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Thls study examlnes the pOSSlbllltle sing waste¢
products from chemlcal plants to 1mprove water od effi—

yclency.‘ Dlsplacement tests were run u51n% iie sample solu—

tlons from chem1ca1 plants to dlsplace a’ heavy crude 011

from art1f1c1al packs of unconsolldated sand.

The result of dlsplacement tests showed that sample‘

".solutlon. avrng elther hlgh surfactant concentratlons ‘or:

.hlgh pH values, gave 51gn;fibant lncreases in oil recovery.

Y

o Samples G, E and B in brlne at a concentratlon of

one percent by welght or greater 1ncreased 011 recovery

—~—

“ ‘ B '51gn1flcantly. ﬂowever, pure sample solutlons were some—:‘

- I,
, 55T

o o _ what 1ess effectrve than the samplefbrlne mlxtures.

The recovery mechanlsm in the successful sample
[

,'crude 011 sharp reductlon of w ter—011 1nterfac1al ten51on

"so formed dlsplaces bll very eff1c1ently wrth stablllzed

o

emulsron bank front.reduc1ng v1scous flngerlng and even—'
tually 1ncrea51ng volumetrlc sweep eff1c1ency.

. The delayed Sample G*%%Jectlons 1nto the flooded

s’

yyout cores 1ncreased oil recovery 1ndlcat1ng that sample

;;_solutlons can be used 1n te'tlary recovery.‘ However, the \’;

as noted to occur when sample

e greater.effect‘qn;recoverT,

S PR S
L 'v'-_.. .//?ﬁ‘. —~
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;é)”ﬁi' that of contlﬁuous Sample

could theref re be reduced 51 n1f1cant1y by using slugs

’ 'rath%r than-contlnuous sample Lnjectlon.. ’ T ’ o kf~¥
[ T 'v\
"ﬁ/ Iﬁfrared]absorptlon tests exhlblted the presence of

B 4

carboxyllc acids in Lloydmlnster crude 011 and carboxylate o

a'léns in sample solutlonééfﬂThe carbo*ylate anions are -

In addltlon to surfactants, the presence of 1norgan1c _ (:j

c?;as spdlum chlorlge in aqueous solutlons acceler- .

..*"A' ated tHEﬁreductlon of‘water—01l 1nterfadral ten51on._ A L

eoret&cal\explanatlon for thls phenomenon 1s glven based -

ot

on Gibb's ad rptlod equatlon.v
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INTRODUCTION

Naterflooding has been a dominant secondary recovery
method in many areas for a long timn: In western Canada
more than 95\;o£ secondary reoovery projects are waterfloods gz
and economics will prﬁbfbly dicéat- the use of water as a
flooding medium in most future projccé‘ 1) .

High viscﬁsity crude Bil is found in a number of
land r.:orvoirs in western Canada. The Sparky sand in the '
Lloydninster area is a fige to medium grained unconsolidatod .
slnd:tg;o (2). Several types of enhancdd recovery mathods
attempted have pxovod unsatilfactory

Primary recoveries by solution gas drive are low,
averag;ng only 4 - 6% of the oil in place, due to the' low
solutionAgas available and the viscous nature of the oil.
Total recovery by primary and convontiqnai waterflooding
is expected éo be-aboﬁt 10\ of the initial oil in place (3).
In general, low oil recovery by watottlooding of heavy
crude o0il re.orvoirs is attributed to low sweep and dis-

-~ placement .{ficipncies. Sweep efficiency is prinp:illy
affected by roootvoir‘hatorogcncities and mobility ratioc,
while displacement efficiency is atfccgod by the capillary
forces boﬁwqgn:fluidl and rock surfaces (4).

A review of the literature indicated that certain
chemicals in the water phase increase the waterflooding
' otﬁ}?§cnc§ doﬁtrolling facﬁors such us mobility ratio,

f g %
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'caplllary pressure and wettablllty of the rock.:”However,

the high price of chemlcals ‘and ‘the loss of chemlcals by

kadsorptlon at solld llquld 1nterfaces generally "discourage

thelr use. Therefore, the need for finding cheaper subst—.

'ltutes havxng the same effects is apparent. - o

- Many 1ntermed1ate and product streams w1th1n a

hydrocarbon proce551ng plant contaln onF or more of a .

Uvarxety of ac1d1c components. Includeq among the ac1ds

usually present are HZS mercaptans (RSH), phenols, thloé

phenols, and naphthenlc ac1ds (5) . These ac1ds must be R

removed or reduced to certalh spec1f1ed llmltS for many

dlfferent.reasons. Sodium hydrox1de solutlon is generally .
- ﬁ <W
sed for that purpose.

Slnce these acids gener;TIyzhave
unde51rable, pollutant effects such as hlgh oxygdgen “demand,

_tox1c1ty, and taste and odor ; aqueous effluents contalnlng

these ac1ds should be treated tao meet the Local pollutlon

‘regulatlon befbre they draln 1nto natural waterways.

However, some of these ac1d§’possess hlgh surface
activ1ty in contact w1th alkallne solutlon. ThlS suggests

that_thé waste effluents ‘may be ‘used as addltlves in water-

-floodlng processes to lncrease oxl recovery. Therefore, lt
was the purpose of thls study to determlne if the waste

‘effluents from chemlcal plants could 1ncrease the recovery

of high v1sc051ty crude oil from unconsolldated[sands.

B

o



f01l-water v1sc051ty ratlo.

’ preferentlal wettablllty of the- SOlld surface.

LITERATURE REVIEW .

4

Controllable’Factors Affectingywaterflooding

The success of waterfloodlng as\a secondary recovery

‘measure depends on'a complex 1nteractlon of ‘the various

flulds and reserv01r propertles.« While most of these proper—

»

tles are ‘fixed and uncontrollabie, there are some propertles

which can be controlled to enhance the waterflood eff1c1ency.

Among these are rock wettablllty, 1nterfac1al ten51ons-and
: O

/

Wettablllty can be deflned as. the tendency of one’

fluLd.to spread on or. adhere to a SOlld surface 1n the pres—

' ence of other 1mmlsc1ble flulds (6) : Jennlngs (7) deflned

a*preferentially.water wet solld as a SOlld upon whlch the
'advanc1ng contact angle in a solld—water 011 system is
smaller than 90«degrees when measured through the water 4y

.Similarily‘a'preferentially oil wet solid was-deflned,as a:"";

solid upon whlch the advan01ng contact angle'measured through

-~

the 011 is smaller than 90 degrees. He found that relative

permeahlllty,_caplllary pressure and- water floodablllty of

natural ‘and synthetlc porous media were 1nfluenced by the

’

Some lnyestlgators‘(8, 9, 10) have found that more

&

.011 1s recovered from preferentlally water—wet systems that

preferentlally 01l—wet cores. Others (ll 12, léfvindicate'
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 that waterflood oil reCOveryj£;;;”:::;s of intermediate
wett__iyﬁt may be‘greater>tha

.water-wet o strongly 01l—wet core

at from either‘stroany:

. CA .
. Capillary“forces in

- fal

water—wet systems iead to bypa551ng f o ij] in- the large

vpores whlle 1§\the 011—wet system oll is bypassed in the

small pores. The lmportance of these forces is dlmlnlshed

in’ lnterm liate ttabmllty system.'

\
Benner et aé 14) found tha w1th all of the crude

" oils 1nvestlgated exre was a hys eresis of the 1nterfac1a1 -

contact angle. The oil ggter 1n erface gaVe one angle
A S .

agalnst thelsolld when water3 as adYanc1ng and a dlfferent
-angle when water: was recedlnoS

Th%y also found that sponta— e

neous dlsplacement of oii’f& w'ter occured/only when both

'angles were’ less than 90 degr es/' :
. T
A number of authors ( 5,,16 17, lB)Vhave shown that -

'corlng flulds,»core handllng technlques and storagé can

R B}

cause 51gn1f1cant changes 1n ‘the wettéglllty of rock sur-

: faces. The autths empha51ze that speclal core handllng
‘ m
'technlques are- requlred to preserve the orrglnal resexvolr’

\.

il ST ST

wettablllty of cores.‘ Mungan (19) found thst some orlglnallyaﬂt

l011-wet samples become water wet after they were exposed to

Zwet._ Mungan (21) also stated that ‘ orlglnal wettablllty

jof the weathered cores was restorid upon )
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. ;control the dlsplacement process.

increased recov

'”interfacial tension due t0

-uof oil. and that the reductlon of .the surface tension of the .

- . . . , . . . . N r'y .
: \ : . -~ . .
. . . )

R ’ ' Sy

Bobek et al. (225 pfooosed‘the imbibition.test as one

of the means whlch could lndlcate preferentlal rock W abii-

"lty. Imblbltlon has been defined by Graham .and Rlcha d (23) .
1as the spontaneous taklng up of a llquld by a porous SOlld.

:'Spontaneous lmblbmtlon occurs when a fluld fllled SOlld is

. ilmmersed»or brought in contact with ano}her fluid whlchﬁaxx

.preferentlally wets the solld.' The ratb of 1mb1b1tlon ‘is a

K3

“functlon of the peraéabhglty of the porous medlum, 0il water

1nterfacla1 ten51on and contact angle."In waterfloodlng,

o=

the caplllary rmblb!kaon process domlnates at very 1ow rates

-

_'whlle at very hlgh flow rates pressure—gradlents tend. to

i

©

A ot of research has been done on the effect of

1nterfac1al ten51on on 011 recovery The effect of lnter- _

fac1al ten51on ‘varies dependlng upon the wettablllty of the

-

formatlon rock. Some 1nvest1gators (24 25, 26) have. found

. that. 011 récovery by waterfloodlng was 1ncreased 1f the

'tlnterfaCLal tenslon was 1ncreased 1n water—wet systems and

decrea »d. in 01l-wet systems.' Others’ (27 28) attrlbuted

;1n water—wet reservoirs to decreased‘
;efsurfactants added to the
waterl Kennedy et al (29) reported atolowerlng the 1nter—

facmal tenslon had a tendency toward reduc1ng the recovery

-

»

vbrlne had 11ttﬂe or no effect. .on. the other hand Mungan‘



. achieve a plstonqllke dlsplacement.. S

cated that a favorable water 011 v1sc051ty ratlo ca

‘ 632)1: When a“vrSQousv'

a'less viscohs:flﬁic,"
is a tendﬂﬂcy for the. dlsplac1ng fluid to take thejh’>
eath oﬁ least resrstande at the center portioh'of'the.capilel
lary.E If the sj von is reversed, a piston-like dispiace:

. : L - ¥

ment occurs srpce the dlsplac1nl'flu1d is less'mobile*thanu

i

the dlsplaced.‘_It 1s the purpose o mobility control‘to

Jennlngs et al. (33) and’ Cooke et al’(3 have indi~-
achleved by emu151f1cat10n of crude 011 1n situ. They at
buted the 1ncreased volumetrlc sweep eff1c1ency 1n caustch

floods to the role of the v1scous,'oll external phase emul—

h 51on, forme& in 31tu. Strassner (35) found that emu151ons

~ were stablllzed prlmarlly by fllm—formlng asphaltenes and_-f

resins contalnlng organlc a01ds and bases. He also found
) ' .
that the\stablllty of emu151on depehds upon the pH of the“

water phase and the crude 011 v1scoslty

-

J . : o T A m.\ . P
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Chemicals Used _for Improv1nnglood Efflcxency o

.,

R recovery by controlling factors mentloned ear 1er. Mlchaels“

\e\,al—ﬁss) found that waterfloods w1th small
t surfactants, whlch cause strong wettablllty eversai;from
,Water wet_to ollﬁwet, may recover as_much as./ 65% of7thet

L o . . . . o N . ) - .
normal residual“d&l. Thg’use of sodium, hydr xide has been

reported extens;vely ln the llterature (37, 8, 39;\40; 41,;
42, 43). Ehrllch et';} (44) examlned the ap licability of

' alkallne waterfloo ing in llght 011 reserv01 s'whérehwetﬁﬁf»

‘ blllty reversal _s ‘the" domlnant enhanced rec very mechanism.
If 1nterfac1al tenSLOn between alkallne solut'on and crude

: oil 1s less than the crltlcal value determlneV by reserv01r'
propertles, a sodlum hydroxlde flood would rec r”oil,by,"”

‘an 1nterfacial tens;on lowe ing mechanlsm 1n ad 1tloabto Or j

in lleu of recovery by f?.wettablllty reversal echanlsm.‘

7

: Jenninés al (45) éu gested an alternative to t é wetta

/ gan
si nlff antly 1§p vVe tﬁ7/reco7ery of certaln crude oals
he reduétlon c&i n;erfaclalJten51on causes emuld i flca\ on -
T of crude oyl ln tu whlch tends to'lower 1n3ec ed wa er

,;—g\. b111_y r versai mec 6 ism by whlch caustlc lngectlo

. mobility/ damp the tén-; cy toy d vlscous £ing erin
. b\._ e ES v - .
1mprove volum tric sweep efflc € cyf//Cooke e al (46) pre-— 7',7 -

.[ry m chanism;1 hey report/a'that

ly occur—'i

{ sented,a dif erent reco

S soap forml g reacti



-diSplace the oil from pore spaces. -

»preliminary qua}itative experiment

1_solutions of sa;ts of a stron

'solutions used thos

vate, potaSSLmﬁ

B all for waterflooding.!

»has been examined vigorously by
: .nggeau of Mines, and in the
“v*test technique, Dunning

o 50) investigated a‘

:iring organic acids results 1n 1ow 1nterfac1a1 tension and

the wettability reversal of the porous medium tq preferent-

ially oil wet under the proper conditions of Sall ity, pH'

fand temperature.ﬂ As a i&sult in sztu emulsification takes"

gplace to form a water—in 011 type of emu151qn whi ' 1ncreasesié/'

-

hpressure gradients across a narrow region in the vic1n1ty

of the emulsion front. These 1ncreased pressure gradients

5 e
are sufficient to overcome the reduced capillar /;ofces and

' Beckstrom et al (47) tested a nupber of chemioazi"n
and found that dil

base and a weak ac1d were the'

. /

most effective in displa 'ng 011 from Oll sand. vofpill the-‘
of sodium carbdhate, sodium.bicarbon-

bonate, 1ithium carbonate, ammonium oxagﬁ

the crude 011 employed. Everything conSidered, SOdl

The use of detergents as addit“ es. for waterflooding
e researchers at the U S.
}S'S R.; By using a centrifuga1g1
sxao, Johnson and Beaty (48 49,'

er: of detergents to determig;_their




. /
ablllty to 1mpréve 011 recovery. They concluded that nonlon— !

ic deEE{gefiilfh/%ure form or. in built formulatlons appear
'to be the most promlslng waterfloodlng addltlves.v "Nonlonlc

detergents hav1ng an optlmum balance of polyoxyethlene chain-

_length (water—soluble% and alkyl phenol (011 soluble) w11l

‘dlsplace V1rtually all of. the 011“ Generally the hlgh co

of surfactants aﬁB~ 'ses by adsorptlon at solid~1i

/

A new oil. recovery meth

u51ng mlcellar solutlzhs
 was - proposed by several author _ ' ar

(53, 54).’ The e mlcez
solutlons are’ surfactant—stab 1lzed dlsper3107Z qﬁ oil and

.tlves.»_Mlcellar solutlons,

~

ot

: 1tu emuls flcayé‘h,,

ay affect or gove n the succe s of wate floo?&n .
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s . Benner and Bayéell (55) were probably nﬁé first to
e o v ’ . S |
draw attention to the effect of polar impurities in crude

oil on the wettability of rock. They mentioned that the
normally hydrdphlllc rock material may be greatly altered

1n nature, or even caused to become hydrophoblc, through

Y
&

oy adsorption of ba51c or acidic polar impurities from crude
AY /
- oil. Bartell and Nlederhauser (56) , throudh thelrnstudy on

Rio Bravo (Callfornla) crude, found that’a solid film formed
at crude 011—water 1nterfaces. The fllm—formlng material
was hmghly surface actlve dand closely related to resins and

.asphaltenes 1n‘crude 011.

a\:

. Relsberg and Dosher (57) also observed rigid films
RN at the 1nterface between crude 011 (Ventura, Callfornla)

and water. The formation of these interfacial films result--

NS ' ed 1n the athSLOn of crude 011 to a water-wetted surface,

N whereas i

did not adhere as readily to a dry sand surface.

In ordey”

LS

to ellmlnate the poss' 111ty that these observatlons 5\\

. were nfluencedeby atmosphejlc cont ination, anaerobic

~.. ‘~\ .
i}ﬁéations were maintalned during crude sampling and labo— \Q

. . N

/ratory measurements and no_ decreaseuln r1g1d f1Im§\orm1ng : }
//] characterlstlcs%yas noted. It was observed that, at‘a\\h
oo [

ester“and’carboxyllc groups.
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Carboxylic acids have been recognized for many years

A
as constituents of certaln crude oils. Sachanen (58) indi-

cated that oxygen compounds naturally occurring in crude oil"
- are acids, and classified the oxygen~compounds present in

petroleum cil as fatty acids, naphthenic acids, phenols,
-

and resinous and aSphalgic\cgnéounds. The naphthenic acids
. ~
(¢ differ from fatty acids in theb; cyclic structure. But
‘both of them are carboxyllc acids. Seifert and Howells (59)

}
succeeded in the lsélatlon and 1dent1f1caN&%§%of carboxylic

- . acids from»MdeaycSunset (California) crude wl, They found

//'that this oil contained'Z.SﬁWelght percent carboxyli¢ acids

which, in the prgsence bf aqueous alkali, weré/;;{:iiecially
active. Seifert' (60), in his subsequent paper, concluded |
‘thet phenols have a'diminishiczkeffect on the 1nterfac1al
activity of the carboxylic acmds. '

The presence of porphyrln complexes in crude o0il has

been conflrmed by many 1nvestugators (61, 62, 63, 64).
Porphyrlns are carboxylated or decarboxylated heterocycllc
compounds.: Dunnlng (65) has found that porphyrlns¥3nd metal
porphyrin complexes often-exhibit strong~1nterfac1al activi-

ty and film formlng characterlstlcs. Dunning et al (66)

a v

‘\isolated porphyrln constltuents in a free form by a hydro-

[

. bromlc-acetlc dlgestlon, They found that the 1nterfac1al
ectivities.and film forming tendencies.of several'petroleum
extracts‘generelly parallel the‘porﬁnyrin contents of these

o



N

exttacts.\yThey concluded that the metaI-porphyrin complexes

An petroleum are major contributors to interfacial activity

N\
and film formikg tendency.

/

Naphthenld‘aclds are the most abundant carbo yllc

‘acids in crude o;ls\ The extensive research on nap thenlc
N\

- acids has been well de§cr1bed in detail by Lochte and

~

Littman (67, 68) Dodd\JGQ) attributed film formind char-

acteristics of crude oil tp ﬁaphthenic dcids. These acids,:

- in combination with connaté\waters, form soaps whi h hydro-

lize to varying degreds dependlng on the salt content and

pH‘of the water. “Hydroly51s of naphthenlc acid soaps
- \
would form a complex indluding free acids, soap and acid |
anion, and such a gomplex probably forms the buckbbne of the

interfacial film".



\ . \

\ THEORY

Gibb's Adsorption thation

r .

The general expression for a reversible change in

(. d
free energy of a multicomponent, twh—phase system is given
. A

by the following relationship _ ' |

-

dF = - SAT + VAP + .Ep;dn, + ydA * 1

The change in surface free energy will be given by

-

aF® = --'s®ar + Iu,an] + v 2 T 2

Since the surface contribution to the volume is negligible,
\\ the quantity VAP was omifted.‘ If the two phase system is

enlarged at cdnstant P, T, and Uy egquation 2 may be inte-

grated to yield the expression ~

S . R - . o . o ’
F* = Zu;n, + yA' o : 3

‘Total differentiation of equation.3 giveé e

S s s o '
aF” = 2uidni + Enidui + ydA + Ady

By comparing this result with equation 2, we find that
s%ar + Injau; + Ady = 0

N - = : ’ S . M
If we divide.each term-by the surface arep, A,. the familiar

g : ’ ' A o \ . \

Vf‘Symbols are listed and identified in the Nomenclature.

.

13
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Gibh/'s adsorption egquation

/ 8
/ dy = - s®ar - Ir du,

/ "
/ )
/

s .

/ - : n
/is obtained where ry = is an adsorption density.
A | .

Since we are mainly interested in constFnt temperature proc-

o

esses, the Gibb's equation cqh be/g;mp&#ﬂ!&ﬂ as follows

i {
i

dy = - IT du, (T = const.) f 4

i

-
Lo

The adsorption density of the i-th.cdmpénent relative to

that of component 1 is defined by the relatian

A
( ry = - Y ~ 5
\. > aui T, all u's except i zmd-u.1

For any component,

i -
“i = uy + RTznai \

Then equation 5 becomes \

T. -—ﬂl_._al__
1 RT atna,

,//'/ ~

The adsorption densgty, Ty will_be,posiiive if the concen-
Qtratien/coefficiené‘dfnsufface tension (3y/3fna;) is nega-

’the; It will be-negative'if the surface tension is increased
- .

e by ‘addition of component, i. The adsorption density is
determined by the slope of the surface tension bersus log

o

-
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activity curve if the surface tension can be dg:ggnldcd by

experiment.
Properties of CJEI;;thc‘Acida
' 4

Among petroleum acids, carbokylié acids are gengrally

believed to be the major contributors tag intogfacinl R
activity (70, 71, 72, 73). — '

8

A. _Structure

~4

The tYpical structural {ormula of various carboxylic

acids may beé expressed as follows:

.l

ﬁ . ) C 2 QH-(CHz)nCOOH

R -C - OH

Fatty Acig

Naphthenic Acid

M&soporphyrin IX




. . T
..

_ "Fatty acids are the typlcal carboxyllc acids with -
- - I
ﬂlallphatlc alkyl groups.. Naphthenlc acids consist of cyclo—;

pentane derlvatlves 1n which the carboxyl group llnks mostly‘

S

f /’_* .

oy

to a parafflnlc s;de chaln. Porphyrlns have a’heterocycllc

structure with two carﬁaxyl groups attached. , - -0

‘

- Carboxyllc aCldS ‘are comp ssﬁ’qr two segregated

\portlons. One 1s a polar carboxyl group, coon, Whlch has

s

suff1c1ent afflnlty for he aqueous phase, and ‘the other is

a' nonpolar ‘alkyl group, R, which is regected bY ‘the aqueous f»

A%}

Nphase, due to its lack of afflnlty for water molecules.

.Because of thlS h dphlllc property of.carboxyl groups ajz ‘
;s - hydropboblc propertx of nonpolar alkyl groups, carboxyllcv

. ac1ds concentrate at water-oil lnterfaces in such a manner

4

‘that the alkyl group lies in 'the oil phase Wlth the polar

‘carboxyl group exposed to the water phase. Consequently,

the concentratlon of carboxyllc acids at thé water—011 lnter—

' face results 1n thegreductlon of the 1nterfac1al tension.
o Carboxyllc ac1ds,,11ke 1norganrc ac1ds, are neutral-

> 1zed‘iy bases such as sodlum hydroxlde or ppta551um hydrOX~-

' 1de with the formatlon of soaps."

- . . . L. . . . -

SRR —_— ' R
s . | : "‘RCOOH + NaOH<T___.RCOONa + H20 ~ . _ .
7 sodium carboiylatesudiSSolvé;g;#aﬁueous solutions in the
tforms\pf 1ons, RCOO and’ Na . ”';—_ g S _ o :

T ”Wf o \Slnce the hydratlon energy of RCOO is Stronger

\\ »d‘ E ,than that of ‘RCOOH,. carboxylate anlons would exhlblt hlghef




- P . -

1nterfac1al acthlty than thelr carboxyllc ac1dsb Therefore,
,1nterfac1alﬁten51on reductlon between 011 and water depends

upon dlssoc1at10n of carboxyllc ac1ds 1n an aqueous solutlon.

. . . ) L4
. B. Dissoci tion ‘ ’ ' '

. I . . ) - .
¢ . . . Ve . .

The solublllty of alkall salts of oarboxyllc acids:

L4

depends very much on the hydroly51s of the carboxylate ion:

ki

“RCOO™ + HZO _— RCOé‘H + OH " o

Hence, "the cqpcentration ofvcarbOQYIate amion is . equal to:

»

,‘ _' [Qcooa] [on]. : -A | ‘ o

. . . 7
i e

-

-

[RCOO'] = ‘ RS . .,
o h ) .- ,0' ’ . "‘_‘\‘
L [RCOOH] . - ) g
or = - [reooT] = L2 19 (o Ll (mole/liter) . (74)
n . . .
P Thls equatlon shows that the concentratlon of ,
b . ’ -

carboxylate 1ons in a solutlon depends upon the pPH of the’

¢ k]

solutlon. ‘The concentratlon of carboxylate anlons increases

v_as the pH of the soTutlon'rs f%creased N

e -Micelle Formation ‘ I

e

T g

About/GSD calorles of energy 1s evolved when one
it

p; :
meié of CH2 group ‘is: removed from water (75) Therefore,

~. T

mlcelles form as the result of the galn in energy occa51oned
by remov1ng hydrocarhon ohalns from the»surroundlng‘water
and“bringingjthem in’oontact_ﬁit?reach'other in micelles. .’

- g

s
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Free energy con51deratlons requlre an arrangémedt of the

/ h
+!
i

agglomerate in adﬁeous solutlon in a manner thag w11 xposea'

the polar heads of the surface actlve 1on§ andj olecules‘

water, w1th minimum contact between the garaff n chaln;/an?>65;

. . N v . . o / / N L cd
water.molecules. ~ - e //““Z o ‘///////7
- ; . I f - LT

. : /- - . .

~—

\ billty/of the compound,"

N . The 512e and shape of ‘the mlcei e ls/d‘termined'by

.the eqq;llbrlum between the attractlv//force

V4

carbon chains and the repu151ve forcés aﬁtn

/

of the surfa%fant (76). : \ .(/°' ’
) /GA - ’ /4
" The. contentratlon of surfactant at. whlchlth
: ﬁ

1\terfac1al ten51on betwéén\water and o‘l does not decrease

fé}therAwith an

N

~. S

solutlon, aEEQ\:Ql

S
inérease. A;i,.‘n ) suré a nt

However, surfactan

4 4 - : .
ace actlve material, The lncr ased solu- .

}1 solub1 11‘zatlon (77)

. e

e < . i



st

///;solublllzlng actlon which 1ncorporates non polar hydro—'

\\\uith/the hydrophoblc portion of the surfactant. By this

S
I .

'ﬂcapbons in the hydrocarbon 1nterlor o he mlcelles, “the

- mlcellar solutlon can dlSplace 01ls mlsc1b1y in porous

dla. The solublllzatlon limit . for a llquld can be de-

‘tected by the. increase in turbldlty upon further addltlon

‘

,:Of the solublllzate.' T S ," -

7 .
. M

'/E. Emulsifiﬂation o o f;%

/., In itu emulsification often encountered in water-

.'

fioodlng is malnly due to mechanlcal dlsperSAOn of one phase

n the other and in part due to spontaheous emulslflcatlon

. e o r'ji

in the presence of surfactants.v .

Mechanlcal dlsper51on based on the.mechanlsm eluci--

’-

f'/‘

[ e———

/

dated by Joseph Plateau is well\descrlﬁgd by Blkerman (78)
Con51der the water enterlng into a porous medlum The Water
drop 1s extended to form a- cylrnder er . spheroid by belng

squeezed to a- capillary tube.' This becomes unstable as

soonjas.;ts len th exceeds 1ts c1rcumferenc » and two spher—

4éa1 drops form._‘Thls process takes/glace because,,above

‘a eflnlte ratlo of 1ength to radlus, at least some 1nd n-

/”

. ,tat1 ns on the cyllnder surface are developed due to the~
| 1rregp1ar surface of the caplllary tube and the openlng
sma r\than the drop._ Coﬂsequently, capillary p*essure
: fne the bottom of the indentatlon 1s greater than that fag

'f/from ;t. Thls caplllary pressure difference drlves the ' ‘



-
a

llquld away from the lndentatlon, whlch grows deeper and

deeper untll the cyllnder is snapped 1n two.. Rupture oc

.&.lnltlal elongated body.r’

If OLl‘and water contalnlng surfactants are
'qulequ into contact spontaneous emu151f1cat10’ ma eoccur;,
on one or both 51des of the 1nterface (79) |

1nterfac1al tensxon of a water 011 syste

can be deflned by

/

'where y is the oll—wasgr i terfaC1a1 ten510 ,in.the'absenoet

N . , / s

must have a negatlve value and: that the area of the lnter-
face t ds to 1ncrease spontaneously. Thls would cause
ts to break uq spontaneously, stabillze the dlSpersed

\X\and prevent phase separatlon. T

T N K - : | B B '-4 - R
- e 1‘n.=' S ST AR




1

: volume fractlon o//ﬂlspersed rigld sphenes (81)-

'u QL+ 2.56) o . S

<

where H is the v1scosity of th ulslon, ue‘is' e viseq-' o s

sity of. the external phase, ' ¢ is the vol'
Coe internal phase‘ Thls is a 1m1t1ng 1aw, whose- valldlty
increases as K approachés zero.. Samon et al (82) used ‘a

.'simllar‘but more‘ge ral equatlon orlglnally prqposed by

Y
Richardson:

®,

/;<

is lncreased 1f the volume fractlon of the 1nterna1 phase

’»lS increased, 1f the globule 51ze 1s reduced, or’ 1f the'

ﬁ-globule 51ze dlstrlbutlon ‘is mad@ mo;e pnlform..5

R
cN

’:gcepiiletf“Force_ ﬂ

. P

iy .rhgwgenerallxgla;ichship bgg.¢En-§:esgggquroés;¢rd§s3- N

S



‘'a curved boundary and interfacial tension is inen.by@the
E-followingfequation. e ) Lo o

ry «  rad . S ‘ L
1 S Tas ,\ L o . R
: e, o :

P¢.=.Yow

Craxg (83) deflnes caplllary pressure in porous medla_

/

si/ply as the pressure drfference existlng ‘across the lnter-'

face separatlng two lmmlsclble flulds, one of whlch wets
the surfaces of the rock in preference to the other.’ For'
?sipp11c1ty,\the analogy w1th a bundle of caplllarles has .

_often been used in, the study of caplllary phenomena in a

A *porous medlum as the reservoir flulds ex1st in spaces whlch

A o - »

Eare capillary in si@e.~ The caplllary preﬁsure in a narrow

*‘circular tube fllled'Wlth 011 and water 1s expressed by the'

\ l

.quatlon ) ,  ' . o ) D: o
o - * 2Yl'-cose . o IR .
P w P = ;oW — ' : '
?c f_Po Py =TT : oL e

Thls theoretlcal»equatlon states that the caplllary ‘

-

xpressure can have eith#r a. p031t1ve\or a negatlve value,v; :
.dependlnq upon the weﬁ%ablllty preference._ If the contact

]. } angle 1s less than 90/degrees, the system lS preferentlallys

i

v /

water wet and w:.ll :/ave p051t1ve caplllary pressuré, and. 1f
hlgher than 90 degrees,,th system/ls

\\*\\» the‘contact angle i
V preferen ‘ally oil »et with negative caplllary pressuré T
‘,slﬁh It also stafes that the capillary pressure LS a dl—'

rect function of nterfac1a1 ten51on. Therefore, caplllary,i

fornes car be re?uced by decreas;ng water oil interfacial

Ty ERER

. S . F I SR i Co o ~
. : : Y
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. - temsion. ‘ /
. . AN . . v . N /
‘Waterflooding . A
X ; /_
. The fractional flow equatlon describing

} K / ,."'p
3 >

O/
V Ho s aq
-~ * f.g - "
Tw iy
. ' 4 W, K . :
- o - S 1+ w,-o L - ) [
h .o ‘ X ‘. 5“1: ‘ o .« ! : . 4 ' .
. The derivation'of this equag}on id a straight forward
process applying Darcy s equation oritWo phase flowiin‘

horizontal linear porous media.l The variables affecting

fractional flow of water are capillary pressure gradient

e /\along the direction of flow, relative permeabilities of oil

‘ ‘ and water, fluid velocrty, -and visc051ties of oil and water.'

| } The.effect of capillaryﬁpressure on fractional water

ilflow depends upon the wettability and fluid saturation states o
in porous media. Pos1tive capiilary pressure in a water wet .
system gives rise to a suction of water into’ the pore spaces.

Thus. the high capillary pressure is generally desirable to

vlsplace oil from a porous medium."Howeyer, movement of non- -
ting phase, oil, in: an 1nsular saturation state IS resxst- ’

by capillary pressure.' This 1s called the/Jamin effect

eiﬁquﬁatervﬁet,system.}~TEe:capillary ' essure, in this casev‘



v

‘required to be low'to\:;himize‘the4Jamine effect and

»
isplace the resldual 0oil from a w\ter wet system. Negative -

aplllary pressure in an oil wet system apparently re51sts.
water‘enchroachment into the system. _Therefore,-the capil-
lary pressure should be low to increase the oil recovery

from an Oll Wet reserv01r.

For high flow rate and hlgh 011 v1sc051ty, the effect '

] of capillary pressure ‘on fractlonaﬁ flow is mxnlmlzed.

Therefore, the fractlonal fiow behav1our depends upon 011

-water mobillty ratio which is a funct;on of the relative '

permeabllitles and the v1sc051t1es of water and oil.
Belative permeabllltles are the comp051te function :

of pore gepmetry, wettabillty, fluld distrlbutlon, and
NG

saturatlon hlstory (85) Wettablllty is a hlghly 1mp rtant

factor affectlng ‘water-oil relative permeabllxty charaeter—

ﬁk stlcs. 'As the preferentlal wettablllty of asporous medlum

. changes frcm 011 wet to water wet, the oil relatlve perm a-

: achieve that recovery I

blllty 1ncreases and that of water decreases.
For a glven set of water—011 relatlve permeabllxtles,-

fractlbnal flow depends upon the magnitude of ozl and-water
i _
vxscosities. Regardless of th4r’ysfe 's wettablllty, a
1l

hlgher oxl viscosity results i ess efficient dlsplafement'
(86).- That is, there 1s a lower recovery at any water-orl

o

ratio and an-lncreased 1njected wat volume is requlred to

Q.

A rev;ew of the



-

ing suggests that the control of propertie such as wettabi- -’
lity,‘capillary pressure, and water and oi(l' viscosities by
chemicals can increase waterflood efficiency and ultimate.

oil recovery from a porous medium.

¢



 MODEL SCALING

-

;' Since the floodlng behaviour under field qpnd;tlons
is usually stabilized, laboratory dlsplacement tests must be _
A o properiy designed or " scaled” to elrmlnate the effects.of h-i.
'/W\ viscous fingering and cepillary end effects (87, 88; 89, 90). |
‘ On the ‘basis of the theory developed by RepOport and:
- Leas (91) it is recognized that the flooding behaviour is a
p dependent upon "the length of the system, rate of 1n3ectlon
l and fluid vistosity. It is also found that end effects{
cquld be ellmlnated if the scallng coeffrcxent LVtu s Was
« greater than a crxtlcal value of 1 ‘
- In the present study two 1n3éctlon rates, 30 and 40

L cc/hour, were. used. The. scallng-coefflclents for these
2

ates—were—lsﬁl_aﬂd 2.62 cm -cn/mlnrresnectlvelv. These’

rates were_considere

suffxcxently hlgh to ellmlnate capll—

laryyehd'effects. Q

Kyte et al (92) found that a water flood is'stabili—;'

zed 1f the capillary pressure ‘gradient in the direction of
«-v _flow is small compared to the lmposed pressure gredfent.
<)~ | Maximum totaI\S;ESsure drop across the core necessary to
) . achieve stabllization was found to be of the order of 50 psm .
'.regardless of the .core 1ength The 1nit1al pressure applled

in the present study was abeut 97 psx.p

.The effect osbv1scous flngering will. be ap recxable» )

<




8

“/‘" -

cross- sectional‘dimensionj}f ne core To scale for viscous

\

fingering effects, the scalingAcoefficient developed b

Chuoke et al (93) was utilized. This coefficient may be

written as’ b

I R

wcr | 3 YO,W K
.__-—. =
h

: \_ 2 :
. : ‘ :vt(“o uw) h’ ~

,Chuoke et al found that if the scaling coefficient,
w /h, is much 1ess than 1. 0,-there exist a large number of

fingers in the model and consequently production behaj:é ur
f_

jis insensitive to viSCous fingering. If the . scaling

ficient is much greater than 1 Jo, no/ fingere Will occur and

- the system has essentially a stable behaviour lehding to

high- ‘recovery. If the scaliﬁg coeffiCient is of the order

of 1 0, productioh behaViour is unstable and can be ‘seri- \;

e \‘

~

»ously affected by variations in the value of mean- finger T T

.distance. )
For the core used in the present work and rateS"
selected the maximum/Visoous scaling coefficient was 0 043.
“Therefo:e, viscous/fingering may occur in the c re ‘but
production behaviour would be relatively stable and insen—

\"sitives to the viscous fingering effect.

. // N . . .
e : . - o —
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EXPERIMENTAL EQQIPMB&T AND PROCEDURES

Materials ) . ‘ ' L

?

N.Two sand samples were used during.this study and are
identified in Table A - 1 in Appendix A. Sand 1 was uncon-
solidated Sparky sand from the Lloydminster aréa. Sand 1

s
was cleaned using a technique'Similar to that described by
Collins (94) The sand was washed with hot tap water and
flushed with Varsol until no further traces of oil -staining
; were evidenth After Varsol had evaporated,'lne sand was
dried in a dryrngvoven at 210° F for 10 hours. The particle
‘size distribution of Sand 1l is shown inh Figure 1. Sand 2
is a 80 - 120 mesh clean Ottawa sand. ‘

Lloydminster crude oil, treated only for the removal

of water, was 16.7° API 'and the ba51c sediment and water
- . L4 : -

conttnt wag 0.1% by volume. = The viscosity of this crude oil .

was. 2800 cp at 72° F.* The ViSCOSity of crude 011 was meas-

ured Qith'a Weissenberg Rheogonicmeter. The crude ofa

‘2

density was determined by use of a pyconometer.

For bench tests &nd imbibition te;ts, a Va;sol-crude'

mixture was prepared by mixing 6 parts by volume of Varsol

with 1 bart by volume of crude oil. ‘

An artificial brine was’ prepared by dissolving 84 84 ‘

- grams of sodium chloride in distilled water to makb a liter
of solution, Thip concentratioh matched the chloride ion

content of a Lloydminster field water sample descrtbed byl,

v

l
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A : . R

Colllns (95) S : ,.f L : S
) ‘ . - P g ~ .
Samples A - "G were waste effluents from varlous’

°

chemlcal plants and thelr propertles .are summarlzed in Table

A -3 in Aéﬂendlx.A. The chemlcals used in the preparatlon

L o " N .
in:Tabde A - 4. . . <

¥

o(\;ariqus solutions’wereqregeant grade and are 1§€gglfled f'
. . ro . . s el W) ;

Infrared Absorption Tests - s .__ o _f,
Infrared ‘absorption tests'were conducted. to examine

"o

naturally occuring petroleumﬂacids in'cgﬁde.oil and surfac-

© tant dlssolved in various samples. : 5

10 ml of crude 011 was mlxed w1th 20 ml of 1% NaOH

;solutlon in-a 50 ml centrlfuge tube w1th ‘a screw cap. The

.

Smlxture was shaken v1gorously with a mechanlcal device for

- o

i about an hour/ﬁnd allowed to stand for .a day to separate the
|

\ water from the oil phase. -The water phase was w1thdrawn

;
u51ng a syrlnge and ac1dlf1ed w1th HCl to convert the ion=

|

lzedgpetr;;;fg a01ds 1nto molecular form. ‘Petroleum ac1ds~

|

-

f in,théir eq\lar form ,are’ dlssolved readlly in the CCl4

I~ ° \ o

f phase. Spectrograde CCl was added to thls solutlon. This

i * ‘.
‘CCl -solutlon mlxture wa§ shaken for about an hour. During

|
1 thls tlme, most of petroleum/aC1ds were transfered 1nto the

.CC14. T .‘";,‘- S e » ’ _ k y ‘
An 1nfrared spectrum of thlS CCl4 extract was taken

1

uSLng & Perkln Elmer 221G. double beam'\pectrophotometer..
An NaCl cell w1th a path length of 0 5 cm. was used.
; - | “ - - .; : 3 Ce o
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& - o
A reference cell hav1ng the same dlmen51on was fllled w1th

CCl4 to ellmlnate errors resultlng from poss{hképlmpurltles'

1n the CCl4 The uBe of the reference cell also 1mproved

the resolutlon of the overall 1nfrared spectrum

- Seven ‘samples from chemlcal plants were prepared for

infrared analySLS in a;smmrlar-manner-«f

_Bench Tests’

. - g . ) : . .. . . /
R . . . Ll . . " . A

\‘;'

<

A 51mpIe bench test technlque was usedwto determlne
qualltatlvely the wettabllltles of the sands. A procedure

sxmllar to that pr0posed by Bobek et al. (96) was utlllzed.

To test for wettablllty, a thln layer of dryJ@and

was spread on a glass plate.7 Droplets of 011 or water were

S

placed on the surface of. the sand The rate of movement of

n

the fluld 1nto Sand was- observed u51ng a 10 power magnlfylng

-.

glass. To test for preferentlal water wettablllty, a thln

o

1ayer of dry sand on a qlass<plate was saturated w1th 011.

s

Droplets of water were then. placed on the sand and the rate -

© -

of water movement 1nto the sand was: observed B -f

If thé water moved readlly lnto the sand and dis-—

placed 011 from the surface of the sand gralns, the sand QQbA

was. con51dered preferentlally water wet.

i

' S'.p” To/xest for preferentlal 011 wettablllty, dry sand,

in stead of sand 1n1t1ally saturated water, was used h e

Because 011 has a téndency to spread on a water surface ‘in

_ [
-a‘monolayer, 1t was, dlfflcult to dlscern whether oil wetted\3

e
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‘

;Imbihition.tests yere ccuducted‘with'an}apparatus

531m11ar to th used and descrlb( iby Bobek et al 197).

Luc1te cyllnders fltted w1th 200 meshoscreens‘at the bottom
end were packed w1th unconsolldated sand by tappang the~~

bottom of the cell untll no further compactlon;was v1sually,

/ 7o id

discernlble.f The cyllnders were welghed and evacuated in
a vacuum'cell and saturated. w1th a saturatlng fluld under-, o’

vacuun. - The saturated cyllnders were welghed.: The pore

a

:volume of unconsolldated ‘sand was caICukéted by welght

rd;fference using the denSLty of thebsatu!atlng;fluld.

The saturated cell was placed 1n a vert;cal p051tlcn

oo

.
s

- in the 1mb1b1t10n apparatus and the fluld to ‘be 1mb1bed was - ?u

41ntroducéd into ‘the apparatus untll the. ceil was’ completely

1mmersed.\ The volume of saturatlng flu1d dlspLaced from the

&
. o

cyllnder was’ measured The 1mb1b1t10n'tests were termlnated‘,

,when the vodume of- saturatlng flUld dlsplaced showed llttle"

) Cleaned thoroughly aftér each test to avcld pOSSlDle contam—'

vlnatlon from prev1ous tests.

or no change over a. perlod of several hours._ , .

a7 Fresh flu1ds and clean sands ‘were used durlng suc—

-

'“ce551ve 1mb1b1tlon tests. The lmblbltlon app%ratus was - -

o

< .
PEN



a -

o -Interfacial Tension Test and pH"Measurements':', , - .

N

i . -

, A Cenco d Nuoy ten51ometer Model- 70545 with a platl—:
rlng ‘was u d for making surface and 1nterfac1al ten51on
The standard method of testlng for 1nterfa—”

; of 011 agalnst ‘water by ‘the rlng method ASTM e

employed.,J . o e

o e ,
. ) N - _
o -~ AY1l tension measurements were carr%ed out at rqom ;”\\\\\

"temper ure malntalned wlthin 3° F difference for each set .

of tefts.‘ The tempeﬁature range for the comﬁlste sexies of
‘o o tesys was 720 F to 80 I o . et
The measured surface and 1nterfac1al ten510n rgadlngs
were corrected u51ng the correctlon factor deve%oped by

'Zuldema and Water (98) 7 Thls factor may be expressed as

;e ‘-}{

IR RS S 4g 0 T o o e .
| (F, = ) = — x — v, |

'dThe correctlon factors were calculated u51ng a computer.
i '
3 The pH measurements of varlous solutlon were made‘

/

< a ing‘a‘Beckman'Model N pH meter Wlth a glass refegence

L

lectrode and a Beckman E - 2 glass. ,electrode.
: - ; . V=

- "g\/Displacement Tests .

“$'>v /. : : The core holders contalnkﬂg the unconsolldated sand

were stainless steel models deSLgned for n}gh pressure' *““gﬁgv

floodlng w1th corr051ve chemxcal solgtlons.‘ The 1nternal

.- .
- . - /

’/?' ) ;f B '-%Q,'



{
v

o

ndlmehSions of the‘core'holders were 6{0" chﬂgﬂﬁgggth and - ", .
L 0.87 lnchesidiameter.difp& - ..,'h » . .
__Thé*empty core'holders"lncl ding screens'and”end_
h; ‘platés were weighed‘on a’sensiti'evbeambbalance.' $tainless‘
:-steel-screénS'of Zbovmesh wer "placed between'the sand and
the end plate to prevent s 1ft1ng of the sand and plugglng
of the outlet 11nes., T: core holder was placed in- a ver-
tlcal posxt1on and a.ﬂelectrlc v1brator was attached to the
‘core holder." Unco'solldated sand was poured slowly into the -
core holder whlﬁ_ the v1brator was .on. The procedure was-'
contlnued un {1 the core holder was full and no further
“compactlon of the sand’ was ev1dent._ The upstream end of the
core: hol exr was fltted with a 200 mesh screen and then; T
SCrewvl on the core holder tube.. | |
The packed core holder was welghed and mounted.ln
He Satumatlng apparatus shown 1n Flgure 2. The core was;
evacuated and saturated with art1f1c1al brlne.‘ The brlne"

2

permeablllty of the core was calculated durlng th1s process‘

by measuring flow rate, and pressure ‘drop across the core

f

and applylng a Darcy llnear “flow equatlon._ The saturated

o

~N
core was calculated from the welght dlfference between the

"Escore was thin rewelghed and ‘the volumerof/the brlne in the
dry sand and the saturated sand by u31ng brlne densxty.
'The pore volume of:&he core . was determlned s;nceéat 1s

t eqnlvalent to the volume of brlne in the core. now1ng the’

]bulk volume of the core holder, 58 4 .cc, and the pore volume




35

N

.

m&odm mmou ANNYS:

: “. : ‘, N \

~

,,/,

-

qod BZMSAHDO& wzH84MDB4m

- NV azmzuoﬁ&mHn 40 Smmwﬂma UH.H.«SmmUm L < .wH.m

. /

Ak

Ayddne\__/ -

. 3oy
care L

sTyex

zépnpsuel)

ann&. ﬂﬁwuﬁm\m_,

| asproy e300

- Kanozauwr

. iZ9jewiouTwW,

. e
T 1

a8ned

o musnmoum

a . 2

y -

- ,uo»ﬁdmvu -

Ite

.

. {a10A10801
| .W..,oﬁmn

_

|

[
)
g
1

_.

— oausvu,u,.,m. o T

4
i

. omarscou
..I e e e e e e i o

RV

i ,mﬂcu.cmnﬂ, w,cmvoauu o».n.?.

)

m.-w_ 052-0 -
. efned
- eanssaid

uogon .o.now,. .

'y3eq moumB .
‘2anj8l omEou ucﬁuno

zejm

N

um::a c@Squ—,
mwn_m JuTIeUOD:

‘ uogoﬁm 0103

.- uu»oﬁo:&ﬁ
»u:ouu& . e

_.m 052-0".
owadm

A ou.a.n noum.. :




36
-gof the core, the porOSLty of the core was calculated.
After the corefproperties had been mégsured the

core was.connected to- an oxl and water flooding apparatus

/
, and immersed in a constant temperature water bath thermo-
statically controlled to W1thin 1o F.‘ Calibrated‘Heise‘

» A

'g-uges were connected to the upstream end of each core hold-\‘ ’
to. measure the upstream flowzng pressures. Short down e
{ream outlets on each core minimized-outlet volume correc-.
ons. and eliminated the need for down streamdpressure taps.

The core. was then saturated with crude Oll us1ng'a Ruska‘--
'pump. About l 5 pore volumes of oil Vere 1njected into the q_i;
core to ensure that an irreducible water saturation was B
attained The volume of brine prodnced during the oil

i.flood was measured and. the 1n1tia1 water saturation was cal-

s

culated. The initial oxl in place was | determinéd s1nce 1t ’ .
~_is equivalent to the volume of brine produced;
| The oil saturated core- was flooded with brine or”
*;fchemical solutions at a constant 1n3ection rate. of 30 or- 40

”'f T ee. par hour.d The produced oil were . recovered in 15 ml grad—'

uated centrf‘uge tubes and were centrifuged to separate the

'¢water and. 011 phasezp Most of the 0il was produced as art-

. emulsion after wate breakthrough.

.' A demulsxfier, Visco 507, was used to break . l emul-

"i:sion produced. To facilitate the demulsification rocess,'

\introducing the Visco 507. Two or threevdb ps. of Visco 507 s



\ o ' : o e
was then sufflclent to break the emuls;on. .

The volumes of 011 and water/were meas red by a-

mater1a1 balance on ‘the effluent fluids. Ac urae;\ﬁeesg;e-

e

'ment of efflu nt is very lmpOrtant as the accumulatl
p

o/
small erroyrs from misreading the scales may bec
icant. /Tg:/efflueﬁy/ﬁolumes were’ measured to

/CC /yﬂe cumula

51gﬁif-“

ithin 0. o's-

. e
.ed t ether w1th 011 recovery. ALY dxsplacement tests wir%

‘nducted at 80 F, The core holders were repacked w1th
f‘clean sand after each teé% to ellmlnate the p0551b11aty of

y sand wettabllity belng altered by prevxous tests




" RESULTS AND DISCUSSION ‘ "’DF

l X . . . . .

¢

infrared Absorption AnAIysis

1

The purpose of’ imfrared analy31s in this study was

‘to qualitatively dete ne the presence of petroleum ac1ds

which, in contact-thq 1lkaline solution,'exhibit high.

interfacial activity. \ ong these are the 3'~box§1ic acids,

'phenolsiand mercaptans.' The e petroleum acids have been
"reported—in’theuliterature t ,show interfacial activity. :

Figure 3 shows infrared,absorption spectra of the
Lloydminster crude oil for’the frequency;range 3Bdbf->1500

cmf;. X sharp absorption peak'at the frequency, 1710 cm-l_ ' N

is the typical spectr_ of carboxylic acid, which is attri-

| butable to_the C:O str tching Vibration of the carbonyl
'group,’fThe carbonyi fxeguencies of carboxylic ac1ds appear
'inbmuch the saﬁe:spectral region s aldehydes and ketones v
(99). However, the carbonyl peak at 1700 cm 1_in the'present»
:study of the crude oil is regardéd as that of carboxylic

acids since no other oxygen compound5° such as alcohols;

: ketones,-aldehydesuetc., have been detected An crude oiis\\¥g7f/

or in cracked.products (100) .

~ The low intensity but sharp absorption peak 1n'
frequency range 1740 4 1750 en L'x

\

\\;;/,\ ' C-O stretching vibration of'carboxylic acids
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Absorption bands at 3700 and 3600 cm =1 are'regarded.

as the spectra ofdthe OH stretching vibration which may be

LN

»related to water ‘and phenols respectively.

‘The spectra of the C-H stretching vibration in a.

hydrocarbon are shown over the range 3000 -2800 -em “1 . rwo
absorption bands at 2920 and 2850 cm ; are’ related to the-

C-H. stretching vibration for methylene ‘groups (-CH —) The
=1

-absorption bands at 2950 and 2870 cm represent the anti-
'symmetry and symmetry C-H stretching vibration bands of the

‘“fterminal methyl groups (—CH ) in a hydrocarbon chain.

™

,‘Therefore, the presence of hydrocarbons; regardless of their

functLOnal groups,'can be direptly detected with these C -H

stretching bands.p’

Seifert et al (lOl) reported the presence of carbox-

. ylic. aCids at 1710 cm =1 ana phenols at 3610 cm -1 _in the

~. infrared analysis of a California crude oil. These absorp— /

tion bands for carboxylic acids and phenols are well matched

with those of the present work. The. infrared spectra of 4

oleic acid which is one of the typical carboxylic acids ‘show

'_the characteristic absorption band of- carboxylic aOLds at

-1

the frequoncy 1710 cm (see Fig. 4) . Two relatively weak

sorption bands at 3000 and 3525 fm~} may be attributed to
/

s

the OH stretching vibration of carboxylic acids.,'

- The infrared test indicates that the Lloydminster

'crqde oil contains oarboxylic_acids. )

o . . L . L4

v
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Inﬂ;ared analyses of

various sample solutions were

done to detprdine whether the sample seolutions contain

organic surface active materials.

Infrared absdrption s
Figure 5.

of carboxylic acids at 1700

stretching bands of carboxylic acids at 3000 and 3525 cm T, .

A high intensity absorption

'y

pectra of Sample G are shown in

Sample G shows the-typical C=0 stretching band

and 1740¢cm-1, and the OH

-

-1

band at 2330 e kis not fullyi

identified but seems to be related’ to the# -SH stre@ching

S

G are most well matphed w1th
oleic acid. '
| Sample Ershowed,high
bands of carboxylic acids at
. The infrared Spectra of é
was,taken to determine‘wheth
1740:cm"l is due to carboxyl
‘members of the ketone series
to coassociation,withiﬁater.

‘readily dissolves ketones byl

h

CCl4—§ample E mixture was pI
of Sample E. An infrared te
extract. :The result showed

_in the 1700 - 1800 cm ' regi

ibration of mercaptans (RSH).

<

those of the crude oil

{ntensity Cﬂovand OH st
1740 and 3530 cm -1
ple E without acidification
g: the high intensity peak at
Lc acids or hetonest The lower

- Based on the fact that CCl,

t not carboxylate anions, a

S

epared without acidification

st was performed on this CCl4

»

no C-O stretching vibration

on;' Therefore, the" C=0 stretch-
N _ = 4

ing band near 1740ucﬁfl;in_s
. = ' - :

ample_é may‘be.attributed to

r\»\

Sy
N g

\
Absorption spectra of QSEple

respectively

are freely sqluble in water due
| 1

>



L

00LE

00SE 00€E 00T 00& 00LZ

} 00SZ: - 00€CT 00TZ . 006T 00LT
L‘r T

(K3 ysueq tnat;dd) oautéx;oscﬁ .

.

TN
1]
v
)
Al )



Ciw . : - 1

carboxyllc a01ds.

Sample A and b showed no:detectable absorptlon
‘

‘peaks except the unknown peak at- 2310 cm‘%l The CH 'bands L:“l

over the range 3000 —'2800 cm =1 were also m1551ng There—

‘fore,_the hydrocarbon contents of Sample A and D are negé
ligible. =~ -~ - |
. T ‘."' Sample c showed a hlgh 1nten51ty OH peak of phenol
at 3600 cm -1 and =C-B aromatlc stretchlng peak at 3040 cm 1
whlch is related to the benzene rlng of phenols and thlo—‘"

’phenols.. However, Sample C showed ‘a weak C—O peak at 1700
]

em7t, L o L.
s S plePF‘shOWed very hiéh intensity OH and :=C-H
' e
stretchliz.bands of phenols but a weak Cc=0 band,at 1710

%

The medlum 1nten51ty absorptlon band at 2590 cm l\

5

on51dered to be the spectrum of mercaptans and st.

[

-le” ’ 1n.contact w1th HCl produced a bad odor Wthh
. __/ v : /\

-jtf@f‘ffrlbuted to. mercaptans and st. e _
i :,%‘,, ’ -

\\ The 1nfrared test results 1nd1cated that Sample E

PP

and G ar- rlch in carboxyllc qplons, whlle Sample B C and
1.‘?

\‘F have low carbpxylate qﬂion contents._ On the other hand

,,‘: -

N
Samples A and D contaln no’ carboxylate anlons.

.
%

»}p o Phenols were detected in- all of the sample solutlons.

- However, Sample F showed the hlghestiphenol absorption peak.

‘Beneh Test Results

. s . The results of bench tests of varlous flulds w1th dry
\ / |

N

r
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'hsand andafluld saturated and are summarlzed Table B - 1.

Varsol and the Varsol crude mlxture were spontaneous-"

'ly 1mb1b1ed by all dry sands.» Brlne and alkallne solutlons
- were not 1mb1bed by dry -Sand l whlle the Varsoi crude mix-

Vture was 5pontaneously 1mb1bed by the . dry Sand 1. ThlS

1mp11es that the Sparky sand tested was preferentlally 011 \'

wetr. The spontaneous imblbltlon of brine by Sand 2 saturat-

i

ed with Varsol 1nd1cates that Ottawa ‘sand was preferentlally

P

>

water.wet.

» Brlne was not 1mb1bed by Sand 2 whlch was. saturated
w1th the Varsol crude mlxture, whereas most aof the chemlcal
501ut10ns were readlly 1mb1bed by’ the same sand. fﬁfsvmay
1nd1catew$hat the Lloydmlnster crude changed the wettablllty

of the. Ottawa. sand from preferentlally water wet to neutral

or sllghtly oil wet.ﬂ Slnce wettlng lS a rather slow process, )

the. wettablllty of ‘a sand w111 depend to a great extend on’

'the duratlon of contact between the sand and the saturatlng

fluld. For example, lt w111 be recalled that Mungan (102)
'ulred»about~two weeks in order to restone the orlglnal

wettabl 'ty of cores On the other hand the tlme of con-(~

]

N

tact employe‘ ;n the present study was ogﬁy a few mlnutes in -

. o ) , qymv P )
>thetbench test-andj" few hours ln the 11 lmblbltlon test.
’ S
It 1s, tﬁerefbre,.reason@,le to assume that the wet ablllty

v4~/ ‘ a

?‘rever:al mlghp»hot Hﬁ@e beenf‘ mplete; Upon reaction with

alkallne sé&g&}pns, thls 1ncomp1et ‘011 wet character of the

Ottawa sand was ea51ly dlstorted and r ersed. to water wet,

Lo e N
/. _"_“:r R _', .~.' - .

: ./// e : ?’ a x‘ 45 :
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Consquently, the chemlcal solutlons were readlly 1mb1bed

-

o

by the” sand.

T:y- .
' Some chemlcal 1n brlne solutlons were 1mb1bed by
Sand X inltlally saturated w1th the Varsol—crude mixture,

Sodaum hydroxrde solutlon and weak bas1c solutlons such as
,.'p;éco3, Na28103 were 1mb1bed readlly by Sand 1 1‘;?'u 1y
. /aturated w1th the Varsol crude mlxture,' 'iff\xﬁu%: ‘
/solutlons were not lmblbed by dry Sand lA The”lnblbition‘

be érav1tatlonal

mechanlsm 1n ‘this case is’ belleved to
llquids 1n the pore spices oﬁ sand due: to

.

i
3 -

/i
VAN segregatlon o
decreased capfllary pressure. ‘
< ‘. 0
Sapon flcatlon pf naturally occurrlng petroleum ac1ds

2/
b xture w1th the alkaline solutlons re-
of water-01l lnterfaclal\tenslon ands

Ty
/ ;
/ - in the Vars"
/ '“sults,in the
”,.t ,’ - R ‘\ . e € .
/ ‘consequentlw ed'the ciplllary pressure ;n the pore
lonal pressur? dlfference between oil
Therefore

/' : ’
3 spaces. Grav

water overcome this reduced caplllary pressure.
However,,thln £ilms of,o;l
Thisfindicates'that

<

water is imblbed by the san&
were observed on the. sand surfaces.
In the dry sand no saponlflca-

a

' the sand ls Stlll oil wet.
} ﬂ" L tion. 1s taking place 51nce the dry sand does not contaln
‘ - petroleum aclds.;-Thereforeylno lmblbltlon ofvwater ;nto ‘the
Ccoke et al (103) also observed Yg;tieal//ll mlgra-

S A ary sand occurs,.
tion. in oil wet systems with gravity as the driv1ng force,

L/
and stated that 1ow inter acial tension seems to be impor—

©




\ .

P

|

sand saturated w1t"the Varsol crude mixture. These cheml—

reduced the 1nter acyal ten51on and gave rise to grav;ta+

tional}segregatio of quulds. Trlton X 100 is a noéizélc

'-regardless of 1n't;al saturatlon condltlon.‘ The 1mb1b1t;on,

tq.sand ggxns>

Céll Imbibition Test‘ReSultsw

a

}n Table B - 2 in Appendlx B.;

As would be expected f'om the bench tests, llttle

imblbltlon of brlne by Sand fsaturated w1th the. Vars01—

crude mixture was observed.-
-

Sayd 1 saturated w1th the Vﬁ

'Nollmplbltlon.of,brlne into
soi—crude‘mikture was,consitent'

w1th the result of bench te t, whlciﬂlndicated 011 Wet charf .

acteristics of the Sparky s nd.

One percent sodlum h droxlde 1n brlne solutlon was
I

"readlly imbibed by the Ottawa sand saturated w1th the Varsdi-'

Sy
Do l

~ e



" wet Ottawa sand than the 01l£wet Sparky sand.

-Varsol—crude mxxture._»The 1mb1b1tlon mechanism 1nvolv

1resulted'fro‘ low caplllary pressure. Thls mechanlsm

in brlne sblutlon produced 71% pore volume of 011 andlthe'

‘front ‘was observed whlle l% Trlton X~ 100 solutlon dlsplaced R

the 011 from Sparky sand ‘core.

.from,Sparky sand,':Thls 1nd1cate5'that, at the same inte faf

cial tension condition,”more oil. was. produced from the

Chemlcals such as Na—oleate,,Na4EDTA NaOH and’S mple

G were readlly 1mb1bed by Sparky sand saturated w1th th Co

in
N ,

this case is regarded as gravitational'segregation'of| luids

'characterlz d by low oil recovery compared’to that by Fhe

wettabillty reversal mechanlsm. One percent Trlton X POO

/

recovery mechanlsm 1nvolved 1n thlS case is belleved o be

o

wettablllty reversal of the Sparky sand from 011 wet to

water~wet. Vertlcal movement of the stablllzed waternoil

Samples B, E. and G were readlly imbibed by Sparky

'sand'saturated with Varsol-crude mlxture; However, there

was no 1nd1catlon of wettabllltg change of the sand.

The study of molecular structure of the: sand materi-

-2-als ‘may be helpful in uﬁderstandlng its wettablllty ar;‘»

.§io

.acterlstlcs.» The structure of quartz, which is a maﬂor

.component of the sand, is comprised of three dlmenSLJnal

>:f, etrahedra. in which the . central Si atom is hy rld- -

. . N i &
- . . .\{



‘?1zed, sp3 and forms o-bonds w1th four oxygen atoms (104) l
A large number of brocken bonds may appear on the,surface

- of- quartz upon fracturlng of the Sl—O bonas. These brockenv
.bonds at tﬁe surface may react with water to form surface ‘l
5111c1c ac1ds (105) If a crude orl has basrc components f

uch as pyrldlne and qu;nollne,‘thes//ba31c components

probably react w1th the silrclc a ‘d surface\of\:i Quart? e
-‘resulting\in the adsorptlon of the crude oil to sand "

S

, surfaces, thus adsorptlon rendérs the sand oil wet."

The 1ncrease 1n carb xyllc acid adsor tlon on a . R
7 i :

°

“quartz surface in the acidic range of pH, however, 1sinot t{f;
jdue to its polar attracti9i w1th quartz but rather to the |

. low solubility of the carboxyllc acid-ln molecular form 1;
1(106) , Due to ‘the h.drophoblc property, carboxyllc ac1d
;would be Squeesed ut from water and concentrate at water ”l-

" quartz 1nterface e'en lfathere is. no specxal attractlon
lbetween quartz yd carboxylic%aCLd g'.Upon reactlon w1th

”a,base, the ac1 rreviously adsorbed on the: quartz-surface,‘

.w;'




riqls ‘d may ‘be related to resins and asphaltines.i

v . // . «

',IntérfacialvTension'Results'

- e o s - Y

4

-/ . The’ effect/of various chemicals on interfac1al
P tension was meé/;red for a number of aqueous solutions and

)//' _ oils. The results SY the tests aré presented in Tables

e ., B - 3 te B - 17 in Appendix B._ ] , ,j. ;f;" .
2//(1c-A C The effect of sodium hydrOXide concentration on
| ‘1intérfacial tenSion is shown in rlgure 6. The 1nterfac1al
_tension between Varsol and distilled water was not: Slgnlf—‘
icantly affected by NaOH concentrations. VarsoI exhibits
. ﬁff relatively neutral interfacial properties and is believed
le;f. 'hf ‘tOscontain no potential sy fractants.' Because of this

~ .neutrality, Varsol was ysed as hydrocarbon solvegt to deh

creese the viscosity/é/ ect of‘crude oil in the’ imbibition
tests.s: o ' . | : ‘ _ ’ T
,\ The interfaCial tenSion between the Lloydminster’
crude and distilled water was decreased to- an immeasureably
low value, less than 0. 4 dynes/cm, at a sodium hydroxide
concentration of 0. 04% by weight. A similar low value of
»~interfa01al tenSion between the LlOydminster crude and brine -
‘was obtained at a sodium hydrbxxde concentration .0f 0. 004%
/;/éeight._ Since sodium‘chlbride was the only chemical add-

ka to the brine, the significant difference in sodium hy-.
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tension.can be attribgled to {the effect of sodium chloride.
|~ / :
. Sodium loride, in cbmbination w1th sodium hydroxide, ac- . . Cé

. celera es the- interfacxal tensxon reduction. This resulted {/ '

in a reduction of the amounts of"so um hydroxide re uired

to ashieve zegiven level of interfacial tension.
Figure

'droxide concentration and the pH of solutions.' The pH of

7 shows the relationship between sodium hy—

solutions increased readily as the sodium hydroxide concen-

tration increased. The pH of"brine is slightly less than

—

that of distilled water at the same sodium hydroxide concenﬁ

: G2y
tration. e

-~ -

Figure 8 shows that the pH has a marked’ effect on
interﬁacial tension. It may be observed that at a low pH .
value, all “the systems exhibit relatively constant interfa—\

“cial tensions.- But as the pH increases beyond some critical
value, the interfacial tenSions fall sharply. The criticaL
pH values are ll, 8. 5,4and 11.2 f#r the water—crude, brine-
crude and brine-oleic«aCid syst

/
also be observed that the wat

s, reSpectively. It may

terfacial tension throughout

L
A . 3

_Asignificant change in the i
the range of pH studie

AR ' ‘ - %fﬂ'—’;
Carboxylic a¢ ds are believed to be responsibl for

the interfacial nsion reduction observed above. Carbox-__e

ionize in A e water phase depending upon the pH of the so—’

" lutions” Carboxylate anions 8o formed concentrate ‘at the -~

,-bwa rfoil intartace. The arrangement of carbcxylate anions
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and their cg;;ter ions, Na+, at the‘water—oil interface
3'ipeults in the interfacial tension reduction. Oon the other
hand the absence of carboxylic acids in the water-Varsol
system is accountable for little change in the interfacial_

tension. o ’ .’ R ,\w A
o £
S . The brine oleic acid system showeh\white turbidity

at the water- oil interface ‘at a pH S} 11.2. At a PH of
13.2, a rigid film formed at the interface was observed.‘
The spontaneous emulsification is believed to be responsible };
- 'for the turhidity. o
3 The.interfaciel'tensions hetween crude and various‘
, chemical solutions are shoWn in Figurei9. For the sodium
>, 4 oleete-crude system,'interfacial tension wes reduced to ,/4
‘%essentially zero at a concentration of .000“'5'% ‘Triton x-—ldo
.fdi t reduce the water-oil interfacial tension below 0.7
dynes/cm even at. the ‘high concentratidn of 3. 4&5 Inter-
fecial tension at—a concentration of 1% is 3.5 dynes/cm, .
‘which is rather high to cause an increasevin oil: recovery}
Therefore, the high oil recovery £rom cell imbibition test

with 1% Triton x—loo can be attributed to wettability

z'reversal mechanism. _ ,
Figure 10 shows ‘the effect of chemical concentrations

on interfacial tension.’ Sam Ples B end G appear to be the

»mdet efficient in reducing interfacial tension.” For both//

/ /

- of them, the interfecial tension becomea essentially zero\

at a concentrations of O 5%, while Sample E reduced the

P
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interfacial tension<to a simiiar value at'a;concentrationﬁ;

-of 4% -With the exceptlon of Sample G, all otheﬁasample

i solutlons show a tendency ‘to 1ncrease 1nterfac1al ten51on
I
'ht relatlvely hlgh concentratlons.‘ Sample.B beglns to

1nérease the. 1nterfac1al ten51on beyond a concentratlon of
o A
I

Yo -‘20%, whlle the 1nterfacral ten51on lncreases beyond a con=

entratlon of . 10% for Sample E crude - system.' The 1nterfa—

- cral gen51on in Sample F—crude system ‘was not reduced to a -
.value less than 1. 2 dynes/cm:throughout the concentratlon

= range oﬁ;the é@udy.\ B . : ‘ ,“» =

E R “‘ Flgure 11 shows the relatlonshlp between Sample,pﬂ AN

TR

' :and 1nterfac1al tensxon.' Sample B, E and G exhlblt essen-

P . i lly ‘Zero, rnter?aCLal tenslon at the " same pH value of 9.5.
g Samples B and E show the above mentloned tendency of in- o 4
tcreasxng ‘interfacial tens10n at the pH value of 11. 7’and'

‘flo 2 respectlvely. No 1nd1catlon f the 1ncrease in the

'1nterfaC1al ten51on was, however,,observed for Sample G.
ThlS eXhlbltS a rather wide range of cOncentratlon over ERE
'whlch 1nterfac1al tenSLOn 1s essentlally zero.

. Flgure 12 shows the nelatlonshlp between the 1nter—
ﬁa01a1 ‘tension and Sample G concentratlon in Varlous aqueous
“L..>~solutlons. The 1nterfa¢1al tens10n between Varsol and

o ey Sample-G in dlstllled water "is decreased readlly as the

.sample G concentratlon 1ncreases. Thls 1mp11es tnat sgfiace o
'«actlve materlals in Sample G are respon51ble for the lnter- '
- ~ 5 : 3 A - . R

-7 facial tensron reductlon srnce§Varsol contalns no surfactamt'

. ‘ ,g,‘ N i

u"\ v

- . . . B -

S : : o » . 5 o e
JL T . . N v L -t ’ . ~ . :



NOISNZ

’ .

. "

mHmmzommmnmm

- 11

! \_w I TVIDYAMAINI ANV HA TTIRVS 0 . *91d
_ % . , | ;
.u . « s : : . . v
: .  Hd - uoT3Inios
P1- - o
n}
. 0 sdgees
r g odiueg
VSR ot .w. Q.—QENW .
. - . . . gopdueg
e uoyniog
\ Mazs,,
& g

01

51

0z

. . (w2 svulp) uo;suoi {eioRyIoquUy

-

N

‘



- S
s

O

r

p

,Em«v? ,.E wnooao&. nﬁomwuuuﬁconoumuea&dm

L3 M

L 08 SAOTEY! _ ¢s 40 10dda - 71 *oi
~ NOISNEL TYIDVAIAINI zommzoEnqo_m.maong.zH o mnmzc,m 4o 103 B

a

~

. .
. B
v g ]

-

m&ww ,

ot L

\,
. |

el |

" j1eg 1E1dIBWIWIOD

- sutag

aoyey pelInsid
1a3epM PoIINSIA

- ‘uoynjog

=

_epnIn

°pndn
spnap

; SCIESTN
1o

¢17 O
A TR F F
L T

ot O

ON joquikg 4

i

01

S

(Wo /soukp) uorsus ] [RIORFISI



by

,’-

;:4observed by many_ 1nvest1gator

not reduced below 0 8 dynes/cm untll

‘Oreact with - carboxylate_anlons and prec1p1tate by

\

'the S1m11ar 1nterfac1a1 tensron at a concentratlon of 4% .
/

-~ The interfaclal tenslon between crude/and Sample G

in brlne is reduced to less th£n\p 4. dynes/cm at a concen-
i ;

- tratlon of 0.5%, while Sample G in dlstllled water'exhibite“ -

» . o

Thls dlfﬁerence 1n Sample G concentration requlred to obtain

the similar 1nterfac1a1 ten51on is att lbutable to‘the‘ef—

fect of thef}norganlc salt NaCl. The‘lnterfacxal teneion-

between crude and Sample G in commerc#al salt solutlon, was~.

he Sample G concentra—'
Ie i O

tlon raised to approx1mately 15%._ At¢a7c0ncentratlon of

(

-

30%. the lnterfacial ten51on 1s re&hced to essentlally zero.

.

'The delayed 1nterfac1al ten51on reduc%mon for. Sample G rn‘

commerc1al salt solut;on Hs attributed\to the effect of

Bl

"1mpur1t1es in commerc;al salt. Dlvalent cations suoh as

N

Ca+f and Mg + produce 1nsolublg,;ompoundsK,Ca(OH)2 ‘d

.-'Mg(OH)2 on reactlon w1th NaQH solut\on. Th‘

-,

e salts is extremly low.‘ Therefore, 1mpur1t1es consume

‘tain amounts of both NaOH\and Carboxylaﬁe 1ons requlred to

\
e catlons also

-thedformsv

of , (RCOO) Ca and (RCOO)ng 31nce the sdlubility o 'these

rﬁ’

v

L S .
reduce interfac1a1 ten51on. 1milar phenomena have been

107, 108, 109, 110) Among

the . impurlties occurrlng in natural formation water, tne

rcalcium ion showed the most adverse effect on the interfac-

ial ten81on reductlon. BN
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Samp}es B E and G appear to be promlslng in reduc1ng

.

. intérfaciaﬂ ten51on at relatlvely low concentratlons. These

samples have not on}y a hlgh ‘pH value put also contaln car—

¢

boxyiate 1ons (see Flg. 13) For these Sample crude sy em
. the lnterfac1al terisions fell to essentlally Zexro at a/:H o
9 5, whereas sodlum'hydroxlde—crude system required t] pH1‘
. to be at least 10 5. The/low PH of the sample solut1 ne '
requlred to obtain simllar;reductxons An- lnterfacial tenv'
. is attrlbutable to the presence of carboxylate an o s.fw
Cooke et ar'(lll) reported that the minimum ac1d n
Lo “crude 011 requlred ln successful alkalxne floodin
Jthe range of 1. 5.5 The ac1d number is deflned as /the welght
in: mllllgrams of.potassxum hydroxide required t

E one .gram of the - oxl.k Therefore, if the natura
tent of a certaln crude\ms 1ow, the requlred

- content necessary for enha

+ o
.

. achleved by ‘the 1ntroductlon of_“
v & '

o

Ry /

A

sider the system of oll-water whi%h\contaxns st
/ v I

alt of arboxyliq/ac1d /R ‘]Na‘;;

\‘,_’, e / & ’ P

factant such as a sodium s

£

Lo
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i ‘ .
togethen w'th a neutral lnorganlc salt NaCl. »This surfac¥

-~

- T

[ —

At ' ‘UNECI" u

L I
trality at the interface
: -~ ;]
/-
&
c1-%¥Naci 7
;

i+ Rotna, = 0 4 e
% 3} *ORTAma; = opg ot RTEMALS:

- . . \.

/ i o .
the activigy coefflcient and Ci the molar con-

| bE specfes i. - "./\

hi;;é it is very . dszicult, if not impbssxble,

'msasu erxndividual ionic activity we ‘may in‘

B
Sy
e




ionic activity which is measurabfe. The mean ionic activity'

is thé geometric mean of the individual ion activities}

¢

. . ; S - .
a¥ = a¥ a¥ (vi= v + v') |
¥ + - : - .

v
a=a,

where the quantities, v' and v refer to the number
‘ cations and anions respectively.- For -uni-univalent elec-
; r,

- trolytes,the various activity coeffxcients are

'the relations

©

at = Atc ’ o “
2 . — :“\, '.ﬂ
A2 = A .
cT = C.C
* = C

where’X _and-C 'are~the mean io C)activity coefficient and

vmean ionic concentration resp ctively.

Hence, the chemical’ tential of RCOONa and NaCl can:

" be expressed as follows.

o L 02 : \
'“kCOONa uRcoon + RT“”[*:(Na+, RCOO#)CNa+CRCOOJ_

e li2 v ,
"N§61 = “NaCl * 3T‘"[’=(Na+. c1-)CNa+CC1{}

sing these relations, equation 7 becomes

dY - a choo RT[danNa+ fedanRcod_ + dz“*:(Na+ RCOO J




In rearrangement, thisgequation becomes

66

*

dy = - BT[FRCOb—dLnCRCOO—,+ ey 98nCoyo + TygpdinCuay

* 2Trcoo- dz”*:(Na+ rcoo-) * 2Tc c1- d‘“*:(Na+ c1- 4
If the ionic strength of the solution is dominated‘by

the concentrations of NaCl-(Cy,cy >> Cpcoona), then.at con-

'stant ionic strength the equatioh‘ﬂ is simolif;ed to

dy = - RT Tpeo-3NCpeoo- |

Thls equatlon 1mp11es that lnterfaci;& tension«is‘decreased N

/

-
as the concentratlon of carboxylate anion, RCOO~ is in=-

creased.v In- other words, the presence of organlc electro—

%yte in "an aqueous solution decreases ‘the 1nterfac1al ten-

sion.
. /

/

/ Iﬁ the ionic strength of the so;utlon is now in-
crea#ed by increasxng the cogcentratlon of NaCl whlle keep—

1ng,RCOONm concentratlon constant equation 8. becomes
/ . ) / ) . . . .
. i _
. - ; : 9
J ay = )ﬁ choo [dznc S dmnxi(Na+ Rqoo—]' .
8 - of : L ' SR
'éiving at this relatlonship, we assumed an-
|

In a

' nsity for chloridé ion is negliglble because,-

d mn the absence of organic

NaCl willl be neggtively adsorb‘
Will be repelled. from the B

t;:itrvely adsorbed or?anrc :

pulsion between thei
: i
i

1o S R u
; . e
! FIEAE C . / | . T

i Xnd he chloride i1
\

w0y




67
charges of the samé sign. The Cl” ion’is an indifferent ion

which has no special affinlty for an interface,

i

N

N\

Now we may introduce . the Debye-Huckel limltlng law -m'\\
£6r univalent ions in ‘water solution. -\ | ' , A\

znxf_z - 2.303‘u*V_‘

" as the concentration\iAcreages.g Therefore,

’ < " \\ N \ .
the quantity At(Na+ Rcoogx.dne to i asing ionic strength
will certainly’@e less th the ggfe inlNav concentraf
“tion;
o, 4G,y >> dz“*i(Na+ RC



JpeSitive and the derivatiVe\of the interfacxal tension is

‘//(// negative The negative dervatiGe\\f interfacial tensif

< ndicates that the interfacial tenSion\is decreased b

..

nincreasing NaCl concentration at a constant COONa /ﬁn

tration. ‘ . . : . I .
s D R

- . o . ¥ ) //'»
’I‘he ‘breaks in the‘m‘terfacial W reduction gccur .
: =

rfacial tension dees/not

»

- at cwc. Beyond this .cmc, the/i

decrease further With a /'ncrease in ‘the electrolyte COncen-’

115). 'Further additions, of e ther/orgen/

,rganic elect"lyte only increase the cpnceﬁtration

o;!&ion. R

. : ‘ _ o
\Displecement Test Results

‘of'thevmicelleﬂ in the-

. T ‘ ' /'/»",, < y E .
R R S T : '
\\\x Summaries of the d placemen tégt/;esults and the
dual t

8 are presented in Table C - 1

_ results of tn;/ingi
Y o € %;jj/}ﬁ/ ppendi

A . . :

| . 8¢

N ////reﬁorted that initial core conditions could not,be repro-

. . . o

-

(116) using the same displacement appar/;us

T
-

/>K/?i . duced by rqsaturating flooded out- cores. ~similar results T

.
were obtainéd in- the present work during preliminirz/téets.

f
NN
. \\\\Therefore, all displacement tests were conducted using clean

s
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e

6

The core saturated.virh‘oil was<tnen”illowed to'stand over- .
hight;-apbroximately 16 hours.

. A brine base flood defined the performanceeﬁfﬂeach
»sand. All other chemical floods were compared to thc base
‘food in order to evaluate the effectiveness of the chemi—
'cels on oil recovery.

| In order to generalize the recovery performace,/.i -
normalization of 011 recovery was done by dividing cumula-
tive volume of produced oil by volume of initial oil in .
place (IOIP). This permitted oil recoveries to be expressed-
in dimensionless form.v Similarily, the volume of water -
injected was expressed in pore volume of core (PV).

Figure l4 show$‘oil recovery performace of brine
floods.w These floods exhibit a low oil recovery of 0 15
‘IOIP at water breakthrough 0il recovery“after breakthrough
is significant.: About 40% of original o0il in. place was |
recovered ‘when S PV of water were injected.: Upon furtber‘l
injection of wE?E?\\no signi?{/ﬁhﬁ volume of oil was pro--‘
duced._ The low breakthrowgh recovery and significant subor-

dinate production are chafecteristice of brine floods.

{

¢t of sand wettability on oil'

Figure 15 shows the ef

recoverfafor brine floo Ultimate recovery from water-wet

Send 2 is_higher

T
’Recovery p

an. that - from oil-wet Sand 1, by 1g%. _
ormance of Sand 2 1is similar to that of Sand l

‘unti eter.injectedAreaches 0.8.PV. Beyond this,,the oil

\,

N
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A

‘ereaches 1.8 PV, after which th% rate of oiLurecbVerxyis

t

stabilized\Similar to that -of Sand.l.

For 1% Triton X-100 in brine solution,_no significadt .

increase in oil recovery over. tha
! ) o

until water injected reaches 1.6 PV. Beyond this p01nt, ail

“‘ .
recovery 1ncreases steadlly “In order to- reverse the wetta-

:v‘

blllty of Sand 1 from Oll wet to water wet, Trltﬁh X—lOO

of a brlne flood is noted”“

should penetrate the VLScous crude oil layer which 1s~hlghlx

' 1mmob11e._ Thus,’ no 51gn1f1cant oll recovery is expected :
. ’

durlng the ed/qy stages of flood{hg., Ag‘the water dlsplace B

"the o0il. from sand surface,aTrlton X—lOO would become more‘

'acce551b1e to the sand surface and consequently change wet

tablllty of the sand’result;ng 1n a steady 1ncrease in oil

- . . sy
. recovery. (_ ,-' j e .

&"f . ) i"“

Durlng “the dlsplacement tests;vt@b pressux@ﬁ@zop Co-

',across the -core was measured aid recorded The %ressure

s

drop ratlo was calculated by d1v1d1ng the pressure drop at

Ca glven cumulatlve pore volume of 011 produced by the pres— .

k e - L o
sure drop at the beglnnlng of water flood R te .

<~ o Flgure l6 1llustrates the relatlonshlp Petween volume,f
. A

" . of water 1n3ected and pressure drop ratlo., Té>7pressure

Iy

5

N L}
Jdrop ratlo for bryne floods 1n Sand 1 decreases monotonl-

s

'K*s >‘cally w1th a sudden drop at the early stage of floodlng .

"

'hlstory.u On the other hand the pressure drop ratro 1n_7‘

-

: water»wet systems showedxanomalles. ;‘ ' Q R - T

q Y 3

"

s Ty The pressure dr@p raﬁlo anomalles in the range 1 -

~ o
. . "

i . R .

Uin,
/
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2.3 PV.| ater 1njected for l% Tr;ton X-100 flood in- Sand 1 ﬁ.
are well matched w&th the addxtlonal 011 recoverles over

that of a brlne flood._

-

Dlsplacement tests were conducted.u51ng a number of <
AY . )

3

\

other chemlcals in the 1n3ected brine. The results'of theSeh
tests are lllustrated in Flgure l7. Three chemlcals, Na4
EDTA, sodium s111cate and sample G appear to be more effec-
tlve than sodlum hydrox1de., Alconox appears ‘to. be- somewhat :

less effectlve than sodlhm hydrox1de. Amoqg thes‘vchemlcals

o (see Fl . 18) S e e
- k! R Ty > . e S
‘ \ ' ' Flgure 19 shows the effect df ';rious samplé solutiohs

on oil recovery and Flgure 20 1l_ys;r%tes the correspondlng
pressure drop ratios. As w-uld be expected Samples G, Evg
} ,

and B.in that order are ve‘y effectlve in oil recovery. ‘On
/

}; o the other hand Sample ‘F appears to'be 1ess effectlve thanf

N

o

the brine flood

\

.Recallﬁhg that”'the pH of Sample F was not high gnough |
tovsaponify the-naturally ocdurring carboxylicAacids ih
crude and that c=ample F contalned few carboxylate anions but

large amounts of phenols Whlch have been reported to have a

a . o~ .

dlmlnishlng effect oﬁ the {§%erfacial actlvrty, 1t 1s rea—

w ) sonable to, expect that Sample “F would have llttle effect on

Af;ﬁz’” _oil reCOVery. On the other h%nd Samples G E ‘and B have
.q‘» ._ ) i . : "‘ ) . ) N . . - a-

[ T N : t . . . . . .. - - _° [
. S v s : o L . . . B : 2

5 . , » - S o . o | /] A R - B L . - ) . '4‘ R R R . , S )
4 e g s | L ; R B . : ; . N ey s ool . - ‘ . ) .
A . : : B L . : . . . . .

~
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pH values. ’ /

» The results pf a
\ "/// N

a 9&:5 to hg'ln the ran

A /
3£gn§ratlons hlgher than
74
"hxirox;de floods.

ﬁét tesbs/using Sampl

1
’-‘

l &
®
.

- were morefeffectﬁw

ethg&.

,* S 2 . ,
: A . ) 8 . ya
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{; for ths phgnomenon.
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wr »

given voluhe of weter injected resulting in high oil recovt
ery. . o

+» The ihflcence of Saﬁple Bvconcentratioh'on oll recov-
ery is shown in Figure 23, Sample‘B cohcehtrationq higher

than 1% aexhibit high oil recovery at water breakthrough as

" well as at 3 PV injected Sample B at concentrations ‘in

o

.the range,'l - 2% shows increases in oil recovery over that
of the 100% Semple B flood. Therefore, the.optimum concen-
tration range for Sample B in brine flood appear toshe 1 -
20%'at which water-oil‘lnterfacial tension .becomes esson;
tially zero, whereas interfecial tension at a concentra—
tion of 100% is 9.4 dynea/cm.. »

The recovery profile of Sampie B flood isfchdractor—
ized by a low breaktyrough recovery but a high ultimate ".
recovery. The recovery behaviour of a 100% Sample B flood,
’however, is aimilar to that of Sample G with high. break-
through recovery and little additional recovery after that.

Figure 24 dhows the effect of Sample : ‘E on oil reCOVer—
Y. The 1% Sample E flood shOWs higher oil recovery than
_that of a brine. flood, but: lOWer recovery than that of a 1%
‘aodium hydroxide flood. Recallinq thet the pH of sample'
eolutions ehould bexut 1east 9. 5 for satisfactory interfa-
cial tension reduction end that PH values of 1% NaOH and 1l ,‘
Sample E were 13 2 and 8 6 reqopctively, one .would expect

1% sodiunm hydroxide to be more effective than 1% SamplenE.k

. On- the other hand, sinqp sample E/ehihﬂd a high earboxylic

. C - . .o
. - o
: - b . ]
k“w . . . K Lo

-
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/7 n e
: ,
acid content in the infrared test, the increase in oil
recovaeary for 1% Sample E over that.of a brine flood cah bha
atgkibuﬁed to /‘the rdla of‘carboxylatd fonn.. "The optimum
concantration in succeasful Sample L floods Appearﬁ to he
in thc range, l - 508.

In spite of the relatively high interfacial tension,
3;7 dYnas/cm at a concentration of 50%, the Sampye E flogd

[N

éxhibjited maximum oil'reéovery at that concentration. This
! ok : v .
phenomenon may be Bxplained by employing the concepts of

il

dynamicydndfhtatic interfacial tension. A aolthon having -

a autface'active agent‘and whose interface iq'qotlin equi -

" librium will iniﬁpneral exhibit an interfacial’tension

considarably greater than _the atatic tenrion Lkl?) If the

.water-oil interface is agitated by mecharicul means, the

. excoaa concontration of aurtactant at thp interface will

"be removad by the turbulance.j The interfacial tenuibn at

,the newly formed interfaq‘g ALl then be increased Thcre—

fore, a higher lur!actant con ntration would be rqquired

"in a dynamic‘lyltom to obtain the same reducad in erfaci&l

tension obtainad in a static aystem. At Sample concentrai

rtion of 20!. the intarfacial/tenaiqn in a stati~‘ééﬁaitioﬁ

wal 0, 8 dyn01/cm._ In, ordor to obtain tVe sam intbrfacial
[ -

~ .

e

‘ |

'tonlion in a. dynamio -ysﬁpm, the concentrgti n of Sampre

should be hiqhor than 208. . — .y

-
L .and G, tho 1000

A
i

For lampla qolutionn -uch qu B,

lampla lolutionl appcar to bq lqnl ofchtivo. Thil can be‘



\ ]

s . F e

.attribwyted to the absence-ofusodium'chloride in the pure’

sample solutions. /

Thé results of dlsplacement tests ‘using combinations .

of'varidus éhemlcal solutlon2>?re shOWn in Flgure 25. r1r‘est
‘,._/‘-

. 10 u51ng 1% sodlum hydrox1de followe@ by 1% Alconox recovers

little addltlonal o0il over 1% sodlpm hydrox1de N Sample B

fLood followed by ‘Sampl& G 1is less effectlvé than,Sample G

- o . -~

b

A_' flood followed by Sample B. ”’ww .

In order to. determlne the recovery:effiCiency of
/

'_Sample‘solutlons on flooded out cores,_dgiiied Sample ¢l

lnjectlons into the flooded out cores were ondhcted.

~ P

Flgure~26 shows delayed Sample G floods conducted at, differ-

-

ent relnjectlon pressures and dlfferent stages of floodlng
hlstory. For‘Test 12, a brlne flood was- conducted until

4.3 PV lnjected was attalned where the pressure drop across -

the cofe was 5.6 psi. ple G 1n]ectlon was then followed

employing a relnjectlon pressure of. 97 p51. For Test 37,

the delayed Samﬁle,& 1n3ectlon was performed after 4 PV of
&
brlne'had been 1n3ected. -The pressure drop at 4 PV 1n]ected

’ f'\\yas 5 psi and the same pressure, 5 psi was. used as relnjec-
tion pressure. The only: dlfference 1n condltlons between

o

Test 12 and Test 37 is the ré&njectlon pressures, 97 and 5

p51 respectlvely Therefore, the addltlonal 011 recovery ln

’

Test 12 over Test 37 can be attrlbuted to the hlgh_flow rate

due to the hlgh reinjection pressure of Test 12.

-

L

Lo .
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For Test 36, delayed‘Sample G injection was.started'

at 2.8 PV lnjected with the same v'elnject:t.on pressure,v97»

<

p51 as that o&f Test ‘12, where the delayed Sample G 1nject—
tion was “Started at 4.3 PV 1n3ected A Addltlonal oil recovery
in Test 36 over Test 12 thereforef comes from the difference
in the depletlon state of cores befofe the delayed Sample G

flood started. Sample G»floods in the early stages of devel—

£

opment seem more effectlve {han in: completely flooded out 7

reservo_lrs B

- -

] . - - : v : . T "\\'
’ Pressure drop ratio plots for Tests 36 and 37 are .

shown in Figure 27., The’ reinjectidn piessure increases
1mmedrately after delayed Samgle G 1n3ectlon and decreases
read;ly as usual after Sample G breakthrough.~ As w1ll ke
dlscussed later, the’ 1ncreased pressure at the beginning of
the delayed sample 1n3ectlon is an lndlcation of the forma-
4t18d of water-ln—011 emulslgn and 1n lel agreement with, the
addltlonal oil recovery._ . o ‘ g ’
A fea51b111ty test of slug 1njectlon was done w1th
Sample G._ The resg?t is' shown in Flgure 28. A 0.22vPV
slug of Sample G followed by brine 1n3ect10n shows the
practlcaly same recovery performace as .that Qﬁ contlnuous
SampLe G flood.u From an economlcal p01nt of view, the ' o
fleld appl;caticn\of a. sample flood should ge based on slug

lnjectlon r“ther than contlnuous 1n3ectlon of pure samplew»_
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Effect of Emulsions on 0il Recovery

: »

During the displacement tests conducted with . chemical
solutlons, the production of stable emu181ons was observed.
‘Most of the dlsplacement tests conducted with 011 wet Sparky
sand produced a water-— in- 011 type of emu151on, whereas a
Triton X-100 flood produced an oil- 1n—water emulsion. ﬁ

. The type of emu151on depends ©On varlous factors such

as the relative volumes of the ‘two phases, thelr relatlve
position, the-concentrationsof the emulsifying agent and the
nature of the latter (118).‘-Hence;_there is a tendency for
water-oil mixtures to form an oil-in-water emulsion when the
volume of_oilpis'smaller than that of watet°aqd a water—-in-
',oil’emulsiohuwhen an excess of oil is present._ I1f the walls
" of the vessei in which the two components are egitated to-
gether-have'beenbpreviously wetted with one of them,.this
“liquid tends to:be the external pﬁase (119) . Therefore,
the formatlon of a water—ln—oll emuls1on is expected from
an oil-in-wate; emulslon. Cooke et al (120). reported that
high salinity aleo leads to‘the,fo:mation of a Water-in—oil
type of emulsion. |

The v1sc051ty of an emulsion depends very muchkupon’

K

the emu1510n type. As was mentloned earlier, the v1sc051ty

SO

of emuISLons is given by [the equatlon

— i ) k¢ . B bl
TRE |
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This equation indicates that the viscosity of an
emulsion is a linear function of the viscosity of the exter-
nal phase, pe.A If oil is more viscous” than wate;, the vis-—
éo§ity of a water-in-oil emulsion is higher than that of
oiljin—water emulsion and vice vérsa. The viscosity of
Lloydminster crude oil is 2800 cp, while that of brine is
only 0.993 cp. Therefore, the viscosity of water-in-oil
emulsion is apparentlykhigher'than that of_oil—in—waﬁer émul—
sion.

The increased oil recovery in the successful sample
floods -in Sparky saﬁd cores can be attributed to the effect
of this high viscosity of.:ater—in~oil emulsions. The re-
covérygmechanisa'in this case can be explained as follows.

By lowering the water-oil interfacial tension, sapon-
ification of cafboxylicfécids naturally occdrging in the
'leydminster crgde 0il gives rise to spontaneous emulsifi-
cation and stépilization)of emulsions formed by mechanical
dispersion of’water in the oil phase. The presepce of sur-
factants in sample solutions will accelerate this in situ
emuls;fiéation. _ Viscous water-in-oil emulsions so fofmed‘
in the pqre/spaces effecfively closé many of the flow paths
‘that were formerly availéble to the flow of water. As a
result of this,_an gﬁuisioﬁ bank is then formed at the dis-
placemeﬁt front. The resistance té fléw of the emulsion bank
causes the large increase in pressure gradiént behind the |

’dispiacement front until the pressure gradient overcomes the
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resistance to flow of the umulsivon. The emulsion bank then

displaces oil very efficiently with the stabilized front

reduging viscéus fingering and eventually incrvasinq volume -
ptric sweep cfficiency.

In support of the formation of the emulsion bank, 1t
1s of interest to recal% fhai’thc'pressure drop ratio during
the most successful floods did not fall rapidly until water
injection reached O.é‘PV (sce Fig. 22). Upon further injec-
‘tion, the pressure drop ratio decreased readily. //“\

In the case of the Triton X—iOO flood which produced
oil-in-water emulsions, the viscosity of an ocil-in-water
emulsion is higher than that of water . However, the viscos-
ity of this emulsion is.neveptheless lower than that of the
crude 0il. Thus the formation of a stabilized emulsion bank

'is‘unlikely,to take place; which is fndeed confirmed by the

monotonically decreasing pressure during the early stages

of thé flood (see Fig. 16). Therefore, the volumetric sweep
x

-

efficiency of Triton X-100 flood is very low during the

.

early skages of a displacement testwaﬂd its Sreakthrough
recoverx.is very low.

On the other hand, Trifon X-100 shows a different
recovery mechanism. Since Tfiton X-100 is a strong wetting
agent, oil drops roll up into spheres due to modification
of the contact angle resulting in the formation of oil-in-

water emulsion. The increased oil recovery at the latter

. (
stage of a Triton X-100 flood may be attributed to detergent.

-l



qFtion, which leads to wettability reversal of the sand from
0il wet to water wot.

Unlike a macfo emulsion, a micro emulsion formed by
spontaneous emulsification is thermodynamically stable and
is micellar in character. Micro emulsions, therefore,

give rise to the miscibility of water with oil through solu=

@
bilization. In many cases, it is difficult to identify the
external phase (121). Because of this miscibility , a miero

emulsion will displace oil very effectively (1223
In combination with surfactants in the crude oil,
the additional surfactants in the sample solutions will,

therefore, enhance the formation of the micro emulsions.



conclusions can be made:

3.

{ v (
CONCLUSIONS : _‘

As a result of this investigation,. the following

V‘ -

Some of  the waste effluents which‘haVC either hiogh

surfactant concentrations or high pH values appear to
be effective in enhancing oil reco&ery. Small amounts
of Samples B, E, and G in brine showed significant in-

creases in oil recovery over brine flood. However, 100

"percent sample solutions were somewhat less effective

than the mixture of brine and the salple solutions.

The pH of sample solutions required for successful

" -floods should be aﬂfieast 9.5 to saponify naturally

#occurring carboxyli&ggpids in the Lloydminster crude

oil and eventually to ﬁﬁcrease oil recovery.

Delayed injection of Sample G into a previously flooded

out core recovered significant additional oil indicating

that Sample G can be used in tertiary recovery. °

’
/

A 0.2 pore volume slug of éample G appears to be as
effective as a continuous Sample G flood. In some cases

where the carboxylic acid contents of crude oils are low,

- it may -be advantageous to inject a slug of the sample

solutions into a rg?exvoir ahead of the injected'water.
In so doing, the cost of sample flood could be reduced

~

significantly. | 5\

N 96
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-
-

'gnhancead*l recovery in the sucoesstul sample floods
r

can be at¥ributed mainly to the formation of wutvrvinw‘
o1l emulsiom‘ and their excellent volumetrio sweep offi-

ciency with the stabilized emulsion bank® front.

The effcct»of emulsion on 0il recovery depends upon the
type of emulsion. In heavy crude oil reservoirs where
the viscosity of the oil is much higher than that of the
water, a water-in-oil type of emulsion is more ,effective
than an oil-in-water emulsion.

.

Lloydminster crude oil contains carboxylic acids which
form soaps when in contact with alkaline solutions.
Samples B, C, E, F, and G contain surfactants, which

seem to be related to carbaoxylate anions.

.

o f .
Carboxylate anions appear to be the major contributors

to the reduction of water-oil integfacial tension and

to in situ emulsification.

The effect of inorganic salts on the interfacial tension
in ionic surfactant solutions may be elucidated thsoret—

icaly by utilizing Gibb's adsorption'equation.

The role of reduced capillary pressure, resulting from
the low water-oil interfacial tension on the displace-
ment efficiency appears to be insignificant. However,
lowering in£erfacia1 tension gives rise to ih situ emul-

§ification.
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‘TATERIAL PROPERTIES




Sand Number

TABLE A - 1

Sands Propertics

Sand Identification

Sparky sand from Lloydminster area
cleaned with hot water and varsol.

Oven dried at 210" F for 10 hours.

-

Ottawa sand 80 - 120 U.S. Mesh in size.

v

Sieve Analysis of Sparky Sand

Mesh
U.S. Series

-35 +48 .
-48 +65
-65 +100
-100 +150
-150 +200
=200

Weight Weight Cumulative
gr % Weight %
0.1 0 100
0.3 0.1 100

294.0 62.5 99.9

99.9 21.2 ~37.4
57.1 12.2 16.4
14.5 3.1 4.1
4.8 « 1.0 1.0

Atomic Absorption Test of Sparky Sand
Employing LiBO4 Fusion Method

Sample Weight
No.

Organic ' .
Material Fe Mg Ca =~

0.2010
0.2030
0.2028

W N

2.010 gpl 1.95 ppm 0.12 ppm 1.0 ppm
2.030 gpl 2.0 ppm 0.13 ppm 1l.1 ppm
2.028 gpl 2§y ppm 0.15 ppm 1.1 ppm



TABLE A

Pr oper (S LRI

Crude O11 ’

Lloydminster crude o1l with wate:

Density - 0.95% qm/cc
API Gravity - 16.7°
Basic Go&iment and Water - 0.1 %

Viscosity Measurement - Weisenbery

»
»

f 1.

Pesthonvesed .

by volume

Rheogeoniometer

/

Shear Rate RPM Viscosity  Temperature

6.28 5.68 2843 cp 72 F

3.14 ' 2.84 2843 cp 727 0

0.994 0.9 3119 cp 72 b

0.314 0.284 2843 cp 727 F
Other 0Oils

AP1 Gravity Density Mixture Viscosity

0il (o) (gm/cc) Ratio (cp)
varsol 50.4 0.778 - 0.414
varsol-erude 44.7 0.803 6 : 1 1.080

O
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. TABLE A - 3¢

£ ' L.
| ' . Sk

Q

Properties of Aqueous Solutions
- o= - ‘
S
.Brine .
Prepared with 84.84 gm of NaCl per liter of solution

Density ‘- 1.053 gm/cc

Viscoéitx - 0.593 cp R
Sample Solutions . T
Sample : bensitx .EE_ '~ Viscosity (cp)
A 1.001 - 7.7 1.48
B 5g’ 1.003 12.6 o 1.42 .
¢ T » 0.998 " s g0 1.43 ﬂ
D -0.997 7.2 1.41
P i Lol G1.a 1.47
F O 1.002° 9.3 1.42
% . 1.020 - 12.1 1.63



Tt

TABLE A - 4

Identification of_Cheﬁicals

_Inorganic Chemicals.

vChemical'Name’

a

s@aium;chloridé
deium Suf%aée
soafun Hydroxide
Sodium Silicate

Sodium Carbonate

v

Surfactants -

Name -

112

CHemical Formula

NaCl
o Na2804’
NaOm
Si.0

Na,

NazCQ3

3

Source

»

Sodium Oleate
Oleyamine
A;conox

Priton X-100

Sodium Ethylendiamine

Tetraqgetate
(NaAEDTA)

K & K Lab., Inc.
K & K Lab., Inc..
. 3

Alconox, Inc. .

Uniop Carbide, Co.

a

‘Aldrich Chem., Co.

4§ .
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TABLE B .- 1

]

" BENCH TEST RESULTS

[

" Imbibition of Fluids into Dry Sand :

Imbibing Fluid . & Sand 1\ - Sand 2
vVarsol ' : 8p )
Varsol-Crude - T 7 SpP ) -
Brine ) o : N s, 8P

0.5% NaOH- Brlne ‘ . a N Sp

0.5% NapCO3-Brine = _ N . - 8P

0.5% NasEDTA S : VSL SP

0.1% Na-Oleate S ' S SL . Sp

1% NapSiO3 o : S N - SP .

1% Alconox : . ' ' SL. ‘ sp
1% Triton X-100 = 'SP . Sp -
Sample A ' b ' X SPp:
Sample B ¢ N N Sp
Sampie C N . SP E
Sample D . " N SP - '
Sample E . N SP
Sample F N o - 8P
Sample G L SL . 8P

Imblbltlon of Fluids 1nto Varsol Cnude Saturated Sand

.

,Imblblng Flulds S ‘ Sand l Sand 2
. - c . ) [N N .

- Brine : e , LT N N .
0.5% NaOH-Brine o ' . sp ~ SP
0.5% Na2C03—Br1ne °© . SL SL
0.5% NazEDTA L : - SL’ SL

- 0.1% Na-Oleate ‘ = . SLs . . 8L

1% Nay8io0 ! e . . sp SP
1% Alconoi C _ . Sp SP
1% Triton X—lOO ° : ’ - 8P :SP

vSample A . e’ Tl - : N . . VSL
Sample B. . |. - L e ' VSL - 8L '
Sample C ‘ C N VSL -
sample D. . . N ~ VSL
Sample.E o . , . vsL - . SL -

" .Sample F o ' ‘ : . . N S . V8L °
Sample & e . sp spP

5 . .

 sP: Spontaneous Imbibition . . o

N: No Imbibition . : D

SL: Slow Imbibition ot S ' '
VSL: Very Slow. Imbibition . . - : : ’
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