible ﬁgr cementation of these
ot \ -t

wt
dfigregates, wleait
SN o ’
8. In samples of reconstituted oil sand conthining,only rthe
53 s
<" maltene fraction, an incremental recovery with caustic compared to
a < A

sl b OV

O P
s s S

- — - . + . «
water was observed. .The interfacial tension characteristies of

LU

D) ] - - A L .
«*~'caustic vs, maltene and caustic v§. ‘hexadecane-bitumen were o
N . B

- sl

s gimilar. Thu$ the removal of the asphaltenes ¢id not afftct the

— ~ o
gt
interfacial activity of the organic phase. None of the.recombined
n
EL g subfractinns of maltene exhibited low interfacial tensiens, thus
b . »
(L ’ad »

difficulties arise in attempting to recreate the parent materyal

- wt
- -~

by simple remixing of its constituents. .

EL H e

LY
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6. RECOMMENDATIONS

[ R

“oy

Based on the conclusions formulated in this work, the
following related topics are suggested.as possible future rgsearch
endeavourg: .

1. The research could be extended to reconstitution of
'samples as similar as possible to mined oil sand (i.e. unaltered
bitumgp'would be employed). Parallel experiments at high;

temperature would permit direct comparison of results obtained

using mined and recopnstituted oil sand samples having the same

r composition. To achieve satisfactory mixing during

reconstitutipd, the tumblingéwguld have to be performed at an
elevated temperature to lower the bitumen viscosity. Precautions

would thus have to be taken to preclude the evaporation of
L -

significant amounts of water under those conditions.

o 2. A scaled physical model could be developed to test the

¥ 4 X
findings of the present research. "Thé results from a scaled model
are more likely to be applicable in a reservoir situatidn than the

3 Ll .‘;'

results from an elemental*model. The results of the present work i~

would ideally. be incorporated into the &;sign of such a scaled

e f i e~ L

" model. . . ¢ - - ~

g

gl

24
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NOTATION -

empirical constant (Section 2)

Hamaker constant {(Appendix 1)

empirical constant

characteristic dimension of a perous medium
dielectric constant

electron charge

weight fraction

gravitational4constant

water layer thickng;éin

ab;olute permeability (Sectioh 2)

Boltzmann constant (Appendix 1) ¥
effective permeability te ith fluid
relative permeability to ith fluid
liquidity '

mass {Section 2.6)

mobility ratio (Section 2.7)
etpirical constant (Sectiaﬁ*ﬁ)
number of counterigns per unit volume (Appendix 1)
Bond number 7

capillary number

(subscript) pertaining tﬁ the oil phase

static pressure E : o
capilla;} pressure

combined static‘gnd gravitational pressure

linear velogit&ﬂ ol %

L ; o
radius

principal radius of curvature
Reynold's number
saturation )
temperature, °C -
absolute temperature
volumne frggtigP (Sectigg 2.6)

absolute voiﬁae {Section 2.7)

+ (subscript) pertaining to the aqueousephgse

-

3.
5
(4
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reduced surface potential

counterion valence

specific surface area

interfacial tension -
permittivity of the aqueous phase

permittivity of a vacuum

contact angle

Debye-Huckel reciprocal double layer gpicknEES
London wavelength
viscosity

kinematic viscosity
density

surface potential
porosity

density difference

del operator : oy

/
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APPENDIX 1:

[ -

Calculation pf disjoining pressure
+ R A L = .

s

o~
LY

The disjoining pressure is a composite of three interactions:

the electrical double layer forces, van der Waals attraction and

hydration forces.

very close approach and hence are ignored.

o

The hydfation forces only become sigﬁificnnt at

The talculation is

based on a model of a charged sand surch§ and a parallel charged

surface of bitumen,

with an aqueous coéhductor in bBetween them,

Since the bitumen and sand surfaces are both negatively charged,

the double 1ayer force is repulsive.

LY

<

thicknéss), h, is:

Pq(h) = Pp(h) + P4(h)

L .

- ’
- N PR

where P and P are the repu151ve and attractive pre55ures.

respectlvely ' Both are functions o

-

-

repulsive compenent is calculated from:

-+

LR

Pr(h)

-.Cy =

. e

..

nkT (Cl/CQ) -

ylz + y22 + 2y 92 coéh (xro (A1-3)

<t (Ak-b)

Cy = -

-

51nh (Kh) C

1

s
.

where n is

ZET
Boltzmann codstant and T is the absolute temperature.

LI |

The

éﬁsssrfpt 1 “refers to the bitumen and 2 refers to the sand.

[

reduced surface potential, y, is calculated from:

-

~
-._ur-\-—?.- - .

ink

il

the separatlon distance.

AR

The disjoining pressure as a

- » - -
function of the separation between the surfaces ¢(the water layer
-y

(Al_l\) e

i

i

number of counterions per unit’ volume,'k is the
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where 2 s the counterion valency, ¢ is the electron charge and”¢' )
" e

ts the surface potential. The surface potential has been
¢ TS 1.8
approximated by the zeta potential as measuredifTom

clectrophoretic mobilities. The ‘Bebye-luckel reciproculﬂdouﬁlc

layer thickness, K, is obtained from: G
| it 9 -
K¢wm 2ec~nz-/ ekT _ (Al-6)
~
. - a0+ o
where € is the permittivity of the aqueous ghase. It is
. -
caleulnted from: | \ ) ) e
' - i
€ EO - {(Al-7)
N . .
“where D ois the dielectric constant of water and 60 is the e
) ) ot ) .. v R o
peraittivity of o vacuum, .
, =
Equation Al-2, as written, is valid if constant charge density .
pE)

o
= is assumed. [f constant potential is assumed then the 2 yi ¥

u s
ters should be preceded by a negative sign., Determining th e
npproﬁrinte condition is largely a matter of trial-and-grror curve N
fitting of the data to both variations of the equation to see -
. ' et ¢
which performs better.
- ) . - - % - -
The attractive compconent is obtained from: * o * ol
o ‘;f’ o L . -
ot ‘ Y
Pa(h) = (~A /7}2 T hi)ecs (Al-8) .
. . L8

i



i R )
. . Lald " ) -
A

.f'll N 4

b

. %Y
where A is the Hamakef constant (approximated to be 10~20 J) and A

- A
A “
is the London wavelength (approximated to he 100 nm).
- PEETIN
o =
T - - -
Al -
P » .
- b
’ h ’
' At
e
in et
- — N
. r
a _:“s v
- "“- - I
W
P » -
e - [
. ' [
w —t N -
' .
B . 'l‘
. ~ " .
< S -
30 -
- N
. I
‘_—:g!‘i: vl
. - »' ‘:
Sl * t -~
. ~ £
o - o . " "
S rv.'.r !
o " s
iy , b —
1 ¢ | .
&, 2 e
& ‘ - ol Ry
+
- i
P
* e
i
DR ‘
L
e »
: A -
";éf“ o & ! "
.t . i
bk P s 1 N
ol
2Ll
- b F
— -~ "
& e
» T -
v " '
- . - 4 b .
oy ol T v -
[ e
> - 2 :
~ ' ) +
S - -
* {1 el
P P, o - ’
7 b
b A « o b
- ~
: .
-
S": »

il



-

APPENDIX 2: Dean Stark il sand analysis N

d - - -
Yo - e : . - -
f - i

- - - . N *

The Dean Stark anal}sis~is\a proceﬁure.%o? determiningthé

4 ~
yd -

R ’ - -V ¥ L
amounts of sand, aqueous phase and organic phase present -ir a . *
" b h

gi;eh sample of oil sand. The apparatus is represénted %n Figure

¥ ap

A2-1, It is comprised of a 1000 mlL round-bottomed flask, a still
head with a side—&rm water trap, a thimble support which is

suspended from the still head, a condenser, a heating mantle and a

’ e

variac to control the rate of heating., - A

-

The detailed procedure used in this Tesearch is as follows.
kt . .

-

r

hNhatmah 43 x 123 mm, single thickness, cellulose extraction
¥ Ay , .
thimbles are stored in an oven at 90°C. The reason being that

they are hygroscopic. 1If no precautions.are taken, .the amount of

absorbed water will vary 'depending upon ambient conditions, thus
0 . S

:
N

inttgducing an erratic source of error when weighing the empty
f&imple. To avoid this probleﬁ, ;hgcthimble is taken from the
oven and weighed immediately-to the neéregt‘B:OI 8. Tab1§”A2—1_
sho#ﬁ'that prolonged standing can lead to an apprg;iable welight
gain due to wateq‘Epsorptioﬁ. “The oil sand to be analyzed is
added to the thimble, quantitatively onlthhen an overall mass
balance is to be performed. In the course qf-analyzing most
displacement runs it was only the weights of the sand and oil
which were important so the oil sand weight initially was not
-needed, The thimble plus oil séhd is piaced in a wire basket

underneath a solvent distributor and the entire assembly suspended

from the still head. Approximately 300 mL of reagent grade

LI \
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J. .
toluene (Anachemia) is added to the flask and the connections

X o .
‘ ?etween the still head and the Tlgsk, and the side-arm and the "

condenser made. The exposed pﬁrt of the flask and the still head
- + R b
are wrapped with® fibréglass”tape insutation and the power turned

on. During reflux, the water in the,oil sand is azeotropically -

! - -

distilled with the tolyene. .Upon condepsafion tite heavier wgter

M - - N . - » S »

c¢ollects in the side-arm trgp while the lighter €§1uene refluxes” "
I

A A
back into the stillvhead. The bitumen (or the oil being analyzed)

is solubilized by the Loluene and collects in the stidl pot,. The

= ES -

.reflux is continued until the droplets of toluene faﬂling‘fpom-theﬁ

thiﬁble“assembly are ch?urless, indtcating ghat ail of the
i .

-,

L Y "o o PR -t Y- EUR Lo
2 to 3 hours. Once completed, the stopcock at the Bottdm ofvthe

'..- S A

gide-arm is opened. 1If the aggunt of water is to be measured, the
- - "
cofftents of_the trap.are .passed thrdugh Whatman 1 PS phase ’
- o
4
.

éeparatiqg filter paper« The Ebluene.passes"{hrodé

he paper
- » Pl b a

g - ¥ o ) - ¥ . - A
while the water is retaimed. Once all of the water shas been ,

- -

EN X 4 - v
, C011§%t8d and freed of toluene, it is poured into a tared bottle *

and #ighed., The stopcociris left open té permit-the distillation
. B T

" wh oo

of additional toluene until only 150 to 200 ml of solution remains

in the pot. At that time, the power is shut off, the insulation
- » . 4

A, R ' x I
. T

removed and the system left to™e

1 . v 2 +

= a . ) : ”: - j r
the pot are-quantitatively transferred to a tared aluminum pan.
P 4 - N

*

The thimble'pluélsand is placed in a vented oven.dvernight at 90°C ¢

-

to remove the toluene., :The toluene-oil mixture is placed #n a .,

fime hood with the door drawn down tsufficiently to generafe a,
: A

o ) . . e
moderate rate of air flow over the liquid surface. Thé next day,
P ) " l'-__ ! - ‘ : ‘. k- x * » o " ‘,. " o P .‘n- E
Y " . - v M . " , . . "

g

bitumen has been stripped from the sand. This nofmglly takes from ;.

-

- g 4 A [

ool, Once cooled, the contents of -
o
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AL
" "
r 4 P e T .
. 4 - - - ! LA »

fhe thimble is gkmoved Trom the oven and weighed imﬁedlately > It

is importafit to note that the initial thimble welghlﬁg procedure,
: “ ¥
and the grq;edure-foriweighing the thimble plus sand are” ;

ideptical thus minimizing any error attributable to differingt ;

¥

amounts of absgrbed water. The aluminum pan plus<extracted- dil 15

“wefghed‘to determine ‘thefweight of oil, ﬁkﬂh ofy these weighing
“F

-S;eps arg, repeated until successiye readingé tak%p aﬂ hour or mgre

afart pgree to within 1%Z." #This was nevera problem with &he
., thimble plus egnd, jt had always reaghed its completely rjed
. }A.ﬁ" ‘ :.- ..‘
.weight by the time the first megeurement was made. ‘With the .
-t ".

»

toluene~oil mixture however, it was sometlmes necessar{ to perform .
& A

EY

LOSEE A - - 3 1
- r

several *drying-weighing cycles to achieve the desired accurécy.
At the end, all of the componentd of the oii‘seﬁdqhave been
- .__-/ {

1ndependent1y welghed. " If a mass, balance is being performéd the

.

- A f\;— r
- Sum of the three.Weights can be compared to the initial he1ght of

0il sand to get a* measure of the prec1s%on of tﬁe method.

+ . - - X
] R L

Fa
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- APPENDIX 3: Factorial design of- pack dénsity variables
T . ¥ . -~ w
L ) b v . v @
“ . - ¥ L] v

. ;} - .
The coding technique was used so.that each of the variables in

b

+

Table A;9~ﬁad ! ﬁalue of +1 atits upper level ana‘& value of -1 7
I

A

at ?ts lower level.' The 16 experiments and the resulting pack

densities are shpwn in Table A3-1. The parameters are ordered in
- 5 u @t

. " . 1 Ao
the same,way as they appear in Table 4-9. The defining relation =

for this fractional design is:
. . 4
— e 6 v * s
= X1X2X3X4X5 - v
+ - * - ’
'.. * = - ) ": %
The calculated parameter estimates are listed in Table A3-2,

E - -

-~

L4 -+ .
= From3 centrepoint wrepeats, the standard deviation of these

i L

measurements® was galculated to be 0,0058.* Therefore, the 95%

-

-

confidence interval is: »

R ~
S L IPL

t ty 0,025 s/ ()03 ‘

- 1 - LA ]
- - - - PRSI LS ¥ o
~ E " . . -
~

=+ (41303) (0.0058) / (16)0-

~ L

-

= £ Q0062 ’ e T < -

. From*inspection o§ the data théfsign;ficanﬁ variables are:

t;e packing . pressure, the sand mass and tHe numher of’éompaction
steps. Although tﬁé compaction ;nd release time main effects \
appeared to be iﬁs%gnificant, their {nteragtion‘term does seem to

be significant, hence these parameters were alsg held constanf.

] v -
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v Table A3-1., Bxperiméntal conditions and results. ¥
> *® w s . vy T4 t Tt . %
‘ o
» . T 3
Test X1 v X2 X3 y,.’ x5 L ‘Densitil 2/cm
. ) ‘ : Vo OO
17 -1 -l -1 -1 1 2.009
~ 2 * 1 -1 vl L5} 1 2.019
- 3 A 1 -1 -1 -1, 1.938
‘ 1.4 . ; IR 4 a1 "'1.'* @ 1- o L ;2_0219\»,“. .
v - . ’ . N . b
R R o " -1 -, ., 2.019
. 6" 1 -1 L 1 -1 I~ o 2122 |
N 7 -1, 1 1 -1 1. 1983 -,
L i -
8 1 1 | -1 1 — 2,035
~ -.". . » !
B S S L | 1 -1 . 1,999 ‘
- -+ : ~f
1o, 1 -1 . -1 oyl 2.151.
' - 11 =1 1 -1 1 1 . 1.997 =
N g - i _ a
12 1 1 -1 1 -1 \‘12.000
13 -1 -1 1 1 ol : 1,983 ,
. 14 1 e S S R & :
EY b ¥ .
.. 15 ~-1- 1! 1 1 7L 1.960 ,
¥ C . | - o = s
16 » 1 1 . " 1 i} 1 F o+ w 1 i * 2-103 . :
[ -- E e : » N o
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-Table A3-2Z, Parameter estimates, « , M2
T s - ; LI
LS
] N
*Variable Cogfficient Lt e 3
i "~ Lo .
o Ve ’ o, -~
- ] e % - . Yo s b . K N
average effect 2.025 - . .- PRI
. " } , ! ., '.__ I PR pe ‘_ -~ -
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APPENDIX 4. Factorial design of operational pérameters

& A
. . AR ,‘1\# i

: " A
The experimental conditions and didplacement results are

listed in Table A4-~1. ~The defining relation is:

fla x£i2x3k4x5
e

The calculated parameter estimates are listed in Table,K A4-2.
Repeat experiments were performed at the centrepqints of the first
4 variables using both water and caustic disp}aé;ng phases, The
standard deviation of 5 repeats using water w;s 4,4, and the
standard deviation of 4 repeats using caustic was 6,2. The F-test
was used to see i1f these values were significantly different.
They y;re not, so a8 pooled standard deviation of 5.2 with 7
degrees of freedom was used to calculate the 95% confidence

.

interval for the parameter estimates. The confidence interval is:

L4

LB

_%t7,0.005 s / (>
= £ 3,10
. %

The only parameter sign&ficant at this'level is the nature of

the displacing phase.

T
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Table A4-2. 'Parameter es;im%?es.
i \ v, . .

' Vqriable )

r

" ‘average
EI.
2
X3
X4
x5
. X1X2
X1x3
X1X4
;1x5“
x2x3
N ‘x2;4'
X2X5.
X3%4
- X3X5
- X4X5

T 211

~ i

-

»

s

effect .j «31.3

/. Lol

0.975
"50.963 .
1.29
.- 8.0
-0.150
. 1.51
~0.738
1.10+
1.68
;o 0.775

fr i

0.888

0.913
0.300
0.750

-

‘Coefficient
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o

o I = X]X2X3X5 = X]X2X4X6 = XQX3X4X7 = X34

:;>APPENDIX 5. Factorial design of compbsitional variables

. S
R T} e e

- | [\‘.‘\‘TH. -;J~\

-~ The eXDerimental condiﬁ{g:jﬁjii shown in able A5-1. The
definipg relgtions are: - ' ’ : * .

'

3

k"

Y

= X]X4XSX7 = X|X3XGX] = X0X5XgX7

The ndfmalization procedure for the water digplacement results

i
R to multiply the observed recovery by##n appropriate factor

“faken from Figure 4-9. For example, to normalize the recovery "

observed in the first expéffﬁént to a density of 2.10 the

proceffire is as follows:

- e St ey

. o
. -
~viph B

From Fig?’bfgi (recovery at 2.10)/(recovery at 2.00) = 1.16

. e
. =

o

WL

ﬁ(/ Therefote;tgormaliEed Tecovery = (1.16) (7.4) = 8.6 _ .
etV

T
ISP e Y \
e .d £
‘ 4-4 !
The observed and normalized recoveries are presented in Table
“ntn « T

- Lok » )
¥ A5-2. The calculated parameter estimates for each set of recovery

g

=

“data, are sﬁbwn in Table A5-3, Information about the standard
T s AT .

deviation was not obtained in these experiments. If it is agsumed

a

- that.these measurements were drawn frdm a population having the

Fhoo
same variance as the™data in Appendix 4, the same 952 confidence

v—\-““ v

interval can be&ﬁppltéd. Alterﬂhflvely,,ohe could simply compare

tﬁe‘reﬁatlve m&gnitudea‘qf the R@rameter estimates to* determine

i -
which#exert the strongest'effett on recovery: ° Ffom inspection of
- Cw - - J’ ‘~
E . - - _\,.. - -
, .
’ -
LY

. > :
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the data, the strongest mein effects were the nature of the o
s . o
displacing phase and the water saturation, with the forter . we
- L
. . . »oow
exerting the stronger influence. 1f the confidence interval of % -
: ), N ‘
K ' = .
. 3.10 from the design of operational variables is applied, then
. . . P . '_..f“.;. . o
both of the mentioned Vvariables were significant at the-95% 1e#é}.”@§
| | TS e
independent of the normalization procedure used. ’ "
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Taﬁie KS—Z. Obserfed and_nprmalized recoveries,

L . - 1

Test Densiiy,' RecoQéry, \\Recovery'(Z.OO,, Recovery (2.10),

Y, gfem3 .2 4 - 4

— r —_

-~ - o

5 ] .
1 2,00 7.4 \ 7.4 © 8.6
2 192 19.1 25.6 29.6 \
3 1.87 38.3 T 383 . - . 383
4 1.9 46.0 L 46,0 . . 4.0 .
5 2,010 r36.1 T - 75 I
6 . 2.07 si.2 . sl RS
77 198 , 0.0 . 0.0 . 0.0
8 195 " 68 < -80 _ 7 .93
9. 2,00 + 32,0 32,00 . . 32,0
10 1.92 51.3 SL3 L (513
11 1.87 © 2L9 39.6 - 46.0
12 1.91 3.1 4.3 CoL s, 5.0
13 1,99 12.1 Tl2.g0 14
12,06 0 0.0 00 7 oo
1577 1.97 ©  48.8 48.8 v . . _ 48.8
16 1,93 57.7 .. 57.7 T
; i .
' /
) -
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-y
4

. [E

- -
" ~Table AS5-3. Parameter estimates for each set of recovery data.

- -

~

Vgriéblgf ) Parameter estim;tes Gsin&: - -
’ Lt ) Recovery Recuvé?y (Z.OO)t 1Re?oxery.§2.102‘
. L e - Lo
® . average S 2{20 - T, 296
xp - N NI -1.83 1627 °
" x2 A 0.84 1.66 1.7
x3¥ 4 L v 0.4 -1788 ¢ -2l46
"X o L.38 RIS ﬁ‘z.ze
X5 T L L 3.AF o 4.97 " 5.69.
% T T 030 . -0.97 _ -la2
x7 “18:09 - c 16l49 T 15,53 .«
X{XQHXFXSH+XLXE -1.84" T 1
b . X1X3EX2XSEXGXT 0,08 7 0.59 ° - 0.74
| X1XGHXQXHFRSXT -2.75 -4.29 - ~5.02 -
X]XSHXPXFHX4XT 0:90° * . 0,17 - ., 0.02
©ORIXGERQXGHXIXT . 368 s.7. . 5.3 .
XIXTHRGXSHX3XG ¢ 3.96 Ttash T~ 476
1 x2X7+X3X4+X5X6 1.60 T 0.87 = 0.78 -
" third order”terms 20.39 ~ * 0.94 _ 1.28;
~ v - . "
a ) - . - ( ) . ~
< RN T 5 . _
AN N . : _
; ) ‘ t
. ) - Y T B
3
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; . APPENDIX 6: Calculation of"flow parameters )

Reyholds number. A Reynolds number calculation must be performed |,
- . L \ H * . )

- s -

to"d‘et‘érm:[.ne' whether the ‘displacement experiments were conductéd

- N e

- »

Am the geepage ‘vélocity domdin,” “Thé f6rm of the ﬁeyr}’old\s number.

#

?

- value for the Reynolds number is thus:.

for flow in a‘porous-mediam’is:s - ° ) -
AN d N
" Re = q d p‘/‘-q . \ ' (2.7-3)

R [ -
b . .y

The highest. flowrate dttainable using thé Ruska. p'u-mp'twe;s 288 em3/h

and the cross-sectional area of ‘the cell was 5.067 cmz, so0 the

'Enaximu_m -‘value'\-fo."r the linear velocity was: - A
) ~
v - e e - S . " .l’ ] h
g = (288) / [(5.067) (36Q0}] .
N 1 >, v Y : - » . = 1 +
o ~— = 0.0158 cm/s™ n . .o
Y EH . - _ . -

[ ] . «

ry

-~

that cnly water was f‘iowing,_. This will yield a maximal value for -

» A
—

l;he ratio 0Ly . At :_&jOC., for example:

o o~ . -
e ) _
'p“i 0990 g/cm3 ~ i b
# = 0.596 cp | . -
Tt - R - .

The qt]gractérist{c pore diameter i:;}yague parameter, The value

of 15x10-% cm suggested by Hall et al. (43) has' been used. The

. ~

4 N
o *

i ‘».

e

W

Although the flow was two-phase, in, this calculation it is assumed -

VEE LN

1

e
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> - ';f - " ! A * Iy i i
- Tk _ . . L : 4
* &« Regay = (0.0158) (0.990) (0.0015) / (0.00596)
- * = 0.0039 - ‘L. v o : - ,.‘ ’ ) . o '
. ) s . - . . . -
1 s .- e - . e &

»

Since: this uppet bound on the Keynellls number is in the Seepage

T,

. ‘ol S o ¥ - "
vélocitx domain, all of the displacement experiments were in the
- . .

Darcy-typé flow region. ‘ " . _ -

‘

Pressure’ drép in glass bead-sections. The disﬁlacemept cell haa“

» hd -

- . am)%ﬂside diameter of 2.54 cm and an inside leﬁgth of ‘38.10 cm. _K

iF

tyﬂical 0il sand pélléi wgighing 40 g and packed’to a dénstpy of 'h

~

2.0Q.g/cm3 occupied 3.95 cm of the cell léngth, The remaining

54.15 cm was'filled with glass beads. The inlet anq.outlg; slde

- ¢ )

il ] a . ‘ -
pressures were measured at the entrance and® exit points of the

-
-

. ‘|
cell. Therefore, the measured pressure drop across the cell was a

-4 -

, sum of the pressure‘drops aéross the 0il sand pellet and the glass
bead sections. The glass beads were 5 mm sﬁhares packed to a

. IS

porosity 6f 42%. The permeability of the bead secgioné is .
A

calculated using the Kozeny-Carman relation, E&E;tion 2.7-4. 7 The "’

-

>

. * . a L“-,. .
equation should work well in this.idealizeld porous medium. Its

form is: ' .
L3 .

- e .

$3 / (552 (1- $)2] (2.7-4)

~
]

~

- [ o . t -

™
[

surface area of a sphere / volume of a sphere '

-~

L3

= 3/r : ' ' EAE

LY

where r is the radiug of the sphere. Therefore, the permeability

O ‘

4

¢ |

.



S

_ 219 b .
. . + - “
i [N . L ' ,
. is: o R - -
A, . - , : L s L
~ K =‘(0_42)3,/ 15 (3/0.25)2 (0-5852]
. . =3.06510"% cm2 T . " :

e

. The.eimplified form of Darc;’s law.assuming a linear pressuge drop

, e vt ™ \Q:==~\
o .

ig: . N .
! . .

- q= —kAp /max .. N . e
o "1 * ’ " . I.‘ LI
_ Substituting the following values:. "
L . ; . . . -
, + q = 0.0113 tn/s , T
_ .+ ., Mlyater, 450CY = 0.59 cp
. Ax = 34115 ¢m t 4{,. L . o
. : . i ] ,’."_ .o ' . f
. the pressure drop éCfosélthe glass bead sections was: ~ “ .
gS ’ hd ? e ' ' s " ! RN
: ; N ) : ‘
Y. \ 0 " ’
) « . p = (0.0113) (0.00596) "(34.,15) / (3.06x1074) .
' ’ = 7.52 éﬁcm‘sz' ’, ~ - L o
- * = 0.752 Pa ' . ‘
" [ _—
LY ¢ £ R - ’
r - .. . = "-! . L L * ‘.
.-. Lompared to measured ptessure,drops of 100 kPa and greater, the
LS - C e 3 Rl * I i}

pressure drop ‘across -t_he glass beads was iﬁSignificant. R I
A1 f P

“Therefote, essentially all of the.meastred pressurq drop occurred
- : e 7 :
acrpss the oil sand pellet. -~ av o L

-
-

"

»
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Permeability of oil sand pellet. The effective permeability to
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hY

water can be calculated from the.pressure drop-higtoryof a. - °

-2

displacement test. Typical pfessure drop behaviotir during water’

-

N disblacemenn experiments is shown in Table A6-1. The pressire

drop during alkaline flooding was not as consistent from

'\experiméﬁt to exper{&ent..,The_effec;ivé permeabdlity at the-

.beginning of a displacemeat test (after 1 min) can be calculated

' by rearrangement of Equation 2.7-4 as follows: - ~

“ At the end of a Best téO—min)‘onlf th

T

Qw_Nw OX / APw ~ (A6-1)
(0.0113) (0.00596) (3.95) / (6.89x105)

’

v

Il

3,86x10-10 ¢p2

\
. .
« e i * t

pressure drop changed, thuys

t@e'efféctive permeability decreased to 1,93x10-10 cm2. The

¢

.
in an‘eil sand composed of:

The initial saturationé

84% by weiéﬂt sLnd, 3.4Z water and

12.6% of a mixture of 207 hexadecane in bitumen are shown in Table

4-3.

Since the system was evacuated and filled with displacing

liquid prior to an experiment, the listed water and air

saturations are summed to yield the overall water saturation. For

a pack density of 2.00 g/cm3, the total initial water saturation

was 26.6%.,

Assuming a recovery efficiency of 40%, the final oil

saturation would be 44.0%, hence the final water saturation would

be 56.0%4. The relative permeability to water at each of these

saturation, conditions can be estimated using:

#
saturation conditions within the oil sand pellet were kgéhQ\QE;Eth_x
e i ' . 1_,,—-'—'\\—

beginning”and end of an experiment only,

~
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For water saturations of:26.6 and 56.0% the relatiye v .
permeabilities to water are calculated to be 0.0188 and 0,176

-~ ’ -’- . LA .
) PLVCEEL I ST ' . y - N l:_'t
respectively. From Equation 2.7-7, tHe absolute permeabilities at

. § 1 . .
the beginfting.rand end oLf a water displacement expéri'ment\ are -

. ! k \ S ; :
ay &= T Y . - . .
estimated to be - 2,05x10-8 and 1.10x1,0:9' em? respectively.
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. Table A6-1, Pressure d%ob ¢b.gtimé durind a typical water
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