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_fgrav1tat1ona1 constant m/sec2 ’_
.51nterpa:t1cle d1stance between droplets,t
:absolute permeab111ty, d or m"“'
iBoltzmann s constant L
.d1stance m f':gsxﬁ:i'h.”\:
fcore length . v
-London constant

fnumber of 1ons 1n bulk solutlon'

;radlx of curvature,‘m"

‘droplet rad1us,v SR SRR
epore ;yroat-radlli h_ h"'; ..I_Ziqfﬁzi\
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”potentlal energy of attractlon g_pf

. Nomencliture

: eenergy of; 4e'dlspersed phase, N m

pressure p51 or Pa_

)

absol te temperature,<K_‘

creamlng rate, m/sec

potent1a1 energy of repuls1on, N- m‘

U B

;freejenergy of the 1nterface between phases, N m

‘freejenergy of the conta1ner surface, N m""

BTSN

‘volumetrlc flow rate, cm’/sec or cm’/hr’J,
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“TIn the»recovery of fluxd from reservorrs ccntalnlng hlgh.”’)

”fV1scoszty -crudes,j there.ﬁar three predomlnant forcesf'u’

'e

affectlng the movement of crude ;to the 'produc1ng "ells. TR

These forces are rel%ted to the flow rate of crude throughﬁ;fi;

'V essentxally three ;1ndependent d;mensxonless parameters RE

Ratlo of App11ed Pressure Forces to V1scous Forces

Cew

'f@;k‘;fé absolute permeablitty
'Vubpﬂ =wpressure drop bebmeen measurement pb1nts" _
'i;'Lfff5:d1%tance between po1nts of pressure

measurement ig.;_{g"

R T crude v1sc051ty o f*ﬂ%{ S

B sUeffélvolumetrlc flow veloc1ty (Darcy veloc1ty). fff.

A

L'2;1[Ratidfof‘Appiiedibressure Fcrces’to Ca§i1larij6rces:f7

.y*{fc0997-71-'.u‘“

1nterfac1al tens1on between crude and water

‘ wett*ohtact angle. : o

3
’

ll II

oA . P . - : S e
Ve . N . . ) . . i M



. 3. Ratio of Applied Pressure Forces to Gravitational Forces '« -~

- Ap__ \ __ 

.7 where - Jﬂj : f”ﬂ(ﬂb

S e K P . . B A vl

grav1tatlonal constant’

Q-
II

"B: = reservo1r dlp angle
pr-f= 61fference 1n crude den51ty between poznts of
.. ' pressure measurement.
o The above paramq&ers may be manlpulated to 1mprove the flow
' ~

_rate a*2~ult1mate Yecovery of crude. Non thermal technlques
'(Farouq ‘Ali, 1976) such as. emu151on floodlng,.solvé&t,_and
mCO; a551sted‘dlsplacement processes have been dlscussed as
”possable methods of heavy 011 recovery These methods act to
",’alter ahe effect of . v1scous and caplllary forces Qp«{lu1ds
vﬂin» th/ reservotr.y.fh above. technlques-iare” generally
menable only to. c‘tdes of moderate V1sc051ty (50 200 cp)
Thermal methods 1nvoLv1ng steam 1n3ectlon and in 51tu
' combust1on have proven to have the h1ghes¢ techn1cal and
econom1c merlt, as a result these methods -are cu:rently the f.4

P -

mQst - w1dely employed Steam 1n3ect10n rs currently the most

ar thermal method and 1su;used in ,approx1mately two-'-;

. pog

v thifds of the enhanced oily recoVery fleld prOJect i

Western Canada._ Steam 1njection' w1th ;the_‘addjtio'

o : e
xsynerglstlc agents wall 11kely be necessary 1n order to make

o

: 1n'= 51tu°' bltumen recovery ‘ from tar:; an@, economlcal



..

-

' S50, than low flush1ng eff1c1ency (6anestock ‘1984)

(Doscher, 1982).. R S

'InJectlon o! steam (heat) 1nto the reservo r 1ncreases.f
: e : /

“*fthef crude temperature and would therefore reduce'»its'“"

o

vnv1sc051ty The 1ncrease 1n temperature causes a: reductlon in

./‘ »'

’~the 1nterfac1al ten51on between the crqde and water (Flock ‘[,i”

S

'1984) As. well _varlatlon“" temperature '}1th1n .the'
_reservoxr results 1n small scale.ﬁen51ty varlatlons 1n ‘the
'crude and 1ncreased grav1ty flow. Thus 1t may be seen that“-'

“]all three parameters above are affected by steam 1n3ect1on7'

T";"fthereby 1mprov1ng the flow rate of the crude._

4. - e
Chemlcal alte#atlon of crude propertles such as steam )

u'_,dlstlllatlon (Wlllman' et al 1961) v1sbreak1ng, thermalé'm

cracklng, and pyroly51s (Hyne et a1.,_1982) also contrlbute

1 to 1mproved recovery due to thermal methods.

Recovery eff1c1ency 1s generally v1ewed as the pquuctd
4

. off theﬂ flushlng 'efchlency 'andfuthe-_volumetrlc sweep"*

,eff1c1ency (coniormance) These factors are " sometlmes;.*

~.s&

»rtreferred to respect1véﬂy as m1croscop1c -and macroscoplc e
udlsplacement eff1c1enc1es. In most recgvery processes,olow"

“”recovery efflci/,g;es are due to poor con;ZZ%ance muéh more'

»
] R4

v Conformance: due»-to ~steam 1n3ectlon fié‘ 11m1ted by

severalrvfactors} The dlsplacement of viscous crude, wlth

_“steam/condensate,‘1sr§t an unfavourable mob111ty ratlo whlch

Y

"results ‘in v1scous -flngerlng and consequent bypass1ng of .

':crude..‘Conformance ilfialso dependent onj:th degree. of

grav1ty overr1de.,Grav1ty overrlde of Steam 1nto the top of ,l;



'-a reservo1r occurs due to den51ty d1fferences between thev»

’steam and crude.h”he result is: usually a zone of lower 011f

'"3;saturat10n and hlgher permeabllj)y to steam at the top of af."""

- f:format1on through whlchqfurther 1n3ected steam wlll contlnueg_

to channel : ii o “ | | v - .
| Conformance 1s also 11m1ted by varlatlons in lltholagyJ

Atah51ng reserv01r' heterogene1t1es ,or_ zones _of varylng'“

‘~permeab111ty and/or p9r051ty. Bottom water or overly1ng gas

‘ L:(l e. a strata of lower 011 sa&urat1on) 1n an ozl reserv01r.<'

'".offer zones of hlgher transm1ss1b111ty through wh1ch the

‘wsteam may channel Thls 1s not uncommon and often wlll have'
‘Qvas dramat1c effect .on. 11m1t1ng the _conformance of steam“"
injection, . R i _
;The_7user of :mobility' control and blocklng/dlvertlng’\

”<fagents ‘to 1mprove conformance has been of long standlng

7-1f”1mportance in the 011 1ndustry 51nce 1932 (Harrlson, 39725

"Navrat1l et al (1983; report several products such as those

‘fbased upon solutlons of l;gnosulfonate'reactlon produetspf-
f'__"foams-,‘.‘ln-51tu 'polymerxzed=fgels;- 51llca gels, polymerieﬂh;
*:.emu151ons, and 1n 51tu format1on of prec1p1tates as su1tab1e |

' agents for hxgh tempgzature blocklng appllcatlons.,“ S

The purpose of this - study was to’ exam1ne “the use of
,011 in- water macroemuls1ons as a blocklng agent ‘to improve.

_conformance for steam 1n3ectlon appl1cat1ons. Macroemulsxons'

— * .
are l1qufd l1qu1d dlspersmns wlthl d1spersed droplet 51ze
n

greater than 0. 1 um. The occurrenge of 5 mu151ons 1n the o

'“petroleum 1ndustry has been of long ' fgg“wfmportanceh,.
ol 2 e



.di

'?partlcularly in’ the1r breaklng durlng productlon separatlong A

-*toperatzons._ln recent years, researchers have exam1ned the.fr_

lxuse of mlcro- ‘and. macroemu151ons for the purpOSe of enhancedf"_

%rdil recovery
P e ' .i“"f,h‘ﬁé'sﬁrh‘- ';f‘ﬁ-"S-ﬁfdfhﬁﬁéf;#
ECdetermlne.the feasablilty of seiectlné surfacta‘E‘tvpe‘h:

s ‘lj-g'
&l J/ and Vsurfactant concentratlon -for. heavy il emulsxon

‘:f,stab111ty at hlgh ‘temperatures through exam1nat1on of[
droplet character and emuls1on pH behav1or and

-24fbexamine~ from a mechan1st1c standp01nt difi;a' stabie'
TemQISion may bev applled to block high permea0111ty
- channels created by steam 1n a. heterogeneous unscaled;fs

Hlaboratory model.

'The_objectiVes"of”thiSﬁprEiihinaryfresearch were to: .



,;'\;:ffhlu\
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z THEORY AND LITERATURE sunvsy

-,-. .

'e;Emuls1on behavzor and 1ts flow through porouiumedla have

d-fbeen of on901ng 1nterest.. D1sper51ons such as emulqionsdtff
'?'l(llqu1d lzquxd dlsper51ons) 1~*ahd’ foams (gas l1qu1d‘;
:;:dxspers1ons) have “been _1nvestlgated for use '1n mob111tyﬁl_7d
:F:“control and as blocklng agents. In order for a blocklng }'

. A >
{agent to. be effect;ve 1t must w1thstand the phy51co chemzcal'

'”:11nfluences of the porous med1a and "the dlsplac1ng f1u1d

frAccordlngly,t_f blockage ih_:steamflood appllcatlons,'
emuls1on stabzl-lty at h1gh temperatures would be a:. major_"

= con51deratlon.'Genera1 theoret1ca1 con51derat10ns as well as.;

-

'v_,}the effects of pH and- surfaqtants on emuls1on stab111ty are;ﬂ‘

»

'tsurveyed In addltlon, theorles and observatlon of blockage. R
mechanlsms attr1butab1e to emu151on flow are presented...'

: f.‘,x

;d;z 1 Emu151on Stabxllty
| - Emuls1ons, because‘.theyt'are, composed of ‘fmmdscibie
b llqu1ds .(e g.‘f01l‘ and’ 1uater)' “are- 1nherent1y unstable.}ﬁ'd
'vHowever,-apparent stab111tﬁJmay be atta1ned for a certaln;
.t1me durat1on' by men1pu1at1on and suppress;on,vlf‘cthep

mechanxsms cau51ng emu151on breakdown._

’;2 1 1 Emulsxon Formatxon and Thermodynam1c Consxderatlons
B é' Emu151ons may be created by apply1ng mechan1ca1 energy"sf

to two mutually 1mmxsc1ble 11qu1ds. The 1nterface betweeﬁ

Lo the two phases 1s deformed to - the extent that droplets ‘are

formed Thls deformat1on is opposed by the Laplace pressure.



'?1nterface w1th 1nterfac1al ten51on, 7, 1s hlgher than at the:}f;gﬁ,

| fwhere Ry and RZ are the pr1nc1pa1 rad11 of curvature for anffﬁ"’

»J-e111p501d droplet (e g Walstra, 1983)‘ The presence of a‘*af-?'

“'.:

'iﬂfThe Laplace pressure ~at the. concave S1de of .a curved;;'.ﬁ

; A

-}fconvex 51de by an amount ={"'”

Bp = yO/R H /Ry

surfactant (natural or added) promotes emu151on stablllty;f
"through the reductlon of the 1nterfac1al ten51on and hence,l».

the Laplace pressure._ﬂ;

' A thermodynamlc approach to emu151on formatlon assumes’ﬁﬁ'“

'~the total free energy of the emuls1on can be separated 1ntoi-ihp

_fseveral 1ndependent contrlbutogp The total free energy (GT)fp‘

'fof the system ]ust before the emu151f1catlon process can beh_- -

o expressed as (Llssant 1976 1 84)' o

[

[}

D = ;free energy of the d1spersed phase

B~
u

é o dfree éﬁergy of the contlnuous phase

’;GDc‘?'”,ffee energy of the 1ﬁierface between d1spersed;"'ﬂ

"ﬂand continuous phases o
7Gé~=,“"free energy of the 1n€§rface between the l1qu1du,
;_phases and surface of the conta1ner. |

LR



§ ;emulszflcatlon.-G

,Q

The contalner/llqu1d 1nterfac1a1 area fls }elatlvelyit’

gsmall,.xn compar150n to the other terms above, so the free[ﬂfp

'Tfi.energy, GS’ ‘isT neglected The free energles, GD and Gc'lwzlif‘j»ﬂ'"

.t

-Trema1n approxlmately 4'hef same before pandga after

DC' however, w;ll be at a mlnlmum prlor to'}

"jiemulszficatlon. The 1nterfac1al free energy,,, DC' ‘can be e

G trpe A e e (8

° i

“where’fyDé is fthé. 1nterfac1al ten51on ané"A g&g thei
'1nterfac1al area.v The free energy of emu151on vformatlon .

'tﬂ;AcE can be. expressed in. . the form

Vg raes-ras, W

< .

‘nf“where AS 1s the change 1n entropy due to emu151f1catzon..Thef

Rl

'change 1n the 1nterfac1al area of the system,_AAuvmay bef;.'”

.f;very great s0 that (yDCAA) wlll ‘be larger than the (TAS)}
.cterm.' Therefore, the change gf free energy ‘of - emuls1on o
-formatlon, AGE,wlll be pos1t1ve or rather the changelxn free
f'energy :’ demuls1f1cat1on 'is negatlver‘f Th1s ; means,
o macroemu151ons are thermodynamlcally unstable or metastablej

’_:thh demulsxf;catlon proceedlng spontaneously.

I



'5g}"2 1,2 Destabllzat1on Mechanzsms

Destab1112at1on of_ macroemdlsions _is ' manifested in-

”Yi.three baszc-;mechanlsms: “flocculation, coalescence, ‘and

,cream1ng.:‘

Flocculatlon and coaleSeence are QOVerned’ byﬁishort’

'\

| frange 1nteract1ons between droplets. Flocculatlon ;is. the7

‘-;tthroﬁgh'shearfng aotion.'

gty

'. '._ma1nta1-.n the1'r_ 1nd1v1dua1_ 1dent1ty and - may be redzspersed~

‘Law (Becher, 1965)

. and therefore

“fflrst step of destab11izat1on and 1nvolves the congregatlon"

.D"

vvof dxspersed phase droplets 1nto aggregates. The droplets

.-

Bl

Coalescence of small droplets 1nto larger ones is. thee'
s _

-Asecond step of destab1112at1on. It‘represents a reductlon‘of;_"'
“free energy of the system and is, irreversible. Although'
stablllty 1s a relatlve term, the .degree of stab1l1ty canpf‘
r{ibe assessed by observ1ng the droplet behav1or, i.e the rate:i

R of change of the droplet 1ze or the 1nterfac1al area.'

Creamlng 1s the rel t1ve movement of droplets pr1mar11y.

due to den51ty d1fferences between the two llquld phases‘ .
- Q-

=:lead1ng_ to, phase separat1on -(emu151on _breakage). ;The_lh-

creaming rate, V, of non- 1nteract1ng spherlcal droplets of

radius, Yr,_ is determlned h - equatlng 'the opp051ng;‘
Lo . N “ N
grav1tat1onal and hydrod,namlc forces as given by Stokes

'i;ﬂ? I (4/3)wr°dpg e'Gﬂnrv T :,/’ (5)

R
e



e e e 10
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?Therefore, the rate of cream1ng may be reduced by decreas1ng*”e

hrthe den51ty dlfference, Ap, between 11qu1d phases ; or by

' f.1ncrea51ng the v1sc051ty, n, - of the contlnuous phase, or by ..

'reduc1ng the sxze of dlspersed droplets. _‘ﬁ' -.x‘f&'E§§§%¢f“
-Phase_,ﬁ1nver51on'%Vis_u{a y speCIal | mechanlsm_f;ofh'

”~_destab111zat1on where. the d1spersed phase 1nverts to becqme"

. a K

“the contlnuous phaSe and vice versa.:Phase 1nvers1on usually_-t"

" occurs suddenly at h19her -phase volume <ratzos.‘ However :ff{ o

_flocculatlon,' coalescence,l and «creamlng Tare

;3proce55esaoccurr1ng-s;multaneous}y,

2

a .
@

AR

: 2 1 3 Short Range Interactlons S

'the'f D.L.V. O ; theory f; collold'.
_Overbeek (Sherman, 1968), "_' ;‘VX‘\
o The ba51c premlse behlnd the theory is’ that d;sperﬁgd_g

bpartmles‘_ are sub]ect to two kmds of forces wh1ch cai-?;“;

1nf1uence the chance of whether or not those partlcles w1ll“.}5w

-1nf1uence of Brownlan motlon. These forces are:

| the London van der waals force of attractlon,vjfr;(“f

:‘2. the electrostat1c repu151on betueen electr1ca1 donble
layers of the same - charge. | | |

' The attract1ve.London—van ‘der Waals forces arise from charge -



fluctuat1on w1th1n a molecule due to electron1c motlon.:,

These forces w111 therefore operate even between non~polar

molecules.

v

The potentlal energy of attractlon 1n a vacuum for

"'51m11ar part1cles of radlus, r, can be expressed 1n the form
(Shah 1985) B |

<. Vy = -(Mir/m)[2.45M/120H - A2/1045H + A/5.65%10H ], (7).

w. .

>jval1d for H > 150 A°,_and Ko
e Ty = = {Ar/120) T/ + 3.5m)] N - B

'valid:for H¢<o150 A‘tvwhere AH is the Hamaker constant- A,
the wavelength of the 1ntr1n51c electronlc osc1llatlons of

l

ey the atoms, H, the 1nterpart1cle dlstance between droplets
| and r 1s the average radlus of the droplets. Note that the
potent1a1 energy of attractlon is. negatlve. |

;;*:"f The Hamaker constant .H between two partlcles'in a h'
i: ibbvacuum is deflned by S ;. g '1:f l‘ o -'f‘"‘"f‘ '_:bﬁ,.-

.- ; T

ghere L ETR the London constant',Bi the number of atoms

\,‘

amolecules of)k.;'gth k1nd contalned in a cub1c cent1meter

g.jof substance) *jin}ea daqpxd dlspers1on med;um,, AH;"is'
repléced by ‘an-. effect1ve Hamaker constant a;;ml o

oA

o .



‘11(10),;}7

ihﬂg_where Az and A, are the Hamaker constants for the partlclesy{;vﬁ'“

o and the d1sper51on medlum, respectlvely. As Az and A, become

- ol :
'.closer '1n magnltude, A becomes smaller resultzng 1n a’

| smafler;attractlve’potential energy h.ﬁween the partlcles._
‘hgThe’potential energy of repu151on is glven by —

STV s (er ¥1/2) 1n(1 + e

f?"where € is’ the d1electr1c constant of the medlum,bw'iS’the'

PR

}surface potentlal and K. 1s the rec1procal "thzckness of the -

,'\

= [Bﬂnz’e’/(e kBT.) ]‘/" " e .,‘ (12)

‘;helectrlcal double layer g1ven by

where n 1s the numbeghof 1qns per cm? of bulk solut1on- z 1s-
".the charge per cm’_of bulk solut1on- é'1s the d1electr1c
Jconstant of the med1um~-kB'1s Boltzmann 5 constant and T the’"

SR

”absolute temperature.

Thé total potentlal energy . of 1nteract10n is: therefore ‘L

_lglven by

ST AU A (13)
A schematlc representatlon of the summatlon of repu151ve and

ﬁ”attract1ve components is glven 1n Flgure 2.1,
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hydrodynamlc ; ' |
hlyﬁhydrodynamzc

’tfor reaispexsal h?fccélatlénr or. C°alesce”°e of dlspersed
;“}*;;phase droplets is- determ1ned by the shape °f th1s curve.iy

The prxmary m1n1mum represents the potent1a1 energy of

'_frepresents the nepu151ve energy barrler to coalescence. The

.l;secondary m1n1mum denotes the separat1on dlstance ‘where

"droplets: w1ll _flocculate.clntoi aggregates but.;may.'bej°

L'yfredlspersed.‘,y

"l

o The shape of the potentlal 1nteractlon energy curve 1s

'-,gjdeterm1ned by surface potentlal thlckness of the electrlcal 51

‘Qdouble layer, and electrolyte' concentrat1on. ﬁlectrolyte

' type and cone’

ratxon have been shown to have a strong
i influence on surface potent1a1 (assumgd from zeta potent1a1
4‘measurement) and double layer repu151ve forces in. b1tumen

emu151ons (Takamura and Chow, 1982)

PR}
-

c~\\\2 1;4 Role of Surfactant .

.

?%§The role of the surfactant or emuls1fy1ng agent 15 to
l:r\' by

‘ Estabﬁllze a’ bas1cally unstable system (maqroemuls1on) for a

"\'sufﬁac1ent txme S0 that the emu151on may . perform some

- B : .
: spgc1f1c funct1on. The presence of the surfactant (natural -

Qyﬁfpromotes emuls1on Stabllzty by. L : : h‘,“:‘h SR

‘th two partlcles (droplets) : close proxlmkty where

'f'}éoalescence w111 proceed _ spontaneously. 3.Thef‘ maxlmum B

o

“.df added) through adsorpt1on at. the lquId l1qu1d 1nterfacev

v
\

gr.,



-

= 'feduczng the 1nter£ac1al ten51on between two lmqu1ds and

..\

_;;hconsequently the thermodynam1c znstabullty of the system
e

Hﬁresult1ng from -the 1ncreas$ in _the 1nterfac1al ‘area

_____—

o

- 15 "

lbetwéen the two phases, and" :V‘”hrif-lf‘“lt jif;f_f.ffsﬁ”””“

a.coalescence and

a p0551ble f11m rupture when droplets coll1de.;¢uff-

“’Surﬁactants are character1zed by posse531ng both polar and'
non polar reg1ons 'oﬁ{ the same' molecule.jﬁThe polar o;j

:h hydrophlllc reglon of the molecule may carry a pos1t1ve or

>

'Ql2;f-form1ng sterlc andyor aelectrlcal barr1ers to_pdropletf%”

' "B:agcreatlng fﬂ'suff1c1ently r1g1d 1nterfac1al fllmﬁp'V
"1ncrea51ng 'the] res1stance’.to“ mechan1cal shock df
- 0 o an

'negatlve' charge _for Cat10n1C an;onlc surfactants.

respectlvely The non~polar or hydrophoblc port1on of the f'

molecule 1s commonly a flexlble chaln hydrocarbon.“Thus, in:

—

the same molecule there exlsts two m01et1es, Qne POttlonh"

‘ {- wthh has an aff1n1ty for solvent (:Qg;a water) ‘and’ one -

Bortlon wh1ch does not (Tadros, {984)

®

Through f adsorptlon _ °§l' an ,‘1on1c : surfactant thef"

‘s"~,'&fiiiwfﬂf

‘ th1ckness of. the electrlcal double layer 1s 1ncreased Thus,yd

the potent1a1 energy oQ 1nteract1on 1s rendered 1ncreas1nglx»

o more p051t1ve w1th an 1ncrease 1n the max1mum of Fxgure 2 1,

preventlng coaleScence of droplets 1n the prlmary m1n1mum.w:
A sterlc barrler 1s formed by a non1on1c surfactant,7lu"

where 'the} polar j group TsA[ usually composed of" a;l

Vowe

polyoxyethylene chaln.;_The} maxlmum ofi Flgure -2;l"isil

-

| 1ncreased by‘ the mechanxcal se7aratlon of the d1spersed;

J 7.

4 e

' ,ﬂ"l
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'dropletSchEito'the”presence-6ffapnbn§onic sUrfactant,uu

2.1.5 Effect of PH e e
- - Strassner (1968) investigated-“the effect of. pH‘Jonh L
N;interfac1al ;fllms -and Istablllty f‘bcrude -011 1n water ~;1

emu151onsr Jitffwasi foand that 'Oii f1eld emulslons were =

stablllzed prlmarlly by f11m*form1ng,cpolar asphaltenes and
.re51ns conta1n1ng organlc ac1ds and bases. Strassner notes .

that the addltlon d& 1norgan1c, ac1ds and bases, w1th '.:‘

%

f'subsequent alteratlon‘SK\pH change. the phy51cal propert1es
of these 1nterfac1al ﬁlkms and their ab111ty to stablllze

"emuls1ons. In tests W1th ﬁ3 2° API grav1ty Venezuelan crude

oil and dlstllled water, ba51c pH produced stable 011 1n—

a .

water emu151ons (correspondlng to water- wett1ng mob1le soap

4.1'
.

fllms) -"'a'“d o ,f';‘ ‘f'z.' 'hl o ;.. :
Further" study. by Layrlsse‘,et al .;1(f§84)ﬁ'wﬁth _two -
'Venezuelan crudes (Cerro Negre,vCN 36 8 3° Aﬁi and Zuaty,
9 5° API) found. pH to have a strong 1nfluence on. the nat ural
surfactants present in 'the‘,crudes.'and consequently the
1nterfac1al behav1or of the crude.' Emu151on stab111ty A
Aenhanced by m1n1mum 1nterfac1al teﬂblon.ilnterfac1al ten51on‘
;\; was found to beﬂ;nlnlmlzed ‘at ha51c pH The researchers f“
propose at ac1d1c 'PH's the asphaltenes are probably adsorbed
at the 1nterface whereas the lower 1nterfac1al ten51on found

at alkallne pH s are due to the more act1ve and 1lghter

resrns,,



A ".. . ‘

Glllberg et al (1980) 1nvestlgated the effect of pH onb-;y‘

\\ //'the solublllzat1on capac1ty of the m1xtures of nonxonlc and
_~ampholyt1c 'surfactants employed :in' m1croemu151ons.f They .
Afound mlcroemu151ons-’: be~ strongly affected by small

}-w:changes in pH at constant temperature. Thls was due ‘to the
var1atlon 1n the degree of 1onlzatlon attrlbutable’to thef

”ampholytic; surfactant with ~pH. Tmift-would consequently'(
: affect the'total 1nteractlon potentlal energy by alter1ng; o
;fthe repuls1on energy of the surfactant layeq" |
'."2 1.6 Effect of Temperaturef{' Ty .
| Lev1usland Drommond (1982) investioated-thefeffect'of‘f
:ielevated temperatures as an art1f1c1al\b?eakdown stress to:x

‘}‘evaluate emu151on stablllty They found that 1ncreas1ng the
:temperature tends to result 1n a decrease in mean droplet
size and droplet concentrat1on due to a more rapld settlxngf

Nrate., | - . R : . | _ |
| Bennett et al. A(19685 reported ‘a test ‘for’ emu151on}'
stablllty u51ng_"freeze?thaw cycles. Tﬁe freez1ng -of: the‘

;..ifaqueous phase will often cause phase separatlon Subsequent

f?thaw1ng may causev-they emuls;fy:ng 'falm be damaged'
'[resultlng in coalescence of the d1spersed droplets and phaseff:
”pseparat1onr The solublllty balance of the surfactant also ’
%yhanges w1th the fluctuat1on in temperature.y
MltSUl et al (1972) found the hydroph111c/hydrophob1c
nature of certaln non10n1c surfactants to be temperature

: v
dependent consequently affectlng the 1nterfac1a1 ten51on and



i ~exper1enced an -1ncrease 1nu.the 1nterfac1al ten51on w1th“‘p

'-and the1r subsequent creamlng out of the solutlon._‘

¢

:”ﬂemu151on stab111ty.-Non1on1c surfactants conta1n1ng ethylene;
-t‘oxlde chalns as hydrophlllc groups suffered dehydratlon of

- the ethylene oﬁlde motet1es as the temperature 1ncreases.

Surfactants contalnlng less than ten ethylene oxide. un1ts :
..‘_.___,_____

l1ncre351ng temperature. 1This -wOuld be destablllzlng4 S

'1nfluence on ‘an. emu151on created w1th such a surfactant’7?“'

Salto and-Sh1noda-(1970) 1nvestlgated the stablllty of<‘

.both 01li&n water and” water in- oil type emu151ons aS:_a o

functlon of temperature These »were_ cyclohexane water.

' systems ' stabll}zedf with theb : nonlon;c “;'surfactant.
i‘polyoxyethylene ponylphenylether.v They .found"the: meanfi
: droplet dlameter of elther emu151on type to d1m1nlsh ‘as. the'

BN

‘»emu151on temperature approaches the PIT (phase 1nVers1onf'

temperature) of the system. Th1s was a reSult of very fast

O

coalescence rates observed for. larger droplets near the PIT o

vy

=T Ine summary, temperature "change.‘;affects , emulsion

'stab111ty in varlous ways (Rosen 1978)_’

—

1. 'Thermal agltatlon of droplets 1ncreases the 1nteract10n/ i

COlllSlon rate through Brownlan dlffu51on.-

'f2..}The. phy51cal propertles of' the »1nterfac1al film are‘;

affected by thermal expan51on or. contractlon.

ce e

3 The relat1ve SOIUbllltY Of surfactant in elther phase is
v? affected '- el

4-’iTheh rheologlcal propert1es (e;g'f“ViSoOSity)'.of'”thél
| l1qu1d constltuents are affected N - ¥ -

v BN
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2 2 Emuls1on Flow in Porous Medxa and Blockage Mechanxsmszﬂ}%l.

The flow of emu151ons in porous med1a has been knd7
;'1mprove recovery eff1c1enc1q§,of 011 and b1tumen for many e
years; Emu151f1cat1on was seen to be an lmportant mechan1sm.

.:.‘

ﬁ@}“ caustlc' waterflood1ng a; 1942, Subkow patented theﬂ"

'injectaon .of 'aqueous emu151fy1‘g agents such as; sodlum :
. _

d'v hydrox1de for the recovery of heavy 011 or bltumen. Later,'

1962 Doscher and Relsberg patented‘aﬁprocess,4nvolv1ng f‘fa

tE )

.3the1@1njectlon of” d1 y

hydﬁb«lde into tar. sands in#‘aﬁ

: caust1c d{kvé oz&wgeo'vegyfprocess. Both of these processes".

relled on the 1n sntu emu151f1ca§'10n of the crude 011 to ‘
- e . TEEE R S

1mpr0ve ultlmate o;l recovery o D S T - S

. . \

Johnson (1976) rev1ewed the mechanlsms through wh1ch ,': B
caustlc waterfloodlng 1mproved 011 recovery 1ncludlng ~f*f‘gf"i»i
iy | __ R

'_f. Emu151f1catlon and entralnment"'Jg'r' 8 o [?
piL Wettab111ty reversal 6011 wef‘to vater- wet ).
Ttﬂ3, Wetagb1l1ty reversal (water wet -to 011 vet )
'4( EmulSLf catlon and’ entrapment. - y]\ N ‘ o {»_1,.@
Emu151f1ca;10h and entra1nment was the recovery mechanlsm 1n'i'
Subkow s ?atent whlch 1nvolved the 1n 51tu emu151f1cat10n oﬁ'Ll‘
the' crude .“ij‘ ~and .1ts consequent entralnment f1nto ta3
contlnuous flow1ng alkallne water phase. In order to achleve:?u!7'

thlS the empha51s was on’ lower1ng 1nter£ac1al ten51on by the o

austlc wh;ch resulted in 011 1n watér emuls1on formatlon,“
a d the product1on of the 011 as an emu151on 1n the produced f e

caustlc solutlon.

Eos ol



“in g

'_,cap111ary forces decreased by, low

"h”zo.“

Johnson dlscusses the appllcat1on of chem1cals such asfvf

' acrds, bases, and salts in 1n3ectlon water to reverse rock?:
‘wettab111ty _from -011—wet'ftol'water-wet.'.Oilf~recovery
'.1mprovement determlned from laboratory tests was postulated.
;to»be due to ‘the favorable changes in relat1ve 011 andfwater';'
qpermeab111ty that accompanled a wettabllzty reversal ’ |
. Cooke et al (1974) reported use of alkallne watersi
whlch reacted w1th naturally occurr1ng organ1c ac1ds in theg'
crude 011 to produce soaps at the 011 water 1nterface. The;
.:resultlng reduct1on ,inﬁ,lnterfac1a1 ten51on would promote;
;%wettab1l1ty reversal of the porous medlum from a water wet’
yto.oll—wet under‘the proper cond1tlonsuof salrnlty,'pH,.and'
}téﬁéerature;_dThe"lowi‘interfacial' tenslond resulted in the

: formatidnioOf ‘water-in-oil emulsions behind the

'hfalkallne dlsplacement front" ‘These emulsions ‘Fhad a
. relatxvely low 011 content and had ‘the appearance of“011”
‘fllms,'or 1amellae. These lamellae could»deform and movep
through the pore s;aces but would also brldge pore throats :
:re51st1ng the deplacement of chase waterw Th1s res1stance

and blockage of pores ﬁﬂsiev1denced by a large 1ncrease in

; pressure grad1ent 1mme§§a¥ely behlnd the displaoeme

" The pressure gradlents were reported to’ ovewcome$

5’9 "

. ST
n1nterfacga1 dE:ensmn so

"that the res1dual 011 saturatlon was decreased further.,'

fiThep' last mechan1sm descrlbed zby " Johnson ‘was

emuls1f1catlon and entrapment. It was reported that Jennlngs

"?etv_al.d (1974) performed laboratory experlments 1nvoly1ng

e ~
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7Hcaust1c 1n]ectlon in: preferentlally water wet cores: It was SRR

‘determlned that 1f the 1hterfac1al ten51on was low enough

0.«

gre51dual 011 would be emu151f1ed 1n s1tu and move downstream

,WIth the flow1ng alkallne solutlon to become entrapped later-

"’1n pore throats too small to allow them to squeeze throuéh

._‘The"result -gg'lmproved volume;rlc- conformance by tH
: dlsplac1ng med1um._ “v* «d' Tl D ,

: ,The reason‘,'fora’ the- entralnment _.and_' subsequent

“

'entrapment of 011 droplets was p0551b1y due to two reasons-

. The 1nterfac1al ten51on between emu151on droplet and '

)

wett1ng flu1d was - 1ncreased so the dropﬁ%: could not
past through the pore constr1ctlon. In a

fmodel/pattern caustlc concentratlon would decrease w1th
" e . v

'dlstance from the 1n3ector, thus “an -1ncrease'-in

b J
j1nterfac1al tenszon yould result

2. In’ a radlal flow' model/pattern the‘ pressure gradlent
d1m1nlshes w1th dlstance from tﬁe 1n3ector. Therefore,
‘at some dlstance from the 1n3ector the pressure would
“"not be great enough to force the droplet through the

94. X - P et

| pore throat ffi‘f“cf ‘_& '. h'gﬁlh;

oo 8 _ o
McAullffe (2’ refs., ”f§73)v conducted laboratory and fleld

RS

o tests to determzne 1f externally produced ‘oil-in- water

B emuls1ons would act as a seiettlve plugg1ng agent to 1mprove

a-\

| 011 recovery 'inf waterflOods._ He descrlbes the flow gt
. § .

'acroemulsmns 1n porous medla and the blockage of cpore

‘throatsh byv‘emu151on droplets largerv thantﬁwhe

'constrlctlons.‘

\ [ ) . el

\ . . N | . . . I T
- e A . . -

»

Lo

ial flow

;‘:,': 21 e
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»pore e
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"This blockage'hisv known ‘35 qthﬁh-"Jam1n effect"ﬂ.

“”;.F1gure 2 2 deplcts th1s effect as a 51ngle droplet of 011 S

N

;_becomes lodged in a pore constr1ct10n. As shown i1n the

‘:tigure, the radlus of curvature of the lead1ng edge has a j"

",Smaller_radlus than the rad1us of the tra1l1ng edge of theg;n

»

idroplet st111\1n the pore,,thus the caplllary pressure.lS';u"'

ngreater at the front than at the back The pressure gradlentu'

3

-requ1red to force the droplet through the constrlctlon is

g1ven&“by“ theo Laplacei_equatlona~o;.lcaplllary, statlcs'-
(Hallam,.1980): = e N

. Ap = 2y cosié-(J/r, - 1/r,) , fl» (I4)f

"where . ‘Ap. pEéésure'differential‘(Pa)

Y =’ 1nterfac1al tens1on between the 011 and
| water, (N/m) | | | |
'6;} = contact angle
ry = pore throat radlus,.(m)'v ‘
r, = upstream 011 droplet rad1us,t(n).
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McAullffe vdetermined"'from laboratory ‘tests that

A'decrease 1n effect1ve permeab111ty to water. Rate of change

~_“6f; permeab111ty w1th pore volume of emu151on= 1n3ected

”'j'lnject1on of dllute o1l in- water emulszons resulted -a'_'"

o

1approx1mates ;’av' 1ogar1thm1c:- decayi Therefore,' ithefﬁ

'permeablllty was reduced to some 11m1t1ng value dependent on;

&hel pressure dlfferentlal appl1ed across .the - core,

)

',Permeablllty reductlons of up to 35 fold were obtalned after
:12 pore volumes of 0.5% 011 1n water emu151on were 1n3ected
_1nto sandstone cores. Lt L 'b, I _gi,

In both laboratory and field tests emu151on floodlng

-delayed 'water breakthrough ﬁandf }ncreased ultlmate 'o11

'recovery; _Improvement_ in ‘volumetric conformance was

;evidenced'lij 1oh¢r, waterio&lv'ratiosftandA from results of
) radidactiveftracer;surveyd.}. S | o :

| ‘ Soo»‘and Radter fZ 'réfs.,"19d4) examlned the. flow of
emulsions through water saturated sandpacks of d1fferent
3permeab111t1e;' and'.also_ in- a“»v1sual water- saturated
-_mlcromodel of glassbeads. Permeab111ty reductlon in emu151on

‘flow.;wasp reported _to be pr1mar11y duevkto entrapment

‘dTheoretlcal and exper1mental stud1es of flow mechan1sms and
dveloc1ty effects con51dered two reglmes of capture namely,
stra1n1ng and 1ntercept1on.t | o ‘3 -

Stralnzng capture was the 51m1lar effect descr1bed by

L McAu11ffe where droplets) lafger than pore throats become

'flodged in‘ th pore constr1ctlon. larger veloc1t1es
(h1gher pressure gradlengs) thlS capture event is followed



‘:Llflﬂ/-_o’juf;[-‘_r"e' Y- S

. bff'droplet _SQueeang and* re entralnment - Th1s' pseudo-ﬂ

kR

'"contlnuous process of stra1n1ng would accoupt for l1m1t1ng.
'values of permeablllty obtalned wh1ch are characterlstlc of-
'hlgher pressure drops._.At very hlgh veloc1t1es droplet,'

pbreakup ‘wlll occur“ dUe :to;‘snap -f’.mechanlsms and

hydrodynamlc 1nstab111t1es such as flngerlng
&

Interceptlon capture of droplets smaller than pore

,.throat dlameters was seen to occur on the surface of sand‘*

“

‘_gralnS\ 1n thetcrev1ces forméﬂ between Sand gralns, and 1n

B 2

4 fdead space cavern 51tes or rec1rculat1on*eq:1es.

'Awere observed ‘to attach to the_ surface oﬂ

;apparently due‘f to attractlve colloidaI« wféeﬁfi

ldroplets and sand gra1ns.r The' droplets were held in”lther

- secondary 'm1n1mum of :F1g. 2 s due to decreased repu151ve

) forces. They would remaln there unt1l they were overcome by .

hydrodynamlc forces. Droplets may breakup 1f hlgh caplllary:

numbers are attalned i, e

B

wCy= o U, e S ,‘.(l5)v
where
1 =,émU1;ion yiscosity,‘(mPa-s)g o

fyeloclty,-(m/s)"

S
L]

Iporosity,“(fraction)

<
n

,:1nterfac1al ten51on between 011 and . water

Cv/my,

-’where.VifcoBsfshear forCesWogercome'interfaciallattractive

B

v

' Droplets ;”.



: ’x;through a- model of crushed glass beads of two separate '

~;;Thls supports the observatlons ahgf;:ntent;ons,of Soo_andf

,. Radke._V

- pressure 1mpulses,vor v1brat10ns ‘were 1mposed

~ study- to the surface. chemlstry of the drops and the porous_ _

.: matrix. »In partlcular,, the th, and 1on1c strength of the B

e surface attachment of droplets was thought to be due to

l.electrostat1c forces (1 e. attractlve van der Waals forces)

'forceS-_rhh o e . 5 SRR
Cartmlll and p1ckey (1969) 1n an effort to determ1ne

'vhow o11 mlgrates ehreugh porous med1a studled emu151on flow

l"permeab111ty zones 1n serles. Jt was observed the dropletsii

\

would travel ea51ly in’ the water wet porous medla unt11 thef-

&,

f1ne permeabllxty 1nterface was encountered Droplets were

seen to attach to glass surfaces and to flocculate 1nto

~ .

: groups wﬁach would clog pore thrdatsr Thls would in turn;}-

6.

eform a concentrated emuls?on at thé 1nterface w1th little'

K 5

.tendency for the droplets to ooalesce. The flocculat1on and;

Sob and Radke also observed droplets wedged between theaﬁlv
‘ convex surfaces of -two sand gralns called a crev1ce 31te.‘f_h
_ The drops remain. 1n place by hydrodynamlc pressure forces"

- with a veloc1ty 1ncrease 31mply wedglng the drops t1ghterr
»hlnto the crev1ce. Droplets daught in rec1rcu1at1on eddlesj'
“.and dead spaces called cavern 51tes were not affected by*

veloc1ty effects. Nelther crev1ce nor» cavern sltes wereg'

affected 'unless“. | s1g 1f1cant red1str1butlon aof'vflow,

'_.’b

’..

— Lol

.\Mj‘

Soo and Radke noted the obv1ous Sen51t1V1ty of this



oot Rt

”':Qaqueous phase""°”ld zceft31N1Y vaffect _the interception

._capture of droplets on the rock surface.

A phys1cal 1nterpretat10n, was prOposed to descr1be'

. ’emu181on‘ flow : ste?dy state'~w1th a constant -1mposed
o R g '
 -pressure drop As the emu151on enters the porous med1um

\ rops w111 be captured in the smaller 51ze pores flrst Flow”*'

is then d1verted‘ to the larger szze pores and the dropva

e capture rate 1ncreases. Flnally, when all,drop capture s1tes'j
are. fllled capture ceaseé and steady state is reached

ncluded that two factors affected the overall"b

. e . -

‘permeab1l1ty reductxon- ;,”f | “
1. the quantlty of drops retained 1n the porous mediumv‘andd'
lé,v the effectlveness of those drops in- restrlctfhg flow."fi"“
'Studles'.of'fthe, effectsi-of, drop 51ze us1ng effluentall

e;concentratlon h1stor1es determ1ned that as the drop size. of
the emu151on 1ncreased 'the drop retentlon_,lncreased

?however, for equ1valent capture volumes of - emu151ons,vthe;.
smaller droplets#’zsre“more' effect1Ve -At‘ reduc1ng ,the

~,tran51ent permeab1l1ty (1 e. restr1ct1ng the flow) pr1or to

. steady state..Th1s was due to the1r greater number and more

»'thorough dlspersal throughout the porous med1um for equaLQl

volumes of d1spersed phase.-Eventually,las steady sta;e 1sf?'

‘approached the larger droplets caused a larger reductlon in
tfabsolute permeab111ty than the smaller droplet fIQw Jlonetf
lf-due to comblned superlorxty in .drop retentlon tand~vflow :

’ |3

'restrlct;on, SR TR TP .;lv*




. ‘_"3;“EXPE31MENTAL_luygéTIGATidn A

3&1'Materiais” :

—Two heavy crude oxls were used 1n thlS study namely,

".Lloydmlnster and Pr1mrose. Both 0115 -vwere dewatered by -

Xd“'k,. s s

: vacuum“drs 1llat10n at 40 °C and any condensedﬁl1ght ends

ol :
F'produced were reconstltuted w1th the drled o1l Subsequent

P

d1st1llatlon of drred Dll 1n toluene showed only a mlnutefh

. .

;trace of water Lloydm1nster oil- had e.v1sco§1ty of
10, 100 cp (for, 1. 26 s- ) at 22 5 °C and a den51ty of .

;0 9738 g/cm’ : Prlmrose 011 had ‘a’ v1sc051ty of 45, 700 cpA  5

(for 1.26 ') at 22.5 °C and a den51ty of 0. 9949 g/cm’

vSurfactants used as emu151on stablllzers were non10n1c'_

\

ffTr1ton x-100 and anlon1c Vlsta 250 Tr1ton x-100 1s-a waterid
"soluble compound of 1so~octyl phenoxypolyethoxy ethanol w1th‘“
”l9 to 10 ethylene ox1de unlts (an ethoxylated phenol) It has’
- a ”dens1ty,_ofi 1 065 g/cm’_ and hydrophllzc l1pophilic_

balance'~of 15;5. The cloud po1nt of th1s surfactant wasz

-

‘;observed o, occur. in d1st1lled water at” 80 °C.

@ —

Vista 250 (formerly Conoco CNS) s "a sodlum alkylf

‘]Fbenzene sulfonate w1th ‘an- average molecular welght of 240

 This' spec1a11ty alkylate is 85~ 90 welght % l1near (C.o C,g)-'
"fmonoalkylbenzeég Gnth the rema1nder be1ng other 'alkylft_

aromat1cs such as’ d1a1kylbenzenes and dlphenylalkanes Theﬁ

“sample -Was"rece1ved dxluted ‘with water’ for handllng-.“°"

fresulting in a 28 5% actlve (company“reborted) slurry of'

u_sodlum sulfonate derlvat1ve. Apparently thlS d11ut1on was ‘a -

28

R
L



necessary step 1n the manufactur1ng processd-vs*~'3j.

Both surfactants were used aSarecelved Trxton x—100 1s'f7'”

. s
.;"ﬁanufactured by Rohm and Haas..Vdsta 250 1s manufactured by

-t
+

:t Vrsta Chem1cal Company. )

—— e g . e . «‘,\

D15t1§1ed "de- 1on1zed water was used as the contxnuous_

o\

(external) phase of produced emu151ons. Analy51s showed thns

- rwater to be sllghtly ba51c at a pH of 7. 6 (at 22 °C).}
‘ ‘. LR

'.f 3.2 Emulszfxcatron Method ;-';- h‘ .

011 1n water emu151ons ,with 5% (by volume) ozl contentj:f'~

”uere prepared uSlng two 01ls'w1th two surfactants glv1ng
) ._foun.. 011 surfactant komblr}atxons.. Emulsmns vere created in
each: o0il- surlhctant group wlth act1Ve conCentratlons of 25

50 1oo,r 300, 700, 1200 2000 and 5000 ppm.‘

-%%;,- The emuls1ons were produced u51ng the agent 1n water
45method whereby the surfactant was d1ssolved 1n the dlst1lled
S e 9

'water prlor to addltlon of the 011 to the aquedus phase.

K _'_c\‘
;

!Both aqueous solutlon and ovl were heated to 60 °C pr1or to
'm1x1ng ThlS fac111tated proper emuls1f1catlon of the h1ghly

v1scous 011 in water. ;;sﬁ_j ,;' , .yj :}-, &FIT“L

Emuls1onsdwere prepared 1n 1000 ml batches v1th 950 mlw

.of aqueous (water and sUrfactant) so{utlon and 50 wd of 011

ErEmu151f1cat10n was, achleved uszng ‘a Brlnkmann Homogenlzer;
‘type PT 45/80 Thls is a rotor-stator devzce capable of
22, 000 rpm. The aqueous solutlon was\ﬂmixed at half speeddiéfdf]

J:t;Vhlle the 011 Q'R\added slowly for the f1rst two m1nutes.~'

‘.The emuls1on was then m1xed at h1gh Speed for four mxnutes.

s

. . — e
‘: .-a«» X .\ «
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“d‘,*pfepared in Jdentlcal 2000 m! beakers.'f'ﬁv:'tfit (ﬂ;7'

'C4Thls Was then followed by another four mlnutes at half speedi;hhl

rg1v1ng a total m1x1ng t1me per batch of ten mlnutes. The_

'reduct1on Oﬁ‘ mlglng speed dur1ng .el latter stage of
‘ emu151£1cat10n- was. “to - allow entralned air to esCape as .
lﬂcons1derable surface foamlng d1d occur_ depend1ng On- thef fﬂbf

| surfactant shd concentrat1on' used iAll' emulslons were_f*

N

T

-43 3 Thermal Stab1l1ty Test efff:} .h‘g;'

Two 100 m! samples were extracted from each em,f:

.

'”‘f\batch/ One was stored in a’ corked glass flask in a roomfi

o .

‘%_'temperature water bath The other was contalned 1n ar 150 cm°u-‘ﬂ

vfls£a1nless steel autoclave pressurlzed w1th n1trogen for h ZQQi
7temperature curlng Pressurlzatlon was necessary 1n order to

.;suppress vaporlzatlon of the emu151ons _“' ! | ;

Emu151ons were cured at temperatures of 25 75;;125?f."t

lp175 and 225 ‘°C for' a perlod of one hour.; Inttlal testsl,‘f‘

_:;determlned thlS time perxod to he‘of suff1c1ent duratlon to""

'1ieva1uate',-emu151on‘ stablllty.r.hlhe.f autoclaves - were

‘ vsubsequently_ removed from the oven and quenched to room*f'C
“temperature.lAfter degéessurlzatlon the, pH of the cured and--' -

N',uncured samples were compared u51ng a. Flsher Comblnatlon pHi

f‘Electrooe and Orion Research Model 60/A/Dlg1tal Ionalyzer."

Mlcrophotographs of cured emu151ons were taken for'.J“

'fe'v;sual v1nspect10n of droplet character. The emu151ons in

| 'aut0claves were emptled 1nto glass beakers a7d samples were .

:extracted from mld beaker volume by plpette. The' sample was



oA

5jdep051ted on’ a mlcroscope sllde beneath a cover glass and-.

h;taken through a Le1tz Wetzlar mlcroscope w1th KODAK Techli
~Pan 100 fllm. Ll |

';gsinthh_

ce

S :1llum1nated by wh1te llght ‘ Flow f1e1ds would sometxmestls'
uoccur due to the pressure of the cover glass and/or the'
'convectlon currents caused by heatlng from the llght source.,‘

:’TiQOnce a statlonary fleld had been docated photographs were-”7f

3 4'€ore Preparatlon

;' A cement llned stalnless steel core chamber of 60 cm

length and 6. 3 cm I D ;was wet packed wrth unconsolldatedfibf'

'i‘sand and v1brated overnlght for 12 to 14 hours. ThlS coreff”

. was then dralned and drled by blow1ng a1r through 1t aga1n¢

ﬂ:overnlght The core would then be evacuated and saturatedg"

¥ (;,

N ’wlthr electrolyte_ water' to determlne the pore _volumerluif

'*ffrElectrolyte water con51sted of 0 18 g/( of KCl and 0 121 g/(]f

N

"of NaHC03 to 51mulaté reserv01r connate water._Permeab111tyfd*i'

j'vw‘ determlned u51ng Darcy s Law by flowzng th1s water'”

:.f"by 011 u51ng

fmodels'ﬂofa‘é

. After packlng ;th strlp ',fremoved _result1ng

E“parallel sand beds of d1fferent permeab111ty.'i

'5.f“through the saturated core. The water was -in turn dlsplaced.3'

Iz v
i 5.

ﬁ"%

Core holde s were packed to produce homogeneous llnear

uska pump to a re51dua1 water saturatlon

Jiz20 mesh (233- 130 ')gtaﬁa 20-40 mesh .

(833 130 um) Ottawa 5111ca sand Heterogeneous llnear models

'were created by §1multaneously pack1ng both sand 51 es'in‘;.j

h'the same core holder separated by a than vertlcal str1p

A




el W

‘”if:wd1splaced through the model vert1cally downward to take}*_rf-

':73f_advantage of the denszty dlfference betyEEB the 011 andffgttw

‘”f7water durlng o1l saturatlon of the model 011 was 1n3ected"

11nto the model at the slowest rate p0551ble (25 cm /hr) to~*

'ﬁ:"ensure an even dlsplacement through the two layers.

«:

:a3 5 Steam/Emuls1on Flood Apparatus

The core holderv_Wasf'mounted 'in:~thei steam/emuls1on'f;f

-rilnjectlon apparatus as shown by the schematlc d1agram ‘inp,??'

FT‘LVFlgure 3. 1 The model was 1n the hor1zontal pos1t10n S0 thatthh’f

| 2ﬁ;the two sand beds were 51de by 51de. The core holder and all'f

'jffor a consta

'llnes were fully 1nsulated accompanled by thermocouples andj‘Q.

'”?fpressure transducers. Externally produced emuls1ons were.p'“i

l;constantly ‘st1rred and preheated 100 °C prlor ftog_‘VT

"*flnject1on 1nto the core.'Emuls1on was 1n3ected 1nto the corep-”'

‘w,,,

d,by two

’pressure drsplacement and uS1ng a Ruska pumpf'

“-.for a constant nate dﬁsplacement of 650 cm’/hr. Water wase
R .G’ Q;,‘\

'3ﬁods' u51ng a- pressure regulator wlth a: gas sourcef_s.;

':dlsplaced bY ﬂ Ruska ?UNP hfouqh the bo1ler to. the 1nletfl.'

v

' Qcore face. The steam temperature attalned at the 1nlet coreﬁmi

'face _was dependent on the flowrate thrOugh the boller.'

VAifCondensate was bled from the 1nterlor of the core, facel:»f

,fcontrolled by a back pressure reguli '”A;There;w_re threef“

'?hlnjectlon ports located on thellnlat flange space. The ports o

”fweqe evenly spaced along the vert1cal axls_ through thedln:”

: center of the flange at 1 58 3 15 and 4 73 cm aldng the;

\ -..“

.6,3.cm ;nner dlameter. Emu151on 1n3ect1on was through the-'H'

B - \' : U



e :
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top,port Steam 1nject1on and, condensate dralnage occurtedf;-"'

I

,through the center and bottom 1n3ect1on ports,'respectlvely.A*ﬁ

'1fﬁMax1mum system operatlng cond1tlons were 200 C and 1380 kpaa,'

’(200 pSI) rProductlon flulds vere condensednfcollected

- ',o,'

:d~graduate cyllnders,. welghed and d15t1lled 1n toluene toﬁaQa

,,-'crude 011 and emuls1on. B »,'1TVQ‘[‘,"}';1C¥VL'

s

’fdetermlne the respect1ve o11 and water contents o: produced'm



B

‘Pigure 1.1 -

VZV777%;

AT 77T 77777

A
(o)
Q
q
N
}
\
L

TTIATTZRY.

iy :
//// XL LS

4 B
L C

N oy
K

CONDENSER ASSENBLY

& INSULATION

.-
2~

THERW)COUP[‘.’ES

CORE MLDER

e i

g E
) F PRESSURE TRANSbUCERg”

£
P .

- "Schematic
e
? ‘

couccnou moune o

Diagram

© 7" 1njection Apparatus
St DU — ot

: ,-o".‘.\“.'. s
7N 777777,

. HEATED OIL "B:A.TH .

EHULSION STIRRER , '
msmcmc Punp / REGULATOR

- smm INJECTION

2 'c_ouosnsm -aLtEoi

N

-

1of>315téamf‘ /.‘?Emulsion'“




| 4 RESULTS AND nlscussxon ;p7g4;fFi3§
The foIIOW1ng dlscu551on deals WIth the examlnatlon of.thef;
thermal stab111ty of heavy 011 emu151ons and appl1cat1on of:_f
optlmally stab1llzed emulslghs tO’ block hlgh permeablllty
channels created durlng steam 1ngectlon. o | |

,-“.

4 1 Thermal Stabxlxty of Heavy 041 Emu151ons

In thlS sectlon, the thermal stab111ty of a 5% Pr1mrose_' o

e and Lloydm1nster heavy 011 emu151on was screened u51ng bothf
v.ani anlonlc, (Vlsta 250?‘ and a,.nonlonlc (Trlton x 100l

i surfactant. V1sual observat1ons of droplet character and the”

‘)

'“.f'emu151on pH behavlor at’ dlfferent surfactant concentratzonslf"

"Ve,of 25, 5@; 100, 300 oo,’1zoo \, 2000, -and 5000 ppm at curef

temperatures of 75 125, 175; and 225 °c were' the~ o

crlterla used to determlne stabllzty

Mlcrophotographs of the Lloydm1nster o1l/Tr1ton x 100f>

: surfactant group of emuls1ons are. presented 1n Appendlx A.f;

Photographs have been produced at a miﬁplflcat1on of 900x.
P

Plate ALl shows an 011 in- water emulsipm cured at 25 °¢ for R

-{ﬁ.o hour"w1th ~a” ppm :surfactant4'concent;atlon. In:

’)

Plate A t droplet size ranged from 1- 7 um with the magorltysj-””

.‘p

’rvtof droplets lﬂbthe 1 3 um range. Plate A. 2 shows an emu151on~':

’ w1th the same surfactant concentratlon cured at 75 °C.. ‘The

den51ty of droplet numbers 1s notlcably less thh the 1argery'7""

droplets hav1ng creamed out of the aqueous phase..Plate A 3, -

.'s‘ and A 4 are mlcrophotographs of 25 ppm emu151ons at cure‘d

,_temperatures of 125 and 1751‘CA respectlvely._The dens1ty]

v;f:,", S . T DA e

- .35._
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'»,

creamzng of the larger drops occurrzng to a greater extentffﬂ;i*

than at the lower cure temperatures._F1nally,"1n Plate A 5

1t can be seen that for a cure temperature of>225 °C w1th a.
7*_~surfactant concentratlon of 25 ppm,‘fap— almost complete;=5
demu151f1catlon has occurred R A

ThlS : trend ’.ofh' 1ncrea51ng jfdemUlslfication

. fgﬁh

S 1ncreasxng cure temperature 1s also ev1dent for emu151ons"fﬁf

created w1th hlgher:- oncentratxons~_-o£ f Trlton X—100_ﬂ»773

surfactant.‘ For example, ‘Plates A711 through A 15 Shwaf'.

: photos'-of'.emuls1ons w1th 100' ppm \cured 1ncrea51ng‘“'

R hf"§°

té%peratures.»?late A 1 éhowshan o/ ,em§k51on curedgat room_*-a
tem%erature w1th a droplet s1ze raﬁcﬁﬂg from?lfls 4.{’)2 011'”

droplets w1th 1nternal wgtﬁf“droplets @:’@.Jw/ofd*emuls*on)”
: AR L h R
”~occurffrequently In contrast Plate A 15 shows a’ 0} ppm,f
emuls1on cured at 225 °C where the majorlty of droplets have 2

coalesced and creamed out of the aqueous phase. There 1s no*th

ev1dence of w/o/w emu151on droplets. A p0551b1e expla@at1bn,_;ji:f

PELANE

ﬁyfor the abscence of dual emu151ons, is that the rncaaas§<§n_:a
| 5 |

temperature has 1ncreased the coalescence rate of 1nternalgiuh

K

droplets along w1th a change 1n osmot1c pressure across theqlfpo

’1nterface thus 1ead1ng to dlffu51on outward of the 1nter1or?
'deater. | ;_ N | | | ‘ |

’ 011 in= water » emulslons - created w1th th | hlghestri
concentrat1on of surfactant used are shown 1n plates % 36"
through A 40 Plate A. 36 shows an’ emuls;on (5000 ‘ppm, - 25 °C),

"wlth a unlform droplet size 1n,the_rangevof:Q,Sonum._qu't



L measurement ]USt descrlbed

o fcontent In emu151on reallzed) showed a pH‘Hrop from 7 15 to

-

f_occurrence of w/o/w emu151on droplets 1s v1SUally ev1dent.

T'Plate A, 38 shows‘ an’ emuls1onf (5000 ppm, 125 5°C) w1thh'

decrea51ng droplet den51ty and 1ncrea51ng droplet sxze due o

y to coalescence. The major1ty*‘of droplets shown are 1n the

ag1 S 2. Sﬁum range w1th droplets present as large as 4 um.;.

”'Plate A 39 and plate AL 40 show emu151on breakage at curefi

'temperatures of 175 °C and 225 °C respectlvely.

.'.

The change in- pH for emu151ons measured before and;':

'after cur1ng are glven in Table At of Appendlx A F1nalpjh

'l,pH values ‘of‘ emuls1ons ar presented 1n ‘F1gure 4 {.],'1 .

Emuls1ons cured at 25 ‘°C and 75 C exh1b1t a pH onlyvii

”sllghtly hlgher than the or1g1nal dlStllled water used

'the1r creatlon‘-Above '75" C 1t can be seen that the o/w ,

q

‘n‘ﬁemu151ons.d_exh1b1t -‘anf:_lncrea51nle‘$ ac1d1c .”natPFe
'xcorrespondlng w1th ‘1ncreas1ng demu151f1cat1on. Thus ”thepf
f}pemu151on 1nstab111ty observed in the photos for 1ncrea51ng

'kcure temperature correlates' well w1th jthe' solutlon ,pH

)

"ﬂ-. ‘

In an' effort to explaln what causes the decrease 1n pH

e;of the emu15135 above 75 °C certaln control tests werev

“-yperformed The same autoclaves used for the cur1ng of ‘the

4o’

vjemu151ons were fllled w1th dlstriled water at 225 C for one b

"--hour- measurements showed only a. sllght pH decrease from 7 6

A

to: 7. 1 ‘\ DT
Control tests performed us1ng emuls1ons of Lloydm1nster
t':Oll- *1§/st111ed water w1th no surfaCtant added (1% o1l

v ™ . L ’ ' Vo ."-.“
Lt ) B A

“.

yv
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“?’6 s at 225 °c

' concentrat1on was close to the 1n1t1a1 concenbratlon

39

Thermal stab111ty of ; nonlonlc surfactant,' Lgepal

QCO 850 also an ethoxylated alkyl phenol has been exam1ned 3

’\ ":‘““‘.A .

'order off?one: hour” at 180v °C Lthe result1ng effectlvet

-

'-jTrlton x 100 (all surfactant concentratlons,vZS 5000 ppm)

dlstllled water showed ‘A’ pH change from 1n1t1al values ofv

‘“llkély the non1on1c Trlton x—100 desolub1l1zed at,the cloud

in .

t"prev1ously (Handym@t al.,.1982) For heatlng tlmes on the.g'

1_dlst111ed water. Hdwever, control tests performed here on? x

7.5- 7 6 to f1nal values of 4 5 5 9 Therefore,_ 1t seemsf -

p01nt and ’subsequently d1ssoc1ated t; h1gh temperature"

»

'-result1ng in demuls1f1cat1on and an ac1d1c solut:on.

M1crophotographs of Pr1mrose o/w emu151ons stab111zed__'

;wlth Tr1ton X- 100 surfactant are. shown in Appendrx C

nSUtfaCtant: concenﬁfatlon; cured at 525; °C.’ Measurements

[

‘range..Plate C 15 shows the correspond1ng 100 ppm emu151on:

”:3cured "atf 225 °C} There'pisw'anp 1nd1cat1gn that some}d

¥

o -t

'be stable w1th 11ttle cream1ng.‘ K :Vl' o '?;f

% .

";'The 1n£luence of hlgher surfactant concentrat1on hisv"*'
"exempllfled by Plate C. 36 wh1ch shows an emqiszon produced
'by 5000 ppm of Trlton x 100 and cured at 25” °C. A. un1£orm

u
ho-

1nstances of w/o/w .emulsion- droplets we;e observed at the S

e T

bexample, :Plate-:c.lir'shows _an emu1510n 'w1th'.100 ppm77

: 1nd1cated droplet s1zes to be predomlnantly in the 1—2 umi,

' coalescegce has occurred but the emu151on was obser\ed to,'
o ,

'{droplet 51ze of 0.5%1 um was found for th1s emu151on. Few.j



; :

‘m:hlgher concentratlons of surfactant Apparently, the smallerf;Tf5

,_dlameter droplets'dand; tlghter: 1nterfac1al /ACklng of

surfactant molecgles would not allow the 1nc1u51on of waterh

e

u droplets. u Increg§ed coalescence 'may'}-hed observed ;ih

g{;pl,{flplate C. JO (5000 ppm 225'°C) w1th droplet dlameters presentf'

:Yd

\_A. .v

S jas 1arge as 6 um.‘

Changes in pH data for the Prlmrose heavy 011 emuls1ons{f

ld7are glven 1n Appendzx C Flnal pH values of emulszons after
‘wthe f1gure qgat emu151on pH 1s ma1nta1ned to. a h1gher degreef* o

‘for the Prlmrose emulSIOns 1s generally close to a value of

Ky

7,cur1ng are presented in: Flgure 4 1 2. »It can be seen fromr

3ithan the’ Lloydm1nster 011 / Tr1ton X 100 emu151ons. F1nal PH

.'.§' untll cute’ temperatures in3 ‘excess “ofr~175 c _werefp,‘

experlenced A drop in pH value 1s then 1nd1cated for all'v

T surfactant concentratlons.v““

e .:.ﬂ The malntenance of emu151on pH close fﬂk 1ts orlg1naLs

;’d'ffz value at h1gher cure temperatures is correlatable w1th the
S | @ , B L
. ma1ntenance ofm' emulsxon B stablllty . observed n'u'the S

':jg m1crophotographs. Although :2the “_reason fis,,}not{v clearj-

ih@apparently certaln constltuents 1n the Prlmrose ozl haVeQ
suppressed ._ desolub1112at1on {and' dlssoc1at10n -’oﬁl?

‘f;'surfactant Whlch readlly occurred at h1gh temperatures yhenjh

.jdpu51ng the Lloydmlnster 01l From th1s dlfferent response

’L-diencountered -when' u51ng a- dlfferent Oll w1th ~the v‘same'

»”surfactant': 1t can “be seen that oil comp051tlon has an

*1mportant rolecfn emu151on stablllty Based upon the v1sual

4

'observatdons aad pH behav1or,:the opt1mal concentratxon of -

.!P



i sjg ><;thfgﬁj:xgsf'”'

1

-

oag,

oo

R . bg:tugon_:._oh E:o O
co:utcoo:oo jupyopying *sA Hd co_u_:Eu,_o:_.._
*:o*uot:m oop x._, ::3 :o_m_:Eu __o ouoh.@& m -2

AEQ n_v. _H_co:,obcmoc oo..,,,co;*oot:m,

tvum:oc_

esesmsramebicinvanan

R L.-

sesvececesn

.

Pee e aisan -

Peeseasecsscsamercdenssscantue

'...-.',.-."..,-.f..’....‘...

------1!-

3. .a'ie

hee

1 1 -1 ] 1
Ce- Vo ¥ .
Vvt e =
. LI .
R A
. O SR T
N PR I T } .
. . % e . .
. -t M -
MR TR .
o e
M I .
. PR I ..
o U . L4 ..

R B R )
R ) .
v o e .
. B 3
.. « ' . [) .
v LRI,

e e e e
. @ ey
et e Ve e
. PR T
- M IR
PRSP A
. L] My LI
) l.‘ . .
O M B
s PR
l...". AR RV
e . et
. M
s Y D
.

ceeseedme

o

(5UU no "a“o)Hdu Ofslnw3 -

e -




. . ‘. SRS N . Lo s AR T s . Lo e
. e e e - N AU A : NG B ’ 42 e
. 2 ; . . - . . R LR . T S : 4
s . - . .. S e . S . L :

;'4§;Append1x B. Plates B 11 through B 15 are 1nd1cat1ve off1"

=Plate B 15 shows a.100 ppm emu151on cured at 225 Théfjxf?

.

”?”Trzton 8-100 for stab111ty of Pr1mrose emurdlons 1s 1n thef:iif
50 300 ppm. range-,: B R '{f 5 .‘
M1crophotographs of Lloydmznster o1l emuls1ons created;jppﬂ

'fw1th the anronlc surfactant Vlsta -2501darel shown inf

f7jsurfactant behav1or at lower concentrat1ons¢' Rlate B 11:1;tg

u} . \_‘

"nllshows a 100 ppm surfactant cured at 25 C Measurementsffif‘
velnd1cate the major1ty of droplets range from 0. 5 2 um Wlth:i
h',droﬁﬁets _a?t large; ég: 10 h occurrlng sporad1cally |
_P,Progress1ng from Plate B 11 through B 15 1t can. be seen that»}#g;

"*'droplet den81ty 1s reduced at the hlgher cure temperatures.f*

7,;major1ty of droplets are 1n the 1 -3, 5 um range apparentlyt"'
| duefpto coalescence atil h hlgher' temperature,‘ but- a

”V¥re1at1V91Y stable emuls1on overall

Plates B 36 through ‘B 40 show Lloydmrnster .hl;f:}

7_emu151ons w1th 5000 ppm Vlst 250 s rfactant It can be seen-

'?from Plate B 36 that at a cure temperature of 25 °C a H;gheffPﬂ

“gdegree of flocculat1on of 011 droplets 1nto aggregates has:

:f;occurred Plate B. 40 shows that at a. h1gher cugk temperatureb*l:‘
Lt.%th ) aggregates .offv01l droplets 'a' f10cculat1ng Vdpill

’ E°a1¢501n9€j' .ffff_' ?,j ,”_’:fa '.h', prtﬁgt;

"‘-Study Qof__the,,thermal decompos1tlon of- V1sta 3250
surfactant . ;has- ‘ been Er{ conducted prev1ously,¢

(Ma1n1 and Ma, 1985) and determlned to follow a flrst orderd'

'_ljk1net1c model

'_,J'{ - N



-

c

w;Consequently,. for each sulfonate molecule decom“rﬁ

Tffthe emulséons were not. hi-,

x'}in..the; m1crophotographs and emu151on pH behav1or f“the
o opt1ma1 surfactant; concentratlon .‘for_ this _ef

‘surfactant group'wasﬁin the'5°)?°‘A opm range. e

ArSO; | +f H,o B Ar‘H"+ so.-.= ¥ H‘

Tk
y

".'c‘,'

one“ff~

A \

‘Afhydrogen 1on wasASGnerated‘ Surfactant d1ssoc1at10n would

3¥therefore result 1n emu151on 1nstab111ty and a more ac1d1c*"'

'qdjemu151on pH due to the above reactron._;}J_“Tﬁh:fﬁfix1t;_f3{f7*"b

Emu151on pH response to cur1ngvjs shown 1n Flgure 4 1 3

B e
-lfor the quydm1nster 011%V1sta 250 surfactant group It may

‘“he lseen“ from” the flgure that j;for all surfactant"'b
”;:concentratlons,ﬁ emulsrgn pH yas mafntalned untll cure
’ftemperatures of 225 °C were. experlenced ThlS suggests the o
:dV1sta 250 surfactant was ssable unt11 at least 175 °C.a ~~Wi

7}'However, examlnat1on of all the plates for emulszons w1th
R

3

:.;surfactant concentratlons of 700 ppm and greater show that

:u;emu151ons B were _fnotfi stable fregardless 3ofujltherf cure;ﬁf’é

vL.

.p'}temperature.lln other words, the 5urfactant was stable but

.}
A . Possik le reason for[ this. was th presence;fOE; .
L. v . L | o

""1norgan1c salts and 1mpur1t1es 1n the commerc1al‘sulfonate

which’ have altered the 1nteract10n potentlal energy curve of

dfthe" system so that flocs may be formed read1ly 1mu‘the

.5. »

7hsecondary m1n1mum lead;ng 'tp coalescence and emu151on

“5breakage. Thus, on the ba51s of emuls1on stab111ty observed

)

Y
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AT L
e

M1crophotographs,=nd change 1n pH data of the Prxmroseii;f'

heavy 011 emuls1ons created w1th V1sta 250 surfactant arenfhif

presented 1n Appendlx D, Th1s ser1es of photographs 1s oneiflr

quarter ifthe{i magnlfacat1on ?(i;e;f 225x) £ preV1ous“1f7:

photographs. Plates D 1 through D 15 :tv 1nd1cat1ve. oflh

~emulslon behav1or at low surfactant concentratlons.ffFor;.”_.

e

example,:lt can be seen from Plate D 11 (100 ppm) that

.t

therev»were some 'very »large droplets present inj thls;f

emu151on. Droplet s1ze typlcally h?s a b1modal dlstr1but10n:,ff§

.'Wlth droplets malnly in the 2 4 um and 10 T6 um. range Somej

droplets as large as 25 um were present Progre551ng from.ﬂ

Plates D 11 through D. 15 1t can be observed that drop;

b D
Plate D 15 shows that after h1gh temperature curmng tfe-

dens1ty and size was reduced at hlgher cure temperatqées.z'
larger droplets have creamed out leav1ng a more unzform;;
droplet 51ze dlstrlbutlon 1n the range of 2= 8 um. >
‘ :fht hzgherv concentratlons_ Qf Vlsta 250 surfactant -
"B(é*g.\1zoo ppm, Plates D. 26 D 30) the 011 droplets begln to~

flocculate 1nto aggregates as the Lloydmlnster 011 d1d

'h Plates D 36 thrOugh D 40 show the extent of flocculatlon atﬁhjjﬁ

5000 ppm. It may be seen that the aggregates flocculate to

form larger aggrega ) In general 1t appears that dropletpnhh

L

by Plate D.30 (225 c).. ,u‘».f~;§¥*-l;g.;_b,.r fy
Change in emulslon pH data are presented 1n Appendlx Div
r_for the Prlmrose 011/V1sta 250 group , F1nal emuls1on pH}w

f:response afterb'urlng 1s shown 1n F1gure 4, 1 4 The pH was

o,
-,

dens1ty is reduced at the hlgher cure temperatures as shownm--'~
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'_Qmalntalned at a hlgh value (9 5 10 0) W1th no great drop 1n

- _.}.was in the 100 300 ppm range. B 'j? a

'I;steam blockage experlmentsr

f4 2° Steam/Emu151on InJect1on 1nto Porous Med1a'”gf~“;*ff,g’

S 7 P,

i
. v

ﬂ-pr due to hydrolyt1c desulfonatlon untll after 175 °C «From

”.emu151on pH behav1or, the optxmal surfactant concentratlonv

//

*

"?[’_O the ba51s of droplet character and emu151on pH

vgiVbehav1or 1t was termlned the anlonlc Vlsta 250 should-be

lf;used-ln 100 ppm concentratzons to create emu151ons for the

‘

L :
SR

[

f}emu151on‘ stab111ty observed iv the mxcrophotographs and“'

Several horlzontal steam dlsplacement- tests ‘were,[_ﬂ*

g fgperformed u51ng the unscaled l1near model dep1cted 1n F1gure

'h:ﬂ-3 1 The f1rst four tests were base runs w1th homogeneous

'7Jv1n comblnatlon w1th two sand s1zes. The permeablllty was

s

”roughly 2 to 3 tlmes greater fdr ghe 20/40 mesh than the

60/12& mesh sand The second ser1es of4 tests was cﬁéﬂgged out

._fto. examlne nthe recoverv from heterogeneoﬁ'z sand packs

: steam to 1mprove conformance and ultlmate recovery

In1t1ally, 'f_ all tests, steam vas. 1njected :intof

I‘

¢ .

hlghly 011 saturated cores at 200 C and 1380 kPa. Condensatelu"

s

e G e e

‘_'more permeable channels created :bﬁ steam ~inl_ theff

"zf sand packs compar1ng recovery re§ponse us1ng two heavy 0115 jfjf

"con51st1ng of two lparallel sand beds.t In - thls series. }ofy‘

5'tests externally produced emulslon was 1njected to block the;l o

| ‘heterogeneous model The blocklng agent was then followed by3;HV'

f_was dralned at the 1nlet face to ma1nta1n appl1ed steam aszff?



fd;fclose to the saturated vapour state as p0551ble. Steam front.ltg

Ty

'h‘the core length Por051ty of all sand packs was 1n;;thepf"
'4:_;j35 40% range.4 e ’ - AR

At the beg1nn1ng of the tests 1t was typlcal that cleanff,:

‘,-,-

v7ﬁu}jwould occur 2 5 to 3 pore volumes 'of total flu1d
:'con51sted of crude and an 011 1n water emuls1on. The systemro o

ﬁ’jwzth the productlon outlet open to atmospherlc condltlons.th'

A

‘"Steam 1n3ect10n was contlnued at the max1mum temperature'

”ﬂobta1nable of 140 °C w1th a max1mum 1n3ect10n rate ,offh’

h

”;contlnuedffor 1-2: pore volumes untll only a very low 011
R ' .

*‘lcontent emu151on ‘or essentlally clean water was produced andfff
.further . steamlng _ resulted in essentlally o' furtherT'

;““;recovery.g Three - pressure=-nﬂlsei dfaWd°W“ CYCIeS up:

‘f13eo kPa - (zoo p51g) 2oo'°c ‘@nd: down. to 207 kPa- (30 p51g)

ol i *T,fﬁiv“h'eff.*7ffffll'487{"d
v'ﬁi~f@movement was observed through thermocouple read1ngs alongsfﬁ

'"ff_”water and crude were produced untll steam breakthrough wh1ch S
"‘dfproduced ; After steam front breakthrough _ productlon;fj_'

'fu’nwas allowed to blowdown to a pressure of 207 kPa (30 pszg)u

V._1560 gcm‘/hr_.:'fjequ1valent water.; Steam '1n3ectlon_jnasf'

e

140 °C were performed totall1ng one pore ngume, to try toj."

"g‘scavenge more 011 Exper1menta1 data and productlon resultS"

'~ffor all runs are presented 1n Append1x,.‘;}‘

”;{ Table F 1 contalns the results of

’permeab111ty wa& 12 9 darc1es.‘In1t1al o1l saturatlon was,_

1

'*_'96 7% For Run #1 ( and typ1ca11y for all the runs ) 1n1t1al

1611. recovery si_very slow until thei_hot_’condgnsa;e

egsteamflood runif:

' W:f 1n 60 120 mesh sand conta1n1ng Lloydﬂdﬁ%tyr 011 Absolutet ,f



A _‘ ; B TR :_‘ R ," - ':“_ R o

precedlng h? steam fro t advanced through he 1model5547;

. - [RRE 0 SER - e
o result1ng 1n general 011 mob111zat10n._From Table F t*ﬁf p

can be seen that water cont%nt AAn the crude was relat1ve1y:“:'

Q

low at 23 4% 1ncreas1ng to 71 7% at steam breakthrough Th1sﬁf,.

occurred after f1ve hours o% é:eamlng and 25 8} pore VQLumeg*ﬂf>“
a3 R
of f1u1d produced Prlor to steam breakthrough water o11;1.’

B ratlos were close to 2 but 1ncreased dramatlcally afterhf E
"[ breakthrough The 011 product1on rate peaked at 410 cm /hr’

prlor to steam breakthrough as 011 moblllty was '1mprovedf:i
- 4 .
‘;’ cons1derably’ through v1sc051ty reductlon and dlstlllat1onq

‘-effects whlch would occur w1th the steam drlve process The,
. ERE ‘”' .
;)‘cumulatlve 011 recovered at steam breakthrough was 87 1% of;f“"

4

the Lnltlal 011 in place (IOIP) After breakthrough h' |

flu1d productlon con51sted of spall amounts cof crude w1th’aﬁhf

d 95 1% water content and l1ght colored 011 1n*waterpﬂ;v;

bwemu151on whlch ‘ﬁg .:. dlstllled :Flnal cumulatzve gofl
f:recovery was 87 4% vPressure cycllng recovered only a smallhh
'f; amount of 011 1n thlS 1nstance..5 | . | | ' =
| ' Table F 2 conta1ns the sand pack characterlst1cs andﬁ:
productlon results for a base steamflood run 1n 20 40 mesh;f'cg
sand conta1n1ng Lloydmlnster 011 Absolute permeab111ty was 'v
38 7 darc1es.' In1t1al 011- saturatlon \w' 95 6%.- Steam B
| breakthrough was ach1eved after 3 15 hours of steam1ng and
2 88 poge volumes of f1u1d produced The 011 productlon rate
peaked at th1s tlme at 600 53 cm‘/hr. Clean water and crude,‘p
.'wwhlch fseparated ‘easzly,',weijﬁ produced prlor t ‘ steam i

ST

breakthrough Afterwards small amounts of crude and a 11ght



b.icolored o11 1n water emu151on were,produced due to further;ﬁi;p
tisteam1ng and pressure cycllng ThlS 1ncreased the recoverY?7'

ifrom 89 2% (IOIP) at breakthrough to 95 2% (IOIP) atmthedd*ﬂ;

,conclu51on of the run.'.g.';;n[ uﬁb-
: , PR Ly
P '-\

43:product10n”results for a base steamflood ;n 60 120 mesh sandi

;'comparable to Run #1 at 14 3 darczes. In1t1al 011 saturatlon‘

: ﬁhwas 97 6% ThlS 011 had a hlgher v150051ty of 45700 cp andluf

2 th1s t1me was 71 7% (IOIP) The 011 product1on rate was 1258;ff.%¥

-;Lloydmlnster 011 just pr1or to breakthrough In contrast the"”

7-~average 011 productlon rate than the Prlmrose 011 from theu_

I3

-temperature.t EV1dently the hot condensate precedlng theff'

IHTSteam front through ‘the core" ‘ﬁasi-nOt 35 effectlve atj

%

”ptemperature and pressure)‘ It was not unt11 the steam frontf‘
"lﬂhad advanced along almost the ent1re core length thatif'wc.

ﬁgeneral moblllzat1on of the Prlmrose 011 occurred Thls;".‘
”fpresulted 1n the sudden productlon of large amounts of hlgher;fft;l

iwater content crude.vClean water vas produced up untll th1s,c:

s

’?‘”'tlme followed by an o1l 1n—water emu151on hav1ng a 1 8 wt %

il wh

Table F 3 conta1ns the sand pack characterlstlcs andf e

;;ijconta1n1ng- Pr1mrose- oxl e Absolute permeabllxty 's o

- jTas a result steam breakthrough was achxeved after 11 hours E

s
v

'lffand 2. 44 pore volumes of produced flu1d 011 recovery atg7f

’11 lcm’/hr Just before steam ' breakthrough - Prlmrose 011*

'"]saturated cores would produce at a h1gher 011 rate than thebf;
'c')Lloydm1nster 3¢i1 saturated cores' prqduced h1gher"_.:ﬁ

S start of steamlng for the same appl1ed pressure and steam.* .

"°x'mob1l1zlng the Prlmrose 011 as the Lloydmlnster 011 (at thls;ff"

R



I [oof]lgthe:j super1or : emu151on . stab11121ng characterxstics[f~ B

assoc1ated :w1th the Prlmrose 011 - Pressure cycllng

started after 4 23 pore volumes of flu1d produced to yleld.:-h

. was 82 0% after 6 49 pore volumes of flu1d produced

| Q Table F 4 contalns the sand pack characterlstlcs and'lf
productlon results for a base steamflood 1n 20 40 mesh sand“"

contalnlng Prlmrose 011 Absolute permeab111ty 33 91

i . ‘\

1]y’.-. darc1esr;- In1t1al il saturat1on uﬁaﬁf 89 2% Steam;*‘

v N

breakthrough occurred after 5 25 hours and 2 4 pore volumes

[

.of produced flu1d The 011 recovery at breakthrough was'f-5

75 2% (IOIP) The 011 productlon rate was 944 6 cm’ /hr at
th:s p01nt Follow1ng breakthrough an. 011 in- water emulsron

‘1w1th 3 6%, o1l content was produced F1nal recovery was 86 O%
(IOIP) after 4 88 pore volumes of throughput.

A summary of sand pack character1st1cs and saturat1on

{;;}:;7 results 1s prQVJded 1n Table 4.1, Graphs ShOWIDg cumulat1ve

,”'ﬂflydﬁl recovery versu5« cumulatlve f1u1d produced fo 'dthe}

2

O dlffetent sand sxzes are shown ins F1gure 4. 2 1 and F1gure
N ." ‘(v
L 33; ;4 2‘2 for ;he hloydmlhster and Prlmrose o1l, respectlvely

B i & ’ e

L}
LI

the h1gher permeablllty sand under steam d1splacement. After
thF same volume of throughBut or ah‘ runs (4PV)
recovery uﬁs 5 tp 10% h1gher for the 20- 40 mesh sand over o

,~‘.A\., - r

. "' 8

3511 content., At thlS p01nt of the base steamflood the-v"
{1 would generally yleld an emuls1on thh a h1gher”

“1than the Lloydmlnster o1l Th1s was" 1nd1cat1vef

’g‘2 2% of the cumulatlve 011 product1on. F1nal 011 recoverYf

1»}45"'Lower re51dual o1l saturatlons are shown 1n Table 4 1 for
P A .

1Sl'k z



O PRI L

P 1 PR ERU I SRIPR -7 S
Y. 'TABLE 4.1°- Summary of Sand Pack and Steam

- .. Displacement Results

o

¢>RUN'U'AJ01L Wf -sAND Q;Lt'ki_t}aféwi;q:VJSbﬁpt7ﬁ S5f§c B4

(#)t?*‘riypérf%(mesh) }ﬁg(d)::;_‘(xijfjji(z)jt;fj(x)--.f:]7

"”’f'f_ :f”E1oyd;7T 50712°J- -12(9;f”a;f3!3_ af iz,z'
2. Lloyd. 20/40 38:7 4.4 7.3
3. prim. 60/120 . 14:3 "'92;4ta,_*19 g

ManJS . tj*4i??ﬂ’Pr1m .-;2%740‘. 733.9. “ 0.8, 13.6f\‘

\
e

" Lislug 2 layer . 25.3% ° 16.4  '19.0 . 8.78

o :g".-f\

L.Coin "2 layer  23.0% . 17.0  17.6 gg18.8

,"3;;5a..'

7 p.slug 2 layer  17.5% 1101 30.9. ,

§ ,p;coiﬁfté 1ayérift19t8é'jV 12}23“_7}25;3vl 40 1 f*'_

g aL.Siﬁg_;zifaiér':Lia,éa( ti;?.é“ifa‘iB;B . 9 g a::vﬂ;

. l"bv;f7iL?Slugt72tiaygr, 17}5§ft“§:{’§“i . 15.0_. , T&-zflg?é:@

o 11 L.Slug 2 layer 21.9% 6.9 . 22,2 . 19.2 <
O T T T e T e

- NOTES: . . . . L
(a) Measured average permeab ' '
- (b) Residual oil saturation’ i “model after four (4) pore
~ volumes of fluid produced from initial staamlng :
- “(c) ‘Residual 0il saturatlon after emu151on 1n]ect10n and
chase steam. - S ‘o _ e ==
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":f4 pore volumes of thro put were found ro~vary from 12 2 to-}ift

- 19 8% and 7 3 to 13 6% for the same two sands. As well f

- the more v1scous P
“';was approxlmate;f;

'"runs 1ﬁ all i’ftances. These results compared favourably

'ijwlth those prev1ously reported,by Closmann et al. (1983)

On post run core 1nspect10n,_ (Runs 1, 2 3 and 4)

'bre"tlvely clean sand wlth 11tt1e 011 stalnxng was generally;hh;”

v

7rose crude, the reszdual 011 saturat1on_‘

f8‘10% hlgher than the Lloydmlnster 011 \Kll

ik

"5:_Qﬁfound along the top 1/2 to 3/4 of the cross sect1onal areanjfi

:of the core. Apparently, grav1ty overr1de of steam 1n the;r”

'f model was presg%t to a certaln extent “g*}f

r

Steam ' dlsplacement B tests _f were "l performed ﬂ‘on~

2fhetero;'neous models 1n Runs 5 through 8 (see Table 4 1):

“-pr1orv~T

F. 8 1n Appendlx F. In1t1a1 water saturatlons were 10 to 15%h%;“
'h1gher th‘ﬁ~for homogeneous sand packs..Thls was due to thei‘;'“
rfloodgpg procedure and is always a dlfflculty encounteredlu

,when trylng to saturate a strat1f1ed model All runs wereh_‘;p

h3 steamed to re51dual 011 saturatxons wh1ch were 50 to 150%f

emu151on 1n3ect10n Detalled exper1mental data andh

’fygreater than the1r homogeneous sand pack counterparts. It;

',,[vwas ev1dent from the lower 011 recoverles,f earller steam'"

’vbfeakthrough ‘ t1mes, :;and- post core ‘ 1nspect10n t7o£_ ,the;

.-r' -

"heterogeneous - model, that ; steam/condepsate . had .

S4

u"preferent1ally channeled through the h1gher' permeab111tyf_g7

isand bed 1eav1ng a f1n1te amount of o1l unrecovered These

.ffpproduct1on results are presented 1n Table F S through Table:j""'



"=ff?pressure.c3c11n

dh'Table F 5. and F 7 show detalled productlon results,for theseﬂ

"”frespectlve runs. Flgure 4 2 3 shows the net cumulat;ve gllf_;

‘u“heterogeneous sanq packs underwent steam d1splacement and
S ! nt.

ey

'n’a sxm1lar procedure as uas used wzth the

'fhomogeneous sand packs., %u
. . f H %,

thls "pomt thé emulsmn heated to v’léo f@was

f*1n3ected 1nto the core. In Runs 5 and 7,, slugs of the

. S . fgg_c
_,emu151ons made up of 5% Lloydmlnster an"_.vlmroge 011 were e

i“"-'."

e ) e

. 0y
';recovery versus total flu1d produced for these two runs. The Lot

‘ffnet cumulat1ve 011 recovery based ‘Onf:1n1t1al di:g_f

’fpost 1njected 011 1n~place.? Cumulatlve oxl recovery (seeu;”
e

ﬂTable val”es, APpendlx F also)“pcreased 1n a normal fashlonatf

RS

emuls1on was ,1njected‘ The net cumulatlve 011fﬁy7"

fh;precoVery was seen to dec11ne attth1s poxnt as 1n3ect1on ofi"

[

:i;emulsion amounts to the add1t1on of 011 backilnto the systemgliv
'iﬁﬁhlch was not totally offset by the 011 productlon. It maygitd
- be” 1nferred from the slope of the decllne 1n Flgure 4 2. 3;f
dvlhthat a hxgh degree of 011 droplet flltratlon and blockagepjf?
‘-was . occurr1ng . Thls\. conclu51on N wastt supported Pbyiﬁufa
"m1crophotographs xOfff flu1d prod 'dl‘ durxng ' emu151ond'

'15”1n3ect1on, show1ng only small numbers of Oll droplets.

For slug 1nJect1on, the emu151on was 1njected at a f57

:ff"constant pressure of T38 kPa (20 PSlg) "1th the prodUCtlon'“

1"pend*open to atmospher1c condltxons.xThe change 1n flgg_gg;g,f;;p

hwas observed w1th constant pressure dropi“

~cross the core sog;p'

“orthat ‘a - pseudo total flu1d mob111ty was calculated as an‘
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. c S A e . X C e

§5&%',indigatlonfof<b1oCkage_from-DarCYPs;Law;?ize,;,_t S

U e N e Ak/w)gi= g Loy an

B

A

- L a : : i ' ; e o. . B .o
The reduct1on 1n pseudo mobzllty from the start of the“u{
emuIs:on 1n3ection 1s shown 1n Flgure 4 2 4 After one pore

F‘ volumef.the pseudo mob111ty of flu1d produced through the: L'

Prlmrose Oll core 16 Run #7 was . 5 tlmes less than the]ffh

Lloydm1nster value. Thls was poss1bly due to the moreé7}»

‘ vzscOus PrlerSe ozl droplets not be1ng dlslodged as ea51IY"

applled ressure After 2 pore volumes of slug Lnjectlon,“

l1m1t1ng value 1n pseudo—moblllty was -attalned whlch was;f'"

characterlstlc for thlS applled preSsure drpp ThlS 11m1t1ngl"

‘.value represents 'a 90% ) iduct1on"§ pseud% total flu1d« o

A

'moblllty from the start of the emu151on 1njectlon

qrgc051ty measurements of the o1ls and the1r emuls1ons

used 1n thzs study are presented 1n Appendlx E F1gure E 2ﬁ
';,deplcts the varlatlon of - absolute v1sc051ty of 5% Ptlmrose

) ) '\‘:‘(q

sf“‘atmospherlc pressure. Measurements 1nd1cated the v15dos1ty.
vuiof these relat1vely low dll content emulslons was verf closej
.. to that of water at elevated temperature w1th only a sl1ghtl;37

~v;£_non Newton1an ) behav1or._ Therefore, Ffpne;. would expect'

i

:ipermeab111ty to be reduced to the same 9elat1veldegree as fﬁJ

: was observed for the pseudo*total flUId mob111ty
e, N
N E ( .’ - ) - : SRR, ’ o ,, | : |

from the pore throats as the Lloydmrnster 011 under the same?fj.

f;and . Lloydmlnster 'oil g emu151ons ' w1th»7 temperature '.afﬁ o
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From F1gure 4 2. 3 1t ‘can: be ‘seen after four -potefyf”

-

‘ Aie volumes _of{- emulsxon 1nject1on,,d*steam lnjectlon *’wash"
';reapplled. Blockage,was observed to hold and a steamfrontfﬂ?

‘frh’vwas attaénig Ln the core. In Table F 5 1t can be seen thatiﬁ

.

. chase steam as started w1th an oxl 1n water emu151on belng:;'

i produced for 1-1 5 pore volumes followed by s1gn1f1cantb;pi
;ff;:amountsjfof hlgh ‘water' content crude,land oil-in= water.d"
i :emuISion. Table F 7 shows the results of the Prgmrose oll'hw
. frun.;andd after roughly 2/3 pore _vo-ume of .chase'xsteam;v.
}binjected crude was produced 1n 51gn1f1cant amounts.vln botheif
"'hof ‘the above runs the majorlty of " crude to be produced wasfj‘

?recovered after 2 -3 pore volumes of flu1d produced from the7
N?start of chase steam.lPressure cygl1ng fog'one pore volume*ﬂff

',recovered some crude at the end of the exper1ment.

For the Lloydmlnster 011 case (Run 5) as can be seen}f'

e

"dfroWJFlgure 4. 2. 3 all the 011 that was 1njected ln,the o

”}emu151on slug was recovered and an add1t1onal 14;8% nore -

\

v3011 above thev 77 3% recovery on' 1n1t1al steamzng.l This‘

7fmodel after prlmary steamlng, resultlng 1n a flnal res1dualh"'

o 1amounts to a recoVery of 65% of the remalnlng 011 in the.if

s 43?/ ‘. fi

B oxl s:turat1on (Sor ) gtbe 78% -as * shown 1n Table 4, 1 ‘From,:

&
vFlgure 4 2 3 and Table F 7 1t can be seen for the Pr1mrose*

» - \)

‘ 011 emuls1on (Run 7) followed by chase steam thé’ flnal'ﬂ

drecovery obtalned rggghed only 66 4%,.wh1ch was very close

T

"{fto that obta1ned ‘during the pr1mary steamlng stage (i e.]_:

V.

e68 2%). It is: understood thé recovery of the more v1scousf'

'ﬂpr1mrose 011 would be lower than for the Lloydm:nster 011 att'ﬂ



-;'was observed to occur for short tlmes by pressure drophr

L.

" .
1ncreases 1n the core iidlcated by transducer rea

w1th the steam are shown in Flgure 1. 2 5 (see also Table E“S‘ o

and F 8) Recoverles due to prlmary steamlng were 79 5% and-rfn

'; ’ Results of recovery due to the emulsmn co 1njected_"_,,‘_;ﬁ_‘:‘

72 4% (IOIP) for the Llo.Ydmlnster (Run 6) and Prlmrose 011--w¥

emu151on were co-1njected wlth four;pore volumes of steam'*f

both at a constant 1n3ect1on rate of 650 cm /hr. Blockage.'

o

£

Flgnre 4 2'5 1t can be seen the slope of £ Hig

U

start1ng | o'1nject1on was notx as great. ﬂsf?

sp]ectlon case. To explaln the dlfferenta res onse 1t was’
noted that durlng co 1nject1on of emu151o*§end steam crude

was' beln%?produced durlng the emu151on 1njectlon perlod (see”J

Table F. 6) ThlS productlon of crude then offset the amount

35 crude be1ng 1n3ected back 1nto tme model “in. the form of

Ay

*51gnaf1cant amounts of crude were not produced untll after

'.11ne after;

~(Run78) respectlvely Four pore volumes of 5% 011 1n waterffnf

\;gs; Fromﬁ;

t.h the *slug o

' emu151on.?_l comparlson, forhrtﬁe’ slug 1n3ectlon' case

chase steam was appl1ed ThiS gave a lower net cumulat1ve e

recovery and accounts for the greater slope of the curve._

The Lloydmlnster oxl_ case 'LRun 6)~ prodqfed small

- amounts '*o£5' crude:;”and : o11 in- water emu151on dur1ng

EE

'72” co- 1n3ectlon. Thls amounted to 41% of the emu151on 011

'_1njected durlng co 1n3ectlon. Forlow1ng w1th chase steam and

pressure cycllng resulted 1n a flnal recovery of 82 8% or

2
3 3% more o1l than after prxmary steamlng. The Prlmrose 011

.a
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.J‘-,

_ F 8) Followlng :W1th chase 'steam produced

. measurable _amounts .of 011 The &kessure cycl1ng actlon;jgf

:iproduced some crude g1v1ng a f1nal o1l recovery of 63 5%

i

Al
T

Flnar‘O}l recoverxes for the emu151on slug fol}owed by“’?'
a;gam were hlgher than the co- 1nject10n of emuls1on and:fVT

steam f' both 01ls. Th1s waS' llkely dUe to the h:gh-fff

f mob111ty of the steam preferentlally dlsplac1ng the emu151onf>}u

from the more permeable paths durlng co 1n]ectlon S0 thatgfhz
emuls1on blockage was not fully effectzve. Follow1ng theniﬁf
w1th chase steam de ot fesuit' in _a dlsplacement
eff1c1ent as compared to the slug 1n]ectlon case.;:.ﬁ

Runs 9 through 11 were performed to 'evaluate ’the"

blocklng effect1veness and 1mproved recovery when u51ng a]_u'

" smaller emuls1on slug 51ze.j Th1s .was evaluated us1ng?-'

o

Lloydm1nster 011 only and graphS' of '.' cumulatlve 01l“

recovery versus total fluid produced are shown 1n Flgures

. ﬂ 2&6 through. 4 2 8. Deta1led-(exper1mental‘ data laan_t

AT
BN R

pore volumes from’1n”

la,dig‘l% (see Table 4 1)

productlon results are presented in Tables F. 9 through/§(11

4

In FlgUte 4 2 6 (Run?§)_1t may be seen that after fourf-?

-.I
b )

Idf]atgfd constant rateaﬁof“{'

,ollowed by chaSe steam.; hfteta:"

. . -
’ .

77;: saturatlon was reduced £

'1.' TP

L . - . o
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'“jslug J?° subjected tofi-the maxlmum ‘ system jf

gre51dual 011 saturat1on was

»

. In F1gure 4 2 7 (RunuflO)flxt may be seen that thef?_f

'temu151on e 1nject10n ash_fsta?ted l‘well /,before steamfv}h
fd‘breakthrough After onef half poreé vqume fj emu151on;
7'1nJeCt1on, chase steam .waf started ' nf th1s '1nstance,,.'i

lh(because 1t 1s prlor to steam breakthrough) the emuls1onﬁ.

r'cjtemperature and pressure of 200 °C and 1380 kPa.-.s

In Flgure 4 2 8 (Run 11) 1t may he seen that one half-fgt

'pore volume of emu151on was 1njected after four pore voyumesff*

e

- of flu1d were produced Thls t1me the emuls1on was 1njected»f,"
h7w1th a~monstant pressure drop across the core of 2%7 kPa5'

'(30 ps1g) After steam 1nject10n and pressure cycllng the;f;-

's".

‘Hsteamlng to 19 2%. The 1n3ectlon preﬁsure was perhaps t007

~p}h1gh 1n thlS case cau51ng,the smaller slug to travel too

S o

s iiqu1ckly through the core modeTy A lower 1n3ect10n pressure

vlt° 1mpr0ved block1n§heﬁfect1veness.,f«Q

° \

Vf;f 69 kPa (10 ps1g) may allothhe smaller emu151on slug toc

.‘;.) ﬁ

,g£11ter 1n a more thorpugh manner through the model leadzng

e

SN T AR

P SR ",/' i

“In. the appllcatlon of the emuls1on creat'

’%t,blockang agent,ﬂ_the emphas1s ‘of hth research ”sf:géc
iilnvestlgate the eﬁfect1veness of the hlocklng agentﬁys’
'SYStem ;esponse. 51nce the experlments were conducted u;¢"
fan unscaled model s1gn1£1cance shduld not be- PlaCed on ;ﬁ?..v
r;magn1tude of ‘the recovery parameters. For example, ‘in. Table:ng
"}4 1 1t can be seen that the re51dual o1l saturatlon after,dﬁ

'ﬂfemuls1on 1n3ect1on and chase steam was greater than afterjvf

_kuCed from 22, 2% after prlmarygc[
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gijo attempt was made toﬂﬂ

‘cdprfmary‘1vsteam1mg ..f'. | Runs.. 7:f_ahd ‘;81 However,_ from;rﬁﬁ
“Flgure 4 2 4, ‘1t can be Seen that the Pr1mrose 011 emulsion#tt
-;;was Just as effectlve at_reduc1ng the pseudo total fluldffF”
}ffmoblllty as the Lloydmlnster orl emu151on.'Therefore,ithéff
lower 011 recoverles (h1gher res1dual 011 saturatlons) forf

.gfh Prlmrose 011 runs do :uot reflect n; the‘ block1ng<7;r

' effect1veness of emu151on created wlth the Prlmrose 011

'rffThls respdnse was due to a system 11m1tat10n wh1ch conf1ned»'

ffthe steam temperature and pressure to be the same as thath

::;applled ihf‘fth' Lloydm1nster . o11 runs.‘ Under . thesep];:

' constra1nts the Lloydmlnster 011 would be mob1llzed to afug

h1gher degree than the more v1scous Prlmrose 011

'"-fiTher;results f th1s theszs suggest- 1mproved oil -

"crecovery mlght. be ;obtalned »from jér stratlfled an*'”

75team 1nto prev1ously unswept reg1ons of the porous medla.ff

P

“process. ThlS study was dlrected towards 1nvest1gat1ng thenfﬂ;

"ifprocess may have a potentlal appllcat1on ‘to a. heavy 011
»;reservo1r w1th a bottom water zone as well as- strat1f1ed or.

-ff:heterogenéous reservo1rs. L

*E.Jheterogeneous reserv01r by the 1n3ect10n of a macroemu151on7“

’Vj“::slug followed by steam,‘ result1ng in: a d1ver51on of the;'

A

amlne the economlc v1ab111ty of theayfl

'inmechanlﬁn of p0551b1e o1l recovery is belleved thls‘ffy



L e

'”fBased upon the results obtalned from th1s research work the

“follow1ng conclus1ons have been formed._m

Qr;ﬁ Observance of droplet character and solutlon pH proved

e '] i
1”],;to be an effectlve screenlng cr1ter1a 1n select1ng the

‘-#erproper surfactant type and surfactant concentrat1on for

."heavy oxl emu151on stablﬂlty at” hlgh temperatures.

, ; 2 i
L'h@,frThe Prlmrose 011 emuls1bns created w1th Tr1ton x 100

?f{h&if:[fresponded dlfferently' td hlgh temperature cur1ng than
the Lloydmlnster 011 emF151ons created w1th the sam%

: I ST
-dsurfactant ,As,“a- result ofj thlsr response,_ji ;s

. f
TH'CQHCIUdEd:th' o1l comp051tlon w1ll 1nf1uence emu151on

Qh etablllty obtalned fr both

1nteract10n between actlve

'fsurfactant- emPIOYed n concentrat1ons of_f;;f

‘fTSO 300 ppm for temperatures up to 175 °C

:4;f“App11cat1on ’tof ';aff 5%%2 011 1n water i emu151on ':slug

ﬁh(stablllzed by 100 pph Vlsta 250}'surfactant) .wasw »ff;

: effective 1n blocklng the h1gh permeablllty channels

'"fhcreated 1n a heterogeneous unscaled laboratory model

5

.h‘tppeVIOUSIY steamed t° apparentfk151dual 011 saturatlon.fds

Iefsr‘?The emulslon 'when 1t 15 1n3ecte¥ as a slug,'was a more

'effect1ve blocklng agent than uﬁb emuls1on when 1t 1s

v ¥

hrco 1njected alonE w1th the steam. thal 011 recovery was.’

.P

&: hlgher for. both 0115 when u51ng the slug 1n3ect1on

“*ff]*69.=;f;']*r"}ixaf
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i5falkane, asphaltene, ‘a res1n conteqt) w1th surfactant“

'j7compos1t10n on emulslon stab111ty Pv'

d:ﬂ;rR¢C9ﬁ35393f10NSﬂdf;;5éfp';v;-e

'f;fcontalnlng re81dual o1l

i_“re51dual 011 account1ng for the change in saturat1on2

i R T

. 7prof11e and em0151on propert1es w1th1n the core.."i

[
. Ca

:

qCategor1zefﬁthe response of 011 const1tuents (e g."

;E”reductlon 'ih both water saturated cores and coresf

A

ifeAﬁaIYSe the effect??bf droplet siée (pn permeab111ty7ff53,

'ffDevelop ;a mathemat1cal ;model :ff l1near flow-ibf{_';”x

')emulsmons in. water saturated cores and cores contalnlngff‘

7type in. ord”r to more fully understanb the effect of 01I;gd

RPN
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"‘Surfactant Concentrahon = ?5 ppm li Curo Tenpcralure
4

U Plate €1, 25%C T Plate C.8,475°C

Plate C.2.75°C — . Plate’.5; 225°C .
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' PRlHROS[ OIL/TRlTON X- 100

Surfactant Concentratnon = 700 ppm 9 (.uro Iomporaturo

3 --'?*;i

Cplaté €21, 25°C. . . Plate Coon, 1moC

Plate c.22, e -_Pndfefn.}s, 225°C
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0, PRIMROSE OIL/TRITON x-100. ¥k
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. PRIMROSE OIL/TRITON X:100

= 2000 ppm @ Cure Temperature .

_Surfactant Concentration

3,175

Plate C

Plate C.31, 25°C -

Plate C35, 225°C

| Plate C.32, 75°C -

Plate C.33, 125°C
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Surfactant Concentratlon

L . . M ]
R oV ‘., . . ® el
. NN DS | YR ‘_:l._"
.,'." .__’.Ahr . 4. * ‘ ..‘_- hll .‘). .
’}:. . * _ o, '\0 """
s LT e
o P gt )
»!ov .“-‘.., . »",.':' ,‘l' . ~¢",

125‘C7'.~ ‘

. Plate C.38,

RS

5000 p_pm @ Cure: Teme'rqturé_" SR

..b"'. y‘n .\

'mnecw'nvc

L Pléie:C(lO; 275°C



C 3 LR e ey , Foow -
e - AR R . . . s
_ : e P (e
. : Y ‘ ki , Y S 4... G, . K -
7 v ' ,J, - . ’ o» - T ~ e Qw n ) ® a
0‘,..,. -~ . : L | * .v,.. ! 4, v s,
a_.l . N (SN . o] ] . T .46 .....,‘a o
R ..n. . S r - m:oz — W@E‘_-”-Hu whsu
, ) Auzb :Q\cﬂ :QV ! sanyep ejeqg - =

_._wm1o\_m,o>
s oz L/08° 8
wuvm o\mﬁ 8-

-

_h h\mm 8
mm o\m_ m,

"Noum\hm-m
,;saé\:.m
mw F\NN 6

 u;.d¢+~\N_.wM
__m_ﬁm m\hw ‘g

£LUL/9L"8
@  _wwh.h\mrﬁm
w,wmfm.mxmmem
o eete/svie
. sLte/Lze
mmimwﬁommm

T

EIE m\cm '8

mn m\mh ‘8
L _owmxwm.m
..m%mwﬂn\m,.m.
aite/ute

- 0176/€2°6

02°6/69°6

.115°8/89°8

.oe.m\@#mm
ol ‘8/sL°8 wm
g w\mm s
gg m\om m....
;_.  am.m\Nm.w
;.,_mmmm\nowm

69° m\_m »

GL°8/28°8

€0°6/16°8

mN m\mm 8"
Nm w\om '8
,mmwm\wmwm,,
wm.mMNme.

)

95°8/59°9

S, 08°8/Ev°8

ooom
ooo~
00z1
. 0oL
._oona
* 001
s
sz

_,n.m._._,wq_,mmwwm

SLL

-

g2l

T

5z

(wdd)
NOILVYLNIONOD
LNVLOVI¥NS -

e

D, FUNLVHEWIL FuND

ousumuwaew& wu:u @

ucmuumuu:m co_ N<:0u~ue :uﬁ: m:oamassm Hﬁo meuEAum xm uOu :Q ut mm:mzu

e

ST d1EvL .



. v : R I

S e , _ L
.nu. S ot.;o..oa_.:o._. o.:_G @ co;otcoocoo +:U+uot:m ‘SA Iad

-+ iupjo0yins 00i-X1 / 1l0 es0uilig = 1'0 34N913.

T AEQ& co_,ﬁtcmocoo ,:._Eoct:m
., ...~ .0000 . o0t ooL . ;.9

: N S A SR
v SIS A . e ey e : -
. ) [ . ' . e . . . M) [ M
N E N . S IR AN : N . o
R il EREE R T
00622 X R S SR . "
o B EE L : . e : N b * o N : . N N
PR 00 SLE Bl frepedeciegesaree e bl Ll SRR A LR SERELALLREEED - V-
o Y PSR N EE A N v . S R B
o o oeSTE O RN : A R T A e
Je 8L X ERI ." 1 : : I : ut R
ST Vi : 4 R T S SR , A=,
2662 ¥V ERRE : v : : : R Mx st S >
- N - DI RR ¢ Geecemeanean .-, LA S oSO A P o R
«| puosy _ e ol T
. . R ) o
LN fd

S %
£ 3

BT PO .,-.;.l.i.a;..-._,.;..;;a,
A.-- - -.-'."..T.r..--'...“..v--.-.

.
IS
M »
. . N
: : or .
. .
. BN * . M
. * N . B
- . =« R ey | o e S N o gy - "o I - . )
o » -
" . o LY . [ O
. ¥ [ vos e . . -
.
: : N . o .
. X
. : e vt e ' o N . - s .
“ N .. « . . s
M . e " .. u L N o NS N N ¥ ..
\ PR ’ s ey v . . . r . . 5.
v N X ¢ . e . , » 2 . o B - . 2
. . ., . . “ v, . ) . o ! k] B ‘. . i -
: . . et .. e . N e, R .
. . . . . . .
‘ . . [ LY 0 [ " s A "
. . ~ a9 P . 4
e e DI N
T e » s P
y S E - -
. E -
y o . LY
2 ‘¥
@t 5
: Tae



'fAP?ENﬁ;Ix:'DF i

Microphotographs and pH Data for 5% Pr1mrose 011 Emu151ons '
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S/ PRIMROSE OIL/VISTA 250
7. ‘surfactant Congentration = 25 ppm ® Curé

Teweratu;e E
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S Plate’ i, 25°C T - U Plate'd.a, 175°C
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Surfactant Concentration 50 pp- e Cure Teq)erature " e <o - e
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7> 7" Suffactant Concentration = 100 pym @ Cure Temperature.
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| PRIRROSE OIL/VISTA 250

'-'-;f'_Sdrfacgari‘t Concentration - 360 ppm @ Cure Temperature

A RN " . ‘.-‘ " “' Q .‘— )
. Plate 0.17, 75°C - . - - Mate 0.20, 225°C

s A

. Plate D18, 125°C . . .. L



PRIMROSE ‘OIL/VISTA 750

4

. : Surfactant ‘Cdn_centratidn = 700 ppm @ Cure Temperaturc... .

~Prate .21, 25°C .

Plate Qued.. 1/5°C

Plate .75, 225°C

" prate D.22, 75°C

125°C

Plate D.73,
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A mmoston/vISTA 250

L “SurfactantfConcen@ééfionﬁ: 1200 ppm @'Cufelfmperature'

Plate 0.29, 175°C -

plate 0.27,75°C S - Plate D.30, 225°C

Plate°0 28 125°C



- PRIMROSE OIL/VISTA 250

o Sm"lf-a'ct,a.r.lt Concentrat lon =.2000 ppm @ Cure 'vapératur;-_;'




PRHROSE OIL/VISTA 250

e Surfactant Concentratlon = 5000 ppm 0 Cure Tenperat,ure

" Plate D39, 135°C -

élalo D 37 e R ‘ Plate 0. 40 ??5°C '

. . Plate 0.38, 125°C
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_APPENDIX E

;'ViscositY3Déterhinatibn'of,quydmihsﬁer’

 120”

and Primrose Oii}ahd

: 5%"O/W7Emﬁ15iqns}f'

an



'1used here to determlne the v1scos1ty of the 0115 and thelrv

o

‘ :v1sc051ty was then calculated by mﬁltlplylng a conver51on'

Viscosity * is -an 1mportant rheological parameter .for'V”

. °

characterizing emu151ons ;land; ”their-  flow behav1our. |

'A Brookfleld Synchro Lectr1c v1scometer (Model LVTD) ‘was‘

emulsxons. .

-QilfViscosity'Calculation: Cyiindicai»Spindle

“

v.‘.. . : . . N 5 ] . ) L o R

“1nstrument rotates a splndle in the flu1d at constant speed .

" For* measurementfhofp fluid ‘v15c051ty hetween"100' and

2,000, 000 mPa s a set of cyllndrlcal splndles were used The

jand measures the torque necessary to overcome the v1scous

'drag f The splndle 1s rotated by a callbrated spr1ng and,

'readlng Th1s was obtalned from the company supplled "factor'

-’

, for a g1ven rotational speed and sp1ndle, d1al readlngs were

produced wh1ch 'areb proport10na1 toj'the;'v1sc051ty.v _he:.
factor correspond1ng to the- rotat10nal 'speed to the d1alﬂ

~f1nder Presumlng the flu1d 1s Newtonlan 1 e.'v15c051ty was

: 1ndependent of shear rate, a- correct apparent v1sc051ty was

determlned by th1s procedure.

For non- Newtonlan systems, the apparent v1scos1ty is a‘

functlon of shear rate ano the v1sc051ty determlned from the

d1a1 readlng dxffers from the true apparent v1sc051ty WIthaq;

_—-~—‘——--.---—-—-_—

' Brookfield Eng1neer1ng Laboratorles, Inc.; Stoughton,
Massachusetts, Brookfield Synchro- Lectr1c V scometer
Instruct1on Manual (Model LVTD) :

~



'_ r7%.'d o ~'T_,e *‘.i{”;? ?:n.':h ”'1*m_ e '122;;

Y

the magnltude of - error 1ncrea51ng w1th 1ncreas1ng dev1atlone’
!7

: from- Newtonlan behav1our (Van Wazer et al.,* 1963)

.method to determlne true apparent ylsc051ty is- to report one
SRR

'value of apparent v1sc051ty, at a well deflned shear‘rate -
'and an index whlch descrlbes the dev1at10n from,Newton1anfv
behav1our. FlUIdS characterlzed by f%d such parameters,.

3

hf, follow an emp1r1cal rheologlcal equ;tlon known as’ the power=
av. ‘: }.”i' : : | »,M“ : _ |
A 'Template 'method (Rosén , 1971) : ekists"vforf
"oharacterlzlng the non- Newtonlan gature of a poner law flu1d‘
;by a 51ngle p%rameter known as the shear thlnnlng 1ndexi'

“(STI)J Rosen details thig- technlque'whe%e well deflned shear3,7:w

5-rates can ‘be determlneg‘for corresponalng r. p m. sett“

'the Brookfleld Synchro Lectrlc v1scometer. Thls allkm

451mple determ1nat1on of apparent v1scos1ty for Nethnlan‘

.31NonvNewton1an fluid behav1our. For Newtonlan flu1ds STI-" oy
€‘GQﬁal» to’ione (T).. For shear th1nn1ng (pseudoplastlc) and .

shear th1cken1ng (dllatant) the STI 1s greater and less than’

o one, respectlvely Rosen' demonstrates the 'theoretlcar

developments and assumptlons behlnd the method Followlng‘
thé’ procedure the rheologlcal data was obta1ned for ‘the
dried Prlmrose and Lloydmlnster ozls at varlous temperatures:

',and presented in Tables B. 1 through E. 8.

. Emulsion(Viscosity Caleulation: UDdAdaptor

The'UL.Adaptor to the_Brodkﬁield Synchro-Lectric.viscometer



-

123

e

K'wa% ‘useful 'forh'measuringT-flnidérrof iov_ viscoelty. ihgli
.v15cometer geometry in. this‘_lnstance:fwas:fth coaxlalvi
cyl1nder,:or coujﬁie type.’The v1sc051ty of-emu151ons were_;
calculated here u51ng the'%hear Th1nn1ng Index (STI) and'j
""ldvtemplate developed for appllcatlon w1th the coax1a1 cyllnder;:
'(Rosen,; 1972) ‘ Theoret1ca1 development | assumptlons, -andl;~
restr1ctlons .are fully deta1led 1n th1s publlcatxon. : -
' Emuls1ons created 1n\\th1s work had.‘approxlmately a;;":

.5% o1l content by volume 1n water. In general emu151ons

\»tend t :ave a v1sc051ty s1m11ar to the contlnuous phase
'(Becher) therefore, the . v1sc051ty value would be close~to

g ;1Stllled water, %ﬁg,may exh1b1t non- Newtonla@ behaV1our ‘at

- dlsperse phase concentratlo:a‘. It wa2 found_ that . -

. behav1our ,:of -_these' 0115 -‘wasf‘fadequately(.
- characterized by 'the'.power"law model in previOUS’ work . -
(Klng), Emu151on V1sc051ty measurements a2?4~secorded’ in

Q,Tables E;S'toiE.14 for varlous temperaturesr

TABLE E. 1

5LLOYDMINSTER OIL: Temperature %‘22;5 °c, spindle = LV3

Shear Rate, (sec") : 'f”Apparent Vlsc051ty, (mPa-e)-
0.314 .+ . - 9,880 o
‘0.628 - 9,920
o olw260 - 10,100
'gf )



.-'Qaﬁ'ﬁ".,'.

Y

j TABLE E.2 _:'i-ﬁfﬁﬁﬁ;f'
LLOYDMINSTER OfL: Temperature ev405°c,'spindleﬂ Wi

) Shear Rate, (sec#ﬂ) S 'f'Apparent V1sc051ty,_(mPa s)
Ca T o0.68 . . 3040
N 1 o 2880
2.56 ST 2800 .
6,41 L o780

e

- ‘ . o . ‘”.'.‘,.z___*v ‘__,?
TABLE E. 3 S

LLOYDMINSTER OIL Temperature = 62 splndle LV3

.

Shear Rate, (sec‘\) B Apparent V1sc051ty, {mPa - s)
.2.81 : s oo 630 . C
6.28. . . 608
12,60 ot g9y

’ TABLE E.4

LLOYDMINSTER OIL Temperature 79 °c, spindlev=»LV3'

;‘j:>. Shear Rate, (sec-') ‘k*gpparent Vlscosxty, (mPa-s)
S 2.6 - . T 260 B -
© 6.60 - o } o 236
13,20 . R S T T204

TABLE E S

1

PRIMROSE OIL Temperature = 22 5 spindle ; LV4.

Shear Rate, (sec") S Apparent V1scos1ty, (mPa -s)
T 0.314 . . . S - 47,000 S
0.628 ' " 46,000

“1.260 ¢ e o _— 45,700
2820 T T 45,700 -
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- TABLE E. 6 ST

f.PRIMROSE OIL' Temperaturer .40/6 splndle‘- LV3

Shear Rate, (secf') \,'-gpparent V1sc051ty, (mPa s)f
-0.128 R . - 12,;000 -
0:319 - - 71,600
~.0.638 .- S 11,280

Coor.280 0 o L a‘,;va_*Joggso_"

Al

.TABLE E.7
e

- Y
LI . '/

foPRIMROSE OIL Tempezaﬁyre = 63.5 °C; splndle - LV3

£t

Shear Rate, (sec-') - Apparent Vlsc051ty, (mPaHg)'ﬂ_
1.31 N . FIE R 2100 o E
S 2,61 " . L ”,' S 2030 7 o A -
W " 6.5 7.7 . . 1988
W 130100 e 1964
e AR , ,

-

'TABLE E.8
'E‘PRiMROSE,OIL:'Temperatureeii80.5J°C,‘spinaie,¥"LV3‘

' Shear Rate, (sec”') 3 Apparent Viscosity, (mPa-s) .
— 2.67 770 o

15 B LT . 728
A 1310 s 108

- TABLE E.9

LLOYDMINSTER 5% O/WY“EMULSION:' Temperature = 125 °C,
UL Adaptor o B

”eSheaf'Rate, (sec~ ") -

Apparent V15cos1ty, ‘(mPa-s)
14,76 - 1,24 ‘

36.92 R N P A
73.83 . T . il

———— - ——

a .
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TABLE E. 10 -y-i g3~'fj B AT

LLOYDMINSTER‘ _ 0/w EMULSION-f Teﬁpe:eth%eegéfﬂss,ﬂfc;Aj7§f_5

- up Adaptor

4

"j:ﬁ’fq§”77f ‘Shear Rate,:(seéf*) o Epparent VlSCOSltY, (mPa ')
S ‘ »’ “14.71 S T N2 SRR

'36.78 ;:;f~' e T e
s L qleg

[N

TABLE ‘E.11 .. o
T ;LE E g &

LLOYDMINSTER 5% O/W aEMULSIbNg‘GTéméeratﬁre;;éjgﬁoia°C,-;ﬁj

UL Adaptor

Shear Ratel (sec“) .- . Apparent Viscosity, (mPa-s):
ool T e T80
2368 . 0 T 0,978 .

73.57 o 0,973

R S5

N

TABLE E'1z'f'--af5 RS RS A;jf..j, |
PRIMROSE 5% O/W EMULSION' Tem§>rature =*31, C UL Adaptor ‘

Shear Rate, (sec“)

T e T 1,80

. EEEEE ',_l.)'-_:
TABLE E. 13 - ;f'ﬁ*':;]gf; “"f V’R'viﬁ_

A‘

PRIMROSE 5% o/W EMULSION"Temperature = 41'°C UL Adaptor

Q,. Shear Rate, (sec") 5_‘ : Apparent VlSCOSltY, (mPa s)
2 14,98 T e . 1.35

37.860 0 Ty e

74;91.“”;; T Y 1 B
fTABLE‘E‘14 ¢ mi'.." ) ':wj“ff~_f'°7lj-]lv,“;' ';ﬂ,f

.

o PRIMROSE 5% o/w EMULSION Temperature = 62 °c UL Adaptor

" ‘Shear. Rate, (sec- ") 'e* R Apparent V1scoszty, (mPa-s)_f

S S Y ok TR R P 1.10°

36,78, T ~1.08.
S 73.56 .08

'Apparent: V19c051ty, (mPa ‘s)

6.7 - < 1.20 ':3 7ii; T':f:j
73.%6¢ - ... ‘-ma<,<:,!.1§, : .
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