]

I* National Library of Canada

Cataloguing Branch ‘ /
Canadian Theses Division

Ottawa, Canada
K1A ON4

N(\)TICE

e T e

N

The quality of this microfiche is heavily dependent upon

the quality of the original thesis submitted for microfilm-

ing. Every eﬁort has been made 1o ensure the highest
" quality of reproduction possible.

) ,‘-‘.,__f,-—/-\\ : - - «
If pages are missing, contact\ﬂl\e university which-
granted the degree.

Some pagés may have indistinct)int especially. if
the original pages were typed with a boon typewriter

~fihbbon or if the university sent us a pogr photocopy.

Previously copyrighted materia)s/{(journal articles,
published tests, etc.) are’not filmed. [ ’

Reproductior’in full or in part of this film is governed
by the Canadian Copyright Act, 8.5.C. 1970, c. C-30.
Please read the authorization forms which accompany
this thesis. ' ¢ \

- THIS DISSERTATION
- HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

’

X

NL-339°(3/77)

-

Bibliothaque nationale du Canada !

" Direction du catalogage

Division des théses canadiennes

AVIS o ‘

La qualité de cette microfiche dépend grandement de la
qualité de la thése soumise au microfilmage. Nous avons
tout fait pour assurer une qualité supérieure de repro-
duction. . ' J

S'il manque des pages, veuillez communiquer avec
I'université qui a conféré le grade.

© .

La qualité d'impression de certaines pages peut
laisser a désirer, surtout si les pages originales ont éte
dactylographiées al’aide d’un ruban usé ousi l'université
nous afait parvenir une photocopie de mauvaise qualité. -

Les documents qui font déja I'objet d'un droit d'au-
teur (articles de revue, examens publiés, etc.) ne sont pas
microfilmés. b

s .

La reproduction, méme partielle, de ce microfilm est
soumise & la Loi canadienne sur le droit d‘yféour, SRC
1970, c. C-30. Veuillez prendre connaissance des for-
mules d'autorisation qui accompagnent cette thése.

. LA THESE A ETE -
MICROFILMEE TELLE QUE :
NOUS L'AVONS:RECUE f

'
t

)

|

N



L

DEVE?GPMENT'AND EVALUATION OF
]

*a LIGNOSULFONATE~BASED SURFACTANT_SYSTEMS

FOR EOR OPERATIONS

by

/}\ .
CHRIS. I. CHIWETELU
N

'~

A thesis submitted to the School of Graduate Studies
in partial fulfillment of the requirement for the

degree of

MASTER OF APPLIED SCIENCE
in the
Department of Chemicé&-Engineering

University of Ottawa

)

(::) C.I. Chiwetelu, Ottawa, Cgpqeé’//// . April, 1979

g



N ABSTRACT

This study constituted an extension'of.thé work
initiated in this labora?ory‘on_ﬁhe use of lignosulfonates in
Enhanced Oii\geco ery operations (EOR). The primary objective
of this work was two-fold} (i) to find suitable additives and
surfactants which, when mixed with lignosulfonates, would
considerabiy reduce the oil;water interfacial tension (IFTi,
and (dii) to evéluate these formulations ih labbratory displacement
tests.

Our 'procedure for developing the desired surfactant
systems involved a sequence of str&tégies wherein conclusions
arrived at in the early stagés served as the basis for subsequeﬁt'
studies. ‘Firstly, the type and optimum working concentration of
the lignosulfonate for a'given crude o0il was determined. Then,
using this optimum concentration, various organic and inorganic
reagents were introduced in the search for formulations that have
reasonably good interfacial ‘activity. Besides th; IFT cobtained
with the given 0il, each formulation was ch&;acterizgd by several
physical parameters such as surface tension, éH, density and
viscosity. '

IFT values lower than 1.0 dyne per centimeter were
obtained by the addition of caustic soda into lignosulfonate
solutions. However, at spda concentrations less than 1.0%,
blank solutions producéd lower IFT fhan in the presence of
lignosulfonate. A mechanism has been proposed to explain this
trend. Butanol-1l, in the concentration range 1-10% by volume,
was the most effective of all the various organic reagents

tested. Following the procedure outlined, a formulation
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consisting of 6% C-21, 2% Nacl and 1.0% Butanol-1 achieved an
IFT down to 1.44 dyne per centimeter. This s;stem_yielded about‘
78% tertiary oil recovery in the displacemént test.

‘. The most important discovery arising from‘this study
was the doubly—beneficial effect of mixing lignosulfonates with
petroleum sulfonatés. A limiting concentration ratio for the’
mutual compatibility of the two surfactants has béen identified.
Within the limit of mutual tolerance, as much as a further 100%

IFT reduction over that obtained with Petrostep alone,'has been

observed. In addition the viscosity of these mixed surfactant

) systems increased by up to 400% of the viscosities of ordinary

Petrostep solutions. However, beyond this critical'concentrgtion
ratio the two surfactants became incompatible, multiple phases
appeared and the s&stem viscosity was drasticallf reduced. The high
0il recoveries obtained in the displacement floods with thaese

mixed surfactant systems confirmed the favorablertrends observed

in the development studies. As was also moted ip the development
studies, those unstable mixed surfactant formulations yielded

much less tertiéry oil. A tho£ough strﬁctural characterisation

is needed to gain fﬁrther insight into fhese complex mixed
surfactant systems. In the meantime, a tentative mechanism

has been proposed to explain our observations.
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BRIEF OUTLINE OF LIGNIN.CHEMISTRY
i

Since very little work has-“been reported in the

% .

‘literature on the physico-chemical properties o£~ﬂignosulfonates,

™~

it was necessary to review what is known about the source material,

? " .
lignin, itself. Althoﬁgh a lot of work has been performed,

a considerable uncertainty exists as to the exact structures and

mechanisms of reaction of various lignins. Excellent treatises

on lignin chemistry are presented by Brauns (*7) {16)

LY

Lignin has been defined as that incrustating materlal

and Hagglund.

of a plant which is built up of phenyl- propane bulldlng blocks
and which carries the major part of the methoxyl content ‘of wood.
It constitutes about 30% of the nlant'S'wood with 75% of it

A .

associated with the middle lamella and the rest in the outer

layers of cell walls.. Ifs main duty is ‘to cement and anchor

‘the cellulose fibres. . . ) '

y
Qignin is a polymer wirh a molecular weight of the
order of 3000 te 100, 000 The molecular welght varies w1tn
wood type, method of lignin isolation and method of measurement.
The building blpck generally has a molecular WEléht in the range
of 840 to 880. A typical elementary analfs&s is as follows:
Carbon- 61 to 65%, Hydrogen- 5 to 6.5%, the remainder being
oxygen. It is now generally aecepned that the lignin building

block consists of a di-or tri-hydroxy benzene molecule partially

Oor completely etherified with a side chain of about three C atoms.

—_
Whereas other hydroxy, carbonyl or even double bonds can,etcur
. L .
/—"‘\
-6



P
;hé side chaln, it is generally believed that no such
carbonyl or double bonds occur in conjugation with the benzene
. ring. Lignin and its derYvatives can be .hydrogenated, oxidised,

. sulfonated, acylated, and hydrolysed.

+ ‘ - . 1

\) 1.1 © Some physical properties of Lignins
. . i v rs
S ' ’ o

(2) Solubility . S,

Native lignin (protollgnln) at ordinary temperatq;es

is 1nsofuble 'in . both organpp and 1n%§ganlc solvents. However,

»

. with vmgorous treatment it dissolves accompanied by some

‘e . L. ,
structural\modlflcatlons such as degradation, condensation,

_ . . , .
_hydrolysis or repolymerisation. Depending on the reagent used

éar;ous 1solated “lignins are obtalneimiﬁgh as (i) with mlneral
, c1ds—Klason {(acid} 11gn1ns,'(¢LP)w1th alcohols or phenols-
alcohol or' phenol llgnlns1\j:IET)with Cuprorammonium hydroxide-
(17) '

Cuoxam ligpins. Brauns presents an excellent discussion
of these isolated }1gn1ns

" (b) V1500$1ty and Density

Lignin solutions in the various dolvents nentioned
above have low specific viscosities. This indicates a lower
degree of polymerlsatlon than in cellulose The densities of

-

such solutlons are equally low.

(c) Colloidal Nature

Lignin dispersions in aquecus or crganic solvents
are colloidal .in nature. This probably explains the Freundlich-
v type adsorptlon of dyestuffs, bases and alka 1s. The adsorptlon

capacity of Cuoxam spruce lignin for various solvents is in the

order benzene < water < ether < methanol < acetone.

[
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(d) X*fay and Ultra Violet (uv) Absorption Spectra
. The elucidation of the complex structure of lignin

has been facilitated by X-ray and uv absorption studies. By

b

‘comparing the uv and X-ray spectra of lignins with those of
.-

aromatics of known structure, most of what is now known of the
LY

1

structure of lignin has been determined.

1.2 Oxidation of Lignins

Lignins, ordinary and iso%ated, as‘well as derivatives
such as ligninsu%fonates are eésily oxidised by many oxidising
agents including'oxygen, ozone, hydrogen peroxide.and nitrobenzene
in neutral, acid or alkaline media. Uhder careful oxidation,

characteristic oxidation products are obtained and these have

proved useful in the elucidation of the lignin structure. Oxidation

\\\\in acid media usually results in demethoxylation with the

rmatien of acids such as Carbonic, acetic and formic acids,

als oxalic, luvulinic agids as well as various aldehydic
substances. Alkaline media oxidation of ligninsulfonates and
ordifpary lignins with nitrobenzene results in the formation

of va illinlas the principal product.

1.3 ‘\\ Sulfonation of Lignin

8 Ligninsulfonates,afg/ﬁbtained when lignin is treated
with a Solution of calcium bisulfite and sulfur dioxide at

elevated pressures and temperatures. A detailed discussion of

this process is presented by BraunsflT) (13)

Kirk—Othmer!l3) The sulfonic acid groups are thought to replace

Wenzel and

hydroxyl groups in the o - positioh of the benzene nucleus or
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to ;§ter the side chain through non-isclated double bonds or
carbonyl groups. The sulfite spent liquor resulting from this
digestion contains 15 to 18% solids‘analySed as follows:

TABLE 1

ANALYSIS OF SULFITE LIQUOR

COMPONENT COMPOSITION
Ligninsulfonates ‘ 50~65%
Wood sugars (hexose and pentose) ' 15-22%
Sﬁ&gonic acids and residue . 12%
Resins an& extractivegli 0-3%
Ash <10%

The degree of sulfonation ‘depends on the severity

of the digestion and varies from a minimum of 3.5% to a maximum

e

of 12.5%.

1.4 Alkdline HBydrolysis of Lignin - Production and
l

Properties of#hlkali Lignins

’

Alkali lignins include sulfaté(Kraft) and soda lignins.
The former is obtained when wood is digested with a mixture of
caustic soda and sodium sulfide, while the latter features
caustic soda alone. The primary product of this reaction is
sodium lignate (Black liquorj. The black liquor is first
concentrated to about 25 to 30% solids and then satﬁrated
counter-currently with combustion gases (principally Carbon
dioxide) to reduce the pH from about 12 to 10. A precipitation
.0of the lignate occurs and after treatment with sulfuric acid,

the alkali lignin is obtained. These are marketed under various

trade names such as Indulin, Meadol and Tomlinite.



" The molecular weight of Krafﬁ lignins 'is of the
order of 1050 to 1600(12) which is much lower than that of sulfite
Or native lignins. However the basic unit is the same as in
ordinary iignins and the elementary composition is gquite
similar. Alkali lignins, though insoluble in water and most
organic solvents, easily dissolve in alkalinelmedia and can be
sulfonated and hydrogenated like othéf lignins.

Lignins in general are used as fillers, extenders,
dispersants and lubricants. Tha American Can Company(lg'zoo
has listed a number of possible uses of their Marasperse
(lignosulfonates) products. However, less than 10% of the
millions of tonnes of lignin derivatives produced annually
from pulp and paper mills are presenfly being utilised, the bulk

of the material being discharged into nearby streams.



CHAPTER 2

PHYSICO-CHEMICAL PROPERTIES OF LIGNOSULFONATES

2.1 Production and Properties

When sulfite spent liquor is treafed Qith lime,
calcium lignosulfonates precipitate out. If calcium lignosulfonate
is treated with sulfuric acid, ligninsulfonic acid is obtained.
. The latﬁer can then be converted into sulfonatés of sodium,
magnesium or ammonia by apprépriate treatment with hydroxXides
of these metals. .

(1)

Bansal has tabulated the majér phisical properties

of lignosulfonates. More extensive details can be found in
American Can Company bulletinsflg’zo) Their very high solubility
in water and little or none ifi organic solvents explains their

(1) (14)

limited surfactant ability. Gardon and Mason

used
dialysis and ultrafiltration to fractionate lignosulfonates
into various molecular weight fractions. They measured the
diffusion coefficient, viscosity, conduétivity and also

'Hperformed methoxyl, sulfur, phenolic hydroxyl -analyses. The
average molecular weight obtained was in the range of 3500 to
100,000. These authors studied also the polyelectrolytic
behaviour of lighpsulfonates. They cdncluded that these
substances are highly polydisperse énd possess gel-like structure
with linear chains cross-linked to'give an approximately
spherical structure. They also attributed the interfacial

activity of lignosulfonates to the orientation of the molecules

adsorbed at the interface in a lipophilic-hydrophilic manner.
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Keirstead(lz) observed that the surface tension of agueous

»

solutions of lignosulfonates decreases with concentration and .

also with the lowering of pH (at any given concentration).

(14)

Gardon and Mason have explained the low specific conductivity

and reduced viscosity of lignosulfonate solutions in terms of
their polyelectrolytic\behaviour.

2.2 -Applicability of Lignosulfonates as Enhanced Oil

Recovery Surfactants

The two most notable prdperties of lignoéulfonates
limiting their use as oil recovery surfactants afe:”(i) the
poor amphiphilicity, and (ii) the very high molecular weights.
As a result of these drawbacks micelle formation of lignosulfonate
aggregates is almost ruled out. -Conversely, the highly-favored
. petroleum suléqnates‘easily form micellar aggregatesi This
characteristic toupled with their good amphiphi;icity enables
them to solubilize both 0il and water in various microemulsion
formulations. However, in recognition of their surfactant
properties and most importantly their relative cheapness and

abundance, various_patents(22,24)

have been issued proposing

the ﬁse of lignosulfonates in, oil recovery operations, Bansal(l)
has discusse@ in depth these patents. Felber and Dauben(35)
proposed the\use of lignosulfonate gels for Sweep Ilmprovement

of reservoirs containing loose streaks or severe fractures.

Also an increasing émount of_lignosulfonates is now being used
in formulating water and emulsion-based drilling muds. The

pPresent work has been undertaken in an effort to increase the

scope and effectiveness of lignosulfonates as enhanced oil

recovery surfactants.



CHAPTER 3

A
ENHANCED OIL RECOVERY 1 : SECONDARY RECOVERY OPERATIONS

3.1 . Distinction between Primary, 8econdary and

Tertiary Recovery Processes

Crude o0ils are thought to be formed by the thermal
cénversion of organic materials deposited in marine sediments
that were subsequently buried in the earth's crustlﬁ The
resulting organic ligquids float upwards through the water-
sat\vm%ed pores and fissures, and when they encounter traps
(such as 1mpermeable4Eaults, stratigraphic discontinuities or
anticlines) a stagnant pool (crude oil reservoir) results. As
the oil moves into the reservoir formation, it dlsplaces the
in-place brlne and the initial saturation varies from 40  to 80%.

~t
i

The orlglnal reservoir brine accounts for most of the non-oil
r e j
~

saturation and is usually associated with interstices of rock
grains and smaller pores, hence the name interstitial {connate)
water. Reservoir rocks consist of two major minerals; a
predominance of quartz is associated with sandstone formations,
while limestone forms the bulk of carbonate reservoir rock

Al

matter. Between these two extremes, varying amounts of clays, J

Vs

; o ¢
gypsum and shaly materials are found in most petroleum reservoirs.

It should thus be expected that the mineral composition will
affect among other things, the porosity and permeability of

=4

the reservoir.

In primary crude oil production, the o0il is forced

up the well-bore by the internal pressure of the reservoir fluids.



With continued production,th;s internal fluid pressure declines '
to the point where it is insufficient to forcg oil up and out

through the well-bore. To restore this flow, water is usually

injected into the reservoir in what is referred/to as
conventional water flooding. A number of reagents including
acids, alkalis, poljmers and salts are-now intrgduced into the

1S

secondary flood water in an effort to iqprove 'tsiQErformance.g

However, capillary and viscous forces limit EBg/ ilwrecovery
- efficiency of secondary floods,to the extent that! the average
cumulative \recovery during primary and sécondary roduction is
about 30%. h‘ertiary recovery processes are thoge initiated
after seconéary flooding in an attempt to pro'ucé the'temaining

70% of the oil originally in place. “Secondary and tertiary .

processes together constitute Enhanced 0il R covery (EOR)
operations. /?

3.2 The Role of Capillary and_Visqﬁﬁs Forces in Oil Recovery

It is now widely accepted thdt capillary forces

mainly are responsible for trapping re idﬁal oil in pores of

reservoir rocks. The capillary prseSure, Pc, is the excess

pressure at the interface of tw¢’ immiscible fluids at equilibrium

o

in a éapillary.é,laﬁa‘ggg:g' ulér capillary, the capillary

Pressure can be related to interfacial tension, .(y}, as follows:

where Iys ré are the principal radii of curvature
of the oil-water meniscus. The capillary pressure concept can
be expressed in various terms including that applicable to a

(18

porous medium, ) However, the strong dependance on interfacial



tension is quite obvious, and this explains the importance of
low interfacial tension for‘any significant enhanced oil recovery
in practice.
Viscous forces, as expressed in terms of injected
and displaced phase mobilities, A , are egually important.

An injectéd fluid may succeed in releasing oil from the pores,

but if the Mggility Ratio (M) defined by

M = Adisplacing phase

Adisplaced phase

is unfavorable, the oil recovery suffers.

One way of understanding the significance of

capillary and viscous forces is via the sweep, contact factor

(21) (1)

and displacement efficiencdies. Bansal has discussed

these efficiencies in depth. There is some disagreement in the

literature as.to how low the IFT has to be reduced by an
' (4)

injected phase in order to recover additional 0il. Mungan

reported an increased recovery of up to 6.5% by lowering Y ow

from 40 to 0.5 dynes per centimeter. Wagner and Leach(26)

contend that the IET must be down to 0.07 dynes per centimeter
to achieve-incfeéged 0il recovery. Dyes et al(33) have used
models of five-spot, direct and staggered linewwell patterns
to demonstrate the importance of M. As illustrated in Refs. 1
and 21, M should be less than 5 for a good *swéep' of the
pattern. .

More recently, the concept of capillary number,

Nca' has been introduced to relate both viscous and capillary
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T f
forces. The capillary number can be quantitatively defined as

follows: ﬁ v -

where H,,~ adueous phase viscosity

V. = aqueous phase velocity of flow
¢ = bed porosity

Y. = oil-water interfacial tension

From Fig. 1, it is seen that 100% displacement efficiency can

2 1

be attained at a N_, of about 107 ° to 107 N, values obtained

in water flooding are generally about 1076 hence the low order
of magnitude of oil recovery achievable by such floods.
Considering the capillary configuration shown in

Fig. 2, for rz?rl, Moore and Slobod (Ref. 63, chapter 7) obtained

the following relationship:

. ' 1 1
4L.qu 2 = - =
v _g_— tr, (# r,)

5 - 1 _ nrzcose Y ow T (2)
. ILqu
Vo - ( 1.1 )
Tr_cost vy 1 r r

where
V = velocity ratio
Vs v, are jP%Qcities of the interface in

capillaries 1 and 2 of rad#i Ly Lyr respectively

g = aqueous phase flow rate
L = length of pore
0 = contact angle
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if viscous forces dominate the capfllary ones, then Egn. (2)
g?@plifies to

v =

HIH
N NN
.

(%]
ot

and residual oil is left in smaller pores. On .the other hand,

when capillary forces dominate,

vV =

Jﬂih?m

and flow is faster in smaller pores, residual oil is trapped in

larger ones. ' //“\\
Ve

3.3 Caustic Water Flooding:

. The classical Dupre' eguation in the form:

. W =y { 1+ cos8}

os ow - . o T ?5)
where
wos = work of adhesion of o0il onto rock surface

highlights the importance of reservoir wettability in oil

recovery processes. The actual wettability of a petroleum

-reservoir is a complex function of the varigus rock-fluid

interacticns. 'In'particular, the adsorption of naturai
surfactants ( contéined ig;the.crude 0il ) on to the rock
surface imparté varying degfees of oil-wetness to an'erstwhile
'
water-wet formation. "Bansal (1) has reviewed the currert), .

thlnklng on wettability effects in oil recovery(2 ¢3+5,6,7,10,11, 26)

Reversing wettability of the reservoir from an oil-wet to a

water-wet condition appears to be the more beneficial path.
(- T
A varlety of reagents intluding acids, bases, salts and chalatlng

"agents have been utilised after elaborate laboratory screening

studles to develop suitable secondary recovery fluids for use
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in a given reservoir situation. The most popular ‘reagent, and
that which has been found most effective in several applicétions,

if caustic soda. . ~Aq

Cocke et al(37) have proposed the follcying

meghanisms as being operative in. alkaline water flooding:
ﬂ)ldrastic reduction of oil-water interfacial tension,

(ii) Wettiﬁg of matrix grains by oil, | |

(iii) formation of water drops inside the oil phase,

(iv) drainage of oil from volume between alkaline water drops
forming an oil-in-water emulsion. Otheéer authors{lQ'38’39)
have observed this emulsification process and attributed i£ to

scap formation resulting from the reaction between the caustic

and carboxylic acids present in the oil. The presence of

‘these acids appears to be necedsary for a succedgsful caustic flood.

(11)

Ehrlich and Waygal assigned a minimum acid number of 0.1 to

“-__::
0.2 mg KCH per gram of oil ( or an interfacifl tension of the

crude against 0.1% N&OH less than 0.5 dynes per centimeter ) as
i 4

Jbeing necessary for additional oil recovery by caustic flooding.

(37)

Cooke et al however put the minimum acid ngﬁger at 1.5,

(38) g

while Jennings noted that heavier oils ({about 20° API) are

more favorable than lighter ones. Jennings’observations on the
gravity of crudes favorable to caustic flboding are consistent -
with the choice of caustic flooding for the heavy Albertén/fdff>
(10)

Lloydminster crudes.

In addition to the properties of the reservoir

crude, several other enviroenmental factors affect the performance



-insoluble hydroxides with the caustic resulting in rgduced \\

of caustic floods:-

(a) Interstitial Water:

(10,39)

The presence of brine has been found

beneficial in lowering the caustic-oil interfacial tension.

However, there exists an pptimum galinity and caustic concentration

. ’
at which this reduced IFT is obtained. Various divalent ions

such as Ca2+,-and Mg2+ also present in connate water advefsely

afféctithe performance of caustic floods. These usually form

=

(37)

strength and interfacial/activity. Cooke et al "have found

‘the use of Na2CO3 bengficial in containﬁhg/these divalent ions

while Dranchuk et al 10? favor the/use of chelating agents, '
(b) Mineralogy:
wiison (9%} nas amply discussed the effects .of

various environmerrtal elements in caustic floods. Clays usually

24 4 '

exchange their Ca ffor7H+ in the caustic system, thus

T~ ;/

introducing undési}able divalent ions into.tﬁé flood water.
Gypsum also interacts'adveréely with the caustic. A preflush

of low sald4nity brine has been recommended for reducing the

y

problems associated with reservopir clays. —~

(c} Flood rates, Temperature:

(30}

Uren and Fahmy have demonstrated the
importance of flooding rateé in general fluid injection processes.
High ﬁldod.rétes prewent the attainment of equilibrium among

the various interfacial species and could adversely affect

caustic and other flooding processes. On the“other hand, too

v
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low an injectidn rate will decrease the productivity and hence

the rage of return on investment. - 2

(40)

Egbogah has recently reviewed the effects i

of temperature ang pressure on oil-water interfacial tension.

He noted that moderately high temperatgres and preséﬁres are

~ {65)

gaﬁsrable to IFT rednc?&gn. However, as Wilson (37)

ﬁ ; and Cooke

‘-.

_,/y obéerved, other factors such as increased base consumption may
":.r—\./" o . ’ )
affset the benefits of reduced IFT:
S -
s
e
o i
7
\ 1
& ' -
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CHAPTER 4

ENHANCED OIL RECOVERY II : TERTIARY RECOVERY OPERATIONS

4.1 General Aspects

SevBral tertiary oil'recovery techniques ranging.
f}om light hydrocarbon miscible processes through chemical to

thermal processes, have been developed and are cuirrently being

" tésted in pPilot schemes. Herbeck et al(Zl) and Gangoli and

(48) present excellent treatments'of these various schemes.
- e
Bansal ‘1) has amply illustrated the several alternativeg of

Thodos

tertiary oil recovery. The most popular and that with possibly

the greatest oil recovéry potential is micellar flooding. Gogarty, -

in his two recent rev:.ews(s6 62) gives & detailed analysis of’

the process in its various forms; the breakthroughs, the (/i\\

bottlenecks and the future potentials." He cautions that tertiary ..
oil recovered by this process is and will remain expen51ve untll
alternatlves for the expensive pétroleum sulfonates and polymers
can be developed. \

A typical,micellar\flooding pcocess{is depicted
in Fig. 3. Economic considerations require that a finite slug
of the ﬁicellar system be followed by a polymer mobility buffer
bank for mobility control, both being driven by the drive water.
Hoﬁever?xbefore'd reserveir is ear-sarked for tertiary flooding,

the residual oil saturation to water flooding (sorw) shoulqd

(8)

be greater than certain minimum value. Wyman puts this ét
25 to 30% and u51ng a cost of ec/or reducc}é//crlterlon, he has

selected the following logglng technlque/’for accurate determlnatlon
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of this parameter:
‘(i) nuclear magnetism log
(ii) pulsed neutron/ lOg—inaect—log
(iii) resistivity/ log-inject-log
While all'micellar formulation% involve surfactants
(ionic or non-ionic), water (brine)‘aﬁg 0il (crude or refined)
.as basic constifuents, and alcohols/ pélymers and salts as

additives, differences in compoi;;ions aﬁd phase externality have

(71,49,43)
Some cantroversy exists

given rise to various forms.
as ~to which of the injectiorn/ schemes -
(i) low surfactant concentration - high pore volume injection, or

(ii) high surfactant concgntration - low pore volume, is the better.
: o

“GOgarty(Ss'Gz) favors ??é latter, but admits more work is needed

to confidently establish the superiority of one over the other.

4.2 Mice% es, Micellar Solutions and Microemulsions
If ?surfactant is dissolved in water to a
concentration aboée the critical micelle concentration (qyc),
the molecules aggregate into spherical structures called micelles.
Fig. 4 is a schematic diagram of micelle formation, oil
solubilization and polymer-micelle interactions in surfactant
solutions. Depending on the concentration of the surfactant
variéus micellar structures can be formed in soluticn (Fig. 5):
Emulsion chemists(63) are divided as to the
difference between micellar systems and microemulsions. Shah(70)

defines a micellar solution as one in which the dispersed

droplet size 1S of the order of ;h to 100 A°. However, no basilc
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structural difference existé between the two systems.and the
enhanced 0il recovery literature uses both terms 1nterchangeably
Macroemu151ons, on the other hand, have dlspersed droplets of
size of about 2000 to 100,000 A° and are generally opagque and
unstable. Microemulsions or micellar solutions possess high
stability, are transparent or translucent, and exhibit the
peculiar characteristic of phase inversion (through a bisco—
elastic gel stage) upon increasing the amount of the internal
phase relative to the external one (Fig. 6). The viscoelastic
éel‘stage is identified by the appearance of cylindrical
micelles and lamellar liquid'crystaliine structures,

The most important physical properties of
microemulsions are as follows:-

(a) Light Scattering:

They exhibit the Tyndal effect, a light scattering |
phenomenon. Thus, microemulsions appear blue to reflected light
and orandge-red to transmitted light. Particles less than 1/4X(X =

wave length of light).scatter white light in 'all directions.
Also, white lighthan pass through dispersions of such particles,
which thus appear translucent. Light scattering instrﬁments

such as the Brice Phoenix Photometer or the_Oster Microphotometer
can be used to‘measure accurately the sizes of microemulsion
aggregates. |

. -

{b) Birefringence: -

“x\ Y This is a light scattering phenomenon associaﬁed

with polarized light. It is a very powerful tool for detecting
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anisotropy in microemulsions. The birefringence instrument consists
of a pair of crossed nicols, microscope slides and a source of
strong white light. If a drop of a dispersion containing
anisotropic aggregates (associated with cylindrical micelles
or lamellar structures Fig. 6), is pléced on the microscope
slides and viewed through the crossed nicols illuminated by the
white light, beautifully-colored patterns appear in the field of
view. This ié raeferred to as birefringency and is attributed
to the acatterlng and repolarlsatlon of the polarized light by
the anisotropic species. For an 1sotrop1c micellar structure,
the field of view is dark.

{c) Rheology:

The appearance of liquid crystalllnity in

microemulsions is associated with a sudaen increase in viscosity

(50,5%,70) have defined and

or consistency. Shah et al
characterized this phase inversion phenomenon by various
measurements. The rheological behaviour of a typical micro-
emulsion s¥stem following phase inversion (from oil external
to water external or vice-versa) is plotted in Fig. 7. The
maximum in the relative ﬁiscosity at a water—oil ratio of 1.4
is attributed to the occurrence df a lamellar structure. A,
second viscosity peak appears between water-oil ratios of 2.0
and 3.5 following addition of water to oil and 0il to water

respectively (Fig. 7)

(d) Electric Conductivity:

Conductivity measurements can also be used to

N
1

detect the appearance of liquid crystalline structures in

microemulsions. Fig. B is a plot of electrical resistance with
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i

water-oil ratio in the nefghbourhood of the phase inversion
region. The micellar structures (spherical and liguid crystalline)
thought to be dominant over various water—oi; ratios have been
inserted in Fig. 8. A feduction factor of about 100 in the
electrical resistance éccompanies the phase inversion from

0il to water externality.

(e) NMR,,K X-ray and Electron Microscopy:

Nuclear magnetic resonance (NMR) spectra is
another tool used in detecting liquid crystalline structures
in a micellar syétem. Low angle X-ray measurements can furnish
informatioﬁ on +the sizes of oil and water droplets in a
‘dmicroemulsionl The presenée of anisotropic aggregates can
equally be detected by X-ray measurements. In electron micro-
scopy (;pplicable to the study of o0il -in-water microemulsions),
organic materials-containiné unsaturated groups are stained
with Osmiuﬁ tetroxide in order that photographs of such materials

may be taken without shadow casting.

4.3 Formulation of microemulsions;”Theories of

Microemulsification:

(a) Formulation of microemulsions:

Microemulsification is a spontaneous process

-

and occurs if and when the chémistry is favorable. The
formulation of such systems is still an art despite the elaborate
_stpdies by seVEE?ltgprkers notably Sehulman,Prince, Friberg, .
Shinoda, Kunieda aﬁd.Shah, aimed at establishing a theoretical

basis for the creation of micellar sclutions.
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. Prince (Ref. 63; chapter 3) discusses the
‘hydrophilic— lipophilic bélancesystem (HLB) fér emulsifier
selection while Shinoda st al (Ref. 63, chapter 4)u¥resent
the phase inversion temperature(PIT) system and Beerbower and

(63) :

Hill the cohasive energy ratio (CER) approach. The latter

concept appears to be the most powerful of the three. It has
a therﬁod;;amic basis in which the ballance of (i)-the'dispersing
tendencies and cohesive energies at the ®1IEide of interface
and (ii) the hydrogen bonding cohesive energies apd Keemsom dipole
interactions at the water side, is gquantitatively satisfied.
The_CER equation provides the desireble ratio of head volume to
tail volume for tﬁe emulsifier as well as its chemical matcﬁ
with both the oil .and water phases. VHowever this is a relativel?
new appreach and has not been extensively tested.

| In the HLB system, the HLB of the o0il to be
microemulsified is determined for both. oil and water phase
externality. A range of 4 to 7 is often obtained for oil-
external, while 9 to 20 is used for water external solutions.
With this oil HLB, an emulsifier whose bydrophobic end +1ig similar
to the chemical structure of the oil is sogght. In most cases,
the HLB method furnishes an emulsifier of a desired water
soluhility but the task of matching its‘hydrophobic end with the
oil ihvolve% trial and error. . |

The PIT system applies mainly to non-ionic

surfactants. It is based on the temperature dependency of the

b

HLB of such surfactants. At the temperature of phase inversion
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(oil/water: to water/cil), the hydrophilic-lipophilic tendencies
of the surfactant just balance and ﬁo emulsion forms. Kunieda
and Shinoda (Ref. 63, chapter 4) invented this scheme.

(b} Theories of microemulsification:

The most interfacially active constiﬁuents of a

microemulsion system are the emulsifier and cosurfactant. These ~
species orientate théﬁselves in a fairdy ordered manner, with
their hydrophilic heads in the water side and the.hydrophobic
tails in the o0il side of the interfage. A Guggenheim-type
interface mggﬁl describes this situation better than the Gibbs
model. Fig. 9 shows the positions and interrelationships among
the interfacial species of a typical oil/water microemulsion.
The zigzag lines represent the aliphatic tails of the surfactant
(oleate soap) and‘cosurfacfant (cetyl alcohol)‘whilé the circles
a?tached to the taiiﬁ represent the polar heads or.water soluble
portions. |

Prince ' (Ref. 63, chapter 5) presents the mixed
film theory of microemulsification, popﬁiar within the Schulman i
School of Emulsion Chemists. Shah et al(73) present an up-date
of.this theory. The main tenet of this theory ié the existence

of different interactions (eégsions) at the oil and water sides
.

bt

of the interphase. The presence of a cosurfactant (alcohol)

plays a major role in this theory. It.creates the desired
asymmetry at the,interphase&(Fig. 9) which enablles the penetration_

of o0il therein. Secondly, the alcohol partitions itself between

the interphase and oil phase, thus lowering You E© (Yow)a'

s



s

The difference in the sprpading pressures ﬂé and né.at both
sides of the iﬁterphase" is ?ur&her accentuated (Fig. 10).
In Fig. 10, AB represents the water side 7m-A profilé,_whilé:
CD denotes thaf of the oil side of the interphase. Curve EF
is the sum of AB and CD. w; and Wé are‘the film pressures of
the flat duplex film at the water and oil sides respectively;

while L and T, are the corresponding pressures at the sides of

the curved film.

The net spreading pressures on the flat film is
] ' '

given by = ot . _ ‘
e " + L (6)

and it decreases from a high initial value (about

40 dynes/cm) as the film'expands under the-d:iﬁing force, vy

if

given by, Yo=Y ) - (7)
' i ow’ a T

where (Yow)a is the oil-water interfacial tension following

alcohol (cosurfactant) partitioning. Tha energy, W, defined by

SW = - \f dA

L
S .

needed to diéperse the internal phase becomes instantly available
and emulsification aeccurs spontaneously. -However with continued

expansion of the film, = drops to the point where Y increases

. N
from a negative to an agquilibrium. yalue of zero.

Consequently,.wo = m, = 1/2 Ow)a

The mechanism of curvature of the 'interphase is

illustrated in Fig. 11. The stress of the pressure gradient

due to né and n& i1s relieved by bending until a stable condition

./
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Fig.|2— MIXED FILM THEORY HYPOTHETICAL

PHASE MAP
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is achieved. This corresponds to the situation of Equation (9).
The ratio of area per molecule at the two sides oﬁ the film

changes from 1/1 to AW/AO (Fig. 10). Fig, 12 is a hypothetical

phase map predictable by the mixed film‘théory. &he three main
constituents of a micellar system (oil,,wa@eé and sqrfactant, E)
" are represented by the ‘corners of the triangle in Fig., 12. Also
shown are approximate regions 3f\microemulsioné, micellar
solutions, macroemulsions and liguid crystélline’phases.

4.4 - Aspects of Microemulsion Flooding:

(a) Phase-volume and solubilization

For a mickllar system-to give a satisfactory oil .
recovery,

-

(i) the right balance amonq thg various constituent phases’Tﬁgt
be obtaineé - | ; " ,_;Q~/f\ . “
(ii) the integrity ?f the slug must_not be jeopardised by invasion
of the polymer buffer bank or the interstitial water. Extensive
studies are therefore necessafy before a suitable micellar system
{for a particulér application) can be developed. At present,
ﬁailoring suffactant systems for micellar flooding is basically
a trial and error operation. This explains in part thelhigh
costs in terms of labour and materials.

Ths composition and phase beHaviour éf microemulsions

can be adequately described by ternary diagramsf44’45'46) Fig. 13

is a simple ternary diagram for the 3 main constituents of a
micellar system. An injection composition, such as C, should be

in the single phase region, in order that the desirable miscible
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displacement'can be achieved, A displacement process in which
the injection composition changes from B to A (single phase
region of Fig. 13) is a miscible one. However, Healy and

Reed(44 to 46)

conténd that although a micellar flood might
start off migcibly, in the later stages of displacement (when
an‘oil bank has been formed) i£ could be proceediﬂ%jimmiscibly.
This is attribufed to dilution effects‘(l) at the leading.edge
by the stabilized oil-water bank ( path C-D) and (2) at the
trailing edge by connate water or palymer buffer invasion (path
C—i) as depicted in Fig. 13. In order that oil recovery
remains high during this immiscible flooding, the vertical
extent of the multiphase region should be minimad ana low IFT
should be maintained at both the front and back ends of the
microemulsion slug. '

ﬁig. 14 is a schematic diagram of Winsor's concept
of inter-nicellar equilibrium occurring between various phases
and micellar stfuctures. The arroﬁs here indicate equililbria
between t#ﬁ different stfuctures - eg. (82+G) represents two‘*
immiscible phases in eguilibrium, namely a water/oil microemulsion

(SZ), and the other a lamellar structure (G)-: Intermicellar

equilibria in the single phase such as (Sl,G), (Sz,G) can also

LY
[}

exist. The system (O+Sl) is Winsor's type I, (SZ+W) is type II,
- - T~
while the situation (Sl+52+0) is a type

™
IT system. ‘ngB. 15

to 18 are micellar structure maps generated by Healy and Reed(45)

using petroleum sulfonate 400 as surfactant and a paraffinic-

naphthenic oil mix as the oi},eem

in various salinities



b

- 33 -

/ MULTIPHASBE

FCY-TIR S

Gy

MUTIPHASE
i —

.

2% NacCl aiL

Fig-15: MICELLAR STRUCTURE MAP,
2 PERCENT NaCl e

\SURFACTANT

MUTLIPHAJE

1% NaCl OIL

Fig-16: MICELLAR STRUCTURE MAP,
| PERCENT Na Cl-




- 34 -

83 % SURFACTANT
37% TAA COSURFACTANT

PLAI
, POINT

olL

© 1% Na €l

Fig. 17-MICELLAR STRUCTURE MAP, | PERCENT
Na C1,37 PERCENT TAA

83 % SURFACTANT'
37% TAA COSURFACTANT

CIL

125 % Na Ci

Fig.18~ MICELLAR STRUCTURE MAP AT OPTIMUM

SALINITY, .25 PERCENT Na Cl, 37 PERCENT TAA

<f




(Figs. }5, 16), and in optimum salinity with the addition of a
cosurfactant, (Fié. 18) . The predqminance of the G-phase at
i%.salinity is obvious in Fig. 16, but that is drastically
reduced by cosurfactant introduction (Fig. 17). A large central
multiphase region appears at 2% salinity (Fig. 15), but that

also is replaced by the single Sl phase at optimum salinity and

(42)

in presence of cosurfactant (Fig. 18). 'Hill et al have also

observed the drastic IFT redunction with salinity optimisation,

(43}

while Gogarty and Tosch concluded that viscosity and stability

control is aided by brine presence. Cosurfactants moderate

system viscosity and increase the o0il solubilization potential
of the microemulsion. Jones and preher (47
- )

discuss these

effects in detail.

{b) Influence of Reservoir Environmental Elements in Micellar/

Polymer Flooding:

(i) Crude 0il Properties:

A crude oil gravity of about 20° API and a reservoir
viscosity of about 100 cp (65) represents the probable upper
limit of micellar flooding. Beyond these limits, thermal recovery

often considered. The chemical nature of the crude determines

the IFT achievable with a givenﬂmigellar system. Wade et a1 (P233.,64)

have introduced the Equivalent Alkane Carbon Number, EACN,

concept as a tool in formulating microemulsion slugs for a given

(54)

crude based on ultra-low IFT. Gale and Sandvik have noted

2

that in order to achieve ultra-low tensions (10 ¢ to 1074 dynes/cm) ,

. 3
the presence df high equivalent weiﬁht species and a broad-

equivalent weight distribution of petroleum sulfonates are desirable.



Wasan et al(67’76)

conclude that low interfacial shear viscosity
(ISV) is important for rapid coalescence of oil droplets during

01l bank formation and for reduction of film rigidity.

(ii) Interstitial Water:

Whether the micellar system is a soluble oil,(7l)

(45,47) (44,45,46)

oil-external, or water-external, high reservoir

water salinity is harmful. Surfactant precipitation can occur

at high salinity and this is accentuated by the presence of

multivalent ions such as Ca2+,‘Mg2+, Fe3+, B3+. Chang(sg)a

(62,66)

nd

also discuss the effects of high salinity on

(59)

Gogarty
polymer solutions. Chang reports as much as 90%

reduction in the viscosity of polyacrylamide solutions even at
moderate salinities. Hill et al(42) recommend a low salinity
preflush and tﬁe addition of sequestering agents such as sodium
phosphate (Na3P3OlO) in the micellar system as a way of redﬁcing
the adverse effects of high reservoir salinity and multivalent

(58)

ions. Shah et al have found that adding ethoxylated sulfonates

to petroleum sulfonates improves the brine tolerance considerably.
(iii) Mineralogy:

(a) Surfactant Adsorption:

The high adsorziZon capacities of reservoir clays

is mainly responsible for th erious adsorption or retention

losses in micellar slugs and polymer solutions.. By an ion—exchange
mechanism, clays also introduce divalent ions into the slugs.

This adsorptiqﬁ phenomenon is currently under active stﬁdy by

(37)

several workers. Trogus et al have observed that for mon-

Al

ionic surfactants, adsorption decreases with molecular weight,

while for anionics the reverse is true. Bae and Petrick(zs)

i

7
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noted that the adsoprtion of petroleum sulfonates is selective.
The higher equivalent weight énd most interficially active

components (Molecular weight greater than 500) are adsorbed to
a greater extent. High surfactant concentration and flow rate,

as well as the presence of mineral ©il in the micrcocemulsion,

(55)

reduce adsorption losses. Larson and Hiraski studied

separately, and then collectively, the effects of surfactant
partitioning, adsorption and swelling of the oleie phase and
concluded that at low residual cil saturation to surfactant

flooding (S rc) these effects are drastically reduced. Other

o]
(69}

au%hors, notably Malmberg and Smith and Hanna and Somasun-— LT

daran,(GB) present theoretical principles as well as experi-

mental investigations of the effects of several variables such
as ionic strength, pH, phase continuity and wettability on
petroleum sulfonate adsorption.

. }
(b) Polymer Adsorptlon:J//

-

: (73) |
Wili&ite and Dominguez present a detailed . ’
et

discussion on polymer Yetention in flow through porous media.

They attribute the permeability reduction ability to polymer

retention in the matrizé High salinity(sg) increases polymer

adsorption while some e;}ficial agents(es) have been suggested
for minimising:polymer adsorption losses.

(iv) Geology/ Lithology:

Polymer floéding is feasible in reservoirs of
(59)

depths greater than 500 ft and permeabilities greater than 50 md
(65}

Wilscn maintains that at too low a permeability, the polymer

\
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o ’ . L
resistance factor, (R), becomes very high. The presence of
cavities, streaks or fractures in the reservoir can reduce the

\*;jfweep efficiency drastically. The inaccessible pére volume

(57)

(IPV) is largely responsible for the invasion and dilution
J .

of the micellar-slug by the polymer solution. IPV also accounts
for the‘attenuétion of the polymer bank and consequent invasion

(57)

by the drive-water. Gupta and Trushenski observed that shear

degradation (more severe in polyacrylamide than biopolymers)
céuses severe losses in the polymer resistance factor, and that

this impairs mobility control.

(v) Temperature:

High reservoir temperatures,(ss) especially

in adverse salinity situations, can lead to phase separation in

the micellar slug. Polymer stability is also temperature

sensitive (bio polymers are more temperature sensitive than

polyacrylamides). Bacterial degradation of the polymer increases

at high temperatures and in the presence of oxygen. The uée of
(65) |

oXygen scavengers such as formaldehyde; hydrogen sulfite

and glyoxal has been recommended in this context.

AN
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PART II

EXPERIMENTAL METHOCDS




CHAPTER 5 .

STRATEGIES FOR THE FORMULATION OoF SURFAC%ANT SYSTEMS

5.1 General Outline:

L]
Out of five crude.sqmples received from EMR, two

were selected for this pa;ticular study: One of them, an
Albertan Lloydminster érude (Table 2) Qéslselected because

of its high gravity and viscosity. The other,/aﬂcégfggzah—wht“*
South crude (obtained from Ontario) was chose; because of its
moderate gravity aﬂd viscosity (Table 3). Two lignosﬁlfonate Y
species, known commercially as Marasperse C-21 and N-22 were /)
also available. Their specifications are presented in Tab%;é//
7 and 8 of Ref. 1. 1In essence, the formulation procedure
developed uses a criterion of bétter interfacial activity
(lower IFT)} to. screen the lignoéulfonates for type and
concentration optimum for a given crude ocil. With this basic
information, several additives (organic ang inorganic) are ’
then separately tested for compatibility and furﬁher IFT
reduction (over that obtained with lignosulfonatgs alone) .
Fiﬁally an optimisation study of the most successful systems

is made. '

Studies for the Lléydminstér crude could not go
beyond the preliminary Stage before*the aVailable supéiy became
exhausted. The Gosfield crude sample lasted nearly up to the
conclusion of the lighosulfonateradditives investigations.

The second major part of the studies was performed with livé

Chatham crude, also from Ontario. This crude,‘acpording to
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TABLE 2
* CHARACTERIéTICS OF ALBERTAN LLOYDMINSTER CRUDE
EMR Lab. No. s 70 - 69
Dafe Samg}ed :  January 29; 1969

Specific gravity at 60°F 7 : 0.914

4$Sulphur % (by weight) : 3724
Viscosity at 100°F . . : 188 SsU
API gravity at 60°F ] '; 23.3 - -
Color ! | .: Black

rd

' _“\\xii;;;géi_i'

* CHARACTERISTICS OF GOSFIELD SOUTH; AN ONTARIAN CRUDE

EMR Lab. No. . ;611 - 77
Field - | : Gosfield South
Location "+ Gosfield South TWP;
- ' Section 4.
Interval tested; depth ~  : 2404 - 2418 ft
_\jiz Proquéing zone . . -} : Trenton .
\\ Geological Age : é?' : -Ordovician-

Date Sampled March 10, 1977

- Specific gravity at 60°F : 0.816
~ . ’
- 4
" API gravity at 60°F : 41.9
Pour point ' :  30.0°F
AN : i ) . S
\ « Viscosity at 100°F © 38 8s8U
\ ‘ ) . - ®
v Sulfur % (by weight) : 0.25
Nitrogen % (by weight) . 0.03
Color - -+ Greenish - black

-

}

* Source_-'Report of Crude Petroleum Analysis, Canada Centre for
Mineral and Energy Technology, Energy Research Laboratories-Ottawa.
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TABLE "4

*5 ANALYSIS OF CHATHAM; AN ONTARIAN CRUDE

.Speciﬁic gravity, 60/60°F
Carbon % (by weight)
Hydrogén % (by weight)
Nitrogen % (by weight)
Sulfur % (by weight)

- Ash % (by weightf

Water % (by volume)

-
o~

0.828
85.70

13.39

+ Petroleum and Gas Laboratory - Energy

Canada Centre for Mineral and Energy

"y

* Analysis performed on special réquest

Research Laboratories,

Technology - Ottawa.

o4

from our laboratory

A}

~
!
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4

EMR is supposed to have same origin as the Gosfield crude.
Sigﬁificant differences Qere found however as evident from
Tables 3, 4, 7 and 8. The first-part of the.sfﬁdy involving -
simple ianganicwand organié additives produced IFT values

down to about 1.0 dynes/cm only. In the search for ultra-low
-2

(10 to 10'_4 dynes/cm) tensions, mixed surfactant formulations
of petroleum éulfonate {Petrostep 420 and 450) and‘lignosulfonate
(Marasperse C-21). were investigated. 1In the first formulation
scheme, the optimum lignosulfonate concentration for a given
crude determined from earlier studies was held constant while

Petrostep was added in increasing concentrations until phase

separation occurred.. The degree of IFT 'reduction, system

-rheology and stability were the major parametersof interest.

This strategy was not very successful, So a new one was developed

r

in which the Petrostepxjonbentnation was fixed at 2%, 3% and

4% in each case, and 1i nesg} cnate added in increasing amounts
—' -
until phase separation occuraed.

In all cases each formulation was characterised
by surface tension, pH, density“ang viscosity measurements.

Table 15 gives the specifications of\chﬁmicals used in this stuay.

"5.2 Sequence of Formulation Strategies:

Strategy 1 ;= Prelimina;y Screeninghfgr lignosulfonate type

) gnd optimum ceoncentration
“Step (i){f -For lignosulfonate (say C-21}
concentrations in the’rangé of 0 ﬁo 10%, the IFT
Against a given crude oil is measured in each case.

Step (ii):- "Step (i) is repeated for the other

1ignbsulfonate species (N-22)-
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«
Step (iii):- Physical characteristics such as

- surface tension, pH, density and viécositﬁﬁof

each formulation are obtaiﬂed.
Step (iv):- From (i) and (1i), the lignosulfonate
type and optimum concentration for further

investigations are selected. -

Strategy 2 :- Screening for Effective pH Reagents. (Inorganic

reagents used.

Additives), and;fﬂgir Optimum Concentrations.

Sulfuric acid and caustic soda were the pH

+
Since the presence of Ca2 in Marasperse C-21

could interfere with caustic, N-22 was preferred.

o

Step (1):- At the optimum N-22 concentration
from strategy 1, solutions of definite PH,
covering the entire pH ranqé, are prepared.by
adding a few drops of concentrated sulfuric acid
or saturated caustic solution.

Step (ii):~ IFT measurements against the given - -
0il are performed as in strategy 1.

Step (iii):~ Surface tensiqp and density data
are similarly obtained.

Sfe;-(iv):— From results of Steps (i) and'(ii)
it is determined whether acidic or alkaline
medium is favorable (in most cases alkaline).
Step (v):- Based on the conclusion of step -(iv),
caustic soda within the concentration. range of

0 to 3% is introduced into the optimum N-22

concentration.



]

Step {vi):- Steps (ii) and (iii) are repeated

~ for these lignosulfohate—caustic systems.

Step (vii):~ Using the same caLstic concentrations

in water (blank solutions), steps (ii) and (iii)

are again repeated. ) .
Step (viii):- By comparing results obtained frqm
steps (vi) and (vii) a decision is made as to
wheﬁhég the caustic could perform Bétter on

its own.

Strategy 3 :~ Screening for Effective Organic Additives and

their Optimum Concentrations.

The reagents, and the order in which they were

used, are as follows; acetone, methanol, 1-Butanol, tertiary

butanol.

alcohols.

Solubility problems prevented the testing of higher

Step {i):- To the lignosulfonate concentration |
determined in strategy 1, increasing amounts of

a gigfn additive are gdded to achieve cosurfactant
concentfations in the range of 0 to iO% by volume.

Step (ii):~- IFT, surface tension, pH, and density
meaéurements are performed as before for the

various formulations.

Step (iii):- On the basis of the degree of IFT
reduction achieved and the concentration levels

needed to achieve such interfacial activity, the

most effective additive is then selected.
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Strategy 4-:- Brine Introduction and Optimisation Schemes

h¢

Step (i):- For aqueous brine solutions of
strengths in the range of 0 to 5%, IFT {(against
a given .crude), surface tension; pH and density

measurements are performed as before,

Step (ii):=- An oétimum working brine concentration

based on the relative IFT reduction is then selected.

Step (iii):- The salinity obtained from Step
;%giil is then imposed on the systems developed
froﬁuétrategy 2. TQ§ usual measurements are
performed on the resulting formulations.

Step (iv}):- From the results of step (iii),

a decision is made on the effectivgness of brine
addition_in either or both the liqposulfonate—
caustic and blank caustic systems.

Step (v):- The erking Salinityrof step (1ii)

is again introduced intc the lignosulfonate
solution (strategy 1) in the presence of the
'orgahic additive selected from strategy 3. The
IFT and the other system properties are measured
again. | -

Step (vi):- Based on the results of step (v),
the influence of brine on the interfacial
.activity of the lignosulfonate-crganic additive
solutions is determined. 1If a favoraple trend
is indicéted, the cosurfactant concentration is

then fixed at a practical level (less than 5%),



while the salinity is adjusted; The IFT and _ -
£he other properties of the resulting solutions
are measured.
i Step (vii):—- From s£ep (vi) measurements, an
optimised system containing a practical cosur-
. factant concentration is finally obtained.
‘Strategy 5 :- Scheme for Formulation of Petroleum Sulfonate
(Petrostep 420 and_450) + ligngsulfonate c-21

Mixed Surfacta&t Syste@s.

Strategy 5A:- “"Lignosulfonate major-Petrostep minor" Systems.
%he optimum salinity for these Petrostep products
has been sgegifie& as 1.5%.(25)
o Step (i):- Maintaining the optimum ligﬁosulfonate

concentration obtained from strategy 1 and a salinity
of 1.5%, increasing amounts of Petrostep 420 are
adaed until phase separation occurs.

Step (ii):- Measurements of IFT, surface ténsion,
pH, density and viscosity of resulting formulations
areAperformed.

Step Eiii):— For the compatible systems 0f step
(iih hexanol is added in increasing amounts until
phase separation again occurs. The-physical
parameters are again measured.

Step {(iv):- From the above a decision is madé as
to wﬁether the strategy permits the addition of

Petrostep (with or without hexanol} in amounts
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suffigient to yield ultra-low IFT, ' Otherwise a
change of strategy is needed.

Strategy 5B:- "Petrostep major-lignosulfonate minoxr" Systems.

Step (i):- For Petrostep (say 420} concentrations
iﬁ the range éf 2 to 5%, increasing amounté of
Marasperse C-21 are added in each case until phase
separation occurs. ’

Step (ii):- IFT, surface tension, pH, density
ana‘viscosity measurements are performed for

each fofmulation

Step (iii):- Steps (i) and (ii) are repeated for
Petrostep 450 and possibly 465.

Stratégy 6 - Formulations for Displacement Runs.

For a given crude oil, strategies 1 to 5 are
sufficient for developing lignosulfonate based surfactant systems
suitable for EOR ?perations, following evaluation in laboratory
displacement tests. Because the crude oil system‘Lad to be changed
during the later part of the surfactants' development phase of ‘
the study, Basic characterisation studies as per stratégy 1 had

té be performed; Earlier conclusions from strategies 2 and 3

were utilised in strategy 4 to develop suitable lignosulfonate-

cadditive systems primarily for the displacement experiments.
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TABLE 15

SPECIFICATION OF CHEMICALS

Sulfuric Acid ( concentrated )

"Baker Analysed" Reagent - assay (H2804)

96.80%

" Sodium Hydroxide

Pellets, "Baker Analysed" Reagent, assay (by
acid base titration) -~ 97.0%
Sodium Chloride ° '
Crystal, "Baker Analysed" Reagent, assay
99.9¢ |
Acetone
Certified ACS, Fisher\Scientific Company
Methanol
"Baker Instra - Analysed" Reagent
1 - Butanol
"Baker AnalysedJ Reagent, assay (by GC) - 99.5%

N
Tertiary Butanol

Fisher Laboratory Reagent

1l - Hexanol

"Purified” grade Reagent

*

Characteristics of Petroleum Sulfonates

Equivalent Sulfonate Free 0il Water -Inorgamnic -Control No.

(Nacl)

Weight Salt
420 60.0 15.6 19.7 4.7 484
450 62.2 15.2 18.5 4.1 593
465 57.5 14.5 24.9 2.8 558
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Compositions are on weight percentage basis
Supplied"by Stepan Chemical Company, Northfield, Illinois,
USA

10. Barium Hydroxide, 8-hydrate

"Baker Analyséd" Reagent, assay (Ba(OH)Z.BHZO) - 100.4%

"11. Potassium Hydroxide

- Special pellets, low in Chloride - "Baker Analysed”
. B
Reagent, assay (KOH) -~ 86.2%

12. Potassium Biphthalate

Crystal, "Baker Analysed" Reagent, assay (l—KOCOCGH -2-COOH)

4
- 99.98%

13. P - Naphtholbenzein (Indicator)

Eastman Reagent

14. Methyl Orange {Indicator)

Certified ACS, Fisher Scientific Company

15. Iso-propyl Alcohol {2-Propanol)

Certified ACS, Fisher Scientific Company
16. Toluene

"Baker Analysed" Reagent, assay (by GC) - 100.0%
17. Hexadecyl Trimethyl Ammonium Bromide (HDTB)

See Bansal(l) Page 41

pH meter Specifications

Type: Beckman Zeromatic SS-3
Electrode: Fisher Standard Combination Electrode
pH buffer solutions for calibration: pH 4, 7, 9 and 10 buffers,

Fisher Scientific Company Reagents



CHAPTER 6

PHYSICAL CHARACTERISATION OF SURFACTANT FORMULATIONS AND

CRUDE OILS

6.1 - Surface and Interfacial Tensions

{(a) Measurements with the Fisher Autdtensiometer:

This instrument operates on the principle of

the du Nouy ring and Wilhemy plate téchniques. Bénsal(l)

has
listed the important operational details of the instrument
includiné the method of cleaning the ring and glass ware. Further
details of the operating procedure can be found in the instruction
manﬁal (Catalog No.14-811) accompanying the instéument. All
measurements were made at 25°C, a circulating bath being used

for temperature equilibration. For surfacé tension measuremengs,
interface.ageing of 10 minutes was allowed while, for IFT, the )
period varied from 15 to 40 minutes depending on the pH of the
system. A duplicate pair of readings in each case was obtained

on a recorder chart. —

(b) Measurements using the Spinning Drop Apparatus:

A schematic diagraﬁ of this instrument is given
in Fig. 19. More details of the design principles and measurement
techniques arge given by Cayias et a1574) In brief, a standard
capillary tube is loaded with the denser surfactant'system, and
an appropriate o0il droplet is introduced. The tube is then

slotted into cavity on the shaft of the rotor assembly and

spun for 3 to 6 hours at speeds ranging from 1200 to 94,000
rpm. The volume of 0il charged and the speed of rotor are

L
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selected to produce an "infinite leﬁgthﬁ droplet'(Fig. 20).
Measurements of the droplet width are éerformed at hourly
inte:vals (temperatyre being maintained-constant at 25%0.5°C

by means of cobl aif circulatioh) until three consecﬁtive width .
readings differ by less than 0.001 em.  Such measurements

were made with a precision filiar micrometer_mcunted on-ra trave-
lling.micrqscope, with‘thesaid of a stroboscope.

This instrument was used to obtain all the
ultralow IFT data of the Petrostep + C—21lmixed surfactant
systems.

. In each case, approximately equal volumes {40 ml)
of the 0il and Surfactant system were.preequ;libfated‘(without.
any induced mixing) for 12 to 24 hours. The uppéf Oil-rich.
layer was then carefully separated from the surfactan%~rich
lowér layér. Samples for loading into the capillary tube for
tension measurements were taken from fhese portions. The
density of each layer was 310 measured. The latter data'g;e
needed for calculatiﬁg the IFT from the micrometer readings

using equation {(15) in Raf,' (74).

6.2 PH, Density and Viscosity Measurements:

A1l pH measurements were made with the Fisher
combination electrode attached to Beckman SS—é PH meter (see
Table ofaspecifications). Calibration of the pH meter was carried
out using pH 4, 7, 9 and 10 buffers priorlto each measurement.
Room temper&tu?e of 23 to 25°C prevailed during most of the
N ‘

measurements.
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Density measurements were made using 25 ml '.
specific graV1ty bottles iqfter 10 mliutes equilibration in a
25°C bhath. The, '*referenc;a subst;nce was laboratory distilled '
; .
water. R . "",.
Visc&sity--:—mehéls.urel"nents wefe also made after - -
10 minutes equilibration in a 25"(': bath using the UL Adapter
.arrangement of the Brookfield r'g}mc:hro—lectr:l.c.‘n*lscorneter
(Ref. 1, page 40). : _ ‘/, )
\ -7’-"' ’
' oo o .
N,,,, f f “ ":
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CHAPTER 7

. DISPLACEMENT RUNS - SET-UP AND STRATEGIES
7.1 T _Experimental Set up:

L

ﬁncoﬁsol{@ated Ottawa sand packs were used for
all disﬁiace@%pt runs. The.specifications of the sand,
reservoirs‘and pumps are- as givén'by Bagsal!l)' Only minor”
changes in the Bansal Scheme were made, as follows:

(1) Slight modifications in the piping arrangement, as shown

in Fig. 21. ' - r

(ii) The core.holders length was reduced to 91.4 cm (3 ft)

and only one window, at the down~streqm end, waé provided. The
distance between the two pressure tappizés on the core-holder
was 30‘cﬁ, and the cover-flanges carried stainless éteél filters
as shqwn -in Fig. 22. Table 5 gives the detailed dimensiong of

[
the two core holderst used.

-

(iii) A short piece of tygon tubing was inserted at the down
stream end immediately after the covering end flange (Fig. 22).
This eliminated the problem of additional oil in the down-stream
pPiping, and thus provided for better mbnitoring of the oil -~

w saturatién éfficiency. f_' ]

7.2 Flooding Strategies:

¢

<

N ) Two strategies were used for the flooding
experiments.

(I) Secondary Flooding Mode:

About 3.0 pore volumes (PV) of the surfactant
solution was injected in each case. The reference flood was

LY

-
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Legends For

Fig. 21

R - 1

R - 2

.

—~R -3

V1 to V16

FIP

USPM

USPG

VPM
SV

VP

5

]

0il Reservoir

Water/SecondaEy Surfactant-system
Reservoir 2

Tertiary Surfactant System Reservoir
Various Isolation and Link-up Valves
Surfactant Injection Pﬁmp

Upstream Pressure Manometer

Upstream Pfessure-Gauge

In-core Differential Pressure
Manometer

Vacuum Pressure Gauge

Vacuum Pressure Manometer

Liguid Separation Vessel

Vacuum Pﬁmp
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TABLE 5
DETAILS OF CORE-HOLDERS
Dimensions _ Core-holders
A .B

Average Inside Diameter of pipe, I.D., cm  5.32 5.27

Average Inside Diameter of upstréam- \

flange (welded), cm ' 5.19 5.19

Average Inside Diameter of downstream -

flange (welded), cm , ‘ 5.20 5.20
- Thickness of upstream flange, cm. 0.70 0.70

Thickness of downstream flange, cm 0.80 0.90

Length of core-holder (without end

S.

flanges), cm ' 89.70
Pipe cross-sectional area, cm2 22.23
Total volume of core-holder, cm’ 2025.67

89.90
. 21.20

1994.89
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that of water (1.5% NaCl) and the following lignosulfonate
solutions were used in thif scheme: Marasperse N-22 in the
concentrations 1, 3 and 6%, ﬁarasperse C-21 in the same
.concentratiOns all at a}lconsta salinity of 1.5%.

(IT)Tertiary Flooding Modex

Firstly, 1 PV of wat?r (;.5% NaCl) was injected,

followed by about 2 PV of the surfactant soclution.

. The folléwing formulations were used in the
tertiary floods.
(i) 6% C-~21 in 1.5% NaCl +/1]0% Butanol-1
(ii) 2% PT 42B in 1.5% Nacl
(iii) 2% PT 420 in 1.5%-Nacl + 0.5% C-21
(iv} 2% PT 420 in 1.5% NaCl + 1.0% C-21
(v) 3% PT 420 in 1.5% Nacl |
{(vi) 3% PT 420 in 1.5% NaCl + 1.0% C-21
(vii) 3% PT 420 in 1.5% NaCl + 2.0% C-21
(viii)4% PT 450 in 1.5% NacCl
(ix) 4% PT 450 in 1.5% NaCl + 1.0% C-21 4:
(x) 4% PT 450 in 1.5% NaCl + 2.0% C-21
7.3 Flooding Procedﬁre and Efflueht Analysis:

_ %
Essentially the dearation, saturation and

displacement scheme developed by Bansal(l) was used. The

cleaned and dried coreholder with associated flanges was packed
with sand and weighed to determine the sand content. The

porosity and pore-volume of the pack was determined from th;sﬁ\~

\
~
data. The in-line piping was also cleaned and dried and tﬂem

coreholder héoked up. Using appropriate valves (V10, v11, V12,

in/Eig. 21), the coreholder was put under vacuum for 12 to 18




hours to dearate it comp;etely.

After a leakage test to ensure there was no
leakage of air into the system, the oil saturat%on was
commenced by opening-valves V8, V1 in Fig. 21. The 'totél
saturation time yaiied from 1200 to 1800 seconds. As soon as
the oil appeared in the down-stream tygon fubing all valves
were shut off. Meanwhile, the secondary flood solution has been
under. circulation through the pump and the circulation piping
(Fig. 21). After 15 to 30 minutes of circulation, the
displacement run was commenced by opening valves V7, V9, V10
and V13 { shown in Fig. 21 ), all é&thers remaining ciosed.
Observations of the upstream énd in-core manometers(UPSM, DPM
of Fig. 21) were made at about 15 minute intervals. The times
for oil appearancé in the efé%yent collector as well as for
water or surfactant breakﬁﬁ;Bﬁgh were noted. After injection
of. a predetermined quantity of solutioh {surfactant), the
displacement run was discontinued. _The set-up was then
readjusted for the tertiary run or dismantled for cleaning.
The injection pump was kept at the same 25% stroke-length

'setting; as used);y Bansal,(l) for all the runs. o

The séquence of effluent collection was as
follows:- first a 250 ml, then 200 ml (4 flasks) and the
remainder ldO ml flasks in each run. For the higher ligno-
sulfonate concentrations and the mixed surfactant systems,

1 ml(per 35 ml of effluent) of 0.03 Molar hexadecyltrimethyl
bromide-(HDTB) was used to release any emulsified oil. The /,%)

-
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effluent (with or without the HDTB'emﬁlsion breaker) of about
35 to 36 ml held in each plastic centrifuge tube was centrifuged
for 10 minutes and the_broduced'oil and water/surfactant
determined volumetrically.

7.4 Live Chatham Crude and Associated Viscosity

Variations:

This crude|was to be used as received for both
surfactant formulations and dispiacement studies. It wasg
réceived in closed 5 gallon containers. For the formulation
studies, and for most oflthe secdndary flood runs, the oil
exhibited constant uniform pProperties (such as density and
viscosity). However, by the time about half of the oil
in the container had been used up, abnormal flooding behaviour
.In the subsequent oil displacement runs was observed. Tﬁ;%
was characterised by early water breakthroughs and consequeﬁt\
lowerlng of the final oil recoveries relative to those obtalneH\

, L
indicated a four-fold increase 6ver the initial value. 2

i ﬁe earlier floods. A remeasurement of the oil v1scosif%///
sample of the o0il was carefullf taken from thé bqttom of the
tank and examined under a microscope. Fine solid particles
were conspicuously‘pregent. The o0il container was then carefully
emptied and a thick (almost oil-free) sediment was observed to
remain at the bottom. In order to obtain a stock whose properties
were clos: to those of the o0il used in the earlier experiments,
the upper half of the o0il in the second 5 gallon container was
carefully siphoned off. No further investigations as to the

composition of the suspended materials, or to their origin, were

made.

/”\,,
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CHAPTER 8

MAIN FEATURES OF THE SURFACTANT FORMULATION STUDIES

8.1 Concentration Units and General Surfactant

System Properties:

(a) Units of concentration, phase stability:

The concentration of all solid or semi-solid
constituents of the various surfactant systems formulated are
in weight per volume of solution (%) Such constituents
include‘lignosulfonates, petroleum sulfonates, salt (NaCl),
caustic (NaOH) as well as other additives. The concentration
of the liquid additives such as butanol agd methanol is
expressed in volume per volume of solution (%). In the case of
lignosulfonate or'lignosulfonate—additive formulations, 10%
stock solutions of the ligﬂosulfonate were diluted after the
addition of accurately measured amounts of the additive to the
required strengths (by the addition of water). 1In the case
of the petroleum sulfonates, 5% stock solutionswere prepared
by gradual leaching of the weighed material with warm water

¢ .
(40 to 60°C). 1In order to make up a desired ?ixed surfactant
system, the calculated amounts of salt (NaCl) and Marasperse
C-21 were weighed out, dissolved in water and then introduced
into anfappropriate volume of the stock solgz}qﬁé The mixture
was then'brougﬂt to the reﬁuireé’concentration by the addition
of water.

The surfactant system thus preéafed ié'said to be (i)
stable if no visible sédiments,solid precipitates(or phase

separatioﬁ)appear in it,within one month of preﬁh;atioﬁ of the

_ system, (1i) slightly unstable if there is sedimentation or phase
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- sepa¥ration within the one-month period but the sediment

‘ .
disaphears on shaking. (iii) highly ung@able if inscluble
precipitates and suspended particles appear.-in the system..

(b) Data Presentation:

Table 6 (Appendix Qlﬂ}ists the surface tension,
pH and density of all the surfactantlformulatioﬂs prepared in
this study. Those systems denoted by asterisk exhibited
varying degrees of instability)all others were stable for the
entire duration'of the study.'.The surface tension data are the
true (absolute) values obtained after correction of the
apparent recorder readings.: A typical éomputer routine for
gbrgecting the apparent tension data is shown in Appendix D.

Table 7 gives the interfacial tension data
obtained using formulations under different strategies and
invelving different crude oils. Except in the case of the
mixed surfactant systems, all other déta were obtaipned with the
du Nouy tensiometer and corrected as per Appendix D.

The viscosity and den 1t; of the various crudes
are given in Table 8(A) of Appendix A; while Table 8(B)
summarises the viscosities of most of the signifipant (by
interfacial activity) formulations made. As indicated, thé
viscosities of some of the mixed surfactant systems were not
exactly reproducible, exhibiting dependency on shearing rate,
shearing time and age of solution. This thixotropic trend is

demonstﬁgﬁgd further in Table 9.

The data given in Tables 6, 7, 8 have been plotted
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in order to emphasize the important trends in the values
obtained. Fagsl 23 to 32 are plots of surface tension vs.
concentration (of lignosulfonate, brine or‘additive as
appropriate), and concertration vs. PH; for the various -
formuiations.' The strategies for which each‘study‘was made
and the crude system involved are-also indicated. Similarly
Figs. 33 to 42 are interfacial rension VS. concentration,
and concentration-viscosity plots for the various surfactant
eystems and crude o0ils. The various curves presented do not
represent an§ngrrelations Or regression mo@elst They merely
illustrate trends in the data which are net amenable to

intra-or extra-polations.

8.2 Highlights of the Formulation Studies for

Lloydminster Crude:

From Fig. 23, acidification of Marasperse N-22

(for the same concentration) produced a reductlon in surface
tension, however as can be seen from Fig. 33, the IFT against

the Lloydminster crude increased over those obtained wfﬁh the
natural solutions. Marasperse N-22 at concentratiehs above i%/r
gave lower IFT than C-21 and—E% was optimum for the concentragaon
range investigated. Inavailability of the Lioydminster crude
preventkd any further. work beyond the characterlsatlon(by

strategy 1)study. _ . !

nghllghts of the Formulatlon Studies for

Gosfield South CGrude:

The IFT trends in: the strategy 1 preliminary

-



Studies are shown in Fig. 34. Marasperse C-21 at 6% conce¥tration

was chosen instead of the N~22.l For strategy 2 pH screening

studiesf both 6% and 10% wN-22 were used. The IFT trends are also

shown in Fig. 34. From these, it was concluded that an alkaline

‘medium was better than an acidic one, and. that 6% N-22 was

Ooptimum at high pH. Following strategy 2 further llgnosulfonate—.

-caustlc systems of definite alkaline Strengths were studied for

interfacial activity as predented in Fig. 35. The results were

compared with the reference blank caustic solutions. It was

obvious that at concentrations less than 1% caustic, the blank

solutions performed better than the N-22 - caustic systems. The

IFT data obtained in the stretegy 3 (organic edditives sdr&%éing)

studies, are presented in Fig. 36, The ligngsulfonate concentration

was flxed at 6%, and_the cencentrations of the various additives '

ranged from 1 to 20% (by volume). It is thus seen from Flg. 36,

why 1- butanol was selected for further studies. The IFT data

from strategy 4 studies have been plotted under various coordlnates
~

in Fiéf 37. From the IFT data values obtained with brine in the

concentratlon range of- 0 to 5%, 2% conceﬂtration was chosen for

incorporation into the N- =22 -~ caustic and C-21 - butanol systems

No significant reduction in the IFT of the caustlc systems was

obtalned by the 1ntroductlon of the brlne, however the reduction

in the C-21 - butarnol systems was 51gnificant especially at .

lower .butanol concentratiqns.- The final plot in Fig.l37 resulted

from an optimisation study using live Chatham crude. Here,

the concentration of butancl-1 was kept at 1% and the salinity
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varied between 0 to 10%. _ “

A summary of the low tension formuSations ipvolving

lignosulfonates and various additives is as follows:-

ézstem ' : " IFT (rangef dynes/cm
6% N-22 + NaOH (0.1 tQ 3%) .1.24 to 0.25
Blank NaOH - 0.1 to 3% B _ 0.25 to 1.28
+6% N-22, 3% NaCl + NaOH (0.1 to 3%) 1.28 to 0.42
2% NaCl +-NaOH (O.l,fé.B%) : 0.42 to 1.58
6% C-21 + butanol - 1‘(1 to 10%) 7.08 to 1.68 .
6% C-21, 2% NaCl;+ butanol - 1 {1 to 10%%k» 3.75 to 1.72 -
8.4 Main Features of the-Fonmﬁlatidn Studies for Live

"

Chatham Crude:

~ From the results presented above, it became
ob&ious that the incorporation of more active surféctants into
the lignosulfonates was necessary for the attainment of'ultra—low
FT. As earlier explained, the Chatham crude was supposed to be
of the same origin as the Gosfield crude. ’Thus after a preliminﬁty
density and viscos£&§/heasurementjof the new crude (to ensure _
reasonable comparison with those of Gosfield crude), the gkrategy
5 studies were undertaken. Following the conclusions from
results obéained }n strategies 1 a@ﬂ“z, 6% C-21 was maintained
as per strategy %;A). Petrostep 420 could be added on;y up.to
0.5% béfore phagefseparation occurred, even then, the IFT was
only about 0:30 d&nes/cm. Addition of hexanol-1 did not help

much-as can be seen from T:gle 7. The rest of the da;% of Tables

6, 7, 8 and 9 on the mixed—surfactang systems were obtained by
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‘strategy S(E). In the case of the 2% Petrostep concentratlon, L

phase separation occurred a;sa llgnosulfonate concentratlon of

2% and beyond, while at 3% and 4% Petrostep concentrations, the -

L

C-21 tolerance was 3% makimum. Tﬁe resulting surface tension‘
.c-21 cencentration plots é}e ﬁresented in Figs. 29 aed 30, .
while the mere interesting IFT ve concentration and viscosity-
concentration plots are given in Figs. 38, 39 and 40‘ As is
evident- from these plots, the IFT dropped from about o. 11 dynes/cm
to about (1x10~ ) dynes/cm as the llgnosulfonate concentration
was gra@ually increased. An optimum wae.reached, after which
the_IFTlstarted to increase again. A.similar rrend ih viscosity
increase wae noted. The viscosity of these mixed surfactant
systems increasedlas much as four fold over those of Petrostep

solutions alone.

In strategy 6 studies, .the Chatham crude was

, Characterised as per strategy 1 in order to ensure that it was

o L : _ )
not very diffrerent from the Gosfield crude. - The IFT data of

Table 7 indicated that a significant difference does infact
exist between the two crudes. In particular, the water (1.5% °
NaCl) tensicn value was only 4.55 dynes/cm with Chatham but

close to 20 dynes/cm for Gosfield crude. However, some important

" conclusions made earller were utlllsed in formulating the strategy

6 surfactant systems reportefsin Tables 6, 7 and 8. The surface

-,

’ten51on and pH data for these systems are plotted in Figs. 31

and 32 while the IFT and viscosity data are presented in Figs.
41 and 42. At 1.5% constant salinity, N-22 appeared better

£
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than C-21 (Fig. 41) and an optimum concentration (for IFT

reductionk_of 3% was alsoc noted.’ - However the reduction in IFT,

over the water (1.5% NaCl) value obtained with these I;gnosulfonéte

»

solutions” was not very- significant. As evident from Fig. 42,

N-22 so;utions'céntaining butanol-l showed better properties than
corresponding C-21 systems, especially at 3% lignosulfonate
. ) ' N - -

concenf¥ration.

L

¥
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CONCENTRATION OF C-2! (g/100m! OF SOLUTION)
Fig.40~ VISCOSITY PLOTS FOR PETROSTEP 450+C-21 MIXED

SURFACTANT SYSTEMS (STRATEGY—S‘ STUDIES)




- 87

CRUDE OIL:LIVE CHATHAM

12

VISCOSITY (CP),60RPM, 25%C

22 IET  VISCOSITY  SQLUTION - 0
o] ® c-21 ¢
) v A C~21 +1-5% NaCl
0 [ | N-22+1-5%, Na C!
O
oI.D 20
o
[
«f
E -
8 18-
w
@O
=
=y
=
=
o,
@ '8
=
W
|_
L d
<
Q 1.4 4
Q 14
Ve
o
g
—
=
-2
[0 T y T T i T
0 t 2 3 4 5 8

CONCENTRATION OF LIGNOSULFONATE (g/looml OF SOLUTION)

Fig-4l-1F T AND VISCOSITY PLOTS FROM STRATEGY-6 STUDIES

—



it

- 88 -

INTERFACIAL TENSION (dynes/cm) AT 25°C
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CHAPTER 9

HIGHLIGHTS 'OF THE DISPLACEMENT RUNS

9.1 ’ General Characteristics:

The flooding cenditions pertaining to most of
the displacement runé are'outl;ned'in Table 11. The injection
pump was calibrated first at the béginning and also upon comple-
tion of all runs. Fig. 43 shows these calibration plots. fhe
flow rate and pressure drop data for the total brine permeability
experiment are plotted in Fig. 44; while the analysis of these
data is preéented in éppendix B. Appendix C gives the details of
the measurements and recovery analysis of a tyﬁical run. The
EOncepts of Breakthrough, Breakthrough recovery and finallrecovery
(%) as defined in Ref., 75 apply to each flood. A new concept, the

tertiary oil Recovery (%) has been introduced for comparison of the

performance of the varidus tertiary floods. This is also

P

quantitatively definéd in Appendix C. In the case of the secondary

floods, the concept of Additional Recovery (AR) used by Bansal
(75)

et al was employed as a basis for comparison.

-9.2 . Results of Secondary Flood Runs:

A summary of the data obtained with the various
floods is presented in Table 12. Approximately 3.0 PV total
Tsurfactant injection was achieved in all cases. The average
injection rates (Appendix C), vatied from run to run; despite the
fact that the pump setting was kept constant at 25% stroke length.
The productidn histories by run numbers {Table 12) are given in
Figs. 45 to 51, As could be seen (Table 12), the final recovery

obtained with water (1.5% NaCl) was as high as 83%.
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Additional recoverles with the ordinary llgnosulfonate
SOluthDS were not expected to be much hlgher con51der1ng the

degree of IFT reductlon achleved and the unfavorable mobility -

. Coc N
- 1
ratios. : ’ C . \ |

AN

9.3~ - Results of Tertiary Flood Runs:

The surfactant’ systems employed in this flooding
scheme are listed in Table 13. Also shown_ is the variation in
oil viscosity‘and surfactane inﬁection rates from run to run.

Run No. 8 (Table 13) explored the'displacement efficiency
attainabie with the 6% C-21 + 1% butanol-1 system developed‘from
strategies 1 to 4 studies. Run No. 18, a 3 PV water (1.5%
NaCl) flood serves as a reference for the other floods. Figs.

52 to’ 62 give the production histories of the ten tertiary flooés.

Despite_the variations in.oil viscosity and
flooding rates, the high tertiary recoveries obtained cdnfirm the
trends observed in the formulation studies. Rup No. 14, (Fig. 56)
with the incompatible 3% Petrostep 420 + 2% Cc-21 system (phase
Separation observed in formulation studiewm) produced less tertiary
©1l (58%) than the base water flood (66%). Run No. 17 (Table 13)
with the high viscosity (thixotropié) 4% Petrostep + 2% Cc-21
system yielded only 67% tertiary oil after 3 PV total 1nject10n.
However from the final WOR of 3.10, some significant additional
oil was mobilized towards the end of the flood; thus an

ultimate recovery of 100% cduld be envisaged.

[/
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TABLE 11 . - : _ .

GENERAL FLOODING CHARACTERISTICS FOR ALL RUNS

(i) Dimensions of ¢ore-holder _

' Internal Diameter (I.D.) 5.32 cm :
Length (flange to flange) 91.20 cm [
Cfoss-sectional.area, Ac 22.23 cm2 ‘

- Volume, V_ 2025.67 cm>
N

(ii) Porous Medium
Type: Unconsolidated Ottawa Sand Grade C-1390

Total Brine {1.5% NaCl)

permeability, K ' -~ 57.82 darcies,
Bed- porosity, ¢ 0.342 to 0.345"
Sand grain density 2.65 g/cm3

-_Méan Average particle diameter 3.51 x 10—2 cm :

(iii)  crude 0il System:
Identification: Live Chatham Crude
0il Saturation Efficiency: "> 98.00% (for all floods)
! :
- g
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PART IV

, DISCUSSION OF RESULTS
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e CHAPTER 10

TRENDS IN THE PHYSICAL PROPERTIES AND THEIR INFLUENCE ON THE

INTERFACIAL ACTIVITY OF VARIOUS SURFACTANT FORMULATIONS:

Some important trends observed in surface tension,
PH, density and viscosity of the various surfactant systems are

outlined. The effects of these parameters on the interfacial

activity exhibited by the various surfactant systems are also

eéxamined. i
“H

10.1 Trends in the Properties of Surfactant Systems

Containing Lignosulfonate With or Without Simple

Additives:

The additives implied here are £he simple pH rea-~
gents (acids and bases). as well as the ofganic reagents employed
during the formulation studiés: They exclude the petroleum

sulfonates which are consequently discussed else where in this

chapter.

(a). pH and surface tension of additive free lignosulfonate,

and Lignosulfonate-inorganic additive systems:

As mentioned earlier, these data are given in
Appendix A and plotted in Figs. 23 to 32. The pPH of natural
lignosulfonate solutions was in the range of 6.6 to 7.75, and
showed no definite concentration dependency. American Can
Company quotes a pH range of 7 to 8 for théir lignosulfonates
at 3% concentration. In some cdses, values below 7 were obtained.
The sliéht acidity of the laboratory distilled water (pE 6 to 7)
partly accounts for these lower pH values zztained. For these

systems too, the surface tension dropped by a maximum of 5 dynes/cm
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as the concentration of lignosulfonate was raisedlffbm 1 to 10%,
However for the same concentration, when the pH was reduced to
approximately one half of the natural value, the surface tension
decreased by about 7 to 10%. This trend of surface tension
lowering with pH was also observed by Keirstead.(lz) However

the decrease in surface tensioq did not produce a corresponding
decrease in IFT. As can be seen from Table 7, the IFT against
leydminster crude with the acidified lignosulfonates increased
by 30 to 50% over those obtained with the natural solutions. . It
is probable that in an acidic medium, some of the lignosulfonate
molecules adsorbed at the oil-water interface are forced back
into the solution; consequently, the spreading pressure and the
zeta pofential drop and the IFT rises.

In the complete pH scan tests, the surface
tension first dropped as the pH was raised from 3 to 5, then it
increased to a maximum at pH of 7 to 9 before dropping again at
a pH above 10 (Fig. 24). The IFT decreased steadily in the
direction of the favorable alkaline medium. Brine addition
(Fig. 31) reduced the slight concent;atibn dependency of pH
even further, while little or no surface tension lowering was

observed.

'(H) pH and Surface Tension of Lignosulfonate Solutions Containing

Organic Additives:

As is evident from Fig. 26, the pH increased only
slightly with increasing additive coﬁcentration in most cases.
Even at additive concentrations up to 20%, the maximum drop in
surface tension was of the order of 3.0 dynes/cm except for the

butanols (where surface tension values below 30 dynes/cm were
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obtained at concentrations above 6% (Fig. 26)). The lower IFT
values produced by the lignosulfonate-butanol-1 systems could
be associated with the comparatively low surface tension values.
At butanol-1 concentration of 10%, a slight phase separation
occurred. The much lower IFT obtained at this concentration
(1.68 dynes/cm, compared to 4.54 dynes/cm at 6%) is attributea
to the presence of an alcohol film at the interface. It apbears
that at lower butanol concentrations éhe combined effects of

(i) mass transfer (solubility) within ihe aqueous phase,

(ii) the greater spreading pressures exerted by the much bigger
and charged lignosulfonate molecules, prevented any significént
butanol presence a£ the interface. However, as Gardon and Mason(}4)
suggest, the presence of brine reduces the degree of dissociation
of the lignosulfonate, consequently, the charge on the‘molecule

drops and the butanol finds its way into the interface.

(c) Density and Viscosity Trends:

From Tables 6 and 8, the densities and wviscosities
of these systemé were generally low even in the presence of
additives. Only élight increases were observed by the additioﬂ
of the inorganic reagents. Gardon and Mason(14) attribute the
low density and viscostiy values to the polyelectrolytic
character of lignosulfonates in solution. A moderate pseudo-
plasticity was also observed in accordance with an earlier
(1)

observation by Bansal.

10.2 Mechanism of Lignosulfonate-Caustic Interaction:

As indicated in chapter 8, the IFT steadily
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decreased as more caustic was introduced into the 6% N-22
solution. On the other hand, the IFT_ of the reference
caustic solutions showed an increasing trend.- The former
trend is in agreement with the predictions of American Can
Company:(ZO) A mechanism of increased zeta potential following
caustic addition.and consequent enhanced emulsion-stabilising
tendegzy of the lignosulfonate system was proposed to explain

(20,1)

this phenomenon. How the emulsion comes into being

{(considering the littlé or no olei-philicity of lignosulfonate)
was not explained. o

For the latter trend, various workers(39'10)
have observed optimum caustic éoncentrations around 0.1 and 1.0%

(11) (39}

for IFT. Erlich et al and Bansal et al all agree that

natural surfactants (soaps) are'féfmed by the reaction of the

t

caustic and the natural acids in the o0il at the oil-water

(39) has been

interface. An electro—capillary‘phenomenon
pfoposed to ‘explain how spontaneocus emulsification at the
optimum caustic concentration occurslwith consequent decrease
in IFT and increase in electrophoretic mobility.

T%e increasing IFT trend obtained with the blank

caustic systems indicates that the optimum concentration is

about 0.1% in this case. The ionisation of the soap (RCOONa)

’ 1

molecules was probably suppressed at the higher caustic
concentration investigated. The interfacial charge density
dropped and this resulted in a reduced emulsification tendency

and in the breaking of any emulsions that may have been formed-
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The IFT thus increased as this effect was accentﬁated at higher
caustic concentrations. In the lignosulfonate-caustic systems;
some caustic was probably lost through relati;ely mild oxidation
and hydrolysis reactions with the:;ignoéﬁlfonate. The shift in
PH of these solutions to lower values after a few days standing
suggests such efféétsr Howevef,.ﬁhese are expected to be very
small at room temperature conditions. Enough free caustic is
thus present at the- interface to produce the eﬁulsifying soap
molecules. Becéuse of the increased zeta potential, the
resulting emﬁlsions are prevented from breaking even at the?

high caustic concentrétions, and the IFT decreased steadily.

10.2 Trends in Properties %f Lignosulfonate-Petroleum

Sulfonate Mixed Surfactant Systems:

(i) pH, Surface and Interfacial Tensions, Concentration and

Phase compatibility Effects:
(44 to 46)

Healy and Reed have observed that in

low surfactant concentration microemqlsion systems equilibrated
with the oil phase, upper, middle and lower phaées occur. The
bulk of the surfactant is in the middie layer and this gives
rise to the tensions Ymo (middle-upper) and Y (middle-lower) .
These tensions were consequently aséociateq with the optimal

salinities for IFT (SY) and for phase behaviour (S ). By our

¢

equilibration procedure, Ymo values were measured.
As given in Table 7, the surface tensions of
these systems were of the order of 20 to 30 dynes/cm. This is

roughly the same order of magnitude as‘those of crude oils;
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and probably accounts for the low IFT obtainéd.u The pﬁ
decreased from about 11.0 (at zero lignosulfqnaﬁe,concentration)
to 8-9 at the optimum conditions. At ligﬁosulfdﬁate coﬁbentra-
tions above the tolerance limit,rthe pH dropped to a value
between 7 and 8. It aépears that the effective pH range is
from 8 +to lOf

In general, mutualhcompati?ility of both
surfactants within the Petrostep concentration range.covéred,

was observed at a concentration'ratio,
CP‘etroste
Cer™ E__f_____ig > 1.5
c-21

In all cases, 1.0% C-21 could be introduced
without any”significant phase instabilitf. .Kalfoglou(24)
did recommend using this lignosulfonate coﬁgentration in his
patenﬁ. He was probably not aware of the cqﬁcentration
criticality and the attendant IFT and viscosity trends observed
in this work. The critical concéﬁtration gatio quoted above is’
expected to depend on the composition of the pefroiéﬁm éulfonate.

and also on lignosulfonate-  type and composition.

(ii) Viscosity Trends: -

As can be seen from Tables 8 and 9, ordinary,
Petrostep systems were Newtonian or mildly pseudoplastic. This
is in agreement with the known rheology of such-éystems. Also
the viscosities were generélly low (less than 3 cp). 'Buﬁ as .
increasing amouﬁt of lignosulfonate.was added till the.optimuﬁ;

the viscosity increased by as much as 400% close to phase



- 121 -

separation. After .phase separation, the viscosity dropped to

“values around 2 cp. The thlxotroplc txends (Table 9) exhibited
by formulatlons close to the critical concentration ratio are
significant. By thixotropy 15 1mp11ed the shear rate, shearlng

_\

time (at same shear rate) and system age dependencies of the
Viscosities ef these systems. Shet et al (Ref 63, chapter 7)
‘had observed such thixotropic trends in the rheology of a
mlcroemu151on system con51st1ng of hexadecane (as 011),

hexanol (as cosurfactant) and potassium oleate (as surfactant).
(iii) Phase and Interfacial Behaviour of the Mixed-Surfactant

4

. §ystems— A Mechanistic Explanation:

well as phase~composition relatlonshlps {by ternary dlagrams)
“have been presented in Part I.  The rheology and blrefrlngency
Properties of the liquid crystalline structures have also
been discussed. As is evident from the ternary diaéfems Figs.
12, 15, 16, 17 .and 18/ 1ncrea51ng Eheesurfactant concentration
while the o0il content of the microemulsion ig held constant

can result in tran51t10ns from 1sotr0plc mlcelles (S S.) to

the llquld crystalline structures, G. Also, the WlnSOr 5
intermicellar equilibrium concept pgr%1ts the existence of
31qgle phases (S G} and (SZ; G). Bansal and Shah(SB)
sulfonates (Petfbstep 465) mixed surfactant systems, observed a

phase change pattern, namely 1sotrop1c

> precipitation

—_— blrefrlngent — phase separation. ~They noted that
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the optimal salinities‘(SY, S4) increased with the addition of

ECR ~ 200 into the petroleum sulfonate, and conseqguently the
. N
IFT was reduced. They suggested that/p synergistic effect was

operative.

In this study, the phase patflern for the mixed-°

surfactant systems appearsjto be;

isotropic > biregrihgent > phase separation.

Although nq(ﬁiref;igegcy measurements were performed, the
rheological ‘trends suggést the presence of liquid crystalline
structures. The ﬁagnitude_d%‘t§e viscosities obtained at
appreciable C-21 concentrations\ihdicate that liguid crystalline
structures do not domlnate "but are in fdet in equilibrium with

the isotropic mlcelles.

v

,5 ) The gradual breakdown of the spherical micellar
.structures sould be attributed to the electro-kinetic properties

- of llgnosulfongtes. Thls enables the molecules %D establish at

the 1nterface exerting spreading pressures whlch 1ncreasg¥%1th
goncentratlon. Becauselof the wide molecular—ﬁeight-di;tribution,
the lignosulfonate molecules at the interface have different -
chain lengths and degrees of sulfonation.- This explains why onlf
some of the spherical micelles are broken to form the less
interfacially active liquid crystalline stfuctufes. A

- predominance of the latter would necessarily increase the IFT.

At lignosulfonate concentrations beyond the mutual tolerance limit,<
the micellar structure is completely ggoken dOWn and pushed :j>$v

out of the interphase resul¥fing in precipitétion and loss of

L4
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interfacial-activity.

10.4 Acid Number of Chatham and Gosfield

South Crudes:

This measurement was carried out for the following
reasons.

(i) To deternine the acid content of both crudes in an attempt

s

to expléin the differences.in.water (1.5% NaCl) - '0oil IFT.

(ii) To determine the suitability of these crudes for caustic
. . B
water flooding.

’ 4
.The method of determination was as per ASTM

D 976-64/IP 139/65. -The specifications of chemicals

o

used are given in Table 15 and the results obtained are as

follows: -
Crude 0il Acid Number
Gosfield South 0.2996 mg KOH/g oil
Live Chatham 0.2992 mg KOH/g oil

There is no siqpificant difference in the acid
numberé of tﬁe‘two_crudes. At the time of measurement, the age
of thé Gosfield crude sample was 22 months and that of the
Chatham crude, 6 months. This probably dccolints for the higher
value’ obtained for the former. ‘

On the basis of these results, the differences
in oil-water IFT cannot be expiained; but the acid.number is
probablf too low for caustic water flooding consideration. The
latter conclusion is based‘on the work of various authors,(38’ 11)
discussed in part I.

\
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CHAPTER 11

APPRATISAL OF THE DISPLACEMENT EFFICIENCY OF VARIOUS SURFACTANT

SYSTEMS

11.1 | Secondary Recovery.Floods:

The additional recoveries fAR)'baseﬁ on the -
reference brine (1.5% Nacl) flood (Run No, 1) are given in
Table 1l4. The relevant IFT and viscosity data are included
in Table 12. ‘

. Desplte the fact tgﬁt the IFT obtained with
various lignosulfonate concentrations (Table 12) were all in
the range of 1.0 to 2.0 dynes/cm, no additional oil was recovered

at 1% lignosulfonate concentration.” At 3% and 6% concentratlons

*

.the AR's were 3% and 4% reséectlvely for N- 22 -and 1% and 3%

for C-21. Since the v1scos;t1es of these solutions were .

approximately the same, the sllghtly lower IFT achieved w1th thes? .

4
. N~-22 solutions could have contrlbuted to thelr betteﬁ\perfdrmance

-

over the C-21 solutlons -
-F

Other variables which might have affected the

relative performance of the various floods are as follows:-

(i} Sand Grain Size end Foreign Particle Content:

ﬁren and Fahmy(30) had observed that finer sand
grains resulted in lower cil recoveries in laboratory water
flooding experimente.- In' all displacement runs, although the
Ssame C-190 Ottawa sand grade was -used, slight differences in
grain size and grain size dlstrlbutlon were observed to exist

from one bag to another bag. The amount of dark, flaky and

L
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. TABLE 14
- f_\\.._.

ADDITIONAL RECOVERIES OF VARIOUS SECONDARY FLOODS

Run. No. System ' Additional Recoveries At

Break .
Identification through 1 PV 2 PV Final (2.7 PV)
1 " 1.5% NaCl . 0.0 0.0 g.0 S0
.2 1% N-22 in 1.5% NaCl 3.0 .
3 . 3% N;22 in 1.5% NaCl 6.0
4 . 6% N-22 in 1.5% NaCl 7.0 ’
5 1% C-21 in 1.5% NaCl 4.2
6 3% C-21 in 1:5%.NaCl 2.0
7 62 C-21 in 1.5% NaCl 4.0 2.0 4.0 3.0 /,“/
S —

—
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non-quartzite pérticles varied also from bag to bag. These
could have affected the oil recoveries to a slight extent.

(ii) Flooding Rates and Length of Core-holder:

As indicated in Table 12, the injection rates
varied from 393 ml/hf.for the first two runs to about 374 ml/hr

for run Nos. 3 to 7. The flood rates correspond to frontal

advance velocities in the packed bed of 13.9 and 13.2-ft/day
respectively. In bractice, reservoir flobding velocities

~are about 1 ft/day; thus displacement runs were conducted at

much higher flooding velocities. The short £lood path (3 ft of
core length) could have resulted in the non-attainment of
interface equilibrium between the.oii and the injected phases.
It is thus probable that the previously measured IFT vaiues

were not realised during the .floods. Hdéwever, according to Bae

(28)

and Petrick, adsorpﬁion losses would be minimal at such high

‘-

flood rates.

For the higher lignosulfonate concentrations,

emulsification could have been responsible in parxrt for the

1 .

obéerved decréase in injection rates. On the other hand, the

poor performance of the 1% lignosulfonate solutions could be

-

the effect of a significant adsorption loss at such low

concentrations.
‘ No. : ' )
11.2 Tertiary Recovery Floods:

- In these floods, the o0il viscosity varied from
5.5 to-7.2 c¢p, while the injection rate also varied from 360
to 402 ml/hr (Table 13). Some of the variation in flood rates

was linked to pump malfunctioning. A quick recalibration test

it
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performed after run No. 10 indicated that the pump was'operating
at-qfaifferent rate from that of the initial calibration. The
‘;ide differences in the viscosities of the various injected
surfactant systems copld have been responsible in-part for the
pump malfunctioning. Besides the " .variations in oil viscosity
and flood rates, the quantity of brine (1.5% NaCl) injected in
the secondary mode, -varied from 0.93 to 1.0 PV. The percent
tertiary oil rééovéry cencept appears to be the only meaningful
way of comparing the displacement efficiency of these floods.

The percent tertiary oil recovery simply means the actual oil

recovered beyond the secondary stage expressed as a percentage

-
P
-

With the surfactant systemr66nsisting of 6%

of maximum oil recoverable (Appendix C).

C-21 in 1.5% NaCl and 1.0% butanol-1 (Run No. 8), the tertiary
0il recovery was 78% ‘and the additional recovery was 10%.

- Compared to the 6% C-21 + 1.5% NaCl secondary flood (Run No. j),
ﬁhis represents a significant 6% imérovement as a result of the
incorporation of butanol-1. }

. " The mobility ratios, of the é% Petroétep 420
systems (Rﬁn Nos. 9 to 11) decreased from 3;70 {unfavorable) ton“
0.95‘(favorable) With increasiné lignosulfonate concentrations.
The IFT values (Tables 8 and 13) dropped by approximately 93%
as the.lignosulfonate concentraﬁion'was increased'fromro to 1.0%.
A significant 23% differénce in the tertiary oil recoveries of

Run Nos. 9 and 11 systems confirms the superiority of the 2%

Petrostep 420 + 1.0% C-21 system over the 2% Petrostep 420 alone.

/4
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Similarly, for the 3% Petrostep con&entration
" series (Run Nos. 12 to 14 of Table 13), M varied from about 3.0
for Run No. 12 flood to 1.2 for Run No. 13. The reduction in
IFT accomplished by the addition of C-21 was about 60%. Run No.
13 produced 100% tertiary oil at only 1.32 PV tertiary surfactané
injection; while Run. No. 12 at 2.04 PV surfactant injection
produced only 80% tertiary oil. The surfactant system of Run
No. 14 had undergone phase separation upon mixing of the constl—
tuents, and consequently the tertiary oil recovery was only 58%,
The produced agueous phase in this Run was much thinner and
darker indicaﬁing a preferential retention of the active
sulfonate material 1in the packed bed.

At an M value of 2.78, 4% Petrostep 450 recovereB\V)~
96% tertiary o0il, while with the addition of 1.0% c-21 (Run No.
16}, M was reduced to 0.73, and consequently 100% tertiary oil
was obtained after only 1.2 PV surfactant injectiqn. When 2.0%
C-21 was added to.tha 4% Petrostep 450 (Run No. 17), the
surfactént system's measured viscosity of 64.0 cp (thixotropic)
meant an M value of 0.12. However, the tertiary oil recovered
after 2.1 PV surfactant injection was only 1.0% better than that
of the base flood. Aas noted earlier, after an initial low oil
cut, 011 production picked up towards the later stages of the ‘f
flood. This surfactant system could have produced close to 100%
tertiary oil had the flood been extended to about 3.0 PV total
surfactant injection. From the attenuation of thg produced

surfactant, it was evident that ‘a considerable retention of the

L2
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2

active petroléum sulfonate ingredients occurred soon after the
commencement of surfactaﬁt injection. This created seri9us
pore~blocking problems and the contact factor(l' 2;) dropped
drasticélly. A structural breakdown of the large lamellar-
structures (probably causing the pore blockage)-must have
occurred latér.in the flood. As a‘re;ult, the contact factor:
improved.aﬁd consequently more oil could be contactedhand thus
produced. Shah et al (Ref. 63, chaptér‘?)‘hadnwarned that such
low but unfavorable M values obtained with miéroemulsions
containing lamellar structures chuld adversely affect oil'recovery.
They recommended the addition of /suitable cosurfactants or the
.alteration of brine, oil or surfactant concentrations for dealing

with such problems.

(42)

Hill et.al working with mixed petroleum
sulfonate systems, had observed optimum behaviour near the'
boundary bétween the single phase énd multiphase regions.

This was the case with our mixed surfactant systems. Althdugh

a moderate thixotropy trend was observéd“in these” systems,

the IFT and M values were generally favorable and the'inteérity

of the surfactant system was not impaired under Ehe continuous
injection mode employed. The results of these tertiary floods
demonstrate the effectiveness of the mixed Petrostep—lignosulfongte

- -

surféctant systems. They also substantiate the inter-micellar

(24)

equilibrium mechanism proposed earlier. Kalfoglou - attributed

the additional oil recoveries obtained with such formulationé to

the preferential adsorption of lignecsulfonates on to the
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reservoir matrix surface. This study clearly demonstrates that

a much more complex mechanism is involved and that a limiting
concentration ratio of both surfactants is an important parameter.
Although adsorption or retention studies were not covered, it is
~“heped that future work will involve these aspects. In addition,

the use of a longer flood path {core-holder length) for future

experiments would allow the injection of a finite slug of

surfactant to be followed by a polymer buffer bank as is

done in practice.
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CHAPTER 12

CONCLUSIONS

Ihe following conclusions may be drawn from
this study:
(1) A sequential étrategy-oriented procedure has been developed
for formulatihg\?1ignosu1fonate—based éurfactanﬁ systems suitable
for ﬁOR operations. The effects of the addition of simple
organic ;nd_inorganic reagents on the interfacial activity of
lignosulfonate solutions were systematically investigated.

(2) - Caustic soda when added to 6% Marasperse N-~22 solutions in

various qpncentratiOns up to 3% lowered the IFT td?values near
l.d dvnes/cm. Blank caustic solutions at concentrations less
than 1.0% gave lower IFT values thgn,qﬁé lignosulfonate-caustic
systems. The low acid numbers of tﬁe two crudes extensively
studied suggests that caustic flooding might not be an effective
enhanced 01l recovery scheme.

(3) Out of the several organic additives employed, only butanol-1
produced significant IFT ieduction when added’ in moderate
concentrations. By a_salinify optimisation stu@y, a formulatibn
consisting of 6% C-21, 2% NaCl and ;.0% butanol-1 was obtéined.
This system had an IFT against Chatham crude ofl.44 dynes/cm -
and produced 78% tertiary oil.

(4) The addition of Marasperse C-21 into solutions of Petrostep
420 and 450 produced significant IFT reduction and viscosity
improvement. The amount of C-21 that could be added to give a

stable system was limited by a concentration ratio, Ccr‘giyen by

—

1
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Ccr= zPeé?osteE' > 1.5
c-21
Within this concentration limit, the two surfac-

tants were reasonably compatible. IFT values cbtained with these
mixed surfactant systems'were in the range of 10—2 Eo 10_3

dynes/cm. As much as 90% further reduction in IFT {obtained

with ordinary Petrostep solutions) and viscosity increases up to

406% were consequently realised: However, beyond the limiting
concentration, further addition of C-21 led to phase separation

and a subsequent increase in IFT. The ViscoSity of the resulting
mixed surfactant systems dropped to very low values. This critical
concentration ratio is expected to depend on the composition and
equivalent weight of 3/§E;;h Petrostep, as well as on the type

and composition of lignosulfonate. !

(5) Secondary mode displacement runs with various lignosulfonate
Concentra?iOns were conducted. The reference water (1.5% NaCl)

flood produced a final oil recovery of 83? at 2.7 PV total

injection. ﬁo\additional recovery was obtained with 1.0%

solutions of lignosulfonates é—21 and N-22. AR's of 2% and

4% were obtained with~§% and 6% solutions respectively. The

slightly lower IFTs% of the'N-22 solutions might'havé\hgen

partly responsible for the better displacement efficiencies of ~7
3% and 6% N-22 over those of C-21. _
(6) Tertiary mode displacement runs were conducted to evaluate

some of the mixed surfactant systems formulated. Final oil

recoveries obtained with these systems were generally in the
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range of 90 to 100%. These high displacemeént efficiencies are
EOnsistent with the favorable IFT and viscosity trends observed
in the surfactants' development phase of this study. About

20 to 25% more tertiary oil was produced (in some cases at much
lower total PV injected) with the addition of C-21 than when
Petrostep alone was used. Mixed surfactant systems which were
observéd to be unstable or which had abnormally high viscosities
did not recover more oil +than the base brine flood. a pore-
blocking effect which decreased the contact factor might have
been responsible for the low 0il recoveries obtained.

(7} A mechanism of intermicellar equilibrium of isotropic
micelles and iiquid crystallipe structures has been tentatively

proposed to explain the properties of these mixed surfactant

?
systems.
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CHAPTER 13

RECOMMENDATIONS N

{ . ’
The following recommendations are made based on

the results of this study: _ -

a.’ Water flooding of the Chatham Crude Reservoir:

The rather high oil recovefy obtained with
brine‘(l.S% NaCl) indicates‘that water flooding of the reservoir
will be effective. If not already done, reservoir studies
should Bé commenced in preparation for such’a flooding scheme.’
We recommend the use of properly-tailored lignosulfonate
solutions in the propesed water flooding scheme.

B. : Further Studies of the Petrostep-Lignosulfonate

Mixed Surfactant Systems:

©

(1) The varidtion and dependency of the critibal concentration
ratio, ccr’ on the equivalent weight and composition of various
Petrosteps should be investigéted. Studies égould be made using
higher concentrations of Pétrosteps 420 and 450. Later,. the
work could be extended to Petrosteps 465 and 500 and possibly to

mixtures of various Petrosteps Other lignosulfonates such as

\\J//’&araSPerse N-22 and CE-22 as well as sulfonated Kraft ngnlns

should be employed. Ultimately, the 'best combination of
Petrosteps and Iignosulfonates would be obtained. 1IFf necessary,
various alcohols would be screened for addition to the Petrostep-

lignosulfonate mixture in order to develop surfactant systems

of high oil reqdvery efficacies. =
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(ii) A proper identification of the various structures pfeéeﬁt
in these mixed surfactant systems is of utmost importancé.
Electrical conductivity, Birefripgence, X-ray, electron micro-
scopy and NMR measufements would be needed to identify and
characterize thesé structures. Sizes of dispérsedqpa;ticles
could be measured with theKBSice Phoenix Photometer.

| :
cC. Improvement on the Displacem&nt Set-up:

l(i)ﬁ}Future displacement runs should be conducted in an
environment with & better temperature control. Additionq}
thgrmo—regulating facilities should be provided in the laboratory;
otherwise a temperature-controlled chamber should be'erected
over the entire displacement set-up.

(ii) The possibility ‘of conducting displacement runs at
reservoir temperatures and bressures should alsb be eﬁplored.
(1iii) Longer sand packs or reservoir cores éh;ﬁld be ﬁsed

in future experimentg. ' < Jf";;

(ivi A more efficient and reliable injeétion pump capéble of
‘operating well at low flood rates should réﬁlace the preFeﬂt
Milton-Royal pump.

(v) The apalysis of produced fluids should aggo be done with
"automatic and more‘precise instfﬁhents such as the spectro- . ) /}
photbmeterrgr the high pressure separator.(gp)

(vi) 'Measurements.of pressure deop in the core should be dzée

with differential pressure transducers.
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/F\\\%guzfﬁ: (Abbreviations Used in this work)

AR

CMC

C~21

EOR

HLB

IFT

N-22

Petrostep,

FT
PV

Rd

—_—

for
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CHAPTER 14

NOMENCLATURE

Additional Recovery (%)
Critical Micelle Coﬁcentration, g/l
. }

Marasperse C-21 Lignosulfonate .

Enhanced 0il hecovery P

Hydrophilic - Lipophilic Balancé// \\

" Interfacial Tension - Surfactant System / Crude

0il, Dynes/cm
Marasperse N-22 Lignosulfonate

Stepan's Petroleum Sulfonate

Pore Volume, ml

Water-0Oil-Ratio, Dimensionless

B. (Subsc¢ripts)

cr

mo

mw

S

0s

Critical ratio ' -

Microemulsion rich (middle) layer-oil rich
(upper) layer interface

Microemulsion rich (middle) layer-water (brine)
lowe£ layer interface

0il (Crude or Synthetic)

Oil - Sand interface

- Polymer

Sand

Water or aqueous surfactant system
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C. (Mathematical Expressions)

A Interfacial area per mplecule,"f:’h2

A, Core holder cross-sectional area, cm® \

C - é;%cgntration (wt %)

C.p c :ti‘ai conééntratioﬁ/;;tio, dimensionless

f ractional Flow‘of a éiven'phase in. a porous

-//iedium, dimensionless

g Acceleration due fo gravity, 980 cm/s2

h Differeggg hetween the two levels of the lower
manometer fluid due to ;pplied differential
pressure, cm

K Permeabilit§ in darcies

L fore—length, distance between two pressure-
tappings on core holder, cm

M Mobility ratio, dimensionless J

ca Capillafy Number, dimensionless

a, Q Aqueoué phase flow rate, cm3/s

R .Resistance factpf of polymer, dimensionless

SOrc Residual'oii satﬁration to chemical flooding, (% PV) .

'Sorw Residual oil saturation to water flooding, (3% PV)

SY-,S¢ Optimal salinigy for interfacial tension and
for phase behaviour réspectively, wéight %

Vl;v2 Velocify in pore of radius ry and r, respectively,

cm/s

Velocity ratio, dimensionless

N

v
l \_J/*\ﬁT“’ﬂ_#/ Work, ergs
J K\\
)

/

-
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W Weight of sand in core holder, g

(Greek Symbols)

A Mobility of any phase (oil or agueocus)
A ‘ Wave length of white light, 5600 A° : )
u Viscosity, cp ' .
#'Yow Oil-water interfaciai tension, dynes/cm
g . Contact angle, degrees
Y; Effective intgrfaglal tension at any stage
of microemulsification, dynes/cm
i Spreading pressure at the sides of avcurved
interphase, dynes/cm
m' Spreading pressure, dynes/cm, at any side of
the flat f£ilm
(Yow)a Reduced oil —.water interfaciél tension due to
,glcohol partitioning, dynes/cm
AP Pressure drop across a certain length of porous
medium, atm
Pyrfy Density of upper manometer liquid.and lower
manometer liqﬁid réspectively,.g/cm3
YmQ'me O%l-microemulsion phase and water—microemulsién

phase interfacial tensions respectively, dynes/cm

/uﬂ ’ .
/
‘-T/ —) ’ V/
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APPENDIX A

PROPERTIES OF VARIOUS SURFACTANT SYSTEMS AND CRUDE OILS:

(1) ' All surface tension data were obtained at 25 * 0.1°C
after lOlmingtes interface ageing and'Eanequently corrected
to cbtain the true valqgs ( see Appeﬁdix D).

(25'“ All interfd®#ial tension data (excludiné those
‘for the mixed surfactant systems) were measured at 25 % 0.1°C,
after 15 10 40 mihutes interfaée ageing, with the dﬁ Nouy
tensiometér. 'The spinning drop tension-data (foi'the mixed
surfactant sféteﬁs) are tHe average of three consecutive

readingé‘over 3 - 5 hour spinning interval at the .temperature,

of ,25 + 0.5°C.

(3) - ' . Density measurements were made with the specific
\ - €
gravity bottle after 10 minutes equilibration in a 25°C bath.

Distilled wat

r at 25°C was used as reference substance.
Viscosity measurements were performed with the
er Scheme of the Brookfield Viscometer after 10 minutes

equlibration of sample in a 25°C bath. Shearing at various

1 1.4y
'

speeds for 5 to 10 minugés (except when reported otherwise)

v
was maintained.

a

{3) pH measurements were carried ‘out at a temperature

range of‘23;to 25°C using a Beckman pH meter equipped with a Fisher

-

combination electrode. Calibration with pH 4, 7, 9 or 10

uffers was done beﬂgge each measurement.

) All surfactant systems were considered stable except

dicated otherwise (Table 6). Sliéht separation or sedimentation

'wés associated with slightly unstable systems,AWhile”highly unstable
{ : - - . .

ﬁiﬁes contained insoluble precipitates.
‘ ' : - ,

A

-
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SURFACE TENSION, PH AND DENSITY DATA
\

oF

FORMUL- ‘ _
ATION . SYSTEM TRUE SURFACE py  DENSITY
STRATEGY . IDENTIFICATION TENSION, dynes/em "7 g/cm3
Lab distilled water -67.26 6.80 0.9971
1% N-22 ' . 44.20 7.30  1.0015
1A ¢ 3% N-22 _ , 41.50 7.30 1.0105
6% N-22 . 40.65 7.70 . 1.0237
108 N-22 40.52 7.75  1.0420
1% N-22 acidified 41.18 - 3.90 1.0015
L% 3% N-22 acidified ~37.36 3.90 0.0106
' 6% N-22 acidified . 38.47 4.10  1.0237
10% N-22 acidified 37.06 4.25 1.0421
1% C-21 ' 42,09 - 1.0014
3% c-21 B . 41.35 - 1.0019
L 6% C-21 40.04 - 1.0228
108 c-21 | - 40.53 - 1.0397
£ .
1% N-22 45.79. . . 6.43  1.0015
3% N-22 - 43.22 6.41 1.0105
B % 6a N-22 . f 41.75 6.25 1.0237
10% N-22° | 40.09 6.53  1.0420
6% N-22 acidified 39.18 3.52  1.0242
6% N-22 acidified 38.00 5.00  1.0227
6% N-22 acidified 40.71 °  * 7.10. 1.0222
6% N-22 acidified 40.89 9.00 1.0231
) 6% N-22 acidified 38.60 10.90  1.02654
4 6% N-22 acidified 34.76 12.20 1. oasq”
10% N-22 acidified 37.96 4.02  1.0419
10% N-22 acidified 37.44 . . 5.23  1.0397
10% N-22 basified r 40.62 7.50  1.0396

A= Beginning of formulation studies for Lioydminster crude.
*= Special strategy 1 studies.
B= Beglnnlng of formulation studies for Gosfleld South crude.
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*+= Limit of solubility of Butanol~-1.

10%
10%
10%

1%
3%
6%
10%

6%
6%
6%
- 6%

N-22
N-22
N-22

c-21

c-21
c-21
c-21

-
N-22
N-22
N~-22
N-22

Blank

AL

6%
6%
6%
6%
6%
6%
6%
6%
6%
6%
!
LS
6%
6%
6%
6%
6%
6%
6%
6%
6%
6%

N-22
N-22
N~22
N-22

‘N-22

N-22
N-22
N-22
c-21
c-21
c-21
c-21
c-21
c-21

- 150 -

basified
basified
basified

+ 0.1% NaOH

+ 0.5% "

+ 1.0%. "

+ 3.0%8 "
0.1%
0.5% "
1.08 "
3.08 "

0.5% Acétone
1.0% "
3.0% , v
5.0% "
B.0% “’
+10.0%
+%5.6% "
+20.0% -

+ 1.0% CH30H

+ 3.0% "

+ 6.0% "
+10.0% "
+15.0% "

+ 1.0% Butanol-1l

+ o+ o+ 4+ o+

C-21 + 3.0% " "’

C-EI_

C=-21

c-21
C-21
c-21
C-21

+ 6.0% &
*y

+10.0% . v

+ 2.0% T-Butanol

+ 5.08 % v

+ B.0g " "
+12.0% " "

[ R T

40.19

38.85
36.86

45.65

44,04,

41.90

,40.19

40.75

38. 36
36.65

+ 33.99

69.92
70.15
63.12
59.22

© 40.75

39.33
39.47
38.53
38.82

37.49 .

36.79
36724
41.09
40.52
39.62
38.97
38.56

" 39.19

36.49
29,00
24,43

40.62
- 38.34

35.93
30.96

9.32
11.10
12.00

7.25
7.02
6.80
6.62

9.60
12.20
12.80
13.30
12.00

'712.51

12.70
13.10

6.55
6.55
6.55
6.58
6.70
6.75

6.85

6.92

7.59

7.55
7.52
7.52
7.52
6.80
6.90
6.98
7.00
6.60
6.83
7.00

. 7.05

1.0407

1.0439
L

1.04632

1.0014

1.0019
1.0228
1.0397

1.0246
1.0281
1.0331
1.0526
0.9981
1.0024
1.0076
1.0277

1.0221
1.0217
1.0201
1.0179
1.0146
1.0125
1.0017
1.0012
1.022¢4
1.0196
1.0154
1.0100

1.0033

1.0202

1.0194
- 1.0156

1.0096
1.0186

1.0163

1.0131
1.0086

3/
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- 151 -
Lab distilled water . . 62,67
0.5% Nacl 68.55
1.08 " 69.23
2.0% " 68.54 .
3.0% " 67.26
5.08 " - 62.86. .
6% C-21+2.0%Na (A+1% 1-Butanol 38.49
6% C-21+2.08Nacl+3.0% " " 34.20
s 6% C~21+2.0%NaCl+6.0% " " 26.95
6% C-21+2.0%Nacl+10.0%" " 24.06
6% N-22+2.0%Mac1+0.1% NaoH - 39.48
6% N-22+2.0%Nacl+0.5% . " 36.78
6% N-22+2.0%Nacl+l.0% " 34.84
6% N-22+2.0%NaCl+3.0% " 32,24
2.0% NaCl + 0.1% NaoH 66.73
2.0% Nacl + 0.5% " 60.30
2.0% Nacl + 1.0% " 56.98
2.0% NacCl + 3.0% " 53.77
ac 63 C-21+ 5.0%NaCl+l.0% l-Butanol38.64d
6% C~-21+410.0% " +1.0% " "  38.13
. 6% C-21+30.0% " +1.0% " " 38.95

-

4C= Start of formulation studies for Chatham

* = Limiting brine tolerance.

6% C~21+1.5%NaCl+ 0.1% PT420 31.77

5 6% C-21+41.5%NaCl+ 0.5% PT420  29.81
6% C~21+1.5%NaCl+ 0.3% PT420  30.53

» ¥= Precipitation and  phase separation point.

IS

crude.

5.92
16.00

6.00"

6.28
6.28
6.45
7.30
7.30
7.29
7.29
9.48
12.00
12.50
13.00
12.10
12.72
i3.00
13.40
7.30
7.20
6.98

6.58
6.50
6.10

0.9971

1.0009 -

1.0043
1.0113
1.0183
1.0317
1.0354
1.0331
1.0293

1.0223,

1.0375
1.0414
1.0462
1.0661
1.0123
1.0165
1.0216
1.0418
1.0557
1.1019
1.1507

1.0329
1.0332
1.0222

4/
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6% C-21 + 1.5% NaCl +0.1%PT420

| +0.2% Hexanol 30.37 7.29  1.0332
' 6% C-21 + 1,5% NaCl +0.1%PT420 :
5 +0.4% Hexanol 28.38 7.31  1.0335
6% C-21 + 1.5% NaCl +0.3%PT420
+0.2% Hexanol 28.38 7.30 1.0336
6% C-21 + 1.5% NaCl +0.3%PT420 .
+0.4% Hexanol 28.05 7.53 1.0335
3% PT420 + 1.5% NacCl 29.70 10.60 © 1.0121
3% PT420,1.5%aCl + 1.0% C-21  28.91 8.80 1.0153
*33 PT420,1.53NaCl + 2.0% C-21  28.86 8.32 - 1.0173
*%3% PT420,1.5%NaCl + 3.0% C-21  29.36 . 7.96  1.0237
2% PT420 + 1.5% NaCl 30.77 10.38  1.0107
2% PT420+1.5%NaCl + 0.5% C-21 | 29.98 9.03 1.0128
*24 PT420+1.5%NaCl + 1.0% C-21  29.84 8.50 1.0148
*%2% PT420+1.5%NaCl + 2.0% C-21  29.14 7.99  1.0186
4.0%PT420+ 1.5% NaCl . 30.07 10.90 1.0136
4.0%PT420+ 1.5% NaCl+l.0% C-21 29.65 9.22  1.0177
4.0%PT420+ 1.5% NaCl+2.0% C-21 -28.76 8.70 1.0218
> %%4_0%PT420+ 1.5% NaCl+3.0% C-21 30.06 8.30 1.0231
2% PT450+1.5% NaCl 29.84 10.60 . 1.0105
2% PT450+1.5% NaCl+0.5% C-21 29.24 9.15  1.0127
*2% PT450+1.5% NaCl+l.0% C-21 29.56 8.70 1.0147
*%2% PT450+1.5% NaCl+2.0% C-21 29.09 8.20 1.0180
3%. PT450+1.5% NaCl 30.82 10.81  1.0123
3% PT450+1.5% NaCl+1.0% C-21 29.79 8.90 1.0164
*3% PT450+1.5% NaCl+2.0% C-21 29.74 8.44 1.0185
*%3% PT450+1.5% NaCl+3.0% C-21  30.67 8.14 1.0226
PT450+1.5% NaCl . 32.83° 10.82 1.0137
PT450+1.5% NaCl+0.5% C-21 30.77 9.50 1.0158
PT450+1.5% NaCl+1l.0% C-21 31.14 9.08 1.0179.
PT45041,5% NaCl+2.0% C-21 30.62 8.50 1.0221
PT450+1.5% NaCl+3.0% C-21  29.41 8.38 1.0233
*= Slightly unstable (slight phase separation).
**= Highly unstable {precipitation point).
. -

5/
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6% C-21+1.0% 1-Butanol

6% C-21+1.0% l1-Butanol+1l.0% NaCl
6% C-21+1.0% 1-Butanol+2.0% NaCl
6% C-21+1.0% 1-Butanol¥4,0% NaCl

1.5%
1.0%
1.0%
6.0%
6.0%

1.0%
3.0%
3% C-
1.0%
3.0%
6.0%
1.0%
3.0%
6.0%
3.0%
3.0%

NacCl
c-21
Cc-21
C-21
c-21

+ 1.5% NacCl

+ 1.5% Na’C’.I."

1% C-21 + 1.0% l1-Butanol.

C-21+1.5%NacCl+1.0%1-Butanol
C-21+1.0% 1l-~Butanol

21+1.
N-22
N-22
N~-22

5%NaCl+1.0% Butanél-l
+ 1.5% NaCl
+ 1.5% Na(l
+ 1.5% NacCl

N—22+l.5%NaCl+l.D%l—Butanol
N-22+1.5%NaCl+1.0+1-Butanol
N—22+1.5%NaCl+l.0%l~Butanol

C-21

C-21+1.5% NacCl N

37.71
36.80
36.70
35.92

68.56 -
43.53

42,45
40.46
40.82

42.43

41.64
38.97
39.85
42.35
39.57
38.54
41.02
38.96
37.46

42,64

41.85

1.0217

+1.0287

1.0355
1.0490
1.0076
1.0017

1.0120
1.0236

1.0339
1.0003
1.0107
1.0091
1.0195
.0120
1.
1.0340
1.0107
1.0196

'1.0328°

1.0104
1.0208

6/
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TABLE 7
—_

INTERFACIAL TENSION DATA

FORMUL~
ATION
STRATEGY

CRUDE OIL SYSTEM

SYSTEM IDENTIFICATION

TRUE INTER-
PACIAL
TENSION
dynes/cm

Alberta Lloydminster
EMR No. 70-69

Alberta Lloydminster
EMR No. 70-69

Alberta Lloydminster

EMR No. 70-69

Alberta Lloydminster
EMR No. 70-69

Alberta Lloydminster
EMR No. 70-69

Alberta Lloydminster
EMR No. 70-69

Alberta Lloydminster
EMR No. 70-69

'Alberta Lloydminster

.EMR No. 70-69

‘Alberta Lloydminster

EMR No. 70-69

Alberta Lloydminster
EMR No. 70-69

gégé?%a Lloydminster
EMR No. 70-69

Alberta Lloydminster

EMR No. 70-69

Alberta Lloydminster
EMR No, 70-69

Gosfield South Cruée
EMR No. 611-77

Gosfield South Crude
EMR No. 611-77

Gosfield fouth Crude
EMR No. 611-77

Gosfield South Crude
‘EMR No. 611-77

Gosfield South Crude

EMR No. 611-77

Lab Distilled water

1% N-22

3% N-22

6% N-22
10% N-22

7% N-22; pH 3.90
3% N-22; pH 3.90
6% N-22; pH {;fg%
10% N~22; pH 4.25
1% C-21

3% C-21

6% C-=21

13 N-22
‘3% N-22
6% N-22
10% N-22

6% N-22; pH 3,52

14.57

9.21

6:73
6.66
12,24
"11.19
11.05
10.02

9.37

14.60
12.64
11.50
10.42

12.48

2/ -
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/2 (Table 7 cont’a) ]

S TR e s
| " " " 6% N-22; pH 7.10 | 9.94
2 " " " 6% N-22; PH 9.00 : 3.94
" "o " 6% N~22; pH 10.90 2.20
" " " 6% N-22; pH 12.20 1.11
" " " 10% N-22; pH 4.02 10.85
moL " 10% N-22; pH 5.23 10.23
" " " 10% N-22; pH 7.50 6.96
" n n 10% N-22; pH 9.32 3.48
" " " 10% N-22; pH 11.10 2.20
" " " 10% N-22; pH 12.00 1.93
" n n 1% C-21" 10.61
" " 3% c-21 9.11
" " S 6% C-21 ' ' 8.02
" " " 108 c-21 8.04
" " " 6% N-22 + 0.1% NaOH 1.24
" " Coom 6% N-22 + 0.5% NaOH" 0.89
" n " Y 6% N-22 + 1.0%\NaOH  o.s1
" " " 6% N-22 + 3.0% NaOH 0.25
" " " Blank 0.1% Na H 0.25
" " n " 0.5% " /}, 0.32
n " " n .1_0% "{‘ 0.60
" " " n 3.0% ", 1.28
3 " " » 6% N-22 + 0.5% Acetone 9.60
" " " 6% N-22 + 1.08 " 2.89
o " " 6% N~22 + 3.0% " 9.51
" " " 6% N-22 + 5.0% - " 9.09
. o 6% N-22 + 8,0% " - B.28

", " .o 6% N~22 +10.0%. " 8.14 .
— " . 6% N-22 +15.0% " 7.58

' " " " 6% N-22 +20.0% " 7.21
; " " 6% C-21 + 1.0% CH30H 6.52
" " " 6% C-21 + 2.0% ™ 6.66
" " " 6% C-21 + 6.0% v 6.72
" " " 6% C-21 +10.0% 6.73
" " " 6% C~21 +15.0% 6.74

3/
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Gosfield South Crude
EMR No.

w

"

611-77

6%

6%
6%
6%
6%
6%
6%
6%

C-21 + 1.0% l1l-Butanol

C-21 + 3.0%

C-21 + 6.0% "

C-21 +10.0%

C-21+2.0% T-Butyl

C-21+5.0% "
C-21+8.0% "
C-21+12.0%"

"

n

"

Lab Distilled Water
0.5% Nacl
1.0% "
2.0 v
3.0 "
~5.0% " )
.6%C-21+2.0%NaCl+1.0%1-Butanol
+3.0%"
+6.08"
+10.08%"

2%
23
2%

" + T n
" + " L1}

" 4 n "

N-22+2.0% NacCl
N-22+2.0% NacCl
N-22+2.0% NaCl
N452+2.0% NaCl

+0.1%
+0.5%
+1.0%
+3.0%

NaCl + 0.1% NaOH

NaCcl + 0.5%

" + 1.0%-

n + 3.0%

n +10.0% " 4+ w
1] "‘+20-0%, nogon
63C-21+1.5%NacCl+0.1% PT420,

" '+ n
1] 4 "

n +O.5% i
M 40,38 "

Alcohol

n
mn
NaQH

63C-21+5.0%Nacl+1.0%Butanol-1

[}

n

"
L LI

63C-21+1.5%NaCl+0.1% PT420

+0.2% Hexanol

0.¢7

.. 0.

0.51
0.42
0.59
0.77
1.28

1.50. .
\\_5
1.71 ™~
2.36
0.475

0.230
0.308

0.486

4/
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Live Chatham Crude

- 157 -

6%C—2l+l.5%NaCl+0.l% PT420
+0.4% Hexanol

6%C~21+1,5%Nac1+0. 3% PT420
+O.g% Hﬁganol

6%C-21+1.5%Nacl+0.3% PT420
+0.4% Hexdnol

3% PT420'+ 1.5% NacCl
3%PT420+1.5%NaCcl+1.0%C-21

L IS S "
oMM p w43 g ow
2%PT420 + 1.5% NaCl

2%PT420 + 1.5% " 40.5% C~21
A " +l.0% "
o g "o42.0% ¢

4% PT420 + 1.5% NaCl

4% PT420 + 1.5% - " 41.0% C-21
43qPT420 + 1.5% " 42,08
4% PT420 + 1.5% " 43,08 =
2% PT450 + 1.5% NacCl

""" +1.5% " 4 0.53c-21
oy "+ 1.0% "
oy “. + 2.0% "
3% PT450 + 1.5% NaCl

L "+ 0.5%C-21
L IR N PO
S PP "
n e + " "o+ 3.0% w’
4% PT450 + 1.% Nacl
oy "+ 0.5% c-21
L . "+ 1.0% c-21
o g "+ 2,08 "
momm "+ 3.0%

6% C-21 + 1.0% Butanol-l
"él [} _t_ " ] "+l-0%NaCll.48

n n 1 + Ll n

- "+2.0%

&
0.585

0.544
0.519

0.115
4.570x10™2
3.890x10-2
. 0.348
0.114
.7:720%10~2
8.220x10-3
2.590x10"2
0.116
6.770x10-2
2.820x10-2
2.770x10-2 -
0:103 '
5.700x10~2
.900x10-2
0.145
0.108
9.020x10~2
1.180x10-2
0.166
0.21
0.120
9.740x%10-2
4.440x10-2
1.880x10™2
9.130x10~2
1.57

" 1l.48
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!

Live Chatham Crude 6% C-21 + -1.0%Butanol-1 +4.0%Nacl 1.44

" ' n

oo "

~

" 1.5%
" 1.0%
" 3.0%
" 6.0%
" 1.0%

" 3.0%

" 6.0%
" 1.0%
" 3.0%
" 1.0%
" 3.08

" \ -
o \Jt;o%

370%
" 6.0%

/
m 1.0%

" 3.0%

" 6.0%

Nacl 4.55
c-21 ' . -1.81
c-21 | | o1ve2
C-21y. - 2116
c-21 + 1.5% Nacl B 1.50
noog o "’ - 1.30
C-21 + 1.5% Nacl 2.05
C-21 + 1.0% Butanol-1 2.03 .
C-21 + 1.0% Butanol-1 2.15
C-21+1.5%Nacl +1.0%Butanol-]1 1.24

C-21+1.5%NaCl +1.0%Butanol-1 1.90

N-22 + 1.5% Na€l , 1.05
N-22 + 1.5% Nacl © 1.1,
N-22 .4+ 1.5% NacCl ~ - 1.24

N-22 +1.5%NaCl+1.0%Butanol-1"1.29

N-22 +1.5%NaCl+1.0%Butanol-1 1.18

N—22-+l.5%NaCl+lu0%ButanOl-l 1.37

LS



~ 159 &
TABLE 8-A ¥
VISCOSITY DATA )
CRUDE OIL SKS%EMS
-]
' AME DENSITY  VISCOSITY VISCOMETER
SYSTEM N (_g/cm3) (cp) AT SPEED, rpm
Albertan Lloydmlnster EMR No. 70-69 - 0.9176 102 6
Ontarian- Go‘sfleld South _
EMR No. 611-77  0.8121 {4.22 60
| . " 4,31 30
(\//Ontarian~chatham (Top cut) - 0.8192 {>-28 60
_ _ 5.30 30
Ontarian-Chatham (Middle cut) {3-.81 60
. : .- . '5.94 30
VN
' “
R * [
TABLE 8-B '
VISCOSITY OF sﬁhﬁXETANT SYSTEMS
4
. - VISCAMETER SPEED, rpm ' ¢ LSCOSITY, cp, at
SYSTEM NAME 60 - 30 12 6
6% N-22 + 0.1% NaOH L. 1.48 1.90. 2.50
6% N-22 + 0.5% NaOH *1.35\_1.38 1.63 1.70
6% N-22 + 1.0% NaOH 1.37. 1.48 - 1.75 2.20
1.0% C-21.+ 1.0% l-Butanol 1.08 1.13 1.35 - --
. 1.0% C-21 + 1.0% 1-Butanol + 1.5% Nacl 1.10 1.16 1.35 -7
3.0% C-21 + 1.0% 1-Butanol 1.15 1.22 1.50 - --
3.0% C-21 + 1.0% 1-Butanol + 1.5% NaCl 1.18 1.26 1.62 --
1.0% N-22 + 1.5% Nacl . 1.05°1.10 1.38  --
3.0% N-22 + 1.5% Nacl =~ 1.15 1.26 1.48 —-
6.0% N-22 + 1.5% NaCl- ) 1.24 1.35 1.60 -~
1.0% N-22 + 1.5% NaCl + 1.Q% 1l-Butanol 2 1.060 1.18 1.42 -
3.0% .N-22 + 1.5% Nacl + 1.0% 1-Butanol 1.18 1.28 1.65 --
6.0% N-22 + 1.5% NaCl + 1.0% 1-Butanol 1.30  1.46 1.72° --
: y |
_ 2/
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/2 (Tahle

6% C-21 -
6% C-21

+
+

8-B cont’d)

1.0% 1-Butanoil

1.0%

6% C-21 +
o
6% C-21
6% C-21 +
1.5% Nacl

1.0¢

1.0%
3.0%
1.0%
3.0%

c-21
c-21
c-21
c-21

.5% NacCl

+ 1.5% Nacl
+ 1.5% Nacl

+2% PT420
2% Pr420
%28 pra20
2% PT42(

+
]

+
+
+
+

1.5% 'NaC1

+

- 160 -~

4.0%

1.5% NacCl + 075% Cc-21
1.5% Nacl + 1.0%.c-21
1.5% NacCl + 2.0% c-21

= For all mixed surfactant

1 week of system prepara

3% PT420
*3% PT420
3% PT420
4% Fra20
*4% PT420
**4% 420
4% PT420

2%
2%
*23
2%
3%
3%
k=

* ko

Syst
allo

PT420

PT420

PT420
PT420
PT450
PT450

Strongly thixotropic ~ measurements mad
w

ems“(already indicated in Table 6) con
- to settle and clarified.solutions

wed

j)l:S%-NaGl
1.5% NacCl +

1.5% Nacl
1.5% Nacl
1.5% Nacl
1.5% Nacl
1.5% NacCl

1.5% Nacl
1.5% Nacl

‘l.S%\NaC%

1.5% Naci
1.5% NacCl’

+ 4+

.t

1.0%
2.0%

1.0%
2.0%
3.0%

“
0.5%
1.0%
2,.0%

1.5% NacCl + 0.5%

Systems - Me

tion.

o

C-21
C-21

C-21
C-21
C-21

Cc-21
c-21
G-21

l-Butanol + 1.0% Nacl
l-Butanol + 2.0% NacCl

i\ n "

= Mildly”fhixotropic - data taken after 10 mins,

L=t

1.27

1.30
1.33
1.36
1.25
1.30
1.01
' 1.05
1.15
1.06
1.16
1+45
2.34
4.43

1.14

1:96

C 1.68

2.18

e affer 10-20 mins.

of

1.38,
1.37
1.39
1.45
1.32
1.38.
1.13
1.16
1.28
1.21
1.21
'1.54
2.44
6.42
.30

shearing»
.2.00 B32 __
13.08 19.72  -- -
1.73 2.48 -
2.28 2.50 @ --—
11.76 12.62 -
-—  30.20 34.0
1.26 1.50 -~
1.63 1.85 -
1.91 2,20 -
9.48 9,30 -
1.18 1.45 -~
1.98 2.25 -
2.65 3.10_, -~
shearing
shearing

1.65
1.78
1.7

1.75

1.70 -~

1.68
1.25
1.35
1.58
1.40 --
1.50
1.82
2.75
8. 30
1.55

asurements made within

taining precipitates were
used for viscosity_measurements.

3/

i



/3 *(Table 8-B cont’d)’

*3% . PT450
*3% PT450
3% PT450
4% PT450
4% PT450
*4% PT450
**%4% PT450
4% PT450

T o+ ot o+ 4

1.5%
1.5%
1.5%
1.5%
1.5%
1.5%
1.5%
1.5%,.

Nacl
NaCl

+

+

Nacl +

NacCl
NacCl
NaCl
NacCl
NaCl

+ o+

+ 4

1.0%
2.0%

3.0%"

0.5%
1.0%
2.0%
3.02

-

.- 161 -

Cc-21
C-21
c-21

c-21
c-21
Cc-21

C-21

.

*= Moderately thixotropic ~ measurements made after 10 mins.

an

2\

"7.12 2.86
1.55 1.67

1.1351.28
. 2.54 2.58
2.95 2.97.
6.63 7.26

8.70 --
2.10 i

1.50 - .

3.10 -
3.34 -
7.88 -

-~ -- '42.00 41.95

'1.20 ©.1.28

i

[

1.50 -

shearing

**= Strongly thixofropic - measurements made-after 10~20 mins. sﬁearing

SYstems (alread
allowed to sett

By

y indicated in Table 6) containing precipitates were
le and clarified solutions used for viscosity measurements.
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TABLE 9 -
THIXOTROPIC BEHAVIOUR OF SOME MIXED SURFACTANT SYSTEMS .
- ) . ' . . .
(@ -, System Identificaticn: 2% Petrostep 420 + 1.53
NaCl + 1.0% c-21 ’ . S
V.t : : . ) A v . ' .
/) - Ageé of solution: 3 days - '
M . v L.' ' ~___/
' Viscosity, cp at Total Shearing Time
.. Total |
shearing time (minutes) = 2 10 .20 30
. . _ : .
Viscometer
Speed (rpm) . .
. 60 S .. 4.91 4,40 o -
. * \ ' L . .
- 30 Ny | Y - 9.50° . 8.20
L] N ) J - . ' . . -
“(b) - - System Identifieétionf\@% JPetrostep 450 + 1,5%
 NaCl + 1.0% c-21 ‘ j
Age/?f solutien: 5 days - o ' !
\ : / . . ‘ ' !
" . |
- Viscosity, cp at Total Shearing Time '
Total A s » S ,
Shearing time 5. 0 - 12 15 . 20 - :
(minutes) . : - /f\‘ T
Viscometer T ) ' T
Speed (rpm) ' ' o .
X 60 - - C- "7.41 7.51 . - .
’ 30 ' 5+40 . 7.98 - Ao - 9.74: @ B
/1 N , : L o (increasing) :
i :\[‘ oo 7 ¢ '. . . ] ’ ) - o
T~
oy ¢ ' .



{c} -

Systgm‘idéntification: 3% Petrostep 420 + .

1.5% NaCl + 1.0% C-21

»*

Viscosity, cp at Total Shearing Time

Totg}'
Shearing time 2 5 7 10 - 20 30
{(minutes) ’
Age {(days) 'Viscometer
speed. (rpm)
1 30 - -  5.50 5.48 - -
4 30 7.56 '8.28 - 8.26 - -
7 . 30 11.22 - - 11.34 - -
10 - 30 - 11.82 -  12.04 - -
20 30 -~ 12.14 - 12.18 11.80 -
27 30 - 5.18 - 5.50 9.04 g.50
. ‘ (increasing)
- v
(d) System Identification: 4% Petrostep 450 +
1.5% NaCl + 1.0% C-21
1 B0 9.62 9.68 - - - -
2 30 - 11.82 - 12.04 - -
13 30 - 15.04 -  14.80 - -
' e S
22 - 30 9.04 - .50 9.94 10.30
' Y (increasing)
,/’_\\ 5T

Y 4

—
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- \ . APPENDIX B

TOTAL BRINE PERMEABILITY OF THE UNCONSOLIDATED OTTAWA SAND {C-190)

PACK:

Theory: -
L!\‘\,,

‘Darcy's law applied to the flow of a fluid in

a porous medium can be expressed-in the form

- - o = XAa8P
Wy (1)
‘wheré Q = Liquid flow rate, cm3/s
| K = Total pe£meability, darcy
A = Crosssectional area, cm2
AP = Pressure drop across two fixed points, atm
W = Liquid viscosity, cp .
L = Distance between two fixed‘points, cm

.t
- "

Equation (1) is subject to the following assumptions:
(i) Steady state flow
(ii} Laminar flow . (Re 51) "

(1i1i) 100% saturation with a single fluid .

{(iv} Fluid does' not react with rock

»

(v) Homogeneous and isotropic conditions

(ay & '

. o8
Bansal had ascertained that for the Milton

Royal Jdnjection pump, laminar flow conditions exist over all
settings (0 to 90%) of stroke-length. The conditions were -

maintained in order to ensure the. above assumptions to be

. .. "--f 4
reasonably valid. The coré was packed, dearated ‘and saturated .
oo 3 ‘

-

with 1.5% NaCl as iIn normal displacementuruns.

Y

5



Data and Analysis:

Injected fluid: 1.5% NaCl

Fluid Density atl25°, p = 1.0076 g/.cm3

2 - liguid systém manometer:

Lower liquid (1.75 ‘'specific gravity Merian Blue)

3

= 1.745 g/cm’

density at 25°, Py
N Upper manometer liquid-— 1.5% NaCl, ’
) o, = 1.0076 g/cm’

Bed porosity, ¢, *= 0.344

Crosssectional area of core holder, A¢= 22.23 cm2

e Mean room temperature = 25.2°C

Distance between pressure tappings on core
. - -

holder, L, = 30.0 cm

TABLE 1d

FLOW RATE AND PRESSURE  DROP DATA

Pump Setting Flow rate Q Manometer Reading . AP ‘
% stroke? 1th. ml/hr ml/s x102 h cm atmx;03
10 141.0 3.92 1.24 0.885
307" 473.8 13:20 . 4.29 306 v
40 630.5 17.50 T s éfbsi
50 787.4 21.90 7.17 \ 5.12
60 §942.4  26.20 °  s.ss % Y g1 "
) 70 1086.3 30.20 o 9.93 N 7;08  ;
80 1229.5 34.10 11.23 8.01
<



T T e menim e . e \_,,j, e e .

,
- 166 -~ ~
ﬁ
- ]
Analysis of Data: _ ' o \\\;/
From the plot of Q (ml/s}) .versus AP (atﬁ),
Fig. 41, the slope is obtained: .
. Slope = 42.24 cm37 s atm = K A )
T TR
T4 k=220 x1.01x30 g
22,23 r .

= 57.82 4.

-

From the theory of manometry, for .a U-tube of uniform cross-

‘Séction,
AP = hip, - p,) g - )
2 1 . atm)= 0.7131hx 1070 a
1.0133 x ‘10 :
~
i
L3 9
. e B
. 2
L
' -
. o . L3
[ .
- ’ 1
Gy . ' -
™ S
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‘ APPENDIX C

1

EXPERIMENTAL DATA AND RECOVERY CALCULATIONS FOR A TYPICAL

DISPLACEMENT RUN:

The experimental data and recovery analysis for

S o~

Run. No. 11 (Table 13) are presented as follows:

The temperature range for duration of run = 23 to

1

25°C,

Temperature prevaiilng during most of the run =
24°C. . " . - ”

Step 1 ° . Pore-volume and ?orosity

A ]

/Weight of coreholder + flanges, bolts = 20 ib,‘251 g

' Weight of coreholder + Sand pack'= 20 1b, 3.7737 Kg

1 Weight of Sand, W_, = 3522.7 g . -
N— K S .
. WS
- Por051ty, $, = 1~ VX p
/ c s
: K 3~ e
where v, = volume of coreholder, cm f?
i\ P = density of sand, g/cm3 i
. _ 3522.7 _
: = 1= 3025.67% 2.65 = .0-3438
. Porg/Volume, PV, = ¢ ¥ V_ = 0.3438 X 2025.67
n . 3
. = 696.35 cm°
Step 2 . Dearation, Leakage 'Test and 0il Saturation

(@) In-line piping was cleaned and dried with air, then the

corehglder was mounted . -

(b} The coréRBIa?r was:opened to the vacuum pqmp for 15 hours

oy,
' . . v
after a preliminary check to eusure no air leakage in the system.
- “\ ; ’

\-

.

'_\- 6/} /— ) )*. o Lt

. - R ‘ : <f%/i~ﬂ %?_,‘;‘

.



(c) Before saturation with o0il, a leakage test wag conducted
as follows:

The vacuum pump was isolated and the drop in vacuuﬁ
manometer readings monitored every minute for 27 minutes

TABLE 17 B,

~
~,
A}

TYPICAL LEAKAGE TEST DATA )

b
Barometric Pressure: 75.5 cm Hg, temperat}ke = 23.5°C

Time Vacuum Manoﬁeter Reading (cﬁ) Hg.
{seconds) Righ; Lkmb Left Limb AP
0 37.4 ‘ 37.ad 75.20 )
60 37.4 37.80 75.20 )
: : e -
480 ©37.4 37.80 75.20
540 37.3 37.75 75.05
600 37.3 37.75 __iEJOS
660 37.3 37.73 75.03
720 Cs7.3 3770 75.00
B840 T 37.3 37.70 75.00
900 | o 37.3 37.65 74.95
1020 - | 37.3 37.65 '74.95
1080 37.2 37.65 74.85 r
oo Do i :
‘;250' v '3?.2 5 37.65 / 74.85
1380 - 37.%“1 37.60 74.80
" e : . .
1650 37,2 © 37.60 74.80
S



(d) 0il Saturation: } .

Oil viscosity = 6.44 cp at 30 rpm; 24.4°C
The o0il reservoir was first filled to the

Zero mark.

The expected drop in oil level for 1 PV=36.10 cm
Actual drop (at the time oil appﬁ;;ed‘from the
tygon tubing) ,- | , h = 36.20 cm

"#11 saturation time ‘= 1460 seconds

h x reservoir cross-sectional area
3"

0il in place

Il

36.20 x 19.3 = 698.7 cm '
Step- 3 . Second;ry mode-flooding with.i.S% NaCl after
recirculation through the injection pump for 30 minutes. |
. Initial flow’rate‘(%rom re&ircalatioﬁ line)
’ \ = 390.5 ml/hr

Ihitiil water tank level = 4.70 ¢cm

Exp%s%ed final water tank level for 1 PV = 2.24 cm

Actual final water tank level at termination of

water inYection = 2.25'cm

\ . Total water injected = drop in liquid level x L

283,5 x 2.24
3

reservoir cross-sectional area

694.57 ¢m

0.994

' PV water injected = 694.57
: 696.35

T

-
\ Total run time. for water flooding = 6221 s .
. 3 - ‘ al ’ ‘
e )‘Average Tater injection rate
- .

694.57 x 3600
6221

1

401.94 mi/hr .

. - \-\..
Oil appeared first in effluent collector- after

145" seconds.

.-‘Q f’\ .' -, .-.A - 1 r

el
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. ' ) Time for water breakthrdﬁgh (from eff luent
collector) = 2146 seconds.
TABLE 16 )
:%“ TYPICAL UPSTREAM PRESSURE ~ TIME DATA
Time (from start of Upstréam manometer, (cm) Hg
water run) seconds . Left limb Right limb AP
180 3.10 2.80 . 5.90
8oo - ' 2.80 2.40 5.20
o _ : o .
¥ 1368 . 2.50 2.20 4.70
1930 2.30 ; 2.00 T 4.30
2600 ' 2.10 . -1.80 3.50
4400 ' o 2.10 1,80 3.90
¢ 6330 | 2.00 1.70 3.70
\ 8200 2.10° . 1.90 . 4.00 .
| " 10000 ©~ 2.50 " 2.30 - 4.80
11964 ’ ' 2.80 - 2.50, 5.30
13980 _ _ 2.80 | 2.60 55, 40
=
Step 4 surfactant tertiary flooding:

System : 3% Petrostep 420;° l 5% NaCl + 1.0% C-21

ﬁ\\ - Total volume prepared : 1800 ml

Viscosity at 30 rpm, 24.2°C = 5.50 cp . !
i& AR K - ' Initial surfactant tank level "= 43.35 cm
| b . fxpected final level for 2 PV injection = 48.26 cm

%@tual final level at flood termlnatlon %\46.60 cm

-
L

Total surfactant 1njected 283 5% 3.25 = 921.37 ml
Injected PV = 921.37 = 1.319
’ 696.35




Step 5

Time at commencement of terfiary flood

Time at termination of tertiary flood

6221 s

I

Il

14583 s

Total surfactant injection time

. _ (14583 - 6221)
’ 3600

Average injection rate, ml/hr

2.323 hr

L}

396.67

Breakthrough of surfactant occurred at 10,040 s

TABLE 18

TYPICAL RECOVERY DATA

Time {(from Sample Sample Total(\jgolume recovered
commencement flask =~ Number
of water flood - " oil water/surfactant
(seconds) (ml) |, ‘ - (ml} (ml) )
2493 250 1 230.0 20.0 .
4344 200 2 77.5 126.5
6221 200&7 - 3 - 61.7 150. 3
8040 200 : 4 45.2 161.3
o : ]
9910 @Véoo' | 5 .38.0 1670
10849 100 6 . 70.4 1316
11781 100 T e 100.0 0.0
12717 100 8 _ 65.2 37.3
13651 100 . 9 12.0 ° 90.0
14583 100 10 0.0 £ 101.0 .
. -/ |
. Total o0il recovered - = 700 ml

Total water + éurfactant\recovered = 8850 ml



o " \
. \ .
Step 6 - { Model recovery calculations: \\'
(a) . Injected PV . ' \

(i) Water flood:

Il

Average injection rate {(water) 401.94 mi/hr

~

after 2493 s,. total water injected

278.34 ml

= 401.94 x 2493 . =
‘ 3600 — . - .
Injected PV = %%%lgé ' "= T o0.40

(1i) Surfactant flood:

L -

396.67 ml/hr

I

Average injection rate (surfactant)

At time from start of secohdary.
o flooding =8040 seconds

Time from sStart of tertiary flooding =8040-622{_

S
=1819 secoﬂ§§J

Total surfactant solution’

. _ injected ‘ = 1819320896.67
) AN = 200.43 ml
o L _ 200.43 _
PY Surfactant injected = €96.35 = 0.288

Total injected PV- (water + surfactant) gf
N . 8040 seconds total injection time = 0.994 + 0.288
- . = = 1.28°

{(b) Cumulative produced ‘pore volume (PV) :

At’ time from start of secondary flooding '= 2493 s

L Total pil recovered = 230.0 ml
| o . 230.0 _
K PV 0il produced - = €9€.35 = 0.33
- ,Totgg\water produced * = 20.0 ml

(" N . o ' .
s - e - B : . '



(c) -

g‘q‘ »

~ ' _20.0" _
PV water produced = §96.35 = (0.029
At time from start of secondary = 4334 S
flooding -~~~ . . 57 50
* Additional PV ?}1 produced<=696_35 = 0.11
Cumulative- oil produced up to 4334 s
= 0,11 + 0.33 = 0.44 PV
Additional PV ‘water produced
' _ 126.5 _
= %96.35 ~ 0-182

T

Cumulative water produced = 0.029 + 0,182

< = 0.21 PV
Cumulative Percentage oil recovéry:
Total oil in plakte =0698,7 ml
After 2493 s injection time, total ..
_oil produced = * St =-230.0 ml
. 230.0 2o 6o
Percentage oil recovery =. %598 7% 100 =.32.92
. R I . .

After 4334 s.injection time, cumulative X

oil prodiced = 230.0 + 77.5 = 307.50 ml

Cumulative percentage o0il recovery

_307.50

= €§§T7? g 100 = 44.01

[

Water - 0il ratio -(WOR):, @

After 2493;5 injeét}on time, o0il cut in 250Tml'

1

effluent collected ' . = 230.0 ml’
4 ) ' C
Water cut in ef nt sample = 20.0 ml
D ; .. :
: K :
WOR = 20/230 = 0.087

v

Oil cut inseffluent collected from 2493 to

’ .

1 o -

-~
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e

(e)

(i)

VsS.

;he

vS.

ab501ssa ‘values (Table 13)

.

Water Breakthrough recovery

i
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77.5 ml

4334 s of injection time

Water cut in effluent stfg;;;\ = 126.50 ml

Y

WOR (tabulated agairnst 0.69 PV injected at-

time 4334 s in Table 19) 126.50

= T77.50 T 1.63

4

preakthrough and Final recoveries:\\

~

".Total PV injected at water breakthrdugh

401.94 x-2146 . _ _
3600 X 606+35 =.0.344

" From FPig. 57'on the percentagé oil recoverf '

4

cumuiatrve PV injected plot, at en’ebscissa value of .ow344,

water breakthrough is read,and its value .2 31,0%

(iii) Secondary

[4

cumulative

. Thesg are reLd from the percentage

(ii) Surfactént breakthrough recovery - . )

PV of surfactant solution injeeted at

breakthrough ¢ (15040 - 6221) x 396.67 -
T T 3600 x°696.35  ~ —_—
" =-0.60 .
Cumulative PV injected at surfactant S
breakthrough = 1.00 + 0.60- . ° = 1.60

Similarly from Fig. 57, -at dn abscissa value “
of 1.60, the surfactant breakthrough recovery

5

= 65.5%

T &

fiood, 1 pv, 2 PV and 3‘PV reCdveriés\l

L1l recovery

1njected PV proflle of Fig. 57 at_{pe ppr0pr1aEe
\ “
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(iv) Final oil recovery, tertiary oil regovery .
Total oil produced at termination of run = 700.0 ml
< . Final oil recovery 200 .l o o
oo - : = 587 >-: 100 = 100.18%
A ' Maximum oil recoverable = 100 - ‘secondary .
. : © _ T ' R
.~ flood recovery = 100 -.53.0 R = 47.0%
. —_— o e
- Tertiary c;il recovery. 100.18 -. 52(_0 B
- o= . = 100%
. 47.0
., » ) , 4
o e I TABLE 19
. . Co ' - ' : ’ ) - 3
A TYPICAL DATA TAELE FOR THE PRODUCTION HISTORY PLOTS
. ‘ . I .- : o~ -
Effluent PV inj‘ectgcel_/_ WOR Cumulative PV produced % oil -
Sample No. cumulative S 0il® water/surfactant recovery
1 © 0.40 -+ 0.087 0.33 0.03" 33.92
. . .' - ' N . . B ‘ .
2 * 0,69 1.63 - 0.44 0.21 44.01
L ‘3 . l.hOOI ' 2.435_\ _.-0.53. 0.43 ‘ 5”2.84
K 4 - 1.29° 3,57 0.59. ,  0.66 ., 59.31
M , . ) . - -;..}.-'. B . . - IU . i
.5 1.58 4139 0.65 - © - 70.90 64.75 «.
= .8 1.73 0.45 . 0.75.°  -0.94 74.82
L7 1.88 © 0.00, 40.89 0.94 | 89.14
. 8 2.03 "«+ 0.57 . 0.98 '1;00u 98,47
.‘. - ’ ¥ N . — " , ’ T '
9 2°.17: 7.50 1:.00 1.12 100.15% . . .
. E < ' ¥ - ) - \ '\'-
< A0 . 2.32 © 0.00 1.27 " "100.19
P : : ) |
., {g) . ag _ Average. WOR at ;fiood termination: N
o > . . R v - . L
. Average WOR, at flood termination is the . -
‘ . average of -~the WOR of the last two effluent. samples -
; | e ', T %+ .7.50 1 )
.. . = —— o= o -
- L4
. hl' .‘ ,‘ . . ‘I‘- . i ¥
- » S ' ) \ .- » 2

h




A TYPICAL coﬁF;)

: _ e
TER ROUTINE FOR CORRECTING APPARENT TENSJON DATA

APPENDIX D

.OBTAINED WITH THE DU NOUY TENSIOMETER

" 1.

(surface or interfacial) and the true or absolute valuasﬁ

given by:

where

Calculation of the Correction Eéézg;;

_The

size of ring and the

LY ~,

P xF ... (1)
absoluté {true) tensign, dynés/cm
apparent (meésured) tension, dynes/cm
correc?ion factor, dimensionless

correction factor, F, is dependent on the

-

size of wire used in the ring, the apparent

tension and the densities of the two phases in contact. These

relationships can be

here

™~

F =

For

expressed by the equation:

0.7250 + -Vo.01452 P, 0.04534 ._ 1.679
c? (p-d) K

radius of‘ring, cm

radius of the wire of the ring, cm
density of the lower agueous phase, g/c_:m3
density of the upper phase, g/cm3
circumfereﬁce-of the ring, cm

the ring, serial No. 447, used for most of

the tensidn measurements, the specifications are as follows: -

C =

1l

R/r.

6.020 cm

53.9280802

.
- - ..___—_..—_—_-..4—‘

L e
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L

Plugging these values, together with the -

apparent tensions, (P), and the densities, into equation (2),

the. correction factor, F, for the given value of P is obtained.

The absolute tension value corresponding to each measured

2.

-l

ST
TI
DS

DELDST
DOIL
DELDIT
XST
XIT
FST
FTI

TST

TIT

‘(apparent) value is then obtained from equation (1).

Nomenclature for the Computer Program:

Apparent surface tension, dynes/cm
Apparent interfacial tension, dynes/cm
Density of surfactant solution, g/cm>

= ((D—d)t-see equation (2)), difference of the
} .

density of air from that of the surfacant

solution, g/cm3

Density ' of o0il phase, g/ém3

= (DS-DOIL) Difference}of the density’Pf oil
from that of the surfactant solutioE‘ g/crn3
Term under the square root sign in equation f2),

- when apparent surface tesion value is involved
Term under the square root sign in equation (2),
when'appareht inferfacial tension is involved.
Correctiqn factor for apparent surface tension
Correction factor for apparent interfacial tensibn
True {absolute) surface tension, dynes/cm

True {(absolute) interfacial tension, dynes/cm

;
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‘DEVEL OPMENT AND EVALUATION OF LIGNDSULFOAATE—BASED
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MAIN | . DATE = 79040

SURFACTANT SYSTEMS FCR E. CeRs OPERATICNS

PART AsLIGNOSULFONATES ALCNE GOR wlTH SIMFLE FH REAGENTS

SURFACE AND INTER FACIAL TENSION DATA

CORRECTIGN OF 'APPARENT VALUES OBTAINEC WITH THt F1ISHER

DU-NILY AUTO-TENSIOMETER

ALL DATA WERE OEBTAINED AT TEMPS ,OF c5+*0.10EC—C

10 MINS EQUILIBRATION TIME WERE ALLCWED FCR SURFACE TENSIGN
WHILE 15 TO 40 MINS wERE ALLQOWED FOR INTER-FACIAL TENSICN
MEASUREMENTSITERSION DATA ARE IN DYNES/CMIALL DENSITIES

@EDE MEASURED wWITH THE SP. GRAVITY BCTTLE AFTER 10 MINS 1IN

2% DEG-CHBATHsVALUES

DIMENSION ST(30)|TI(30)-DELDST(BO).DELDIT(no).XST(30)
DIMENSION XTI(30).FST(30)oFTI(30)¢TST(30).TIT(3OI:DS(30)

READ 2aN
FCRMAT(IZ2)

ARE IN GM/CC

READ 3+{ST(I)s1I=14N)

FCRMAT(14F5.2)
READ 3-(T}(I)gl=l-N)

READ G2 (DS T1)sI=1.N})

FCRMAT(10F6.4)
READ S5s00IL+CeRR
FCRMAT(2F6e4eF10.7).

CALCULATICON OF COFRR.FACTORS FST —FORSURFACE TENSIGNS.FTIFOR
INTERFACIAL TENSIGNS.AIR DENSITY AT 25DEG~C IS0.0012 GM/sCC

-DC 6 I=1.N

DELOST(I)=DS(I)-0.0012

DELDIT(I)=DS(I)-DOIL

XST(1)=(0. OIASE*ST(I)/(C**Z*DELDST(I)))+O Cac34~{1.67S5/RR)
XTI(I)=(Da 01452*TI(I3/(C**2*DELDIT(I)))+O 04534=(1.679/RR)

FST(I) =0+ 72504SCRT(X

ST(ID))

FTI(I)=0.7250+ SQRT(XTI(I))

TST(ID)=FST(I)*ST({)
TITCII=FTICII*RTI(I)
CONTINUE
PRINT 7

FCRMAT(IHI.EOX!'SYSTEM“IDENTIFICAT!GN'l//)

PRINT 8

FCRMAT(/4+12X,*01IL IS EMR CCDE NO., 70-69sAN ALBERTAN

"1LLOYD MINSTER CRUGE?®
PRINT 24 .DOIL

FORMAT(/ 20X+ *DENSITY OF CRUDE QIL IS *sFE44+"GM/CC*,

PRINT 9

 FORMAT(/+12X» * NUMBER

PRINT 10
FCRMATI/214X+%1 ' 36X,
PRINT 11
FORMAT(/ 214X s%2% 46X,
PRINT, 12

FORMAT(/ v14X+"3",6X,
PRINT 13

FORMAT{/ +14X+%49,6X%X,
PRINT 14
FGRMAT(/s14X+%5% 46X,
PRINT 15

FORMAT(/ s14X+%6%46X,
PRINT 16
FORMAT(/ 214X+ *7%,€EX,

/)

'+ 7Xe *SYSTEM—NAME* o/ )

*LAB-DISTILLEL wWATER®,./)

Y1X-MARASP=N—=22iPh 742C%+/)

' 3U-MARASP—N-—22;PH 7.6C",

7}

YER=MARASP—N=22;iPk 7+.7C"+/)

"10X-MARASP=N=Z22;:PH T7.75",

i
*1X-MARASP=N—22:PH 3.G0",

PIAX-MARASP=N—22iPF 3.SC*'+/

/)

)

-

/)

7}

11733700 -

~



17

18

19

25

26

27

28

790490 . 11739700

DATE =
PRINT 17
FCRMAT(/ s14Xs"8%,6Xy *6%— MARASP—N 22iPh 441C%4/)
PRINT 18 - _
FORMAT(/ s14X3%9% 46X ' 10%=MARASP—N=-223PH 4425%4 /)
PRINT 19 '

FORMAT(/+14Xs710° 36X+"1%X—MARASP=C=21 : PH— NATURALS® + /)

PRINT 20

FORMAT(/ +14Xe 911" 46X, " 3X~MARASP—C—21:PH-NATURAL® » /)

PRINT 21

FURMAT(/.lax.-lz-.ex,-ez ~MARASP—C—21;PH-NATURAL® 3 /)
PRINT 22 o

FORMAT(/ +14Xs"13% 46X+ %1 0X~MARASP—=C—~21 ;PH=NATURAL * o/ )
PRINT 25

FORMAT(1H1 10Xy *NUMBEFR?® ,4X 4% APP.SURF—TENS ICN»4X

1Y APP L INTER=FAC—TENSICN® 44Xs "DENSITY* /)

PRINT 26¢(I+ST{I)aTI(I)+sDSC(1)sl=1sN)
FDFMA‘H/.IBX-IE'1OX-F5.2-15X.F5.2.1bX.F6.4-/) !
PRINT 27 : . . :
FGGMAT(IHinOXc'NC.'-3X|‘CCR—FACTOR(ST)'|3XU'CGR-FACTGR‘IT"|
13X * TRUE S5.TENS«' +3X3*TRUE I-TENSSe?s//) .

PRINT 28 eI oFSTUI)aFTIC(I) e TSTUI)4TITLI)4I=14K)
FURMAT(/!IOX!IE.SX’F& G 313XsFEadsl12XsFS5eZ+410XeFS5e247)

“S5TOP : -
END '

— e e



AT

‘ - 180 -
SYSTEM-IDENTIFICATICGN

CIL 1S EMF - CODE NO. 70-6C,AN ALBERTAN LLOYDMINSTER CRUDE

™)
DENSITY OF CRUDE GIL 1s 09176GM/CC
NUMBER SYSTEN=-NAME
.a(;-'l“
1 - LAB-DISTILLED WATER . %\
) i
2 l‘Z—MARASP—N—ZE:PF 7«3C
3 3%~MARASP—N=22;Ph 7.60 : ‘ ' -
4 6% ~MARASP=N=22;Ph 7.7(
5 10X=MARASP=N=223PH 7,75 ) T
&) lx-MARASP—N'—22:F’H J.9¢C
7 3X~MARASP-N-22iPH 3.90
8 ex—JnnaspmN—éa;Ph 3.10
9 10%=MARASP~N—22:PH 4.25
10 1%=MARASP—C=21; PH-NATURAL
11 3X-MARASP-C=213PH-NATURAL
12 6%~MARASP~C~21; PH-NATURAL
13 7 10%=MARASP-C-21 iPH-NATURAL

R . - T T e ————



NUMBE®R,

10
11
12

13

- 181 -

APP . SURF=TENS [ ON AFp.INTER-FAc.—IEQ%}pﬁ
72410 - 14,30
, -
48,65 J 9.50 :
45.H5 a.ég
45,00 7.25
44.9?' Te25
45.50 | 12.30
41450 11.45
42470 : 11.45
41.25. 10,60
46445 v ‘ 9.65

45470 ,.<f 9.10

44435 ' S.00
44490 8465

DENSITY

5\

Ces971
1.oor5
1.010€
1.0237
1.0420

l1.C015

1

1.C105

1.0237
1.0420
1.0014
1.C09%
1.0228

b

1,0397



NG

10

11

12

13

- 182 -

COR-FACTOR(ST) COR=FACTCR(IT) TRUE S«TENS.
0.93229 1.0137 L 6Te26
D.908¢6 0.9€91 44.20
. ~.
~—

0.9050 0.5486 - 41450
0.9024 0.9289 40465
0.9025 ~ 0.9188 40452
0.90E1 0.9951 e 41.18
0.3002 09772 . 37,36
0,9C07 0.9647 38447
0.8985 0.9449 37.0¢e
L]
D.9061 0+9706 T 42.09
-
0.9C49 09567 41435
0.5C28 049452 , 40,04
L]
0.9026 “ 0.9314 40.53

TRUE I=~TENS

6«73
6466
1?.24
11.19
1!.05
10.02

G 37





