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ABSTRACT

The following work reports a study of the practical
aspects of emulsion flooding for heayy oils such ;s those
produced in the Lloydminster area. A system&tick study of
. the parameters influencing the emulsificatién proc;ss was
conducted. It was found that by using 92 percent wellhead
crude as the o0il component and a 0.10 percent bf weighé
sodium hydr;xide solution, a stable, single phase, -
water-in-oil (W/O) emulsion could be formed. The viscosity
of this emulsion which was too high for practical 1injection
vas reduced to 0.220 Pa-s (220 cp) by addition of 13 percent
.8ynthetic crude. Prior to testing the effectiveness of a
slug of this emulsion in displacing heavy oil from a sand
.pack, its rheological behaviour was investigated} varying
amounts of aqueous and oleic phases vere blended with the
emuléion and the resulting mixtures were analysed. It was
. observed that mixtures containingtat least 305per;pnt water
resulted in either a gel or very high jviéceéity w/0

emulsion. i i ;fé
Six sand pack displacements were conducted for ihree
different slug sizes under various initial conditionﬁu It
-Qas found that an emulsion siug equal to 30 percent of the
pore volume followed by distilled uasef displaced 80.3
percent of the oil in plaée after 1.5 pore volumes were
injected. Waterflooding recovered 43.0 percent of the oil
in place after 1.2 pore volumes ver;vinjectdd while phttill
vaterflooding followed by injectior of a slug (30 peréent'of

]
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‘the 0il in”“place after 1.7 pore volumes were injected.

y

the pore volume) resulted in the recovery of 69.3 percent of

All
displacements; vhere emulsion . slugs' were preéent, showed

increasing injection pressure with time.
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NOMENCLATURE

surface-active agent concentration in the bulk

interfacial area, sq cm

in phase 1, fractionﬁ; .
surface-active agent concentration in a laygr
in phase i, fraction

surface-active ageﬂt hiffusion coefficient

in phase i, sq cm / s

total specific surface energy, dyne / cm
thickness 0f adsorbed layer, cm

reduced surface-active agent t;nsion-lovering

ability, dimensionless

adsorption rate constant in phase i, dimensionless

desorption rate constant in phase i, dimensionless
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flow index, dimensionless

net solute adsorption rate, cm / s
time, s
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volume in phase i, cu cm
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surface-active agent adsorption, cm
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reduced desorption rate constant, dimensionless
reduced film thickness, dimensionless

oil viscosity, Pa:-s
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shear stress, pa
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1. . INTRODUCTION y

Emulsions are ‘divided into two categories: macroemulsions
and microemuisions. In the case of a macroemulsion, the
size of the dispersed phase drops varies from 1000 to 50000
nanometers (1 to 50 microns). Fér a microemulsion, the size
of the dispersed drops varies from 10Q to 1000 nanometeré
(0.1 to 1 micron). Most of the work to-date has been done
in the area of microemulsions. Field tests of microemulsion
flooding are being conducted and laboratory studies of
—microemulsion behaviour are numerous. By comparison,
relatively 1little work is being done in the area of
macroemulsions. Only one field test is known to have been
conducted at this time. Laboratory studies are few, and
most of them date back to 1973. &hese studies are concerned
with the flow properties of macroemulsions in porous media.
The emulsions used were invariably oil-in-water. No study
of water-in-o0il petroleum macroemulsigns nor any systematic
study of their flow properties is known to the author. The
present study deals with water-in-oil macroemulsions
prepared with the Eyehili crude produced in the Lloydminstér
area, '

fhe relevance of this work can be justified on the
basis of the relativ?ly lo; productivity of some heavy. oil
reservoirs in the Lloydminster area which are unsuitable for
thermal recovery. As réportedyby Jameson (1973), primary
production yields between two and eight percent of the oil

in place, there. Because of an adverse mobility ratio,



waterflooding 1is not effective and permits the recovery of
an additional two percent of the oil in place.
Consequently, the possibility of using emulsion flooding as
an enhanced o0il recovery method has been suggested.
Emulsion flooding has several advantages over other
secondary recovery methods. First, being a non-thermal
method it 1is applicable to thick and thin pays alike.
Second, the low mobility emulsion bank, driven by water,
will cause reservoir oil ahead to bank effectively.
However, the mobility ratio between the injection water and
the émulsion at the back of the emulsion bank is highly
unfavourable. Therefore there is some concern about viscous
fingg;ing of water into the emulsion bank. The deleterious
. effect of fingering can be delayed by using a 1large enough
“emulsion slug. Purthermore, slug injection may be difficult
if the apparent viscosity of the emulsion is too high.

The objective of this Study is to determine whether the
idea of emulsion flooding is technically feasible given the
type of o0il wunder consideration, namely the Eyehill heavy
oil. Of all the different possible emuggions, the only
combination studied here is a water-in-oil macroemulsion.
It is composed of distilled water containing sodium
hydroxide and of Byehill wellhead crude containingAalready
fifty nine p?rccnt connate wvater as dispersed drops.
Wellhead crude is thus alfoady a vater-in-oil emulsion.
Removal of connate wvater from the wvellhead crude by vacuum

distillation is technically feasible but alters the chemical



properties of the oil. The ions present in:the water must
go as solids into the oil when the water evaporates. In
addjtion, vacuum distillation 1s costly when done on a large
scale. In this study, cost is always kept in perspective
because Lloydminster heavy oil is a product which requires
extensive refining to become saleable. It was therefore
decided to wuse the produced crude oil-water emulsion,
referred to as "crude" hereinafter, as the oleic phase 1in
the emulsions prepared for this study. Cost is also the
reason why c;ustic is preferred to commercial emulsifiers.
The first stage was to determine Vhether stable
mixtures of Eyehill wellhead crude ané caustic solutions
could be formed. .If the caustic solution and the wellhead
crude could not remain as a homogeneous mixture, there was
no point in ihvestigating this combination any further. The
mixture behaviour depended on the nature of both the o0il and
the emulsifying agent wused. In the present case, the
Eyehill crude is what is commonly termed an acidic crude.
It contains 'a wide array of fatty acids which are very
reactive and act as natural surfactants in the oil. These
fatty acids react with the emulsifying agent in the water
(sodium- hydroxide in this case) to give a so;p which lowers
the interfacial tension and improves the chgnce# of
obtaining a homogeneous mixture. It is generally conceded
that interfacial tension plays a 'major role during
emulsification. If the inteffacial tension 1is 1low, the

energy reguired to create new interfaces between the two



liquids 1is relatively small. As a consequence, the chances
of obtaining a homogeneous mixture are greatly improved.
This was the rationale for devoting the first pgrt of this
study to the examination of the parameters that affect
interfacial tension. The goal was to determin; under what
conditions interfacial tension could be lowered sufficiently
to obtain homogeneous mixtures. The caustic concentration
which provided the lowest interfacial tension was selected.
The second stage was to prepare mixtures of Eyehill
wellhead crude and of the selected caustic solution. Even
though the interfacial tension was the lowest possible under
the given cicumstances, not all mixtures were hoqogengous.
Dependihg on the relative amounts of wellhead crude and
caustic solution the mixtures either remained homogeneous or
readily separated. It is important to know which mixtures
are homogeneous and for how long. If an emulsion flooding
project were to be successful, the emulsion slug injected
should remain homogeneous. If phase separation occurs
(break-down), the purpose of using an  emulsion bank to
provide efficient displacement would be defeated. So the
principal goal of this part of the research was to find a
mixture that remained homogeneous for a long period of time.
Another goal was to test éhat mixture to see how Elending it
with distilled water or wellhead crude, or both, affected
it. In the reservoir, an enulsioﬁ‘bank could encounter
varying saturations of water and heavy 0il. It is important

to be able to predict how combinations of these three fluids

i



(i. e. emulsion, distilled water, and heavy oil) behave. If

the emulsion broke down, efficiency of displacement would

drop. If the viscosity of the emuléion increased
drastically, the porous medium would become plugged. A
third goal was to control emulsion viscosity. This was
achieved by using solvents among ‘other methods. If the

viscosity of the emulsion were too high, injection pressures
would be prohibitively high. The amount of solvent added
was limifed by twB factors. First, solvents are costly and
the emulsion floodiﬁg technique must be inexpensive to
remain attractive. Second, the mobility ratio between the
in-situ oil and the emulsion bank at the front, must remain
acceptable for the displacement to be efficient. .In
summary, the second stage of this study was involved with
the rheology of the selected emulsion and of numerous
resulting mixtures simulating possible reservoir conditions.

The third and final stage of this study consisted of
selected sand pack displacement experiments, simulating "one
dimensional” flow of an emulsion bank through an
unconsolidated porous medium. In these experiments, the
emulsion was injected as a slug and driven by distilled
water. Depending on its size, the emulsion slug may bank a
significant portion of the in-place o0il prior to break-down
due to adverse viscosi;y ratio at the rear. These factors,
as well as the 'initial oil saturation, affect the ultimate
recovery of the in-place oil. Of the six runs conducted,

four were conducted in oil-saturated sand packs with brine
G



present at a residual saturation. The possible application
of emulsion flooding for Lloydminster heavy oil was
appraised, based upon available results. Guidelines were

suggested for future wogk.
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2. DEFINITIONS !
L
This section 1s designed to minimize any ambiguity with

regard to the terms that may arise. During the course of

this study it became necessary to make use of words which,
. b

may convey several meanings. Each of these words is defined?
below.
O0il refers to the actual petroleum substance, free of
any water content. |
By wellhead crude, or crude, is meant a combination oﬁ%

i

oil and connate water as received from the field. —TIn thi%é»

. . - . ks
case, the Eyehill crude is composed of oil containing f1fty§?

!
nine percent connate water in the form of ‘dispérsedié,

droplets. It is already an emulsion.

During emulsification, several phases may appear. _Thqif

word "phase" here refers to an actual visible, distincfé%

&L

liquid layer, as seen in a beaker. This layer may be am 

emulsion (water-in-oil or oil-in-water) or just oil, or just g

agueous solution. A single phase emulsion is an emulsion‘ig
wvhere only one uniform layer is visible. .
]

For the purpose of this study, a mixture is the ;esu4t 4
of blending a single phase emulsion with either crude or
_distilled water, or both. One or several phases may result,
some of which may be emulsions.

Under the microscope, an emulsion will show ' the

dispersed phase as droplets. Drops or droplets only refer

to a liquid.
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In tﬁe same fashion, particles only refer to solid
fragments, 1n particular sand grains sometimes present 1n
the emulsion.

By stability of an emulsion is meant 1ts ability to
remain in the same condition as when 1t was first formed.
Signs of instability include separation of phases and/or
change in drop size distribution.

By waterflood 1s meant the injecéion of distilled water

in a sand pack initially saturated with oil and containing

brine at an irreducible saturation.

By an emulsion flood is meant the injection of a slug

of water-in-oil emulsion followed by the injection of
distilled water in a sand pack with same initial saturation

conditions as above.



3. LITERATURE REVIEW

3.1 CLASSICAL EMULSION THEORY

Emulsion theory has developed 1in fields such as
chemistry and pharmacy where the components used are eilther
pure or of known composition. Moreover the components are
usually chosen such that viscosity does not cause any major
problems during emulsification or during emulsion stability
analysis. The fundamental principles, however, remalin the
same and shall be reviewed in the following paragraphs.

The major concern 1in any emulsion study lies with the
interfacial phenomena. Emulsification 1s essentially a
process by which new contact surfaces are created. For
example, Martin (1969) reports that a cube of substance of
volume 1 cm’ has a surface area of 6 cm'. When broken down
into 10?' particles, the composite surface area is 6000 m?,
the are; of a football field. Stability of the emulsion
determines whether the two liquids can maintain such a largé
contact area or whether the surfaces collapse. During
emulsificatgon, cstability is governhed .by the amount of
éﬁergy’stored in the surface area between 01l and water.
Any 'water—oil system tends to minimize this free surface
energy by reducing the size of the contact area and by
inducing coalescence of the dispersed droplets. To avoid
this result, a surface-active agent can be added to either

phase during emulsification. This agent reacts with

components in the other phase to form socap$§ which gather at
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the interface between the two 1liquids and lower the
interfacial tension. Thus the work necessary to create new
surfaces i; minimized and the drops created are both smaller
and of more uniform size.

Sherman and co-workers (1968) observed that smaller
drops resulted in higher viscosity and greater stability.
As the concentration of the dispersed phase increased,
viscosity also increased but high concentration and high
stability were usually incompatible. Also, lowering
interfacial tension 1s not the only role of the emulsifier.
Its real 1importance lies in the manner 1in which it affects:
the interface and determines whether the emulsion formed
would be preferentially of the water-in-oil (W/0) or
oil-in-water (O/W) type.

’ In classical emulsion theory, 1t 1s generally conceded
that during mixing the phase added becomes the dispersed
phase. There ‘are several ways of mixing but Sherman and
co-workers (1968) report that there is an optimal agitation-
time beyond which no further emulsification occurs. This
optimal time varies.betveen ! and 5 minutes. Beyond that
time, the rate at thch nevw drops are created equals the
rate at which colliding drops recombine. With regard to
emulsification, they also add that the interfacial area
generated increases with the rotational speed of the mixer,
the stirrer diameter, and vith a decrease in container tank
diameter. Energy input increases as the rotational speed

increases; this energy 1is stored in the emulsion through
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creation of new interface. A larger stirrer diameter and/or
smaller tank diameter increases the amount of turbulence
generated by the blades which 1in turn intensifies the miiing
of the two phases. The larger the difference in velocities,
the larger the interfacial area created; the difference in
velocities can be attributed either to a difference 1in
densities or in viscosities. According to emulsion theory,
emulsification becomes easier as temperature increases
because both viscosity and interfacial tension may decrease.

Viscosity may be modified either by additives or alteration

of drop size. Many of the physico-chemical properties of

emulsions depend upon drop size and drop size distribution.

Kitchener (1968), one of Sherman's co-workers, reviewed
the concept of emulsion stability. He postulated that the
addition of a third component was essential to the formation
of stable emulsions. Such an additive may belong to one of
four categories: -

s inorganic electrolytes which create
electrical double layers around the drops.

* soaps and detergent emulsifying agents with
1 or more pair o£ hydrophilic and
hydrophobic groups.

* macromolecular emulsifying agents such as

proteins, gums, and starches.

* finely divided insoluble solids collecting
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at the 1interface between the drops and the
continuous medium, such as asphaltenes.

The only way to achieve stability 1s by preventing drop
coalescence. Two neighbouring droplets are subjected to
both short and long range forces. Short range forces affect
the structure of the interface while long range forces play
a role 1in the floceulation. Coalescence may then occur
following three possible mechanisms (see Figures 1 to 4):

* for large drops where forces of inertia are
much larger than surface forces, a dimpling
effect is observed. Coalescence may then
occurs at the ring of contact.

* smaller drops remain convex and touch only
at one point where coalescence begins.

x in the presence of an emulsifying agent, a
flat. lamella forms between two droplets and
delays coalescence.

Hydrostatic forces tend to thin the film while surface
forces oppose this tendency. The balance between the two
determines the emulsion stability. Kitchener cites
Derjaguin as the investigator of this phenomenon. Derjaguin
defined disjoining pressure as the change in specific\free
surface energy with a change in lamella or 1liquid layer
thickness. In the case of an emulsion, when two liquid
drops are pushed toward one another, the pressure in the
region between them increases rapidly. In the process, the

liquid drops may deform themselves in different fashions. A



Dimpling Effect

Point Contact

Lamella Effect

Figure 1. Patterns of Coalescence
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Figure 2: Eyehill Crude - Dimpling Effect
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Figure 3: Eyehill Crude - Water Droplets Aggregations
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Figure 4 : Eyehill Crude - Lamella Formation
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lamella may appear between them. Any deformation of a
spherical shape means an increase in surface area and thus a
local change in repartition of surface energy. According to
Derjaguin, this change could be positive or negative
depending on the thickness of the liquid layer. This means
that the disjoining pressure can be positive or negative.
If it is positive, it opposes hydrostatic forces; if it is
negative, coalescenée rapidly results. Derjaguin reached
the conclusion that two types of forces were present at the
lﬁmella interface. He called surface force of the first
kind the interfacial tension, y, which acts along the plane
of the interface. The surface force of the second kind 1is
the disjoining pressure, [1(h), which acts perpendicular to
the plane of 1liquid film. Therefore, the total specific
surface energy of a thin, plane, parallel lamella of 1liquid
is given by

E-y*/ﬂ(h)-dh (1)
The integral is very small in magnitude compared to the
interfacial tension but it is the only term affecting film
equilibrium. Both attractive and repulsive forces should be
taken into account in the evaluation-of the surface forces
of the second kind. Kitchener (1968) indicates that
attractive férces between macroscopic bodies render thin
liquid lamellae inherently unstable. The thinning would
accelerate sharply as the lamella thickness reaches a
critical "range of action". The actual coalescence vo;ld

hence be a very rapidly occurring event.
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Rubin and Radke (1980) formulated a physical model for
the evolution of interfacial tension when a surface-active
agent is transferred from one liguid phase to another. They
decomposed the ﬁechani;m into five stages:

1. Convective-diffusion from one bulk phase to the

interface

2. -Adsorption into the interface
3. Reaction at the interface
4. Desorption from the interface

5. Convective-diffusion into the second bulk phase.
They also accounted for the fact that both 1liguid volumes
are finite. Depending on the relative rates of adsorption
and/or désorption at the interface, the resulting tension
was observed to vary significantly. Rubin and Radke
investigated the change in interfacial tension,y, with time
(Figqure 5), with phase volume ratio, B, (Figure 6), and with
the ratio of interfacial area to oleic phase volume, a4,
(Figure 7). Symbols T* and f denote reduced guantities.
They explained their observations on the basis of a linear
kinetics model which they described as the Henry sorption
kinetics model. It can be represented as follows.

3

Solute ‘ K Solute | Solute

in phase 1= k., adsorbed X2 in phase 2

Constants i, and k, represent the adsorption Tates while k.,°

and k., represent the desorption rates. In addition, they
(‘\



expressed the net rate of adsorption from either phase per

unit area, R . as
a,i
s .
Ra,i= klcl-kAir ’ 1“1,2 . (2)
vhere k; and k.; were the adsorption and desorption rate

constants, Cf is the concentration of surface-active agent
in the adjaceqt sublayer of phase i, and I' is the relative
surface excess concentration of surface-active aéent. They
found a strong dependence of ' on the relative values of the
sorption rate constants (Figure 8).

Rubin and Radke also reported three other egquations
which completed the mathematical description of the
mechanism. Levich's equation accounted for any accumulation
of surface-active agent at the liguid-liquid interface

dr = Ra,,<c?,r ) + Ry 2(C7, T ) (3)
In each liquiddtphase, convective-diffusion followed the

Nernst film model

S -y g
V. dCj= -A D-(C.-C7) , 12152 (4)
1 aEl 3 - 1 1 .
where C is the surface-active agent concentration in the
bulk of the liquid phase i, D , the surface-active agent
p
diffusion coefficient and éi , the Nernst film thickness

coefficient. In addition, V is the volume of phase 1 and
A, the interfacial area.

Rubin and Radke mentioned a third eguation expressing
the * net rate of adsotptioﬁ in terms of the
convect?ve-diffusion coefficient |

| . R, ;= Di-lc,-c{) , i=1,2 (5)

a,i ==
Initially the concentrdtion of surface-active agent 1in phase
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02— 7171
o Acid Crude OQil
# Oil-Water Ko = 800 CP
10+

£ pH (NaOH)
= =12.4
= 1
E
=
10+
. pH (NaOH) = 12.4
10-21 [NaCl] = 5.8 M _|
, i |
10-3 1 1 1 1

1
O 10 20 30 40 50 60 70
t, min.

Figure 5. Experimental dynamic tensions for an acid
crude oil (Long Beach California) in caustic.
Differing symbois of the same shape indicate
independent experiments, and the numbers in
parentheees indicate time in minutes.(from

E. Rubin and C.J. Radke, Chem. Eng. Science, 35,
Copyright [1980], Pergamon Press, Ltd).
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a=1
A=1
| H*=2

k—1=1
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K-2= 10—1
A= ‘IO“1
Ap =101
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107! ] 10 102
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Figure 8. The effect of phase volume ratio § on

dynamic tension. ( from E. Rubin and C.J. Radke,

Chem. Eng. Science, 35, Copyright [1980],

P ergamon Press, Ltd).

]0-2 . P T
107 | 10 102
t*.
Figure 7. The effect of a on transient soiute
adsorption. { from E. Rubin and C.J. Radke, Chem.

Eng. Science, 35, Copyright [1980],
Pergamon Press, Ltd). -
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[aP]

1S a constant, <concentration 1n  phase ., zerc, anc
adsorpt:ion, zerc.
)

Figure 5 shows a +ery strong t.me dependence c!
interfacia. tensiom on an ac:d crude-caust:c so.ction
system. In F:gure &, the dimens:ionless surface excess

“t
concentraticn ¢f surface-active agent, . , 1S seen tCc be a

streong  functieorn of the difference :n magnitude between the
reduced descrpticn coefficients 1n the <*wc l:guid phases,

evervth.ng e.se be.nc constant. In Figure %@ on.vy the phase

59}

vclume raz:c .:s var:ed and | varies cver up to three crders

L the surface excess concentraticn of

=]
»

cf magnitude.

surface-act.:ve agent varies, the 1nterfac:al tension, vy,
also var:es. Rubin and Racdke reported that
= -~
7,’703 - K (6)

where 1y, 1s the tension between the twc .1gquid phases when
* -

there .s no surface-active agent and H 1s a measure of the

ability of the surface-act:ve agent tc .ower 1nterfac:ia.

tension. Therefore, interfacial tens:ior s shown to be a

strong function of volume ratio at any given time.

Figure 6 represents vy/y, versus time for different

desorption rate constants. Again, strong dependence of vy
Jpon B can be observed. Finally, since vclumes of each
phase were finite, wvariations in the rati:c of interfacial

area to phase volume, a, had an effect on 1:interfacial

tension. This effect can be seen in Figure 7; at any given

v * 1 4
reduced time t , a has a large effect on - , the reduced

-~

- 4
excess concentfaticn of surface-active agent at the
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interface.

In their experiments, Rubin and Radke used mineral oi1ls
containing known amounts of oleic acid and contacted with
caustic-sodium chloride solutions. Use of these results for
elucidating the behaviour of petroleum crude oils contacted
with caustic solutions can therefore only be gualitative.

Rheology 1s another field where emulsions show peculiar
patterns of behaviour. Rheology may be defined as the sfudy
of deformation and flow of matter. Sherman and co-workers
{1968) report that concentrated emulsions tend to behave
like solids in the 1nitial stages of shear. But emulsions
do not have the ability to return to their 1initial state
like a solid . The shearing work exerted would not be
totally dissipated either, as with ligquids.  Emulsion
behaviour lies somewhere 1n between these two extremes and
vhether it approaches more the solid or the liquid behaviour
depends on the nature and concentration of the dispersed
phase. This was observed by Frederickson (1964) as reported
by Sherman.

Most emulsions obey non-Newtonian fluid flow models.
Otswald and de Waele (1925) were the first to alter
Poiseuille’'s equation to 1include plastic flow. However,
pover law equations are not physical laws and one can onl%
acknovledge the dependence of apparent viscosity on rate of
shear. Sherman (1968) observed that no completely
satisfactory theory has yet emerged to explain non-Nthonian

flow. Existing flow theories are based on a
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flocculation/deflocculation model and assume a long chain
configuration for aggregate structures. Sherman added that
W/0 emulsions form complex aggregates which render the
elaboration of a proper model more difficult.

Finally it has been recognized that drop size and size
distribution affect emulsion behaviour 1n many ways.
Sweeney and Geckler (1954) first indicated that drop size
influences the flow properties of emulsions. In particular,
they observed that the smaller the drop size is, the smaller
the dispersed phase concentration needs to be for i1t to have
a pronounced influence on the emulsion rheology. In fact,
when the mean diameter is less than a few microns, the
influence of drops of diameter smaller than the mean will be
larger than the influence of drops of diameter greater than
th; mean. Consequently, a plot of apparent viscosity as a
function of mean diameter would not reflect the full
influence of drops with sizes below the mean diameter.
Viscosity data for emulsions with the same mean diameter can
only be compared if the size distribution patterns are the
same. It does not follow that different emulsions would
have identical mean sizes just because they are prepared
according to the same procedure. This is especially true in
the case of emulsions of different dispersed phase
concentrations. Mor energy has to be applied to higher
concentration emulsiomn order to obtain the same mean

size.
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3.2 EMULSIONS IN PETROLEUM RESEARCH

By its very nature, industrial research has been more
inclined to direct 1its efforts toward finding practical
solutions to specific problems caused by emulsions in ‘“the
field rather than to attempt to develop fundamental
knowledge on petroleum emulsions 1n general. Most of the
work has been done with microemulsions and micellar
solutions rather than macroemulsions.

Some interesting observations were reported 1n the
field of interfacial tension. Dupeyrat (1378) noted that
for a fixed sulphonate concentration the value of
interfacial tension decreases monotonically as salinity 1is
increased. Similar results were found by Cooke et al as
reported by Chan (1979). Cooke noticed that the reaction of
caustic solutions with organic acids in the crude o1l
resulted in the formation of soaps at the oil/water
interface.  Not only was the interfacial tension
substantially reduced but the sand wettability was reversed
from water-wet to preferentially oil-wet given the right pH,
temperature and salinity conditions. Subsequently, a
viscous W/O emulsion was produced. Chan (1979) added that
of all parameters, the presence of salt in the caustic
solution was essential in achieving -this wettability
reversal. Salt in solution prevented solubilization of the
soaps; in the absence of salt, the soaps became soluble in
the caustic solution and favoured water-wetting of the sand

grains.
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An interesting observation was reported by Rubin and
Radke (1980) citing McCaffery's work on alkaline
waterflooding. His dynamic interfacial tension model showed
that the manner in which interfacial tension 1ncreases
beyond the lgcal minimum value depends on the volume ratio
of water to oil; the larger the volume ratio, the larger the
interfacial tension. The 1implications are far-reaching.
For example, in the spinning drop apparatus the volume ratio
is between several hundred and a thousand, according to
McCaffery. In the oil reservoir however, the volume ratio
is between one and three. McCaffery concludgd then that the
spinning drop interfacial tension data is only indicative of
the lowest aéhievable reservoir equilibrium value.

Jones et al (1978) reiterated that low interfacial
tension alone is not a guarantee of emulsion stability. In
:his respect their work agrees with classical emulsion
theory. However, they noted that significant changes in
interfacial properties occurred with aging even though the
emulsions vere kept hnder a nitrogen blanket.

Mackay et al (1973) in their study of W/O emulsions
formed after an o0il spill found no change in interfacial
tension value as the surfactant cdncenttation was increased.
They concluded that their emulsions were not typical and
that the water/oil interface did not exhibit the wusual
electric double layer.

Strassner (1968), in his study of the effect of pH on

interfacial films and emulsion stability, reported that
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maximum interfacial tension coincided with minimum
interfacial film formation around a pH value of 6.

Little attention has beenh given in petroleum research
to the effect of preparation method 06 «the resulting
emulsions. Berridge et al (1968) noted the formation of an
O/W emulsion which under vigorous agitation reverted to a
W/Q "mousse”. The term mousse was coined during the
Torrey-Canyon incident which sent 200000 tons of oil on the
coasts of the English channel. Choice of the word "mousse”
was mainly guided by the froth-like appearance of the
water-in-oil emulsions obtained. This term will be used
repeatedly throughout this study. Berridge et al (1968)
prepared emulsions with distilled water, tap water and sea
water; in all cases, mousses were obtained. They also
observed that mousses made from high asphaltene content
crude were stable for many months. Their éonclusion was
that asphaltenes play a key role in mousse formation.

The largest contribution of the petroleum research has
been in the correlation of emulsion stability with the
nature of the ' interfacial films. Strassner  (1968)
recognized that emulsions are stabilized primarly by films.
He determined that asphaltenes and resin fractions were
sensitive to pH and that this in turn affected their ability
to form films, stabilize emulsiqns and  influence
vettability. From  his study emerged four major

observations:



29

x acid pH is most favourable to the formation
of strong rigid interfacial films produced
by asphaltenes.

* basic pH 1is 1ideal for the formation of
mobile interfacial films produced by resins.

* the presence of asphaltenes will render
silica preferentially oil-wet.

* asphaltenes make more stable emulsions than
do resins.

. Strassner (1968) also confirmed some well-known
results. An acid pH results in the formation of a stable
w/0 emulsion with solid films at the 1liquid-liquid
interface. Such an emulsion promotes oil-wetting. A Dbasic
pPH produces a stable O/W emulsion with mobile soap
interfacial films. Characteristically, water-wvetting
results. Note the corresbondence betwéen the nature of the
external phase and preferential wetting.

Jones et al (1978) added that these interfacial films
behave as mechanical barriers to coalescence; emulsion
stability depends on the time required for these interfacial
films to form. The longer the two liquids are in contact,
the greater the stability. For North Sea crude oils, they
found £hat incompressible non-relaxing films produced highly
stable emulsions independently of the salinity as long as
the calcium ion content was high. As an aside, they
reported that most W/O emulsions break down when subjected

to temperatures higher than 65°C. "
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Cratin (1969), studying the effect of pH‘on emulsions,
concluded that stability was at a minimum at the phase
inversion point.

As a final note, Jennings et al (1974) investigating
the caustic waterflooding process for heavy oils observed
that a stable emulsion diluted with distilled water to a
cagstic concentration of 0.005 weight percent (0.00125 M)
retained all its stability. .

One can make several observations when comparing the
classical emulsion theory as it is being investigated with
pure liquids and the petroleum research as it 1s being done
in the 1industry. The areas of concern are not always the
same. The o0il industry is not so much concerned with the
problem of creating emulsions as it is with the problem of
demulsification. The majority of the oil producea
throughout the world 1is produced as an emulsion and
separating the oil from the water has always been, so far,
the chief goal. As a result, interfacial tension, the
influence of mifing, and the concept of stability have been

the three most studied areas of emulsion formation.



4. STATEMENT OF THE PROBLEM

/
/

A systematic approach was followed throughout this study.
The first parameter to be 1nvestigated was 1nterfacial
tension. The lower the 1interfacial tension between the
crude and the caustic solution, the better the twb would mix
and the better the resulting emulsion would be. Once thg;
lowest possible interfacial tension had been determined, the
optimal caustic concentration had thus been fixed.

The second parameter to be 1investigated was the
relative volumes of crude and caustic solution (at the
optimal concentration) needed for the resulting emulsion to
be a single phase. This emulsion was ¢completely defined by
the amount of crude and caustic solution involved, and by
the concentration of the caustic solution. Now that a
particular emulsion had been selected, the object of the
study was to thoroughly| test it.

In a field situation, this particular emulsion would be
used to displace o0il in the reservoir. 1In doing so it may
come in contact not only with oil but also water. As a
result, the emulsion may be altered by going from single
phase into two phases or its viscosity may increase to the
point where the emulsion would plug the porous medium.

In an attempt to predict the behaviour of the egg}sion
in-situ, the chosen emulsion was tested by mixing it with
various amounts of crude and distilled water. This resulted
in a series of ternary diagrams showing the number ¢f phases

observed in each case (Figure 29), the water content in each

31
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phase (Figure 30), and the apparent viscosity at a set shear

rate for each mixture (Figures 40 to 42). This same

emulsion was also studied for stability wunder solvent

addition. Four different types of solvents were tried. For
different amounts of solvent, different reductions 1n
viscosity of the emulsion were observed and recorded. It

was decided to add some solvent to the basic emulsion to
control its viscosity. |

The last step was to take this emulsion of optimal
composition and see how it would assist oil recovery 1n a
laboratory sand pack displacement experiment. Different
sizQ? of :emulsion slug were tested in two cores. The

1 a

rgs'ifaiwsre compared with a reference waterflood.

N



S. EXPERIMENTAL EQUIPMENT, MATERIALS AND PROCEDURE

5.1 EMULSIFICATION

5.1.1 Interfacial Tension

-
.

In the light of the comments observed 1n the
literature, the Du Nouy tensiometer was chosen to measure
interfacial tension between the different caustic solutions
and oil. ‘The Du Nouy tensiometer provided more versatility
by enabling the investigation of the effect of oleic/aqueous
phase volume ratio on the value of interfacial tension.

The principle of operation of this tensiometer is to
exert a force on the interface between the two liquids via a
platinum iridium ring (see Figure 10). At the point where
the ring breaks through the interface, the force exerted via
the tensiometer just exceedes the interfacial force between
the two liquids. The 1interfacial tension can then be
calculated by ggplying the proper correc;ion factors for the
equipment and for each reading (see Figure 11).

There are two types of limitations to the use o; this
tensiometer. First, its reliability is greatly reduced when
the value of interfacial tension falls belgw 1 dyne/cm. For
such small values, the spinning drop method 1is  more
accurate. Second, at high interfacial tensions
(corresponding to low surface-active agent concentration in
the aqueous phase) the interface between the two liquids is

no longer uniformly horizontal. A cusp 1in the o0il phase
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Figure 10. Interfacial Tension Measurement
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Correction Factor F

].3r

1.2- (formula from Zuidema and Waters,
Ind. and Eng. Chem.

4
(F—a)2=< 2—1->x P +C
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vol. 13, p. 312-13, 1941).
1.1
R = radius of ring.
10 r = radius of wire.
D = density of lower liquid.
d = density of upper liquid.
P = apparent interfacial tension
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P/(D—d)

Figure 11. Correction factor for surface and interfacial tension

by ring method with 6 cm ring (upward pull only) For
Cat# 70535 & #70545 Kruss-Dunouy Tensiometers
(Courtesy of Central Scientific International).
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develops and interferes with the measurements; the platinum
iridium ring tends to slide on one side of lhe cusp and give
erroneous readings. Careful positioning of the ring 1s
necessary for 1t to always remain horizontal prior to
rupture of the 1nterface. An additional problem which
becomes more pronounced as the viscosity of the o1l
increases 1s the drag of the o1l on the wire frame
supporting the ring. This drag delays the response time of
the 1nterface to an 1ncrease 1n force applied; it also
decreases the magnitude of that response. The result 1s
usually an‘overestxmate'of the value of i1nterfacial tension.
Sometimes ;ISO, a film may form between the wire frame cross
bar and the o1l surface; 1t must be removed otherwise the
work necessary to create that surface will be measured by
the tensiometer and superimposed on the work necessary to
break through the liguid-liguid 1interface. Interfacial
tension would again be overestimated. Nevertheless, the Du

Nouy tensiometer gave reproducible and reasonably accurate

results in this study.

5.1.2 Emulsion Preparation .

Consideration was given to classical émulsion theory
with regard to the effect of mixing time and shape of the
blending container. All mixtures were stirred for five
minutes at high speed in a blender; the design of the

blender was such that the walls were very close to the

blades of the mixer as can be seen in Figure 12: the more

LY
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intense the agitation, the better the emulsification. The

container was surrounded by a jacket through which dist:lled

water was circuiated:; this minimizes the effect of heating
which 1nevitably occurs during mixing and affects the

properties of the emulsion formed. Table B-2 (Appendix B)

provides the values of temperature befcre and after mixing

for different combinations of crude and caustic solution.

Because 011 would stick to the sides of a beaker,
volumes could not be measured accurately. Therefore, the
cil had to be weighed. Table B-' (Appendix B} reports
sample measurements. 01l density was known from previous
calculations and wused to determine the corresponding
volumes .

A syringe was filled with o1l and emptied prior to the
start of the experiments so that the amount removed from the
beaker with the syringe was exactly the amount put 1in the
emulsion. Preparation procedure was as follows:

1. 100 ml of 1.0 percent by weight (0.25 M)~ sodium
hydroxide solution was diluted to 1000 ml of 0.10
percent by weight (0.025 M) sodium hydroxide solution.

2. 200 ml of crude were weighed; the weight was recorded.

3. The weight of the amount of crude to be blended was
determined.

4. The volume of solution required was measured by
pipetting it in a beaker.

5. The solution temperature was recorded.

6. First, the 1liquid with the largest relative volume was
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poured 1nto the blender.

7. 1f this 1liquid was oil, it was poured until the scales
indicate the correct amount has been added. For the
last ml, a syringe was used.

8. The 1liquid was agitated by putting the blender on
'"blend’ .

9. The other ligquid was poured in.

10. After the last drop was added, 5 minutes of blending
were counted with a stopwatch.

11. The blender was stopped. A drop of emulsion was put in
water, and a drop in toluene. An oil-in-water emulsion
will be soluble in water; a water-in-oil emulsion will
be soluble in toluene.

12. The emulsion was poured into a jar and labelled.

13. Emulsion temperature was measured.

14. It was left to stand 24 hours.

5. A sample of the water-in-oil emulsion was distilled.

16. The pH of each phase was measured (when possible).

17. If the emulsion was stable, its viscosity was measured.

The phase with the largest relative volume was placed
in the blender first to ensure a more homogeneous mixing of
the smaller volume phase. When more than two phases were
mixéd, the oleic phases were placed in first and the aqueous

phase last. The consistency of procedure was perceived as a

stép tovard reproducibility of results. The basic emulsion

(92 percent crude , 8 percent solution at 0.10 percent

sodium hydroxide by weight (0.025 M) was prepared in batches
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of 200 ml at a time, following exactly the procedure for all
previous emulsions.

The mixtures were prepared as follows:

1. The percentage of each component to be blended was
determined: emulsion, crude oil, and distilled water.

2. The percentage distilled water was converted to a
volume. This volume was pipetted 1n a beaker.

3. The percentage emulsion was converted 1into a weight,
knowing the density.

4. A beaker of emulsion was weighed and itseweight was
recorded.

5. The emulsion was poured 1n the blender. To ensure exact
volume was added, a syringe was used for the last ml.

6. Steps 3 to 6 were repeated for the crude oil.

7. The blender was switched to "blend".

8. The distilled water was poured in.

9. The last drop was added as the stopwatch was started.

10. Five minutes were counted and the blender was stopped.

11. The mixture was poured into a jar.

12. The mixture temperature was measured.

13. The jar was labelled.

4. The mixture stood for 24 hours before testing it.

The order in which the three components were placed wvas
maintained throughout. Crude was added to the mixture while
the latter was at rest. The distilled vater insured uniform
mixing by passing through both layers and reaching the

rotating blades. The wvater was always poured at the center
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of the blending container, above the blades.

The pre-mixing effect was therefore retained to a
certain extent. This effect 1is always beneficial to
emulsion stability. In this case high viscosity of the
emulsion and of the <crude o1l render pre-mixing less
effective. The composition of each mixture is listed 1n
Table B-5, Appendix B.

It is recognized that the manner in which an emulsion
is prepared will influence its stability to a large extent.
Temperature, rotating speed, type of blades, size of batch

prepared and solution composition are determining factors.

5.1.3 Microscope Observations

The apparatus used was a Wetzlar microscope. Useful
accessories 1included an ultraviolet 1light sourcé and a
camera mounted in parallel.

Ultraviolet light assisted in determining the nature of
the phases under scrutiny. Since oil appears olive green
under such 1light while water becomes black, it was then
possible to determine whether a mixture was an oil-in-water
or a water-in-oil emulsion.

The camera permitted taking pictures under iormal light
only. These pictures vere used qualitatively to obtain an
idea of the appearance of the emulsion or to follow an
emulsion and see vhether it destabilized with time.

Por quantitative studies such as drop size

distribution, all pictures wvere taken at the same high
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magnification and enlarged to 8 in. by 10 in. prints. The
procedure used was as follows. One drop of crude was
diluted 50 times with a suitable solvent and placed on a
special glass slide and wunder a cover slip. When a
representative sample was found, the microscope was first
focused on the smaller drops and a picture was taken.
Several pictures were then taken at different depths of
field; each time a larger drop size was in focus. When the

~largest visible drop had been photographed, the frame was
moved to another spot and the process was repeated until the
number, of drops photographed was judged sufficiently large
for the population to be representative.

The film was then developed into 8 in. by 10 in.
prints. On each print, the drops in focus were circled with
ink. The pictures were then sent for bleaching and came
back absolutely white except for the ink rings. All rings
were filled 1in and the pictures were sent through an .image
analyser to determine the surface area of each drop. Then
using a computer program the arithmetic mean diameter and
standard deviation were obtained.

One problem attached to these observations pertains to
the nature of the liquid under consideration. Because the
lamella  of fluid is very thin and trapped between two large
glass surfaces, the effect of preferential wetting will be
quickly felt. Since glass is oleophobic, dispersed water
droplets tend to gather on the glass surface and to coalesce

among themselves. This was observed on a few occasions but
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it was by far the exception and not the rule.

5.1.4 Rheologicai Properties

The appparatus used was a Weissenberg rheogoniometer.
This versatile viscometer allows measurement of shear
stresses ahd shear rates over a very wide range. Shear
rates can be selected with a gearbox and communicated to a
conic bottom platen; there are 60 different shear rates to
choose from, and 7 different torsion bars. The Weissenberg
rheogoniometer is a precision cone and plate arrangement.
The tip of the cone is truncated to avoid damage by abrasion
to the top flat platen. This platen can be moved vertically
and positioned at a distance from the bottom cone such that
it would be just touching the imaginary tip. Given the
angle of the cone, the gap between the two platen at the
center of 1is 25,000 nanom;ters (25 microns). The width of
this gap is determined by a calibrated transducer.

A calibration curve of shear stress versus voltage
output was established using a Can-Am Newtonian calibration
fluid with a viscosity of 0.950 Pa-s (950 cp) for three
different shear stress transducer attenuations (see Appendix
F, Pigures fL1 to F-4).

A nev set of calibration curves must be obtained when
the torsion b‘F is changed. An appropriate calibration
fluid must be used. If the torsion bar is designed to
measure smaller shear stresses, the calibration fluid must

have a lowver viscosity. The chart recordings could then be
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interpreted and the ploprof shear stress versus shear rate
yielded the rheologic;1 behaviour of the fluid wunder
consideration. All measurements were recorded 1n a
controlled environment at 25°C.

Shear rates are both exact and constant bécause of the
gearbox selection feature. By sett Mig the rheogoniometer
and the electric motor on two separate tables, the amount of
vibrations transmitted to the bottom platen is kept to a
minimum. Shear stresses are transmitted by the top platen
to a transducer; the current generated is then plotted on a
chart recorder.

The Weissenberg rheogoniometer has many advantages over
other viscometers. It provides the largest array of
measurable shear stresses and shear rates. Each shear rate
1s known and constant duriﬁg a run. Other viscometers, such
as the Brookfield, have spindles of irregular shape where
the rate of shear will be different in different locatjons.
The Weissenberg glso requires very small amounts of sample
compared to other viscometers which often need 500 ml or
more to provide an unbiased reading. Time. is alSo saved
during the cleaning of the apparatus and changing of the

sample.

5.2 SAND PACK DISPLACEMENTS g
A layout of equipment set-up can be seen in Figure 13.
The core holders were made qt two and a half inch nominal

S

size stainless steel pipe. They came in two lengths: 0.609
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m (2 ft) and 1.22 m (4 ft), equipped with flanges. Inlet
and outlet ends were covered with cintered metal screens to
induce a more uniform injection fluid distribution. The
material used was a 70 to 140 mesh Ottawa sand. The crude
oil and emulsion injected passed through a Millipore filter
block to remove the solid impurities the fluids may contain.
The average sand pack porosity was about 4t percent; the

average permeability was about 13.5 Darcies. P

5.2.1 Packing the Core

It was decided to use the following wet packing
procedure. The core holder was closed at one end with a
flange; water and sand wefe added alternately so that the
sand poured through the open end of the core holder held in
the vertical positéon would always fall through a small head
of water. Once the sand pack was completed, itlwas vibrated
for an hour to allow sand grains to settle and form a
tighter pack.

The advantage of this method over dry packing 1is that
it reduces . the tendency of the sand grains to segregate
according to weight. A gradation of particles would then
occur between one end of the core and the other, when in
fact what is sought is a wuniform distribution of all
particle sizes. Wet packing also removes the need for
evacuating the dry sand pack and saturating it with water,
Wet packing eventually saves both time and effort without

jeopardizing the properties of the resulting sand pack.
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5.2.2 Determination of Permeability

The sand pack was then ready for testing and the first
property to be measured was permeability. By flowing
through at a constant rate the same distilled water that was
used for packing, and measuring the pressure drop
transmitted to a data logger by a pressure transducer, the
absolute permeability of the sand pack was calculated using

Darcy's eguation.

5.2.3 Determination of Porosity

A 5 percent by weight sodium chloride brine was
injected 1into the sand pack. Fluids at the outlet were
collected in 50 ml glass centrifuge tubes and analysed for
salt content wusing an Abbe refractometer. The cumulative
volume of effluent produced was then plotted against brine
concentration, yielding a characteristic S-shaped curve (see
Figure 14). By balancing graphically the areas above and
below the curve the pore volume was détermined and porosity
calculated accordingly. Data for each sand pack is recorded
in Table G-4, Appendix G. Graphical representation of the
results for cores #4, 5, and 6 is presented in Figure G-1,

Appendix G.

5.2.4 Displacement Procedure
After the sand pack properties had been determined,
heavy 0il was injected to displace the brine by drainage via

a positive displacement Ruska pump. The sand pack was held



Figure 14.: Pore Volume Determination
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vertical and heavy oil was injected at the top;. o0il being
lighter than brine, the interface between the two liquids
during displacement was as horizontal as 1t could be,
ensuring an efficient and stable displacement. The effluent
was collected in 2000 ml graduated cylinders and drainage
was continued wuntil the amount of aquéous phase produced
reprgsented less than 2 percent of the effluent. The brine
was then at its irreducible saturation. The volume of oil
_in the sand pack could be calculated knowing the pore
volume. Initial sand pack conditions are shown in Table
G-3, Appendix G.

The emulsion slug was then 1injected in the porous

medium in the same manner and driven by a suitable
waterflood. When this water broke through, the emulsion
flood was continued and the o1l production history

determined through analysis of effluent samples collected at
regular intervals in centrifuge tubes. The experiment was
stopped when the o0il fraction <collected in the effluent
dropped below 5 percent. Oil recovery from various emulsion
floods were compared with that for a standard waterflood

conducted at the same injection rate.



6. DISCUSSION OF RESULTS‘

6.1 INTERFACIAL TENSION

Three series cf runs were perfocrmed at three difterent
volume rat:ics. In a.. *hree ser.es, .t was observed that
the 1nterface petween th¥® twc ..Gqu:ds was cusped for sodium
hydroxi1de concentrations ct C.0C to .05 percent by weight

"
(O.éb to 0.0125 M'. At higher concentrations, the i1nterface
was horizonta.,

A large ’ease in interfac:a. tens.on was ncticed 1in

each case ‘as sodium hydroxide <concentrat:on 1ncreased> to
0.,0 percent by weight (C.025 M). Surface-active agents
present :n the o1, have reacted with sodium hydroxide :in the
water to form socaps at the 1nterface between these two
liquids. Presence of small amounts of these soaps lowered
interfacial tension considerably. \

In Figure 15 1t can be noted that 1nterfacial tension
'i1s very low and constant for all concentrations higher than
0.05 percent by we:ght (3.0125 M). The oil to caustic
solution volume ratio i1s one to three.

-

Figure 16 shows that even if some data scattering
occurs around the minimum, the trend at higher
concentrationd is toward 1ncreasing i1nterfacial tension at a
one to one volume ratio. Figure 17 shows that even !f there
is a minimum value at 0.0 percent sodium hydroxide by

weight (0.025 M), the interfacial tension keeps dropping as

concentration volumg increases, for an o1l to caustic
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so.ut:on ratic of three to one.

F:gqures 'S and '~ show an anomalous observation:
interfacia. tens:on a* 0.0'0 percent (0.0025 M) 1s higher
than at zero percent sodium hydroxide concentration. These

runs were repeated a maximum of five times and yielded
consistent values. The mechanism for this peculilar
behaviour was not elucidated. It 1s generally conceded that
the reaction of surface-active agents with caustic solutions

.4

to form soaps lowers the interfacial tension. Given a fixed
interfacial 'area, the higher the caustic concentration 1s,
the more soaps are generated by reaction and the lower the
interfacial tension becomes. Similarly, the lower the
caustic concentration is, the larger the interfacial tension
should be. Ultimately, when no caustic 1s added, the
interfacial tension should be at its highest. value. This
observation 1is verified in Figure 16 but not in Figures 15
and 17,

Symonds (1980) reported that the interfacial tension
between caustic solutions and the Wainwright crude passed
through a minimum and then increased with increasing caustic
concentration. Figure 15 shows that Symonds' Qobservations
are duplicated only when one volume of crude oil is used
with three volumes of caustic solution.

To put into better perspective the variation of
interfacial tension values with changes in crude to caustic

solution volume ratio, a cross plot of Figures 15, 16, and

17 was performed. For each caustic concentration,
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interfac:a. tension was plotted as a function of volume of
crude used (Figure 1B). A family of S-shaped curves was
obtained, 1ndicating that i1nterfacial tension was a strong
function of crude to caustic solution ratio.
For concentrations below 1.00 percent by weight (0.25
M) caustic, all the curves follow a similar pattern. At all
concentrations, the measurement of interfacial tension 1s a
strong function of the relative amounts of crude o1l and
caustilc ,solution utilized. The caustic concentrations
exhibiting the lowest interfacial tensions are:
* 25 percent crude oil by volume: 0.10 percent
caustic by weight (07025 M)
* 50 percent crude oil by volume: 2.00 percent
caustic by weight (0.50 M)
x 75 percent crude oil by volume: 1.00 percent
caustic by weight (0.25 M)
Caustic concentrations between 0.05 and 0.15 percent (0.0125
and 0.0375 M) produce similar curves within an interfacial
tension range of * 0.50 dyne / c¢cm for a crude fraction of 75
percent (see Figure 18). There is therefore allowance for
possib®e fluctuation.in caustic concentration. On the other
hand, the curves for caustic concentrations between 0.01 and
0.05 percent (0.0025 and 0.0125 M) do not fall within any
narrow range., Similarly, the curves for 1.00 and 2.00
percent caustic solutions are very different and do not
allow any fluctuation in caustic concentration without a

drastic change in interfacial tension. As a matter of fact,
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the values of the interfacial tension for the 2.00 percent
solutioX at 25 and 75 percent crude o1l by volume fall
within the range of the 0.05 to 0.15 percent lsolution. In
other words, at these oil fractions there would be no
advantage 1n u;ing a 2.00 percent instead of a 0.10 percent
caustic solution.

In addition, the stable emulsions contain at least 90
percent crude by volume, and while the 0.05 to 0.15 percent
caustic (0.0125 to 0.0375 M) curves seem to flatten after
the 50 percent oil by volume mark, the 2.00 percent caustic
(0.50 M) curve shows a rapid increase in interfacial
tension.

Similar observations were made by McCaffery as reported
by Rubin and Radke (1980). As reported in the literature
review, he noted that interfacial tension depended greafly
on the phase volume ratio. For a ratio of three volumes of
.caustic solution to one volume of crude oil where
interfacial tension did not increase with increasing caustic
concentration, the results are in agreement with those of
MacKay et al (1975).

Other observations were reported by Rubin and Radke
(1980). They found interfacial tension was also a function
of time, ratio of interfacial area to oleic phase volume,
and adsorption/desorption rate constants. All these factors
can have a sufficiently large effect to cause variation of
interfacial tension values by two to three orders of

magnitude. Figures 5, 6, and 7 from Rubin and Rﬁdke all

4
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indicate that as the amount of oil used decreases (i. e. as
the phase volume ratio iqfreases) the interfacial tension
between the two liquids increases. The trend obsérved in
Figure 18 is the exact opposite; interfacial tension
increases as the amount of o1l wused increases. No
explaﬁétion is given for that behaviour. It should be
noted, however, that Rubin and Radke used mineral oil as the
oleic phase and that they used a knéwn amount of oleic acid

as the surface-active agent. The Eyehill crude, by
comparison, 1is a complex mixture of hydrocarbons and may
contain different acids 1in different concentrations the
combined action of which would be responsible for the

observed behaviour. In both instances interfacial tension

is shown to be a strong function of phase volume ratio.

6.2 EMULSION PREPARATION

The single most important factor was certainly the high
connate water content of the crude; it decreased the ability
of the crude to accept more water coming from the sodium
hydroxide solution. Table B-3 (Appendix B) shows that the
water content of the-W/O phase is (with minor exceptions)
around sixty percent and does not fluctuate significantly
when the fraction of crude incorporated in the preparation
increases from ten to one hundred percent. Unstable
emulsions separated readily into two phases. A smaller
volume of solution has a better chance of forming a single

phase emulsion than a larger volume.
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The curve in Figure 19 indicates that up to 85 percent
crude, the volume of crude utilized equals approximately the
volume of water-in-oil emulsion formed. This means the
crude refuses to accept water coming from the caustic
solution. The resulting W/O emulsion was merely a churning
of the original crude with the fifty nine percent connate
water it contained.

Either free water was produced along with the o1l and
connate water emulsion, or the crude was produced as an
emulsion and part of the connate water separated with time.
Upon shaking, the water recombined with the oil and the
resulting emulsion showed no further acceptaﬁce of water
coming from the caustic solution. Alternatively, when some
of the connate water separated with time, the resulting
crude could accept a limited amount of caustic solution as
testified by the qQuestion marked data points in Figure 19.

The 70 percent crude oil emulsion which seemed to be
stable after the first series of preparations (see Figure
19) was shown to separate 1into two phases. A third
preparation was conducted which confirmed the instability of
this emulsion and the reproducibility{ of emulsion
preparation by this method. The striking phenomenon was
that for small volumes of water-in-oil emulsion, blending
with cgustic sol‘ion did not result 1in an oil-in-water
emulsion. Instead, the orig{nal emulsion remained as
water-in-oil and excess cauftic solué&on vas left unused.

Emulsion theory would have prédicted an emulsion inversion.

.
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Figure 19. Effect of Crude Content on W/O Emulsion Formation
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It seems that for this petroleum emulsion, the type in(which
1t occurs (i. e. water-in-oil ) 1s 1its most stable
arrangement. It will not abandon . this arrangement under
agitation or additionAof electrolyte or application of heat.

The only way to make the <crude comply with emulsion
theory would be to remove the connate water 1t contains by
vaccuum distillation. Then emulsion 1inversion wi1ll be
observed upon addition of excess dispersed phase liguid.
However, the nature of the original7 0il will have Dbeen
altered significantly in the process because the 1ions
present in the connate water would transfer as solids to the
oil phase upon vaccuum distillation, as mentioned earller.
Distillation of the water-in-oil phase confirmed that
caustic solution and crude did not mix very well even 1f the
consumption of sodium hydroxide increased as the amount of
oil present increased.

As the crude content increased, visual observation
revealed that -the consistency@ﬂifiﬁthe water-in-oil phase
changed abruptly from that of a gel (up to 50 percent crude)
to a less viscous state (60 percent and up).

' The difference in pH between the two‘ phases was fairly
large(see Figure 20). The oil-in-aqueous solution curve
shows a progressive decrease in pH with increasing percent
crude o0il - above 30 percent crude by vohrme. This can be.
related to the caustic consumption by oil. The aqueous

solution-in-oil curwyg exhibits a downward sloping trend but

there .s much scatter in the readings. Tabulated values of
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pH for Figure 20 are listed in Table B-4 (Appendix B).

An emulsion was prepared wusing 10 percent distillea
water instead of 10 percent of 0.10 percent by weight sodium
hydroxide solution (0.025 M) in an attempt to determine t he
role of caustic in emulsion stability. The distilled‘water
and crude oil mixture proved to be of low stability and less

[

homogeneous than the emulsion prepared with caustic. ,

It was observed that all eﬁulsions containing more than
90 percent crude were single phase emulsions. A search was

-

conductedcﬁétween 85 percent ‘trude (two phases) and 90
percent crude (one phase) emulsions to determine the point
at whizh the first single phase emulsion could be formed.
The 87 percent crgge emulsion was prepared twice and came
out as one phase 1in ;;ch case. But the 86 percent crude
mixture behaved differently (see Table 1). Out of the three
samples prepared, one exhibited large dréps of caustic
solution on the 5;115 of the container-twenty four hours
after preparation-, t&e other a very sha;low caustic’
solution zone at the bottom, and the third, two distinct
ﬁshases. This emulsion was then regarded as being on the
very border between stable and unstable preparations. It
was classified as unstable. Therefore stable water-in-oil
emulsions contain at least 87 percent crude (35.6 percent
0il). The 100 percent crude emulsion (41.0 percent oil),-

prepared one month earlier exhibited black pits on the wall

of the container as a sign of instability.
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hydroxide concentration, (see Paragraph S.'.' Interfac1ia:

Tension) the same margin of safety was allowed for the

caustic solution content. The maximum amount of caustic
solution the emulsion may contain wgs 13 percent. It was
\J

determined that an emulsion containing 8 percent of 0.10
percent by weight (0.025 Mj "caustic had an appropriate
margin of safety against phase separation. Confirmation of
the optimality of the 92 percent crude and 8 percent caustic
solution at 0.10 percent concentration (0.025 M) was
obgained through continuous testiné_as shown in Table D-2,
Appendix D.

The formation of extremely small water droplets upon
mixing could have been prediected from emulsjon theory. The
combination of a narrowing of the container close to the
blades -and a very large difference in viscosities accounted
for the difference in velocities necessafy to the «creation

.

'S
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~f a .arqe .~‘er‘ace betweer the *wC ..gu.ds.

The W T emu.s.cns ‘formed  fan a.. e -~ .ass.{.ed as
"mc.sses” ¢ .._.wi"g Ber:.dge e a. "3ITR . Th.s seems .
.~g.-a'e 'he aspgha.tene ~cnte~t may Dbe h.gh. ... Aana.ys:.s
showel ar aspha.-ene contert of " b percent -y weight. The
ana.vs.s was -orducted < accordance with the procedure
repcrted Ly Spe.gh? "S$77 . Aspha.tene ccrtent may dictate

e

che nature <© the :nterfac:a. f:.im fcrmed and hence.
emu.S.0N Sstabil:ity.

Append.:x A cCoOntains a water ana.ys.s repor: from the
DepartmefM® of Agr.culiture on the connate water produced w:ith
the Eyehi1li crude. This report revea.ed a .arge guant.ty of
solids and ions in the water. These solids and 1ons would

aiso contribute to the emulsion stability by playing a role

in the formation of the interfacial film.

6.3 MICROSCOPE OBSERVATIONS
Several emulsions were studied as they aged. These

results are reported here along with comments.

6.3.1 €rude 0il

Crude o0il appeared as a mass of medium-size water drops
embedded in the o0il (see photograph in Figure 21).
bbservation under ultraviolet light confirmed Fhat the oil

was the continuous phase,



(94

‘he

Figure 21. Original Eyehill crude-no stirriﬁg 1400x

[



6.3.2 Crude O1]1 with a Drop of Sodium Hydroxide Solution

A drop nf o osoc ~.r‘a:‘\:":x‘ce ST Lot © was ascec - a 7 g
¢ s .3e anc *ne feact.or beTwee  “ne '« w3as .rservesl .oJder
“ne T.ITrCcSsScTpe Be‘-re *ne Z2rop was acced wateg II°(S
movers ‘tree s oas” e a~other At-er -ne acdd:.- - ne
w3t e: TILES ec .7 jna."s anc CeCame .IMLL..e
.nger The T ver S..f *he SCCZ.L L TyZoIriTx.Z€ ST LLT .o
‘tsrmed .arge drcops. The .. seemed T abscrl  tne STaut LT
vy sudder mcvemen<ts. NC new wate: 2rops were "rservec
‘orming but some ZJrops on the edge -!{ "he enve.cpe rema.nec
.~ direct contact w:th the sc.ut:on. Socme .sciated drops of

crude surrounded by <caustic Sc.uticn Dbecame INCreas.ng.ly
crowded with sma.. water droﬁ%, acguir:ng the ge.-.i1ke .oCK
of the emulsions while the bulk of the crude retained :ts
original medium-size water drops.

The caustic solution was certainly lowering the
oil-water interfacial tension but the time it took for the
caustic to take effect was far greater than the time allowed
for emulsification during the standard_runs (five minutes).
It could be that a parameter other than the presence of

caustic played an important role during emulsification..

6.3.3 100 Percent Crude Oil Emulsion

To prepare a 100 6 percent crude oil emulsion, the
briginal Eyehill crude containing fifty nine percent water
in the form of'dispersed drops was stirred for five minutes.

This action resulted in a decrease in ~water droplet size

iy



see T .gure [0 . Scme .arqer-s.ze water 3rCps were crserved
a mass ‘.owimC zel-..xke Ssubstance whionh “Ccull very
“e.. e 2eSsSCI.oed 3S VerIy Sma.. watel I2rCgs .. Al
ere.s.>" d.fferent frocm the zrigina. Crude ccu.d have lcrmed
Zur.og  trne C:eﬁd.“c crocess ~ <tnhe abserce f scd:.ur
~vy2r.x.3e. The 2r-ps L.rmec oy aad.t.ouvrn cof sod.ium nydrox.de
snder -ne miCroscope  Paragraph t.X.. were ~"Cct as Sma.. 3s
these. !

6.3.4 90 Percent Crude 011 Emulsian g

Tc obta:n a 9C percent crude ©Ol1.i emulsicn, nine voiumes
of crude containing fifty nine percent connatg water  were
biended “with one volume of sodium hydroxide solution
containing J.'0 percent caustic by weight (0.025 M); (see
Figure 23). All the water drops were about the same size
and were attached to patches of ; gel-like substance. A
patch was isolated and appeared to be essentially oil under
the ultraviolét light. 1If it contained water drops, these
were either too small to reflect light or too numerous to be
singled out. quei the pressure of the microScope lens on

»

the cover slip, the gel-like substance would move and return

to its initial position upon release of pressulil
.resilient substance would not break. .
6.3.5 70 Percent Crude Oil Emulsion

Blending seven volumes of Eyehill <crude with three

volumes of caustic solutidén containing 0.10 percent sodium
\ v



Figure 22. '00% Eyehjll crude after 5 min. stirring 1750x

& A :
.Figure 23. 90% Eyehill crude 10% NaOH solution. 1750x



L . P . . i
hydrcox:de py we:ght $.225 M! resu.tecd i:m a ~{ percent cCrude

CL.  emu.SlOor. Th: emu.S:0" was unstabie and read:.y

separated 1ntC a water-.n-C.L. emuls:on and an agueous phase.
The water-1n-c:. emu.ision was Obser\ved under the microscope.
Jndiiuted or with Varsoi as a so.vent, the same gje.a:.nous
sub;tance cou.d be seen. Twc pictures were takern; ‘see

‘

Figures 24 and 25).

As noted prev:iously, the microscope study confirmed
that the 1nitial o1l was already an emulsion. As this
emulsion was agitated, the water drops must have decreased
in size. .

It Dbecame apparent that thé possibility for this
substance to accept additional» water or even caustic
solution was very limited. As the water drops decrease 1in
size, the sum of their surface area {ncreases, taking the
ability of the oil to remain the continuous phase to its
limit. It was not until the crude Zil formed 87 percent by
volume of the emulsion mixture that the totality of the

water and caustic solution was merged to form a single phase

stable emulsion. . \

6.4 Aging of Emulsions’
' Rubin ana Radke (1980) reported a variation  of
interfacial tensioﬁ with time. Earlier, McCaffery (1976)
investigated the aging behaviour of some ‘%ﬁinwright crude

ails against caustic solution and reported a very large

i

M



Figure 24. 70% Eyehill crude 30% NaOH solution 700x

Figure 25. 70% Eyehill crude 3% NaOH solution 1750x



.ncrease :~ :nterfac.a. tens:cn w.tn Time. I sucnh  Inanges

~ccurred a: -he .rterface petweer~ -ne -wc .:3u:ds. Then the
bpehav,our cf the emu.s.cn wcu.ld Change, .ndependen: ot
whether .t was stab.e or not. With t:me, cx.dation cf the

L
crude :s a.sc ‘i.kely TC OCTur, Tesult:ing :n an l1ncrease .7
emu.isSion ViSCOSitly. Aging wouid a.SC OoCcTur in-s:tu and it

would bé€ruseful <o predict what changes wcu.d take p.ace and
whether these changes would affec: emuision stabiiity.

Téfre are several commcn methods of determining
emulsion stability. Zeta-potential provides a measure of
the stability of an emulsion. However, the method requires
a conductive continuous phase to be effective: 1t should
work for oil-in-water emulsions but not for water-in—%ii
"emulsions which are the object of this study. Otheé

N
investigators, both in the laboratory and in the field, have
used zetameters to measure the stasility of petroleum
emulsions and obtained random predictions or inconclusivé
results. Use of zetameters to predict emulsion stability
comes from the field of biology where it has beén quite
successful; it seems however that the method cannot be
applied directly to petroleum emulsions.' Visual observation
of an emulsién can .sometimes reveal a creaming or
flocculation bhenomenon. In this case however, because of
the very high viscosity of the continudus phase, these
mechanisms cannot be observed .within- any reasonable time’

i@

Span. < . 424



Anctheér metnc ~onsists  0f using photograpns i tne
emu.s:on *c Jdeterm:ine tne drop  s.ze distribut:ion - £ *nhe
water drops. A change .~ drop s.ze °Over a T.me .nterva.
means coa.escence of the drops and thhs instability. But

“he drops were so sma.. and DuUMErous in a.. The emyu.s.ons
pcrepared that The.r measuremen: was not cechnicas.y

teasibilie.

The origina. preparations were observed for signs of

instability. It should be realized that instability :.s, much
more difficult to detect for heavy 01.8 than for
conventional o©iis. Because of high viscgsity and almost

{
1y
equal densities, gravity segregation 1s very unlikely to

"\

occur within a reasonable time frame at room temperature.
Because of the extremely s$mall droplet size, coalescence can
only be appreciated under,the microscope once the droplets
are 1in the visible range. The probleq is further compounded
by the. fact that it has not been possible to dilute these
emulsions by any solvent, for easy observation under the
microscope. All of the reported observations are therefore
only gualitative in nature.

6.4.1 75 percent Crude Oil Emulsion :.

Three volumes of Eyehill crude were blended with one
volume of <caustic solution containing 0.10 percént sodium
hydroxide by‘weight (0.625 M); see photographs in Figures 27
and 28. Oil separated at_the surface and formed a film.

Below it the W/0 phase retained its mobility but a datk band

.



AS iF7

deve.oped un tnhe wa..S oI the Tonta.lner Tnerenyv show.ng a
A}

- - - . — . - P

erta.n degree of{ (nstabi.:ty.

6.4.2 Crude O11

Drop s:ze d:str:ibution ana.ysi:s was performed on the

we..head crude at a one year 1nterva.. FoO.ilowling the method
descri:bed 1 Chapter 4 kParagraph 4.'.3), the surface area
distribution was.Obtained (see Figure 26) and the average
drop diameter calculated (see Table C-1, Appendix C).

in 1981 the drop size was uniform throughout the sampie
with an-averaqe value of 7770 nanometers (7.77 microns). In
1982, even though no change in the appearance of the sample

had occurred, separation of the oil and water had begun.

-

The top of the sample had become oil-rich and .contained

smaller water droplets (average diameter: 1690 nanometers or
1.69 microns). The bottom of the sample showed more water
drops of larger size (average diameter: 9840 nanometers or

9.84 microns). ;

Figure 26 shows the surface distribution for the crude

in 1981 (solid line) and for the top of the sample 1in 1982

»

(dashed “line). The distribution 1s seen to shift from
smaller amounts of larger surface /prea drops to larger

amounts of smaller surface area 'drops. The equivalent
= M ’
percentage reported og the vertical axis is the fraction of
4

the total number of drops falling within a dﬁop surface area

“interval. Because these fractions or percentayes were

_applied to intervals of vastly different sizes it became
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Figure 28. 75% Eyehill crude 25% NaOH
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» .
necessary to correct these values so that the area under
. ~
each bar of the graph was a true reflection of the

- . . \
cumulative surface areas observed within the surface area

T~

interval under consideration.

In conclusion, the wellhead crude ;mulsion showed signs
of instability over a period of a year. Single phase
emulsions exhibited no visible sign of instability. The 100
percent crude oil emul!ion showed signs of instability even
though it was a single phase. It seemed that the absence of
caustic was responsible for thisﬁpehaviour; caustic élearly
played a role iﬁ the long term stability of the emulsions.
Mechanical agipation by itself was not sufficient to ensure
stability thr&ﬁgh significantly smaller drop size. High

viscosity was not a barrier to phase separation but simply

slowed the process.

6.5 RHEOLOGICAL PROPERTIES

To predict the behaviour of the emulsions it vas
necessary to gain some insiéht into their flow properties.
Some emulsions vere studied as such; others vere tested
after blend%nq with various amounts of distilled water and
crude oil. The co-pbsition of each of the different
mixtures is shown in Table B-5, Appendix B. Some mixtures
came out as a single phase, others as two phases. The
number of phases and nature of each phase is shovn‘t%r each
mixture in Table D-4, Appendix D. The results were plotted
on (:Q/;ernary diagram (Pigure 29). All phases vere

.
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determined at the points indicated in the graph. Therefore,
the dotted lines separating the regions are only indicative
of the different areas. On a narrow strip joining the
Emulsion and Crude Oil apexes, resulting mi;tures are single
phase. Mixtures 6, 16, and 25 are in the regions where both
a WwW/0 emulsioﬂ and free oil were observed. Mixtures 5, 9,
‘and 11 are in regions vhere three phases (water, W/O
emulsion, and oil) were noted. All the other mixtures }ere
in a two-phase region (i. e. water and W/O emulsion). This
graph shows that the chosen emulsion (92 percent crude, 8
percent caustic solution) mixes with distilled water to a
, limided extent. ‘Such behaviour has an impact on the
qQuantity of aqueous phase present in the W/O emulsions.
Samples of this phase vere extracted from each mixture and
the wvater content wvas calculated and tabulated as
percentages in Table D-3, Appendiz D. These values were
then plotted in Figure 30. The maximum variation in wvater
content from one o-uls;on to anothof vas found to be 15
percent. The diagram wvas separated into three zones
arbitrarily but no definite bnttorn of water content as a
function of aixture composition emerged. ' Comparison with
the graph in Pigure 29 failed to show any correlation with
the number of phases. It remains unclesr why ;hc vater
content of W/0 emulsions was ﬁot linked to mixture
composition or number of phases present. It would have been

logical to exzpect larger water contents for —mixtures

prepared vith increasing amounts of distilled water.
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_The rheology of the W/0 phase of each mixture was then
studied separately. Data for the original Eyehill crude is
repérted in Table E-1, Appendix E. Apparent viscosity data
for most mixtures is shown in Table E-2, Appendix E. Shear
stress and shear rate data are shown in Table F-1, Appendix
F. Some emulsions were investigated over a wide range of
shear rates. As the viscosity increased from mixture to
mixture, the number of possiblek meagurements decreased.
Only those samples with four or more readings were graphed.
These graphs on log-log scale show that most mixtures (see
Figure 31') including the op;inﬁl emuision (Figure 32) seem
to follow a power law fluid m;del vith exponent smaller than
1.0 (pseudoplastic fluids). Value of the flov index and
consistency index were calculated using a linear regression
technique .(see Table PF-2, Apbondix r). .Salplc 6 éocs not
follow a powver lav fluid model and starts to exhihit a
different behaviour for shear rates approximately greater
than io reciprocal seconds (Piquto 33). Attempts vere made
to plot the data for samples S, 6, and 11 on different
scales (Figures 3¢; sample § éuly in Pigure 135) vwith
inconclusive results. Si-ilat\-nttc-pts vere made for
sasmples 6 and 11 (see Pigures PF-9 and F-10, Appendix rP). 1t
— was concluded however, that ali w/0 mluibns studicd\h/o
wvere non-Newtonian. | .

The rheology of such fluids is defined by a consistency
index, K, and a flov index, n, such that ’
' T e K-a" | - ‘ (7)
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3
IIII

Shear Stress, Pa

T

T

Figure 31. o -

A Sample 16
0 Sample 17
¢ Sample 25
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where T is the shear stress in pascals, and ¢ is ﬁhe rate of
shear in reciprocal seconds. For fluids such as the optimal
emulsion (Figure 32) one set of K and n values is sufficient
to describe its rheology for a wide range of shear rates.
Fér ofhers—sdch as mixtures 5, 6,.and 11-the shear stress
versus shear rate relationship does not plot as a straiggl
line. Nevertheless, the ¢ curve could be approximated by a
series of straight lines. For each segment, one set of K
;nd n parameters would describe the flow properties over a
small range of shear rates. Hence mixtures 5, 6, and 11
vere not totally different .in. b;haviour from other
non-Newtohian mixtures. Linear regression analyses
indicated that the consistency index of samples 16 and 17
vas [extremely high (see Table E-2, Appendix E).

It should  be noted khat the evaluation of the flow
index n, and of the consistency index K, is dependent -.upon
the equipment with which shear stress and shear rate are
measured. The parameters obtained using the rheogoniometer
would have to be corrected prior to predicting emulsion
behaviour in a porous medium. Still another set .of values
for n and K would be required to describe emulsion flow in a
pipe. Flow and consistency indezes are model-dependent.

Appnront viscosity vas‘ then plotted as a tunctibn_ot
shear rate for samples vith four 6: more readings ”(riéﬁ;c
36). All the curves show decreasing viscosity piti
increasing shear rate. Samples vith the highest viscosity -

at lov shear rates show the greatest decrease in apparent
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Y

viscosity . For shear rates greater than approximately 10
reciprocal seconds, the rate of decrease of apparent
viscosity with shear rate seemed linear and identical for
samples 6, 11, 17, and 25. Samples 5, 9, and the optimal
emulsion also exhibit linear decreases in apparent viscosity
beyond some high shear rate as shown in Figures 37 to 39.

\ Py

This shear rate is not the same '‘for all mixtures. Such

\

behaviour is commonly observed with emulsions. The change

in rate of decrease of apparent viscosity could be an
indication of a change in structure of the macroemulsion.
Water droplets which could remain as aggregates at low rates
of shear became gradually dispersed at higher rates until no
further dispersion could occur. Some samples showed
time-dependent behaviour at high shear rates. Shear stress
would start at some high value and then drop in a hyperbolic
fashion, duplicating to some extent the shape of the
apparent viscosity curves. Initial and Einal values of
shear stress for these samples are reported in all tables
and graphs. In the tables both values of shear str;ss are
iisted: in the gqraphs both: values of shear stress a;E
plotﬁed at the same shear réte. |

Three sets of ternary diagrams were determined at three
different shear rateﬁ. Their purpose was to assist in .
predicting how the optimal emulsion wduld behave as it
encountered varying amoﬁnts of crude oil and/or water in the
reservoir. Distilled water was used throughout to provide a

E

reference data base. The single most important result was
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that mixtures prepared with at least 30 percent water most
likely resulted in a gel or otherwise very high viscosity
Ww/'0 phase (100° Pa s or 100000° cp). This can be seen 1in
FPigures 40 to 42. Also, resulting mixtures all had apparent
viscosities far higher than any of the three basic
components (emulsion, distilled water, crude oil). Zones of
similar ;pg9rent viscosity were not continuous. It was
therefore not possible to say for example that for a fixed
vater content, any combination of emulsion and crude o1l
would yield moderate viscosities (relatively speaking).

Note that breparation #5 in Figures 40 to 42 had
substantially lower apparent viscosity than its
neighbors-for the same distilled water content. Other
three-phases mixtures are preparations #9 and #1! and it can
be seen on all three apparent viscosity charts that their
apparent viscosities were systematically lower than those of
the surrounding mixtures. There seems tO be some '
peculiarity attached té three-phase mixtures for this
particular crude o0il. As a renindef, by three-phase mixture
is meant a preparation where after thorough mixing in
accordance vith the procedure developed in Chapter 5, three
distinct layers (oil, emulsion, and vater) were observed.

rinaily, among pr;p;rations in which tvo phases
resulted, emulsion-vater mixtures shoved substantially
higher apparent viscosities in the ﬁ/o phase than did their

emulsion-oil counterparts on all three viscosity charts.
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6.6 SOLVENT ’YPICT!VIIRSI

The purpose of the solvent was to reduce effectively .
the viscosity of the chosen stable emulsion to a level at
vhich injection would be feasible. Different solvents were
used in different concentrations to assess both their
effectiveness and their impact on ltabiiity. In the first
series of trials, four solvents were considered: toluene,
Varsol, benzene, and xylenes. Aromatics were chosen bgcaus§
thoy would not precipitate anphaltoncl. Results are shown
in Tablo B-3, Appendix B.

The tirst tvo solvents were loon discarded bccausc even
at low concentrations they dcstabilizcd the emulsion within
t;fty eight hours. The remaining two were further tested.

It wvas observed that as the solvent concentration was
increased, the rate of drop in apperent viscosity with
increasing shear rat§ decreased. PFigure 43 exemplifies this
for the case of benzene. ni:. for ri;gro 43 is liltod' in

““Table E-¢, Appendixz E. The mixture became ciooct and closer
to Qxhibiélng !cvtdnian behaviour as the alouht of solvent
added increased. At the same til.. the value ot viscoiity
docrcalod charply vith iueroncing oolvont content. Beyond 6
porcent solvent, the gaih in !luiéity with inctiusinq
solvent concentration aloo,docrtaypd rapidly.

. " Both bensene and zylenes performed equslly well as
qéﬁ‘ntics in iho vklcooitz reduction process as shown in
riqurc 4¢. Data for Pigure &4 is listed in Table B-7,
Appendiz B. Xylenes have a larger -;1ocular weight than

e
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benzene; both are equally toxic and highly flammable.
Benzene costs tvice as much as xylenes. Viscosity reduction
data for xylenes is shown in Table E-5, Appendix E.

Baulsion stability was an important issue; at high
solvent concentrations an agqueous phase wvas seen forming at
the bottom of the samples wvhile the top layer becape
oil-rich. At low concentrations, the water did not separate
out but the reduction in viscosity was not sufficient. A
further reduétion in viscosity would be necessary which
vould mean larger fractions of solvent should be used. Such
solvent cuts would be, however, expensivg because of the
high cost of benzene and iylcnos. For this reason, the
possible use of synthetic crﬁde as a iolvenf . vas
investigated.

Synthetic crude was not as effective a solvent as
beniene or xylenes; it took about 10 percent synthetic crude
to decrease the optimal emulsion viscosity to around 1 Pa-'s
or 1000 cp as can be seen in Pigure 45 while 6 percent of
benzene or xylonou achiovod tho same result. Data for
_Pigure 45 is shown in Table E-6, Appendix B. ’Hovcvor, since .
synthetic crude was so much cheaper, cuts of even 10 to 15
percent would be inexpensive. . |
6.7 -Ale OIL RECOVERY EXPERIMENTS

These l.ndf pack ciporilonts vere designed to simulate
emulsion flooding in an oil reservoir. The major difference

vas that flow in a reservoir qould occur in three dimensions

i

-
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while flow in the sand packs occurred in essentially one
dimension. Therefore, sand pack displacements were to be at
best indicative of what would happen in an idealized field
situation. ' Moreover, the type of oil chosen to simulate
reservoir oil was a refinery cut of medium viscosity (600
cp). Rheological properties of this o0il and of the
displacing emulsion can be seen in Figure 46. Calculated
values of permeability for each sand pack are shown in Table
G-1, Appendix G.

Within these constraints, six runs were conducted to
evaluate the performance of tﬁe emulsion ﬁnder various
conditions. Table 2 shows the displacement parameters for
each run. All runs were compared vith the performance of a
simple waterflood, used as a base reference. Pressure and
0il cut histories for this waterflood can be seen in Figure
47. It can be observed that water breakthrough occurred
eirly vhile o0il production decrea#ed stepvise. Inlet
pressure fifs; increased to 16 psi and then decreased
monotonically as is wusually the case for a ;;terflood.
Initial increase in pressure can be due to presence of gas
in the system or can simply mean that the lines account for
limited conpres;ibility. The run vaé stopped vhen the oil
cut dropped below 5 percent;. Recovery was 43.0 percent of
the initial oil-in place. |

¢
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TABLE 2

Sand Pack Displacement Parameters

Run Core # Slug Size, Displacement Core
Percent Type Length,

m
1 _ 3 0 Waterflood 0.609
2 4 10’ Slug 0.609
3 2 20 Slug 0.6089
4 1 130 Slug 0.609
5~ 5 30 Waterflood+Slug 0.609
6 ' 6 30 Slug 1.218

L]

Flow Rates in all Runs: 100 cc/hr
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6.7.1 Effect of Slug Size

Three different slug sizes were tested: 10, 20, and 30
percent of the pore volume. In each case, no vaterflood'vas
conducted prior to emulsion slug injection.

As the size of the slug increased, the amount of o1l
produced prior to water breakthrough increased (see Figures
48 to 50). After breakthrough, the transition to large
water production was sharp 1n thé case of the 10 percent
slug but became more and more progressive and step-like as
the size of the emulsion slug increased to 20 and 30,
percent. | -

Pressure histories for the three slug sizes were all
different but showed a trend. 1In all three cases, as with
the vaterf}ood, pressure first increased to a local maximum.
For the 10 percent slug sizg, injection -of water to push the
slug coincided with the maximum pressure (Fiqure 48). For
the 20 percent slug size, inlet pressure started to decrease -
vhen wvater injection began (Figure 49). For the 30 percent
slug size, inlet pressure droppéd by 10 psi by the time
water injection vas initiated (PFigure 50). In the case of
the vaterflood, maximum pressure formed a sharp peak. As
the slug size increased from 10 to 30 percent this peak
became less sharp and gradually decreased in size.

Tvo coﬁclusions can be dFavn from these observations.
First, it seems. that emulsion injection becomes easier with
time because drép in"inlet pressure is not linked with wvater

injection. It will be seen later that water injection has a
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totally different effect. Second, even though the actual
value of inlet pressure increases as' the ' slug size
increases, the maximum initial pressure required to inject
the emulsion becomes less significant in terms of the
overall pressure history.

In the case of a waterflood, pressure beyond the
maximum decreased monotonically. But for every run where an
emulsion slug was present, pressure first decreased &hen
started to increase again. As slug size increased from 10‘
to 30 percent, the decrease in pressur? became smaller and
the subsequent increase steeper. The following
interpretation of these observations is offered.. It is
based entirely on the observation of pressure beh;viour
becauée pressure vas the only measurable variable in these
experiments. Pressure vas therefore used as an index to the
mechanistic features of the emulsion slug processes.

Since water has a lower viscosity than both emulsion
and oil, it is easier to push it through the porous medium.
Since flow rate is kept constant, the inlet pressure drops.
But as larger amounts of water cbno in contact vwith the
emulsion, several phenomena may occur all of which vouid
result in an increase in inlet pressure. Wate? and emulsion
may mix giving a product of substantially higher viscosity
as vas reported in the chapter 6n rheological properties;
‘such a fluid would necessitate a higher inlet pressure to
flov through the sand pack. As a second possibility, water
may try to bypass thg emulsion. Because the vater droplets
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{

in the emulsion will plug the pore space, the area open to
water flow will be greatly reduced; this would also
necessitate a higher injection pressure to maintain a
constant rate. Pressure iﬁcreases were steady for the 10
and 30 percent slug siz;s. In the case of the 20 percent
slug, pressure increased steadily, then fell. This could be
interpreted as a successful channeling of water through the
slug and through the oil.

Recovery for the three slug sizes as a fqpction of pore
volume injected was reported in Figure 51, Itx:;s observed
that the increase in recovery was almost proportional to the
inctesse in slug size. The increase in oil recovered prior
to breakthrough was also directly dependent on the increase
in slug size (see Table 3). However the incremental
recovery was not proportional to the s8lug size. For
exa-ple,'the use of a 30 percent slug which contained oil
represgnting 9.8 percent of the pore volume allowed the
recovery of an additional 37.3 pJ;cent of the initial oil .in
place, co-pitcd to a waterflood. The total recovery for -
that slug size vas high: 80.3 percent of the initial oil in
place against 43.0 percent for a vaterflood.

Another observation of interest vas the measurement of
the salinity of the effluent for each run (Pigure 52).
Brine which vas initially at irreducible saturation was the
first vater to be produced thereby indicating that the brine
sust have been banked ahead of the emulsion front. |

i
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Figure 51: Effect of Emulsion Slug Size on Recovery
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TABLE 3

Flood Results

Ry

Run # Displacement Percent IOIP
type recovered

1 ~ Waterflood 43.0

2 0.10 P.V. Slug 54.8

3 0.20 P.V. Slug 67.0

4 0.30 P.V. Slug 80.3

5 Waterflood+Slug 69.3

6 0.30 P.V. Slug 69.7
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6.7.2 Effect of a Prior Waterflood on Emulsion Slug Process
This experiment was designed to investigate \the
applicability of an' emulsion slug process in a situation
where waterflooding was previously conducted. A waterflood
was conducted on. core #5 (Figure 53). When the effluent
water cut approached 50 percent, an emulsion slug (30
percent of the pore volume) was injected followed by
distilled water injection. A new oil bank was observed and
oil recovery increased from 43.0 percent (simple waterflcqod)
to 69.3 percent, after 1.6 volumes were injected. As shown
in Figure 53, the second oil cut peak was almost as high as
the initial one. Emulsion injection displaced a significant
amount of o0il which had'been bypassed by the waterflood.
Inlet pressure increased as soon as water vas injected to
push the emulsion slug. This observation seemed to confirm
that the main effect of the emulsion was to effectively
block the passage 'to vater and restrict channeling. The
remainder of the pressure history resembles that'fOt run #4.
Therefore emulsion injection would still assist
recovery even if a waterflood has already been started. The
effect of the emulsion slug was also visible in the
variation in effluent salinity (see Figure 54, run #5). A’
sudden increase .in salinity vas recorded, indicating that
not all the brine had been driven out by the'vaterflood. No:ﬂ
conclusion could therefore be drawn as to the existence of a
brine bank formed in the sand pack ahead of the waterflood

or of the emulsion slug.
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Figure 52: Salinity of Aqueous Phase Recovered During
Displacement
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6.7.3 Effect of Core Length

Two emulsion slug displacements were performed in a
0.609 m (2 ft) and in a 1.22 m (4 ft) core. Similar oil cut
profiles were observed (see Figures 50 and 55) except that
water breakthrough occurred about 0.10 pore volume earlier
in the longer core. Injection pressures followed the same
trend 1in both cores and the inlet pressure in the long!éore
was predictably higher than in the short core. However, the
recovery for the longer core was only 69.7 percent of the
oil in place while recovery in the short core was 80.3
percent for slug sizes representing the same fraction of the
pore volume. It was anticipated that the recovery would be
the same which would have meant that the oil recovery was
independent of model size.

No definite explanation can be offered for the
discrepancy between the two figures. It could be' due to
viscous fingering. Because the difference in viscosities
between water (0.001 Pa-s or 1 cp) and emulsion (0.220 Pa‘s
or 220 cp) was so large at the back of the emulsion bank,
the front between the two liquids would be unstable.

The discrepancy'could also be caused by the difference
between the amount of water injected in run #4 and kin run
#6. In the short core, fluid injection totalized 1.645 pore
wolumes. In the long core the fluids injected represented
1.256 Pore volumes or 0.39 pore volume less than for the
short ¢ . It should be recalled that core flood

experiments/\ were ‘stopped when the o0il fraction in the
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effluent dropped below 5 percent, in agreement with the
procedure described in Paragraph 5.2.4. :

In either case, the conclusion is that o1l recovery was
significantly loﬁer in\a long core (1.22 m or 4 ft) than 1n
a short core (0.609 m or 2 ft). This 1s based upon only two
runs, and could use future elaboration.

Oil recoveries for runs 1, 5, and 6, are compared 1in
Figure 56. Waterflooding shows the lowest recovery. Slug
injection after waterflood shows a net improvement in oil
recovery. The sooner the slug injection begins, the larger
the wultimate recovery will be. Finally oil recovery in a

1.22 m (4 ft) core is not as high as in a 0.609 m (2 ft)

core.
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Figure 56: Effect of Emulsion on Waterfiood Recovery
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7. CONCLUSIONS
Study of Eyehill heavy o0il emulsions and their oil
displacement efficiency has led to the following guidelines

and conclusions:

1. Heavy crude'already containing connate water in the form
6f dispersed drops mixed only in‘ limited amounts vigh
aqueous caustic solutions. If larger amounts of caustic
solution were added, two-phase mixtures resulted but the
crude never reverted from a water-in-oil to an
oil-in-water emulsion to accomodate the additional

agueous phase.

2. Certain combinations of emulsion, crude, and distilled
vater resulted in very viscous mixtures. Combinations

containing more than 30 percent vater resulted in a gel.

3. Bmulsion viscosity can be effectively controlled by the
addition of synthetic crude as a solvent. Benzene and
toluene are more effective solvents, though more

- expensive.

4. Emulsion flooding in a partially vaterflooded sand pack
shoved a jump in o0il production and a total oil recovery
of 69.3 percent of oil in place.

S. Based on only two runs, oil recovery vith the same slug

123
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size may be significantly affected by the length of the

sand pack.



8. RECOMMENDATIONS

The following suggestions are , offered for further study in

the area of emulsion flooding.

The values of interfacial tension might not change if
the volume ®f caustic solution is kept constant for
measurements at different volume ratios. The effect of
the size of the interfacial area on interfacial tension

would also be useful to investigate.

All of the caustic solutions prepared contained no
sodium chloride. It would be useful to know if addition
of salt would promote better acceptance of the caustic
solution by the crude "upon mixing. Along the same
lines, the ternary diagrams could be reproduced using
different brine concentrations -rather than distilled
wvater; numb:;T:f phases and mixture viscosities could be

significantly altered by the presence of salt in the

vater.

Another study could be devoted to the effect of «caustic
on oil-in-wvater emulsions only. These emulsions would
be easier to test and analyze because their viscosity
would be so much lower than that of water-in-oil

emulsions.
Hydrochlorftiicid could be us‘d as an electrolyte for

125
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both water-in-oil and oil-in-water emulsions.

Higher caustic concentrations may be able to promote
larger acceptance of aqueous phase by the crude and/or
phase inversion. This would provide more versatility to

the emulsion flooding technique.

In the area of sand pack displacement experiments,
different solvent concentrations could be used in the
emulsion slug. The major problem in emulsion flooding
occurs at the back of the slug where the discrepancy
between emulsion and water viscosities gives rise to
water fingering. A gradation of emulsion viscosity from
that of oil to that of water would provide a better

slug.

The problem of radial flow of emulsion around a vell
bore should be investigated. As the emulsion slug moves
avay from the wvellbore its thickness will decrease
rapidly and injection water 'naf break through it
rapidly. The efficiency of emulsion flooding would

Quickly be lost.

The question of brine banking "ahead of the emulsion
should - be 'dlugiﬁated. zxpdrincnts vith continuous

emulsion njection are suggested in this regard.

+ _
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PHASE !

Equal Volumes cof O1l and Water

In the first run, 60 ml of pure distilled water were
tested against 60 ml of oi1l. For all spgsemuent runs a
solution of '.0 percent by weight sod.:um hydroxide was
produced and varying amounts were used to reach a different
sodium hydroxide concentration 1n each run.

Distilled water and scilution were measured by pipette
and placed first in a !50 ml beaker, then st:irred. The ring
was immersed well below the contact surface to avoid
contamination by oil and attached tc the tensiometer. Then
the oil was poured slowly and un:formly over the water until
it formed a layer equa. :n thickness to that of water.

Equal volumes were obtained in this fash:on.
Normal test would then proceed and the following

interfacial tension readings were obtained:
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TABLE A-1
ml of 1.0% Percent NaOH Interfacial Final
NaOH Solution by Weight Tension Reading Corrected Vaiue

62.2 1.04 12.0 13.2
9.0 0.15 11.0 ‘ 12.4
7.2 0.12 11.4 12.9
6.6 O.1T 10.9 12.2
5.4 0.09 ) 11.3 12.8
4.8 0.08 1.2 12.7
3.0 0.05 -11.3 12.9
1.8 0.03 12.6 14.6
1.2 0.02 13.7 16.2
0.6 . 0.01 16.3 19.5
0.0 0.00 26.3 .

is:;Correction Factor not available.



PHASE !

Densities

TABLE A-2
Percent NaOH Densimeter Density Correction

by Weight Reading, T g/cc Factor
1.04 0.752742 1.0084570 1.099
0.15 0.751257 1.0002154 1.12%
0.12 0.751163 0.9996944 1,132
0.11 0.751255 1.0002043 1.122
0.09 0.751088 0.9992785 1.133
0.08 0.751120 0.9994563 .13
0.05 0.750943 0.9984748 1.140
0.03 0.751024 0.9979257 1,161
0.02 0.750952 0.9975283 1.183
0.01 0.750969 0.9986191 1.199
0.00 0.750752 0.9974166 *

01l T=0.745580 d=0.9688596 g/cc @t=23.1°C
Air T=0.542127 d=0.0010984 g/cc et=22.9°C
Water T=0.750752 d=0.9974166 g/cc @t=23.5°C
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PHASE 2

One Volume of 011 for Three Volumes of Water

In all runs, 60 ml of solution and 20 ml of o1l were
used. As in Phase ' all solutions were obtained by
combination in different amounts of distilled water and a
1.0 percent by weight (0.25 M) sodium hydroxide solution.
Also, the same procedure was employed. The following

interfacial tension values were measured:

TABLE A-3
ml of 1.0% Percent NaOH Interfacial Final
NaOH Sclution by Weight Tension Reading Corrected Value
60.0 1.00 0.8 0.7
9.0 0.15 0.6 0.5
7.2 0.12 0.7 0.6
6.6 0.11 0.7 0.6
5.4 0.09 0.7 0.6
4.8 0.08 0.7 0.6
3.0 0.05 0.7 0.6
1.8 0.03 3.4 3.3
1.2 0.02 6.3 6.6
0.6 0.01 8.2 8.8



Percent NaOH

by Weight

1.

0.

Ai

Water T=0.750502 d=0.997607 g/cc

00

15

.09
.08
.05

r

Densimeter

Reading, T

0

0

0

0.

0
0

.752866
.751268
.751254
.751240
.751180
751128
.751081
.750953
750980
.750948

.750502

PHASE

2

Densities

TABLE A-4§

Density

i

1

1.

1.

i.

1.

0.

g/cc

.010699
.001845
.001767
.001695
.001358

.001069

000809
000102
000251
000074

997607

Correction

Factor

0.

0

876

.875"
.880
.88
.88 1
.881
.881
.969
.040
.078
.072

T=0.541071 d=0.0010996 g/cc Ot=22.6°C
ot=22.7°C

137



138

PHASE 3

Three Volumes of Qil for One of Water

For all runs 15 ml of solution and 45 ml of oil were
placed in a 100 ml1 beaker. The solutions were prepared from
a 1.0 percent by weight (0.25 M) sodium hydroxide batch in
volumes of 60 ml each time. Then 15 ml were taken from the
60 ml preparation and used for the interfacial tension test.
It was felt that by preparing a larger volume of solution
(60 ml) the propagation of errors would be minimized. The

results Qre tabulated on the next page.



ml of 1.0% Percent NaOH

NaOH Solution by Weight
60.0 1.00
9.0 - 0.15
7.2 0.12
6.6 0.1
5.4 0.09
4.8 0.08
3.0 0.05
1.8 0.03
1.2 0.02
0.6 0.01
0.0 ’0.00

s:Correction Factor not available.

A

TABLE A-5

Interfacial

139

Final

Tension Reading Corrected Value

1.5
1.3
11.4
11.5
11.2
11.3
11.8
4.5
14.9
20.1

15.6

i\

e

11.6
12.8
13.0

131

12.8 ‘
12.9
13.6
17.3

17.9

18.7



Percent NaOH

by Weight
1.

0.15 -

0.
0.
0.
0.
0.
0.
0.

00

.12

.11

09

08

05
03
02
01
00

Densimeter

Reading, T

0.752697
0.751283

0.751199

0.751195

0.751057

0.751102

0.751063

.0,750973

0.750969

0.750964
. 0.750962

»

PHASE 3
Densities °

TABLE A-6

"Density
g/cc

1.038295
0.999,87
0.998723
0.9987q1
0.997940
0.998189
0.997968
0.697477
0.997455
0.997428

0.997417

-
i
i

-

Correction:

1.140

Factor
1.012

1.131

1.139

1.140
1.140
1,150 -
1.191
1.200

Afg" T=0.540937 d=0.001097.g/cc @£=23.3°C

Water T=0:750962 de0.997417 g/cc #t=23.5°C

s: Correction Pa

an

-

ctor not

N

"available.
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ALBERTA Agriculture

‘
4

Office of the Provinciayy Analyst

WATER ANALYSIS REPORT

Parts per million

Total Solids
Ignition Loss
Hardness
Sulphates
Chlorides
Alkalinity
Nitrite N,
Nitrate N
iron
Pluoride
Calcium

Magnesium

55600
2000
4813

436

31905

500
Nil
Nil

335.0
1.08

856.0

650.0

Conductivity

pH

Nature of
Alkalinity
Sodium
Potassium

Salt

75000.0
7.36
Bicarbonate
of Ca & Mg
18860.0
508.0
52643
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11. Appendix B

5

EMULSION PREPARATION: PROCEDURE AND DATA

D
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Percent Volume
0il of Crude,ml
4.1 20
8.2 40
12.3 60
16.4 80
20.5 100
24.6 120
27.3 130
28.7 140
28.7 140
28.7 140
30.8 150
32.8 160
34.9 170
36.9 180
36.9 ) 180
3 %0 190

NOTE: The difference between crude and oil content stems

TABLE B-1

Weight of

Crude,

19.72
39.43
59.15
78.86
98.58
118.29
128.15
138.00

138.00

138.00
147.86
157.72
167.58
177,. 44
177.44

187.29

9

Beaker & Oil Beaker & 011l

before, g

293
291

250

191,

238.

312,

310

314.
314.
304.

446.

314

478.

313
338

452.

.95
.05

.80

10
50

10

.80

50

20

55

.45

35

.45
.60

30

after,

274,

251

191

112.
139.
193.
182.

176.

176.
166.
298.
156.
310.

136.

161.

265.

from the fact that the crude contains 59 percent water.

9

23

.62

.65

24
92
81
65
80
20
55
24
83
77
01
16
01



Volume of

crude,

20

40

60

80
100
120
130
140
140
140
150
160
170
180
180
190

ml

TABLE B-2

Volume of

solution,

180
160
140
120
100
80
70
60
60
60
50
40
30
20
20

10

ml

Solution

Temperature,

&)

23.1
22.9
23.0
23.0
23.0
24.5
23.0
23.0
21.5

23.5

23.5

22.9
23.5
23.0
21.5
23.5

C.

Emulsion

Temperature,
32.0
32.4
36.5
33.0
41.0
32.0
28.5
29.0
30.0
30.5
29.0
29.5
31.0
31.0
34.0

31.0

144

C.
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TABLE B-3
Percent Phases Volume Water Content,

011l Present Distilled, ml frac.
O in W

4. W ain O 10.0 0.41
O in W i

8.2 W in O 3.0 0.60
O in W

12.3 W in O 7.0 0.57
O in W

16.4 W in O 10.0 0.59
O in W

20.5 W in O 10.0 0.63
O in W

2.6 W in O 0.2 | 0.67
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" TABLE B-3 (cont'd)

Percent Phases Vo lume Water Content,
01l Present Distilled, ml frac.
O in W
26.7 W in O 25.0 0.62

28.7 W in O 25.0 0.66
O in W

28.7 W in O 25.0 0.61
O in W

28.7 W in O 25.0 0.61
O in W

30.8 W in O 25.0 0.61
O in W

32.8 . W in O . 10.0 0.66



Percent

011
/N/

(/,
34.9
36.9
36.9
39.0

4.0

41.0

Phases
Presenr:
2 in w
W .rn T
W o:n C

b )
5

()

O

Q

Ve . ume

C.8T...e

*)

L)

L]

Z

)

on

on

wn

5.

(¥,

~

-

>

)

<

o
(8 §]

(Bl
i¥s)

wun
0



TABLE B-4¢
Percen: Phases Relat:ve
U Presen: Vo.umes,
frac.
Z o.n W £.93
4 W :n O 0.C7
2 :in W C.8C
B.< W :rn C g.2C
2 in W c.7C
3
2.3 W :n C 0.3C
2 in W .57
6.4 W in C .43
C in W 0.36
2C.¢% W .~ C C.o04

Percent

Sciut

100.

«

98.

NaOH

. Oon

aoC

.00

.00

.JC

68

t.32

98.

52

.48

148

PH

2.2

'C.8

[a9]
[&0]

@
(]

s: not enough substance ava..ab.ie fCr a CCrrect measurement.



Percent

Cil

24.6

28.7

28.7

3C.8

Phases

Present

W in O

TABLE B-4

frac.

(&)
.

(cont'd)

Relative

Volumes,

.83

.43

.57~

.00

.32

.68

.30

.70

.29

~3

93.

94.

9s5.

95.

94.

Percent NaOH

Soiution

36

.64

00

.00

.84

30

.7C

30

.70

o1

.00

149

pH

10.2



Percent

O11

32.8

34.9

36.9

36.9

39.0

NOTE: INaOH Soclutions(%dist:lled water-59%) (total XNaOH

Solution),

Phases

Present

-

O

O

TABLE B-4

{cont 'd)

Relative

Volumes,

frac.

.05

.95

.82

.00

*.00

.00

.00

.00

83

48.

52.

10C.

'00.

*00.

Percent NaOH

Solution

.20

.80

00

0cC

00

00

00

.00

.00

150

pH



Run ¢

14

'8

Mixture Composition

TABLE B-5
Crude, Emulsion,
frac. frac.

0.00 0.90
0.10 0.90
0.10 0.80
0.00 0.80
0.30 0.70
0.20 0.70
}0.20 0.60
0.10 0.60
0.30 0.60
0.20 0.50
0.30 0.50
0.30 0.40
0.10 0.50
.20 0.40
0.30 0.30

157

Distilled
Water, frac.
0.10
0.00
0.10
0.20
0.10
0.10
0.20
0.30
0.10
0.30
0.20
" 0.30
0.40
0.40
0.40
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TABLE B-5 (cont'd)

Run # Crude, Emulsion, Distilled
frac. frac. Water, frac.
16 0.40 0.50 0.10
17 0.40 0.40 ' 0.20
18 0.40 0.30 0.30
19 0.40 0.20 0.;0
20 0.10 0.40 0.50
21 0.20 0.30 0.50
22 0.30 0.20 0.50
23 0.40 0.10 0.50
24 0.10 0.30 0.60

25 0.50 0.40 0.10
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TABLE B-6

Conversion from Crude content to QOil cantent

Percent 0Oil 4 Percent Crude
‘Present | Utilised
a1 | 10.0
8.2 20.0
12.3 30.0
16.4 ' - 40.0
20.5 : 50.0
24.6 ‘ 1 60.0
26.7 : 65.0 -
28.7 o s 70.0
30.8 " 75.0
32.8 | ‘ 80.0
4.9 | | 85.0 -
. 36.9 90.0
39.0 ‘ 95.0

410 . \ 100.0 T



12. Appendix C

MICROSCOPE OBSERVATIONS

A

-
///
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Table C-1
Eyehill Crude Aging

Particle Size Distribution

Byehill-1981 .
average drop size: 7.77668 microns
ﬁ cstandard deviation: 12.25895 microns
. ‘relative deviation: 1.57637 microns
| sample size: 285

Eyehill-1982 (Top Phase)

average drop size: 1.69601 microns
standard deviation: 3.23464 microns
relative deviation:AL 1.90721 microns
sample size: 23

-

Byehill-1982 (Bottom Phase)

N

average drop size: 9.83889 microns
standard deviation: 25.84911 microns
relative deviation: 2.62724 microns

sample size: 131
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Error range .

average drop size: 31.05652 microns
standard deviation: 1.59766 microns
relative deviation: 0.05144 microns

sample size: 10



13. Appendix D

EMULSION STABILITY

157



‘Percent

0il only

36.9

36.9

36.9

38.9

38.9

38.9

Water Content Estimation
TABLE D-1
Percent Phase Water
Crude Content, frac

7

Top 0.540

90.0 Bottom 0.600
Top 0.560

90.0 Bottom 0.560
Top 0.576

90.0 Bottom 0.572
% @

Top 0.600

95.0 Bottom 0.640
Top 0.600

95.0 Bottom 0.620
Top 0.612

95.0 Bottom 0.616

v

158

Variation 1in

rdg., frac.

0.100

0.000

0.007

0.066

0.033

0.006
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Confirmation of Optimality of 92% Emulsion

TABLE D-2
Percenf Emulsion Number of

‘Crude Temperature,C Phases
92.0 35.0 , 1
92.Q 29.5 1
92.0 34.5 ‘ 1
92.0 34.5 1 L
92.0 34.0 ]

" 82.0 33.5 1
92.0 o 30.5 1
92.0 31.0 1
92.0 32.5 1
92.0 | 34.5 1
92.0 : 34.0 ' 1
82.0 35.2 . 1
92.0 35.0 1
92.0 ) - 28.0 1
92.0 35.0 - o

92.0 30.0 1



Y

e

"
12
13
14

15

W/0O Phase Data

TABLE D-3

Density,
g /cc
0.9736757
0.9954134
0.9932367
L%

@
0.9961058
0.9785137

E

09936092

0.9960505

0. 996&06

0.9998106
0.989%5882
0.9943256
0.9945741

0.8673017

Relative

Volume, frac.

0.946
1.000
1.000

QL.970
0.857
0.990
0.966
0.683
0.929
0.857
0.923
0.622
0.660
0.667

0.636

Water

'

160

Content, frac.

0.536
0.624
0.652
0.650
0.684
0.630
0.705

0.670



3

Run #

PR

-+ feasiblg.

16

.20

21

22

23
24

- 25

-
v

g

0.

3 O ¢

TABLE D-°:

Jens. vy,

.995278:
,994%99C
986530
3830074
.9962958
"8
.9040696
.9933589

*

8]

[
)
+

{1

Re.a: . e

VeoL.ume o frac.

c.884

.

)

(69} C )'

(9]

.630
.640
.720

.652

. Note: (%) indicates that the measurement was not technically



e

R

I'S

on

1M

12

14

15

o

Frase

Tempe:

_.axtan
TABLE T
xTure ’

m
on

tat
)
n

(W]
n

30.

(9]

-28.8

32.0
29.5
30.0
30.0 7
35.0
30.5

T- R

Nuimbe
©hases
. E-w
d E-w
< E-C
< E-W
. E-wW
3

2 E-W
3

2 E-W
2 E-W
2 E-W
2 E-W



N.

B.

~)

~)
9]

[ 9]
La)

25

(

E-emulsion
O-o0il

W-aqueous solution

0
on

w
(@]
«)

(9N
O
[&n]

38.0

Numbe:
rhases
< E-C
{ E-w
< E-w
< E-wW
< E-W
< E-W
< E-W
Z E-W
2 E-W
2 E-W
\



‘4. Appendix E

APPARENT VISCOSITY

VISCOSITY CHARTS
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on

RHECLOGICAL DATA
Eyeh:.. Crude
TABLE E-~
Apparent Flow Index

Shear Rate Shear Stress

. SeC dynes, sg cm Viscosity Cp
0.7274 407 .° 3202.°
0.20123 651.4 3237.0 1.04
0.31784 1058.6 3330.6 1.09
0.50586 1791.3 35411 1.04
0.80133 2768.4 3454.8 0.94
1.27140 4274,7 3362.2 0.93
2.01230 6513.9 3237.0 0.95
3.17840 10178.0 3202.2 0.93
5.05860 15389.0 3042.1 0.92
8.01330 23895.0 2981.9 0.87
12.71400 34395.0 . 2705.3 0.82°
16.00400 42422.0 2650.7 0.88
20.12300 51411.0 2554.8 0.85
31.78400 76031.0 2392.1 0.85
50.58600 112236.0 ,2218.7 0.83
80.13300 163647.0 2042.2 0.80
127.14000 235333.0 1851.0 0.78
201.23000 336708.0 1673.2 0.77
© 252.92999 397532.0 1571.7
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TABLE E-2
Sampie Shear Rate, Apparent Viscosity,
‘ 1/ sec Pa s
9.706 21.35
1 15.448 18.33
61.453 10.99
o
9.706 39.62 .
2 15.448 "34.59
30.760 25.88
3 9.706 56.66-70.16
 15.448 , 45.27
4 : . 1.545  308.52
3.883 187.50-304.19
- ..
y .
1.545
5 - " 3.883
9.706

30.760 14.99-17.88
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TABLE E-2 (cont’'d)
Sample Shear Rate, Apparent Viscosity,
. . s Pa s
’ -A1.545»- K 1 62.72
6 - ~ 3.883 . 5868
. 9.760 - ,38.43f46.9s
. 15.448 * ,31.06—31.3Q
7 . 1.545 . 339.03
" 3883 184.13-242.81
. ' S P
8 . r.545 o 406.84 -
3.883. " 156.20—323.75
° L I e . ‘
. ‘ ‘ -
1.545 . #57.64°
i  3.883 ’ - - 50.59
9 $.706 28.7]
‘ 15.408 . ¢ »23.83426.23“‘
30,760 T - L
61.453 ’ 15.24-16.19,
\
©
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TABLE E-2 (cd¢nt’'d)

Sample Shear Rate, Apparent Viscosity,
| s ' _ Pa s -
. 4
10 0.049 10,626..23
0.309 3,644.56
1.545 45.09
"o ~ 3.883 . 36.54
9.706 22.60-28.06
. ~ ©15.448 ° ' 17.55-19.84
12 © . 0.049 ‘ 8,211.07
0.309. [ 2,017.22
13 . 0.049 17,173.77
15 o+ 0.049 - ‘ 18,676.43
. 1.545 ] ©116.42 -
o o ’ : ‘
16 ‘ . . 3:883 - 70.98-81.56
9.706 :3§£3.61-49.65'
15.448 16.95-75.72
N
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TABLE E-2 (cont’'d)

Sample Shear Rate, Apparent Viscosity,
s ' Pa s
1.545 168.07
17 ' 3.883 '95,26-113.52
9.706 66.92-120.51
15.448 . 48.32
18 : _ 0.309 864.53
1.545 389.88-559.40
1.545 57.39 -
25 | 3.883 B 45.02
9.706 ' 30.76
f ) 15.448 ‘ 26.28"
£
9.706 7.509
Optimal 15.448 7.092
Emulsion : 61.453 . 6.184

15¢.4p . 5.432



Run

1%

1%

Shear rate

>

Toluene

9.706
15.448
61..453

154.480

Varsol

9.706

15.448

61.453
154.480

TABLE E-3

Solvent Effectiveness

Voltage

volt

1.60-1.85

3.25-3.60

0.55

0.72

-

2.15-1.85

4.10-3.65

Shear stress

pa

143.30
185.10
477.68-552.31

970.28-1074.78

-

164.20 -

- 214.96
641.88-552.31
1224.0-1089.71

170

Apparent
viscosity

Pa-s

14.764
11.982
8.988-7.77

6.957-6.281

16.918
13.915
10.445-8.988

7.924-7.054

J
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TABLE E-3 (cont'd)

A

Solvent Effectiveness

1%

1%

Benzene
9.706 0.33 98 .52 10.15
15.448 0.50 14g.27 - 9.66
61.453 1.60-1.37 477.68B-409.01 7.773-6.656
154.480 3.22-2.95 961.33-880.72 6.223-5.701
Xylenes
Fd
9.706 0.27 80.61 8.305
15.448 0.44 131.36 8.503
61.453 1.37-1.22 409.01-364.23 6.656-5.927
154.480 2.77-2.65 826.98-791.16 5.353-5.121
Emulsion 2
9.706 0.45 134.35 ' 13.8417
15.448 0.65 194.06 12.5619"
61.452 1.95-2.05 612.03-582.173 9.9594-9.4736
-
154,480 4.05-4.32 1289.7-1209.1  8.3485-7.8268



vy

Run #

3%

6%

-

Shear rate

Benzene

1 30.760

61.453
154.486

307.604

Benzene

. 9.706

15.448

- 61.453

123.042

7‘72

TABLE E-4

Solvent Effectiveness

Benzene
Voltage Shear stress Apparent
viscosity
volt pa Pa s
0.37 110.46 3.5909
0.68 203.01 3.3036

1.62-1.87 558.29-483.65 3.614-3.131

2.95-3.10 925.51-880.72 3.00g<fj§§3

“0.41 15.02 1.548
0.66 22.69 1.468

2.25+1.92 71.433-61.316 1.162-0.9978

4.67-4.30 145.63-134.28° 1.184-1.0914

’



10%

20%

TABLE E-4 (cont’'d)

Solvent Effectiveness

. Benzene
Benzene
- . ‘

15.448 - 0.18 7.969 . 0.5158

61.453 0.77. 26.058 0.4240
128.042 1.50 48.439 0.3937
194.133 2.38 75.419 0.3885
Benzene

61.453 0.07 ] 4.596 ¢« 0.07479
194.133 0.24 9.808 0.05052
614.526 0.75 ©i 25,440 0.04140
1944..330 2.44 77.260 0.03979

-



Run

3%

6%

10
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’ ' TABLE E-5

‘ b

L

Solvent Effec;iveness

(X}

,&A
Xylenes
.
Shear rate Voltage Shear stress Gﬁpparent
visgosity
s ' valt Jpa B Pa-s
I i
% ZXylenes B
. .
9.706 1.20 39.241 - 4.043
15.448 1.87° 59.783 3.870 )
30.760  3.42 107.304 ° 3.488
'38.827 4.15 129.685 3.340
Xylenes . e .
- ) 7"\\ .
15.448" 0.42 - 15.327 0.992 7
61.452 . 1.70 54.571 0.888 -

123.042 3.27  + ' 102.705 0.835

a



10%

i

TABLE E-5 (cont'd)

¢

Solvent Effectiveness

Xylenes
€,

Xylenes L

15.448  0.13 6.4357

61.453  0.55 19.3120
154.486 1.35 43.8400
307.604 2.55. 80.6310
488.749 4.00 125.0870
Xylenes

194,133 0.15 7.0488
614.526 0.45 16.2460
970.664 0.67 22.9920
1941,327 1.37 44.4530

0.4166
0.3143

0.2838

o

.2621

o

.2559%

. 0.0363

0.0264
0.0237
0.0229
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TABLE E-6
! Solvent Effectiveness

Synthetic Crude

Run "~ Shear rate Voltage Shear stress | Apparent
# ) viscosity
s volt pa Pa- s
Synth. crude
970.66 0.05 3.9829 0.004103
3076.05 0.28 11.0345 0.003587
6% Synth.  crude
9.706 0.96 31.883 3.285
13 15.448 1.58 50.891 3.294
30.760 3.06 96.267 3.129
38.827 3.80 118.955 3.064
10% Synth. crude
9.706 0.25 10.115 1.042
14 15.448  0.39 14.407 0.933
61.453 1.65 53.038 0.863

154.480  3.80 118.955 0.770

S |



(3N K N
*fz:fi .
Sy
K . : .
RS o
J,” !
\
V4
TABLE E-7 :
Apparent Viscosities at a fixed shear rate: 61.45 s '
\
Concentration ' Benzene Xylenes
cp cp
(4
1% 6,656 5,927
3% 3,304 3,157
6% 998 : 888
10% . 424 314

20% 74 ' .



15. Appendix F

RHEOLOGICAL DATA
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Figure F-2. Rheogoniometer Shear Stress Transducer Calibratiqn.
Calibration Fluid : AT'N 20

13
s ’
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Figure F-3. Rhoooomometcr Shear Stress Transducer Caubratuon
2r Calibration Fluid-AT'N = 100

e

Voltage, volts

o"l-LLl'llL"Lal'l,_lllll
o © 20 .40 60 " 80 100 - 120 140

o . ShearStress, Pa.
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At'n

20
100

-200

20

100
200

s 100

200 .

s

. L. P

0.452

0.900

1.798
4.520
9.000

28.400

Optimal
0.284
0.452

1.798 -
4.520

0.284

4

+.798

0;‘52'

TABLE F-1

\ §hear rate, .

-8
= s‘

'.Calibration

15.448

N

30.760 .

‘" 61.453
154.480
307.600

970.660

Emulsijon
9.706
15.448
; 61.453

; 154.480

Sample 1
9.706
15.448
61.453

0 ‘
volt

0.60
1,24

0.46

1(92$.crﬁde)
3.24
. 4.88

3.00
3,20

1.636
2.236
2.580

Voltage,

183

Shear stress,

A

- pa
14.6756
29.2220
'58.3804
146.7560
291.6500
922.1270

-

72.88
109.56
", 380.01
© 839.13°

207.23
283.23
675.70



At'n
100
200

)— 200

200

200

0.284
0.452

0..900

0.284

0.452

0.1136
0.0452

0.0452
0.1136
0.2840
0.9000

el

3

TABLE F-1

Shear rate,

( g
« Sample 2
9.706
15.448

30.760

Sample 3
9.706

15.448

Sample 4§
3.883
1.545

Simple 5
1.545
3.883
9.706

30.760

(cont'd)

Voltage,

volt

3.036
-~ 2.040

3.040

2.10-2.60

2.670

2.78-4.51
1.82

0.35
0.83
1.43-1.60
1.76-2.10

184

Shear stress,

pa

384.57
534.28

796.18

549.99-680.94
699.27

728.08-1181,17

476.66

91.66

217.38
376.52-419.04
460.94-549.99

i



At'n

200

200

200

0.0452
0.1136

0.2840

q.4520

0.0452

0.1136
AN

0.0452
0.1136

.

TABLE F-1 (cont'd)

Shear rate,

s
Sample 6
1.545
3.883
9.706

15.448

Sample 7
1.545

3.883

Sample 8.

1.545
3.883

Voltage,

volt

1.42-1.74

1.83-2.20

2.73-3.60

2.40

2.82-4.80

185

Shear stress,

pa
96.90
227.85
372.95-455.71
479.80-576. 18
523.80
714.99-942 .84
628.56
738.56-1257.12
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R4
@FABLE F-1 (cont'd)

At'n r. p. m. Shear rate, Voltage, Shear stress,
s ' volt pa
; Sample 9 ‘
200 0.0452 1.545 0.34 89.05
0.1136 3.883 0.75 196.43
100 0.2840 ' 9.706 2.20 278.67
0.4520 15.448 2.79-3.20 353.41-405.34
200 0.9000 ‘ 30.760 2.18 570.94
1.7980 61.453 3.58-3.80 936.30-995.22
y \
Sample 10
200 0.001428 0.04880 1.98 . 518.56
0.604520 ~0.30900 4.30 \ 1126.17
Sample 11 _
0.0852 1.545 0.45 1 69.67
- 100 0.1136 ' 3.883 1.12 - 141.87
0.2840 9.706 1.73-2.15 219.39-272734

0.4520 15.448 2.14-2.42  271.07-306.54



At'n

200

200

200

100

200

0.001428

0.004520

0.001428

0.001428

0.0452
0.1136
0.2840
0.4520

TABLE F-1

Shear rate,

s -1
Sample 12
0.04880

0.30800

Sample 13

0.04880

Sample 15
0.04880

Sample 16
1.545
3.883
9.706

15.448

{cont'd)-

Voltage,

volt

3.48

1.42
2.18-2.50
1.62-1.84

2.03-2.20

187

Shear stress,

pa

400.70

623.32

838.08

911.41

179.87
275.63-316.68

- 423,23-481.90

531.66-576.18



At'n

100

200

200

100

200

0.0452
0.1136
0.2840

0.4520

0.00452

0.04520

0.0452

0.1136

m.

0.2840

0.4520

TABLE F- I

Shear rate,

s
Sample 17
1.545
3.883
9.706

15.448

Sample 18
]
0.3090

1.5450

Sample 25
1.545
j.883
9.706

15.448

(cont’'d)

Voltage,

volt

2.05
2.92-3.48
2.20-2.48

2.85

1.02

2.30-3.30

188

Shear stress,

pa

259.67
369.88-440.8
576.18-649.51

746.42

267 .14
602.37-864.27

>

88.67
#174.80
298.57
405.94
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Shear Rate, sec™

Figure F-5. Sampile 6 Rheology; Log-Log Scales.
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Shear Stress, Pa
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Figure F-7. Sample 9 Rheology



Sample

9

16

17

25
Optimal

Emulsioh

Linear Regression Analysis

TABLE F-2

Flow Index
n
0.615
0.487
0.459
0.653
0.886

192

Consistency
Index, K
72,865
148,219
214,282
.Gé,582
9,739



TABLE F-3

Optimal Emulsion and Heavy Oil

o
Rheology
Shear Rate Voltage Shear Stress

s’ volt pa

Eyehill Emulsion

61.45 0.25 10.11
154.48 0.68 23.30
307.60 1.42 45.99

MTC 30 Base

9.7 - 0.13 6.44

15.4§ 0.17 7.66
61.45 0.55 19.31
154.48 1.25 40.77

307.60 2.35 74.50

193

Apparent
Viscosity

Pa's

0.164
0.151
0.150

0.664
0.496
0.314
0.263
0.242



SAND PACK DISPLACEMENTS

194
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TABLE G-1

Permeability Calculations

Core Flow Rate, Pressure Drop, Permeability,

cc/sec - psi - darcy

1 1.509 . 3.00 13.31

2 | 1.323 ‘ 3.30 ' - 10.61

3 2.016 - 2.90 18.30

' 1.698 3.25 . 13.85

5 1.947 3.25 15.88

6 0.626 2.10 15.71



Qo6

~

TABLE G-2

Pore Volume Determination

from Effluent Water Salinity Analysis.

Core # Cum. Vol. 1Inj., Refractive NaCl
4 ml Index Concentration

720 - 1.3326 0.0009

740 1.3330 0.045

760 1.3344 0.206

780 ‘ ‘ 1.3378 0.596

1 800 1.3400 0.849
820 . 1.3407 0.929

840 1.3410 0.964

860 1.3410 6.964

883 1.3412 0.987

903 1.3414 1.000

4



TABLE G-2 (cont'd)

Pore Volume Determination

197

from Effluent Water Salinity Analysis

Core # Cum. Vol.

ml

700
720
740
2 760
780
800
820
840

Refractive

Indeg

1.3326
1.3329
1.3335
1.3359
1.3390
1.3409

1.3414

1.3414

NacCl

Concentration

0.0009
0.0336
0.103
0.378
0.734
0.952
1.000
1.000



198

TABLE G-2 (cont'df

Pore Volume Determination

from Effluent Water Salinity Analysis

Core # Cum. Vol. Inj.‘, Refractive NacCl
ml Index Concentration
670 1.3326 0.0009
690 1.3328 0.022
710 1.3329 0.034
730 1.3330 0.045
3 750 1.3350 0.275
770 1.3389 0.722
790 1.3405 0.906
810 1.3409 0.952
830 | 1.3410 0.964

/
850 1.3414 1.000
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TABLE G-2 (cont'd)

Pore Volume Determination

from Effluent Water Salinity Analysis

o .

Core # Cum. Vol. 1Inj. , Refractive NaCl
ml Index Concentration
/
720 1.3326 0.0009
740 1.3333 0.079
761 1.3344 0.206
781 1.3369 0.493
801 1.3395 0.791
4 820 1.3406 0.918
840 1.3410 0.964
859 1.3414 1.000
880 1.3414 1.000
900: 1.3414 1.000

920 1.3414 1.000
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fABLE G-2 (cont'd)

Pore Volume Determination

from Effluent Water Salinity Analysis

Core # Cum. Vol. 1Inj. , Refractive NaCl
ml Index Concentration
688 1.3326 0.0009
708 1.3330 0.045
728 1.3384 0.665
748 1.3404 0.895
5 : 768 1.3409 0.952
788 1.3410 0.964
808 1.3412 0.987
828 1.3413 ‘0.998
848 1.3414 1.000

868 1.3414 1.000
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TABLE G-2 (cont'd)

pPore Volume Determination

. ' »
from Effluent Water Salinity Analysis

Core # Cum. Vol. Inj. , Reffﬁctive —NaCl
ml | Index Concentration
1320 1.3325 . 0.0000
1400 1.3326 0.0009
1421 ‘ 1.3326 0.0009
1460 1.3326 . 0.0009
1480 1.3328 0.022
1500 1.3330 . 0.045
1520 1.3338 0.137
1540 . 1.3360‘ 0.390

6 11560 1.3390 0.734

1580 1.3404 0.895
1600 1.3407 0.929
1620 1.3408 0.941
1640 1.3409 0.952
1660 1.3411 0.975
1680 ‘ 1.3414 1.000

1700 1.3414 1.000
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TABLE G-3
Initial Sand Pack Conditions

Core # Pore Volume, Porosity, 011 Water

ml ~ percent Sat. , Sat. ,

frac. frac.

1 782 42.7 0.870 0.130

2 767 41.9 0.887 0.113
3 765 41.5 0.902 0.098
v 4 780 42.6 0.865 0.135
5 730 39.9 0.952 0.048

6 1552.5 42.2 0.882 0.118
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TABLE G-4

Effluent Analysis-Run 1

Cum. Vol. 1Inj. , 011 Produced Water Produced

ml frac. frac.
150 1.000 0.000
200 0.964 0.036
250 0.560 0.440
300 : 0.370 - 0.630
350 0.220 0.780
4398 . 0.135 0.865
448 0.120 0.880

495 0.106 o 0.894 .
8544 © 0.082 - 0.918
592 . 0.073 0.927
640 0.052 0.948
‘ 689 0.051 " 0.9495
738 0.061 0.939
787 0.061 0.939
836 . 0.081 ' 0.949

. 889 ' . 0.047 0.953
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TABLE G-5

Pressure History-Run 1

Cumulative Time Inlet Pressure

min psi
0 0.0
30 15.8
60 13.5
90 10.4
120 7.6
150 5.6
180 4.3
210 3.7
240 3.5
270 3.3
345 -
385 3.0
445 ‘ 3.0

475 3.0



Pore Vol.

frac.

0,
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
1.
1.

1.

065
131
196
261
327
392
458
520
586
647
AR
774
837
900
965
029
093
162

01l Production History-Run 1

Inj.

r

TABLE G-6

4

Cum.

0il Prod.
ml
50
100
150
198.2
226.2
244.7
255.7
262.2
268.2
273.2
277.2
288.7
283.2
285.7
288.7
291.7
294.2
296.7

% IOIP Prod.

14.
21,
28.
32.
35.

37.

38

38.
39.
40.
40.
4.
41,
41,
42.
42.
43.

7
8
S

.0

9
6

2
0
4
8
3
6
0

206
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TABLE G-7

Effluent Water Salinity Analysis-Run 1

Run # P. B Prod. Refractive NacCl
frac. Index Concentration

0.261 1.3409 0.952

0.327 1.3385 0.677

0.392 1.3382 0.642

0.458 1.3374 0.550

0.520 1.3350 0.275

0.586 1.3338 0.137

0.647 1.3333 0.079

4 0.711 _ 1.3330 0.045

0.774 1.3330 0.045

0.837 1.3329 0.034

0.900 1.3329 0.034

0.965 1.3329 0.034

1.029 1.3328 0.022

1.093 1.3328 0.022

1.162 1.3328 0.022



Cum.

Vol.

ml

100
200
300
350
400
450
500
550
600
650
700
750
800
850
300
950
1000

Inj.

TABLE G-8

Effluent Analysis-Run 2

, 01l Produced

frac.

208

Water Produced
§

frac.
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TABLE G-9

Pressure History-Run 2

g
Cumulative Time ~ Inlet Pressure

min : psi
0 0.0
40 12.5
50 15.5
60 16.2
75 16.2

92 15.9 -
96 15.6
100 15.2
110 14.2
120 - 13.2
140 12.5
160 11.0
191 8.6

200 8.5



TABLE G-9 (cont'Qd)

Pressure History-Run 2

Cumulative Time Inlet Pressure
min psi
226 ' 8.1
260 8.0
290 6.4
320 6.6
350 , 6.8
380 6.9
410 7.1

440 7.2
470 7.2
500 7.2
530 ' 7.2
560 @ ‘ 7.6

590 7.6
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TABLE G-10

0il Production History-Run 2

Pore Vol. 1Inj. , Cum. Oil Prod. % IOIP Prod. ,

frac. ml

0.0641 50 ‘ 7.5
0.128 100 14.8
0.192 150 22.2
0.256 l‘ 200 29.6
0.321 N 250 37.0
0.385 294 43.6
0.449 312 46.2
0.513 321 47.6

0.576 329 ' 48.7



¥

TABLE G-10 (cont'd)

Cum.

O&l Production History-Run 2

0il Prod.

ml

334.5
339.5
344.5
349.0

353.0

- 355.0

357.5
360.5
364.5
368.5
370.0

% IOIP Prod.

49.6
50. 3
51.0
51.7-
52.3
52.6
53.0
53.4
54.0
54.6

1'54.8

212

r
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TABLE G- 11

Effluent Water Salinity Analysis-Run 2 -

Run # P. V. Prod. Refractive NacCl

| frac. Index Concentrafion

0.385 1.3409 0.952

0.449 1.3399 0.837

- 0.513 . 1.3380 0.619

0.576 1.3359 0.378

0.641 1.3345 0.217

0.505 1.3338 0.103

0.769 1.3332 0.068

1 0.833 1.3330 0.045
0.897 1.3330 0.045

0.962 1.3329 0.034

1.026 1.3329 0.034

1.089 1.3329 0.034

1.153 ©1.3328 0.022

1.218 "1.3328 0.022

1.282 1.3328 0.022
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TABLE G-12
Effluent Analysis-Run 3 ~
Cum. Vol. Inj. , 011l Produced Water Produced
ml ‘ frac. frac.
300 1.00 0.00
350 0.98 \ 0.02
400 0.51 - 0.49
450 0.29 0.71
500 0.21 0.79
553 0.19 0.81
603 o 0.13 0.87
653 0.11 - : 0.89
703 0.10 0.90 ‘
756 0.10 0.90
80{ 0~01~\\\\\ 0.93
852 0.13 N 0.87
900 ‘ 0.06 0.94
950 0.05 0.95
1000 0.06 0.94

1100 0.06 0.94



TABLE G-13

Pressure History-Run 3

Cumulative Time

min

33
40
60
82
125
137
150
165
198
245
260
273

288

Inlet Préssure

psi

11.6

113.3
15.3
19.4
21.0
20.2
18.6
17.8
17.0
16.2"
15.6
15.9
17.2

19.6

215



TABLE G-13 (cont'd)

Pressure History-Run 3

Cumulative Time Inlet Pressure
min psi
303 | 21.5
323 22.6
337 23.4
360 ) .»24.4‘
390 25.6 -
433 27.0
455 6T, 27,0
473 T 269
533 ’ 24.8
570 23.1
585 22.6
615 ' 22.0
675 ‘ . 21.2



Pore Vol.

frac.

0.0652
0.130
40.196
0:.261
0.326
0.391
0.456
0.522
0.587
0.652

0.717

0il Production History-Run 3

Inj.

TABLE G-14

Cum.

011 Prod.

ml

50
100
150
200
250
300
349.25
374.75
389.25
399.75%

409.75

¥ IOIP Prod.

22.
29.4
36.8
44 .
51.4
55.1
57.2
58.8

60.3

217



TABLE G-14 (cont’'d)
Oil Production History-Run 3

Pore vol. Inj. , Cum. 011 Prod. % I0OIP Prod.

frac. ml

0.782 416.25 61.2
0.847 421.75 62.0
0.913 426.75 62.8
0.978 432.25 63.6
1.043 , 435.75 64.
1.108 439.25 64.6
1.173 . 442.25 65.0
1.239 444.75 65.4
1.303 447.75 65.8
1.369 450.25 66.2
1.434 453.25 66.7

1.499 455.50 67.0

ro



TABLE G-15

Effluent Water Salinity Analysis-Run 3

Run # P. V. Prod. Refractive - NacCl
frac. Index Concentration

0.456 1,34 0.975

0.522 1.3396 0.803

0.587 1.3380 0.619

0.652 1.3360 0.390

0.717 1.3350 0.275

0.782 1.3342 0.183

0.847 i.3340 0.160

2 0.913 1.3339 0.148

0.978 1.3335 0.103

1.043 1.3333 0.079

1.108 1.3330 0.045

1.173 1.3330 0.045

1.239 1.3330 0.045

1.369 1.3330 0.045

1.499 1.3330 0.045
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TABLE G-16

Effluent Analysis-Run 4§

Cum. Vol. 1Inj. , 01l Produced Water Produced
ml frac. frac.
s00 1.00 0.00
450 0.76 0.24
500 0.40 0.60
550 0.32 0.68
600 0.26 0.74
650 0.20 —4.80
693 0.14 0.86
741 0.10 0.90
790 0.10 0.90
839 | 0.08 0.92
936 0.08 0.92
986 0.06 0.94
1036 0.08 0.92
1086 . 0.08 0.92
1136 0.04 0.96

1286 0.03 0.97
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TABLE G-17

Pressure History-Run ¢

Cumulative Time Inlet Pressure
min psi
0 9.2
10 14.6
25 16.4
50 _ 16.6
85 | 16.4
110 18.2
125 21,1
128 20.0
140 - 18.2
170 14.8
200 14.2
230 15.2
260 17.4

320 28.4¢
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TABLE G-17 {(cont'@d)

Pressure History-Run 4

Cumulative Time Inlet Pressure
min psi
350 32.8
380 34.9
406 36.4
425 40.4
450 ) 39.0
510 42.4
570 43.0
600 42.4
630 - 42.4
690 41.0
720 41.0

750 41.0
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TABLE G-18

0il Production History-Run ¢

Pore Vo;. Inj. , Cum. O0Oil Prod.- % IOIP Prod. ,

frac. ml

v0.064 50 7.4
0.128 100 14.7
0.192 150 22.1
0.256 200 29.4
0.320 250 , 36.8
0.384 300 44 .1
0.448 350 51.5
0.512 400 58.8
0.575 438 64.4
0.639 458 ‘ 67.4
0.703 474 69.7
0.767 487 71.6

0.831 497 73.1

g



Pore Vol.

frac.

0.886
0.948
1.073
1.134
1.197
1.261
1.325
1.389
1.453
1.517
1.581
1.645

011 Production History-Run 4

Inj.

r

TABLE G-18 (cont'd)

Cum.

Oil Prod.

ml

503
508
516.5
520.5
524.5
527.5
531.5
535.5.
537.5
54 1
544.5
546

¥ IOIP Prod.

74.
75.
76.

76.

4

5

77 .

77.
78.
78.
79.
79.
80.
80.

6
2
8
0
6
0
3

224

’
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TABLE G-19

Ef fluent Water Salinity Analysi$-Run 4

Run # P. V. Prod. Refractive NaCl
frac. Index Concentration

0.575 1.3409 0.952

0.639 ) 1.34009 0.952

0.703 1.3399 0.837

0.767 1.3374 .0.550

0.831 1.3353 0.309

3 0.886 1.3340 0.160

0.948 1.3335 0.103

1.010 1.3333 0.079

1.073 1.3333 0.079

1.134 1.3332 ~0.068

1.197 1.3332 0.068

1.261 1.3330 - 0.045

1.325 (~1.3330 6?045



Cum.

Vol.

ml

150
200
248
298
344
394
444
498
547
596
645
695

Inj.

TABLE G-20
Effluent AnalysiS—Run 5

) 011 Produced

frac.

0.998
0.945
0.563
0.340
0.215
0.100
0.090
0.093
0.082
0.776
0.934

0.680

226

Water Produced

frac.

0.002
0.055
0.437
0.660
0.785
0.900
0.910
0.907
0.918
0.224
0.066

0.320
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TABLE G-20 (cont'd)

Effluent Analysis-Run 5

Cum. Vol. Inj. , 01l Produced Water Produced
ml frac. frac.
744 0.378 0.622
792 0.274 0.726
840 0.240 | 0.760
887 0.200 0.800
934 ) 0.160 ©0.840
984 ‘ . 0.170 - 0.830
1031 0.106 0.894
1079 | 0.104 0.696
1126 0.085 0.915
1172 0.076 0.924
1220 0.053 0.947

1268 0.073 0.927
1320 0.039 0.961
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TABLE G-21

Pressure History-Run 5

Cumulative Time Inlet Pressure

min psi

N

0 6.4
30 , 15.8
80 1.0
85 | ' 10.4
115 \ 9.0
145 “ 8.5
148 ‘\_*\ ‘ 8.4
170 8.2
190 : B 8.2
210 8.1
230 . 8.1
250 9.1
260 E 10.6
270 | b 1.6

280 . ' 13.8
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B

TABLE G-21 (cont'd)

Pressure History-Run 5

Cumulative Time Inlet Pressure
min - ’ psi
293 - 15.7
310 16.6
340 16.4
410 12.?
470 12.0
540 13.6
557 14.7
576 16.0
640 18.0
700 18.3
725 19.3
759 19.8

782 20.4



Pore Vol.

frac.

0.

0.

0.
0.
0.
0.
0.
0.
0.
o

069

137

.205
.274
.339

. 408

47
540
608
682
749
816
884
952

01l Production History-Run 5

inj.

’

TABLE G-22

Cum.

01l Prod.

ml

50

100

149.9
197.15
224.15
241.15
251,15

256.15

260.65

265.65
269.65
307.65
353.40

387.4

% ICIP Prod.

21.6
28.4
32.3
34.7
36.1
36.9
37.5
38.2
38.8
44.3
~50.8
55.7

230

’



Pore Vol.

frac.

1.085

1.151

1.279
1.350
1.412
1.478
1.542
1.605
1.671
1.737

1.808

01l Production History-Run 5

Inj.

3

TABLE G-2Z (cont'd)

Cum.

011 Prod.

ml

405.9
418.9
430.4
439.9
447.4
455.9
460.9
465.9
469.9
473.4
475.9
479.4¢

481.4

% IOIP Prod.

58.
60.
61.
63.
64.
65.
66.
67.

67.

68.1

68.5

69.

0

69.3

r)

’

)



~J
(98]
~J

TABLE G-23

Effluent Water Salinity Analysis-Run 5

Run ¢ P. V. Prod. Refractive NaCl
frac. Index Concentration

0.274 1.3395 0.791

0.339 1.3389 | 0.722

0.408 1.3377 0.585

0.47 1.3377 0.585%

0.540 1.3360 0.390

0.608 1.3340 0.160

0.682 1.3334 0.091

5 0.749 1.3331 0.057

0.816 1.3329 0.034

0.884 1.3331 0.057

0.952 1.3343 0.205

1.019 1.3340 0.160

1.085 1.333 0.137

1.151 1.333 0.103

1.279 1.3334 ©0.091

1.350 1.3330 0.045

1.808 1.3330 0.045
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TABLE G-24

Ef fluent Analysis-Run 6

Cum. Vol. Inj. , 011 Produced Water Produced
ml frac. frac.
700 1.000 0.000
750 0.898 0.102
800 0.580 0.420
850 0.420 0.580
900 0.320 0.680
950 0.306 0.694
1000 0.292 0.708
1050 0.260 0.740
1100 0.190 0.810
1150 0.184 0.816
1200 ’ 0.163 0.837
1250 0.160 0.840
1300 0.135 0.865

Ve
am——
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TABLE G-24 (cont'd)

- Effluent Analysis-Run 6

Cum. Veol. 1Inj. , 011 Produced Water Produced
ml frac. frac.
L J

1350 e 0.140 0.860
1400 0.130 0.870
1450 0.100 0.900
1500 0.093 0.907
1550 0.111 0.889
1600 0.100 0.900
1650 0.080 0.920
1700 0.100 0.900
1750 0.090 0.910
1800 L 0.090 0.910
1850 0.096 0.904
1900 0.061 0.939

1950 0.061 0.939
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TABLE G-25

Pressure History-Run 6

Cumulative Time Inlet Pressure

min psi
0 24.5
30 29.2
60 29.6
90 29.7
127 30.7
157 32.5
187 34.6
216 36.8
252 . 32.5
281 29.0
3in 28.2
341 ©28.6
371 30.2
401 _ 32.6
459 42.2
488 ‘ 43.8

518 46.4
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TABLE G-25 (cont’'d)

Pressure History-Run 6

Cumulative Time Inlet Pressure
min : psi
582 50.8
643 51.0
670 52.8
729 - 60.2
760 63.0
793 64.7
823 61.8
851 61.9
880 60.4
910 57.7
940 ’ 56.0
970 55.6
1000 56.0
1030 56.2
1063 60.2
1093 58.0

1123 61.2
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TABLE G-26

0il Production History-Run 6

Pore Vol. 1Inj. , Cum. Oil Prod. ¥ I0IP Prod. ,

frac. ml

0.064 100 7.3
0.129 200 14.6
0.193 300 21.9
0.258 400 29.2
0.322 | !/500 36.5
0.386 ‘ 600 43.8
0.451 700 51.1
0.483 744 54.3
0.515 773 o 56.4
0.548 794 58.0
0.580 812 - 59.3
0.612: ‘ 825 60.2
0.644 839 61.2
0.676 - 852 ‘ 62.2

0.709 . 861.5 ' 62.9



Pore Vol.

frac.

0.741
0.773
0.805
0.837
0.869
0.902
0.934
0.966
0.998
1.030
1.062
14095
1.127
1.159
1.192
1.224
1.256

0il Production History-Run 6

Inj.

-3

TABLE G-26 (cont'Qd)

w

Cum. O0Oil Prod.

ml

238

&

% IOIP Pde. ,

63.5
64.1

64.7

65.2.

65.7
66. 1

66.5
8

1 66.8

67.2 |

67.6
67.9
. 68.2

68.6

68.9
69.2
9.5

69.7
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TABLE G-27

Effluent Water Salinity Analysis-Run 6

.Run_# | P. V. Prod. Refractive NaCl
frac. Index Concentration

0.483 173414 1.000

0.515 ‘ 1.3413 0.998

0.548 1.3411 0.975

0.580 1.3408 0.941

0.612 1.3400 0.849

6 _ 0.644 1.3393 0.768,

0.676 1.3386 0.688

0.709 1.3374 0.650

Q.741 ’ 1.3364 0.435

0.773. 1.3356  0.343

0.805 © 1.3350 " 0.275

0.837 ' 1.3345 0.217
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TABLE 6-27 (cont'd)

Effluent Water Salinity Analysis-Run 6

Run # P. V. Prod. Refractive NaCl
frac. | Index Concentration
0.869 1.3345 0.217
0.902 1.3349 0.263
0.93¢ 1.3338 0.137
0.966 1.3336 0.114
0.998 1.3334 0.091
6 1.030 1.3333 0.079
1.062 1.3333 ‘ . 0.079
1.095 1.3331 0.057
1.127 | 1.3331 0.057
1.159 | 1.3331 0.057
1192 - 1.3330 0.045

1.224 1.3330 0.045

o 1.256 1.3328 0.022



