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TR ( ABSTRACT . \ |
- This research addreSses the problem of waterf‘.bdxng a -
fmedxum gtavxty oxlibearrng formation wzth a water leg, a‘d

offers recomnfndatrons f r process selectxon., The presehce
- of a bOttom—water zone results in poor. areal and vert1ca1 ")
sweep effio1enc1es. However, waterflood1ng st1ll remaxns
Lfthe moSt w1de1y used 6;1 recoyery techglque for such’
reserv01rs.= Waterflood pﬁrformance can be 1mproved if an’
‘effectlve method of partxally pluggrng the water zone can be
, developed; e,g by a slug of: mob111ty control agent. “This
ca«poss1b1l1ty was 1nvest1gated extensxvely 1n thxs study us1ng‘ :
a large flow model, for a ‘series of mob111ty control agents.
| Nuner1cal 51mulat10ns of the exper1ments were also cgrrled o
out. Scal1ng cr1ter1a were der1ved for several types of

dlsplacements.
| Polymer, emuls1on, b1opolymer gel, 'air, foam and .carbon

diox1de-act1vated silica gel, in various slug sizes, were..
N ¢ "

used as mob111ty control agents 1n -over 80 runs\ﬁ\An -
waterflood1ng an oIl saturated (1 to 200 mPa s) d pack
:4w1th a bottom—water layer. The var1ables examlned were:

'permeab11;ty contrast, relative water 011 layer th;ckness,

o1l v1sc051\

i slug size, concentrat1on of ‘the mobility

'control agent, and 1n3ectlon po1nt. Also ‘a .series of runs
FAp

were conducted ith art1£1c1al barriers’ of dlfferent o
.. e N
'4lengths. It is shown that for polymer and emuls1on, “&

1njectxon of the mob111ty control agent asra slug 1s more




‘\ oW

'effxcient than aLternatzng slugs of rater and moﬁ&lxty

. control egent.. ‘An optxmum slug sxze is’ proposed for var1ous

,.

' mobxlzty conrrol agents. It Ls'shown ‘that for polymer, S

..,}‘\‘\ ,

“ 'emulsxon, foam and sxl1ca gel the worse .the conventlonal

waterflood pes@ormance is, th ,more ef£1c1ent the mob111t x;‘
\e’< &5 R

“control agents are 11kelyhto be. - - F

‘For polymer and emu151on floods, two -different

numeriCal models were developed w1th1n .the" framework o“{’

three- phase, three- d1men51onal flow, and used to simulate
experxmental data, vith excellent agreément. .

N .
A set of scal1ng cr1ter1a for. polymer, emulsion and

foam flood1ng experlments was derlved for the first time.

using 1nspect10nal and dllens1ona1 analyses.~ Emphasis was
» on ‘complex. 1nteractrons and mass transfer between phases,
interfacial ;egglon, frac 1onal flow, d1sper51on,
adsorption, mecheélcal entrapmemt,.slug size,'polymer
v'transport, and foam and en 1s1on formation and stab111ty. .A
'var1ety ‘of scal1ng opt1ons were 1nvestxgated and. the1r

relative merits-polnted out

vi
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1. INTRODUCTION

Many feservoirs in Alberta and'Saskatéhewan‘contain
some type oﬁ high water saturation zone underlying fhe oil
reservoir.h?Such feservoirs show ratner poor performance
under a ccnvent1ona1 waterflood However, the medium to
11ght gravity of the reservo1r o11 and the plant facilities
‘often dictate that waterfloodlng is the most suitable
"technlque for these reservo:rs. Therefore, there is' a need
to develop: technxques that w111 1mprove the performance of a
waterflood in such reservoirs. This problem has received
attention for more than two decéaeSrand several teehniques
have neen preposeq in the literature to controi'the mobility
of the injected water or gas. But, none offﬁhe previous
studies.reports a sYstenatic Study of all these mobilify
~control agents tested in a reservoir model.l'Besides,lfew
teehniques have been tested specificaliyefor bottom water.
With these® 1deas in view, the first objective of this
‘research 1s to screen a var1ety of technlques to waterflood
an oil reservoir w1th a bottom- water zone using polymer,
.emulsion, bibpolymer, eir,fsilica gel, and foam es mobility
control agents in various slug sizes and‘to study~the‘ef£ect.
of permeability'contrast, relative oil-water layer -
thickness, o0il viscosity, injecfion rate, slug size and use
_ of an art1f1c1al barrier. ¥

A mechan1st1c understand1ng of 011 dxsplacement by a

"'waterflood in the presence of a mobility control agent is



the basis for predicting field performance. The»petroleum
eng1neering 1ndustry relies heav11y on fully comp051txona1

‘models to acquire thxs'mechan1st1c understandlng. These

models should be capable of pfedxct1ng performance. of
: laboratory-sca1e~displacementg. Thgvresults of such
.predictions will idenfify importént ;ériab1es that control
oil reéové;y.and_thét must be incorporated in field
simﬁlators. Further, confidencevin\figﬂd models will be
eﬁhancéd greatly by the demonétratéd aé%lity‘to'prediét
laboratory floods. ﬁwaever, in the-casé;ct”& waterfldod
with add1t1ves,,thﬁ?1nc1u51on of various complex phenomena
spec1f1c to the mobility control agent used ‘id required..
Such a treatment needs a great deal of phase and
fluid- ptoperty data, and even after a tedious treatment one

*
has to depend on emp1r1c1sm for 51mu?a?lng additional

effecta-Qike mechani¢al -entrapment, instability in
displacemenf, nqn—Néwténian flow, etc. Besides, no!attempﬁ
‘to-ngmerically simulate emulsion"{}oéd in the bresence 6%
0il and-water has beén:reported. ’Therefore, there is a need
to develop a néwvmodel for some of these additives using a
simplified'ébproach in the face of limited mechanistic
infqrmatidn. Such an approach is the second objeckive of
this research. New mathematical reservoir models wére
deveioped‘for polymer and emulsion floods.

It islwell‘known_thét'in order to scale up laboratofﬁ‘
gxperiment.fésults for field applications the laboratory

, y
'
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model has to be ,ahisticelly‘scaled Evenvghough the

scaling crxterxa of a wa flood are well esﬂgbllshed most
of these scalxng criterfa are not applxcable if one
considers the ngkof additives as mentioned above. Scaling
criteria for these cases are not available. In the past,
mose of the laboratory experiments with polymer, emulsion

- and foam have been performed in unscaled or ;artzally scaled
models. Th1s is due to the lack of sca11ng cr1ter1a for
processes employlo; emulsion, polymer or foam Therefoge;
starting from govern1ng flow equations, new sqallng cr1ter1a
are der1ved for: polymer, emulsion and foam flood
experlments, and situations where, by relaxing the o

- requirement of geometric similarity, the same fluid and the

same porous media can be used, are discussed.



.2. LITERATURE REVIEW

There have been numerous laboratory model studies

.

investigating the effect of various parameters od-oil

recovery from stratified reservoirs; It is ‘well known that

v such reserv01rs show rather poor performance under.\
convent1ona1 waterfloodzng. Moreover, the,presence of‘
v'bottom waber, as reported to be present in many cases, often
aggravates the s1tuat1on due to high produc1ng water-oil »
ratios. As a consequence, starting from the early sixties,
many techniques have been proposed to improve'weterflood

performance in stratified reservoirs wilth bottom water.

2.1 STRATIFIED RESERVOIR MODELS

Henley et al.(1961) investigated the effects of well
spacino,»fluid mobilitiesi rate of production, capillary and |
grév{ty_forces, well penetration and ve{i}oonpletion
techniques on‘the;oil recovery'perfornance inca‘fcaled model
of :a bottom watey drive. They conducted displacement tests
for different effective intefwell'distance to the oil~zone
,thickness.ratios and showed that this ratio plays an
1mportant role in determxnlng 0il recovery for certain
producing water-oil ratlos. They observed that extremely
high-capacitv{ large radius fracturesrat the top of the
‘prodqct1ve zone result in greatly. improved sweep: |

efficiencies. However, fractures that are pract1cally

obtainable did not have any appreoiable impact on recovery.

C . - (/ \
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"at high water-oil ratios. They obserged a very poor

fu B AT

In another test, they placed an impermeable pancake bariiof
at the bottom of the vell. This increased to some extent |

the oil recpveryvefficiency both at water breakthroﬁgh and |

: breakthrough recovery for a 12:1 ratio of inter-well

dlstance to reservo1r th1ckness..

Barnes(1962) studied waterflood e££1c1ency in reservoxr

models with a bottom-water layer. He used & scaled model to

observe the improvement°in Qaterflooding efficiency with a

miscible viscous water elug (viscosity of water being
increased by adding some miscible additives)Q In order to
create a bottom-;atet layer, he\injected water through an
iniet end close to the bottom of the oil-saturated core at a

— -

vefy slow displacement rate. He observed that for e
conventional waterflooding a considerable amount of .
displaced fluid was left uﬁswept at the end of the‘run} He

showed that the injection of a viscous water slug decreased

_the underrunning of the displacing fluid. The best

. 4
performance was observed when viscous water, was injected

continuously. He also observed that an increase in.
injection rate, regardless of the tyﬁe‘of displacing fluids
used, increased volumetric sweep. E '

Fitch and Griffith(1964) conducted an experimental and
A e N :

.
mathemat1cal investigation of some - factors controll1ng

miscible flood performanée._ They- bbserdeq'that alternate

~

gas-water injection behind»q‘miscible.front‘significantly"

T

A
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improved m1sc1b1e flood performance, both w1th1n a s1ngle T‘

layer and 1n mu1t1 layer reservo1rs.} In an effort to

explore poss1ble methods of 1mpro$ﬁng flood1ng eff1c1ency,:
' they concluaed that an econom1cally opt1mal solvent volume

- ,would probably be the one that w111 not. support mlsc1b111ty .

throughout the reservo1r. They also observed that -

3

pre1n]ectxon of a small volume of water ahead of the sofvent

-can - 1mprove the dxstr1but10n of solvent 1n a stratlfxed

system.,‘ o ftj f'd‘ f‘f | S , v . a
s Y

Khan and Caud&e(1969)k~gmest1gated&o1l product1onb
performance of th1n 011 column type reservo1rs producxng by
“naturgl water dr1ve. They used a scaled model to. show that:
greater recovery of oil resulted for lower productlon rates,
.l mob1l1ty ratio’ across the moving. boundary; water sand | -
th1ckness,“and mob111ty rat1o ac{oss#the flxed Sbundary or ?v

s

re51dua1 011 saturatlon 1n ‘the vater- 1nvaded reg1on of 011
.sand. et t'i ,,_' }?ﬂ 'J T i y.'}wa7'“’
. B . ,‘,' . S . 5: A .

ST In an effort to study water conxng, Khanb1970) used a'

scaled rayered model fHe modeled the 011 zone us1ng graded

: sand consolidated Wlth epoxy re51n, and the watera;one w1th
unconsol1dated sands of dlfferent mesh 51zes.w TheA L B
consolzdated sand was prepared by pour1ng 1oose sand.1nto

- the aqu1fer space. Therefore, the produc1ng well was placed
"’ on the under51de, and s1mulated flu1d den51t1e§.were also A

reversed to obta1n the proper grav1tat10nal gradlent. oThex

model had provxs1on for chang1ng the th1ckness of aqu1fer
. "%fw S S
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space. He observed that the mob111ty fﬁth had a great

1nfluence on‘the water cut and ‘the degree of vater conxng

Mungan(1979) uséd a. cyllndr1cal layered model to. study
hAthe effect of. con1ng., The fluids were 1n3ected from the k_J
bottom. He observed a substant1al decrease in 611 recovery

due to the exlstence of conlng for an 011 v1sc051ty as low

',‘ as 13 mPa S, In ‘his exper;”ent, the tlghter layers appeared

"fsuch as polymers, use of an - emu151on in the hlgh

to have hlgher water saturatrons at the t1me o&
"breakthrough He attrlbuted this to a hlgher 1mb1b1t10n
rate in the tighter- reg1on. ' e also used 0. 10 PV of 1000
ppm of polymer solution. Even though cumulat1ve 011
‘-produced was hlgher in the case of polymer, breakthrough
‘occurred earller and the water 011 ratio remalned hlgher.
He explained %is}phenomenon in terms of v1scous f1nderrng
b’and recommendjd that a larger polymer bank be used for the

Case of active bottom water dr1ve reservo1rs.f He also

'ObServed'that h1gh v1scos1ty and hxgh product1on rate led to

‘lower o1l recovery and a hlgher water 0il ratlo.._

‘2 2 MOBIL 1 'I.'Y CON'I‘ROL IN WATERFLOOD I NG
In/order to 1mprove the performance of A waterflood 1n

a heterogeneous reservo1r there “have ‘been numerous proposals

’of dlfferent technlques.. These 1nclq§e. use of chemlcals,

;
permeabxllty layer, use, of varlous ge111ng agents thh an;

RN
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activator following;~etc.t These techniquesiwill be

discussed:in»the;followihg'sections.

ta

b

\l'2 2 1 Moblllty Control thh Polymer Slugs

One of the oldest techn1ques for mob111ty control 1s !

the uSe of a polymer slug that is followed by a wa;erflOOd

;In’the rest of this- chapter a review of polymer solutlon

1n3ect1on technlques will be presented.v'

-'——’Pye(1964) showed that a polyacrylam1de solutlon could

s

radically increase waterflood o1l recovery. He recogn1zed

,the re51stance property of the polymer and quantlfled 1t as

"resistance factor". This "resistance factor" was def1ned

_ S
. as:
".'.2,. ;f"*_; k K ". O L E ) i » R :
R (-R)/(-R) o (2.1)
Ne uw ”’p . ) . ‘ . i

- vwhere<kb and'K'

‘polymer,7reSpect1vely, and M.

2
B

p are effect1ve permeab111t1es of waterfand

D "is the’ apparent v1sc051ty of

the polymer solution. in the core. Here 1t is assumed that

the absolute permeab1l1ty rema1ns 1nvar1ant -even w1th

'polyme; flow. ‘He also observedeghat the max1mal departure

o£ the apparen% polymer v1scosaty occurred loé

A .

- R :
concentratxons and at h1gher concentrat1on the effect was.

.approxlmately proportional to the solut1on v1sc051ty.'.He‘

Z*suggested that a h1gh core flood1ng ra%e should be avo1ded';ydp

-

(&.
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'in‘order to'keep‘the resiStanCe factor constant.

Sand1ford(1964) .concluded that a polymer flood

' !1ncreased 011 recovery by 1mprov1ng sweep e££1c1ency as well

as. m1croscop1c dlsplacement effic1ency. He observed a 15-20

percent (of the I10IP) 1ncrease for polymEr floods over

ordlnary waterfloods at a water oil ratic’ of 10. One“of his .

1nterest1ng observat1ons was that a polymer flood led to a

L,s1gn1£1cant increase in oil recovery for 11near sarfdpacks

that conta1ned layers of d1f£erent permeab111t1es. He c1ted’$'

B _several f1e1d examples - where the 1n3ect1on of polyacrylamrde_

solutlon improvedmoil recovery.

Burc1k(1965) reported a substantlal decrease in

-'h permeabllity after a polymer flood . He concluded that thls

\

~decrease was due to strong adsorption of the polymer as well
as mechan1cal entrapment _ _
Mungan et al al (1966) studled the nature of polymer'f‘

A

‘f1ltered polymer solutlon and br1ne at the same flow rate.

Therefore, any change in pressure would 1nd1cate a change in

mob111ty. In order to determ1ne adsorptlon, they employed

both statlc and dynam1c methods. Polymer concentration was

determlned from the v1scos1ty.. They'obseryed'that the shear.

dependence and apparent v1scosaty-increased with

concentratxon and polymer molecular we1ght. ‘Also,. the

'.v1sc051ty and shear dependence decreased upon add1t1on of

salt because of the neutra11zat1on of electrxcal charge

v

4

floods in porous media by consecutive floﬁ'tests with br1ne,
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'within the:molecules by the'oppositely charged ionsrof'the"k
.saltrd They observed h1gher permeab111ty reduction for
Bmaller pore open1ng$ and higher polymer molecular we1ght.a
*.Thls permeab111ty reduction was attr1buted to adsorpglon and
c:mechanzcal entrapment. They also usedjwatered-out and
. .previously u aooded Berea core. conta1n1ng 12 mPa.s refined
oil for. con§§{t1ng polymer floods. They observed that the '
add1t1onal o11 ‘was recovered sooner if polymer 1n3ect1on was
dnitiated early 1n ‘the flood |
Pa51n1(1966) reported o11 recovery tests u51ng polymer
solut1on§a He observed an 1ncrease in the recovery of - '
low—v1scos1ty o1ls ‘from low- permeab111ty sands.. L
In an effort to understand polymer solut1on flow in .
porous med1a Gogarty(1967) performed dlsplacement tests in
) cores of zero o11 saturat1on. He reported a cohs1derable
decrease in permeab1l1ty when a polymer solut1on was: used to‘
d1splace water 1n a core. The permeablllty could be‘;‘ |
restored to. 80 percent of the original value by flush1ng theb
core w1th water. He postulated that the permeab111ty ‘
reduct:on was due to plugg1ng of smaller\pores and polymer
'retentlon due to adsorptlon.: He observed that the degree ofb
permeab111ty rbductlon was h1gher when low permeab111ty '
cores or high v1sc051ty polymer solutxon was used
Dauben and Men21e(1967) used. polyethylene ox1des and

'reported a "d11atant" rather than pseudo plast1c flow

behaviour . wUnllke prev1ous researchers,'theyxobserved



‘ unexpectedl\\hxgh flow resistance that was a functxon of .

| flow rate, pore- s1ze, polymer molecular we1ght and
concentrat1on. 'They showed that the apparent v1scos:ty of a
polymer solut1on approached the solution v1scos1ty at very
low flow rates and 1ncreased as the flow rate increased .
(similar.to a dilatant fluid).. From this, they concluded”
'that polymer flooding‘did.not affect the absolute '

_ permeab1l1ty as opposed to what was observed by |
AGogarty(1967) | They attr1buted the h1gh flow resistance of
.polyethylene oxide solut1ons to: the effects created. by

v1sc0elast1cleffects¢ They also found that the apparent

viscosity of polymer solutions 1ncreased with an increase of

4.polymer molecular we1ght and decrease 1n pore-size.

| Sherborne’et.al (1967) recognized, as d1d Pye(1964) and
SandlfOrd(1964) that the polymer solutlon is -a more he
efﬁectlve flood1ng agent than other v1scous fluids (such as
sugar solut1on) due to abnormal flow re51stance . not ' |
pred1ctab1e from v1sc051ty 9on51deratlons alone. They
‘observed that the presence of 1nterst1t1al water helped the
dlsplacement eff1c1ency by a waterflood a8 1t establ1shed
ithe water flow channels rather unxformly. However, oppos1te
'dbehav1our ‘'was observed when/a polymer flood was used., .

At hxgh rates of flow, another effect was observed

'flrst by Burc1k(19§]) and then by Burc1k and‘Ferrer(1968)
It was found that d11ute solut1ons of part1a11y hydrolyzed

polyacrylam1des are pseudo dxlatant.‘ In other words, the
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solutson viscosity 1ncreases w1th 1ncreas1ng rate of flow
when flow occurs through porous medla conta1n1ng adsorbed
polymer. Th1s effect,uthereforei "helps in causing moreqeven ‘
flood-out from a group of parallel beds w1th different |
',permeab1l1t1es. A poss1ble explanat1on of th1s. .
pseudo- dxlatancy was g1ven by say1ng that the polymer .
'molecules retained: in the - flow channels tend to’ un0011 under
;l the 1mposed J:loc1ty gradlents. They argued that polymer
Amolecules, hav1ng a d1ameter twenty t1mes less than that of
a typ1cal pore channel would,be able to lower the water
permeability and also cause'pseudOPdllatant‘tlow because ofw
"theimicrogels‘associated wlth polymer*501utions.\ They'
showed that whern milliporeofilters are used to_partlally
;remove‘the'microgelsylthe resulting polymervsolution would
show a muchﬁlower.resistance factor than the originali o
‘Asolution.' | . ,* . |

Harrington'and zimm(1968) attributed persistent

reductlon of the permeab111ty ufa-porous medium to chemical
. adsorption, They observed-tﬁat no such reduct1on took place '
‘1n stralght caplllarles g ThlS would thus, 1nd1cate ‘that |
' the structure as well/as the pore size of the med1um 1s*
1mportant,- ' | ’
Mungan(1QSQl conducted diSplacement tests‘ln ﬁerea

: sandstone coreslas well as in Hele Shaw models. He observed"
very l1ttle 1mprovement in m1croscop1c eff1c1ency by polymer

flood1ng. By compar;ng with sucroseh he showed that a
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cons1derable amount of polymer 1s adsorbed by the solxd
surface of the porous medla. Th;s adsorptzonuwould-not only
cause loss of polymer ‘but-would also decrease recovery
efficiency by a bolymer flood', He also. compared the slug
process with the so-called programmed slug process"' In ‘
the latter procedure, after ;gjectlng a constant
concentration polymer slug for a given time, he dnjected
'polymer solution thh contxnually decreasxng concentrat1on.
Even though the total volume of polymer vas the: same, a f1ve

percent 1ncrease “in 011 recovery was observed by thxs

techn1que.
\. _

Sm1th(1970) 1nvest1gated the effect of polymer '\
‘molecular we1ght, rock and flu1d propertles, flow'rate and |
temperature on. polymer solutaon propertles. He'reported |
that the polymer flow led to a permanent reduction in the

permeab111ty to brlne, even after flushlng the core with
. \

.

tens and hundreds of pore volumes. However, this reductlon
was less for the lower molecular we1ght polymer and lov/flow
rate of polymer flood1ng. He observed the dllatant,nature
(1ncreased apparent v1scoszty with 1ncrea51ng flow rate) of
: polymer solutlons when the flow rate was greater than 3.05
‘'m/D. He contended that the pseudoplast1c nature ‘of the
vpolymer would appear at lower flow rates and h1gher
concentrations. He reconf1rmed the preV1ous observation
'that the Iower the 1n1t1a1 permeab111ty, the greater the

permeability loss.
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HarVey and Menz1e(:970) descr1bed a techn1que for
analysxs of rate dependent effects in the polymer solutlon
flow through tnconsolidated porous media. 51m11ar1y to 'f
prev1ous researchers, they observed that h1gh flow rate’
;ncreases the res1stance to flow wh1ch}m1ght be due to the’
fact that polymer moleculés are uncojled hy high flow rate
- and thereby 1mpede the movement of the fluid, or due to !
’s1mple viscoelastic effects as prev1ously observed by
Dauben(1967) . .

Dgsremaux et al.(1971) observed for single-phase flow
that the‘curve representing mobility reduction for f
«Stabilized-tlows versus rateAshowed a minimum for a rate of
" approximately one metre per day. *They.observedrthat while
polymer flooding porous media,yif-the velocity is increased
the concentration ihcreased QradUally: Also, whenjthe |
fldodlng was stopped for a while and restarted it resulted
?‘1n hlgher concentratlon than that of the polymer solution'
1njected ~ This concentrat1on then decreases slowly unt11 a.
concentratxon equal to that of the lnjected fluid was
obtaxned Besed on these tests, they came to the conclu51on_'
that the mobility reductlon 1s not only a functlon of the
flow rate, butfdepends also on the 1nteract1on between
f polymer and the rock° and as th1s 1nteract10n is rather slow
-the rheology of the polymer—solutlon at‘a certa1n moment

depends on the flow h1story._ They also concluded that the

.'mobxlxty reductlon by 1n3ect1on of polymer solution was a

F



function of flow rate and no s1mplxst1c relatxon may be

» obta1ned between the flow rate and tfe mobility reduction.
'As observed by some of the prev1ous authorsﬂ they conflrmed‘
that for low floL rates, the mobility reductiOngdecreased
‘w1th 1ncreasxng flow rate, whereas for h1gh flow rates the
reverse phenomenon took place.

Jenn1ngs gtdgl (1971) <carried out a detaxled study of
the correlat10n ot rheological propert1e5 of polymers with_
thexr behav1our under reservo1r flow condztxons. They !
\obtalned a correlatlon bEtween the effects produced by
certa1n polymer solutxons at Jlow rates and at very h1gh flow
rates in porous med1a. LThey argued that the 51m1lar1ty
. between high. flow rate behav1our ot{the polymerisolut1on;_in
-'orifices, screensg_and sandstone should implylthat this
effect is due to. s@lution properties rather than polymer
retention as po;tulated by Burcik(1967)‘and Burcik and-

alterat1on effect appeared to be rate dependent below that

Ferrer(1968). They observed that the permeab111ty

\

.flow rate at wh1ch v1scoe1ast1c effects become, evxdentq and
Y .
a 51ngle value for permeablllty reduct1on can be used.

»(Thls waS“'he by Gogarty(J967))f Contrary to Smith(1970),

they found that permeapility changes took place once the_ I,
o : ) : Py
L

' core was polymer flooded. They\also observed that the
effectxveness of the polymer decreased as the size of. the K
pore or the permeablllty 1ncreased. They concluded, as d1d

'Mungan et al. (1966) Sm1th(1970) *and Mungan(1969) that
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decreasing‘adsorption'of‘polymers would increase the
effectiveness of a polymer flood. |

Dawson and Lantz (1972) observed earlier breakthrough
‘of polymers in the flow of polyacrylamxde solutions through
Berea sandstone ;ores. They. explalned this behaviour by
inaocessible pore volume._ They 1nd1cated that solutions of
partially hydrolyzed polyaorylamide did not flow through all
of the poré'volume in a porous medium and ;ntroduced the
concept of the 1naccessxble pore volume, defxqed as the pore
space occupied by waﬁer that conta1ns no polymer, but is in
equ111br1um WIth the polymer solut1on. Inaccessible pore
volume may con51st of pores that are too small to permzt
entry of polymer molecules ‘and pores plugged by polymer
. molecules, as well as the hydrodynam1c volume occupied by
‘polymer adsorbed on the surface of the porous medium or
retained-invthe pore space. They, thegeby, suggested that
the effectiye polymer porosity be used instead of total
porosity as a multiplier of the time derlvatlve of flu1d
concentration. They argued that ‘the inaccessible pore’
Hvolume would have a favourable-lmpact in field dlsplacementsa
as'polymer response would be felt by the produCtion;ueIISi
sooner than expected. |

‘Maerker (1973) observed an intense flow rate dependence
on adsorpt1on of polymer in flow exper1ments on a Berea core.
(121 md) for 500 ppm polysaccharxde in 2 percent NaCl |

solution. He showed that an increase in flow rate would
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result in lncreased adsorptxon of polymer molecules. He

| explained the effect of velocity in terms of molecular
relaxation, It was observed that there was a sharp?increase
‘1n effluent concentration when the flow was resumed after 15/ ¢
hours. He also studxed the shear degradation of hydrolyz&?
polyacrylam1de by measuring the shear viscosities before ana“
after flow through sandstone plngs. He observed that_the
degree of degradation was higner with larger dimensionlesei
flow distance, i.e., 'the length of the core divided by the

| averege sand grain diameter, ‘Besidég,'nigﬁer degradation
took place for lower permeabilities.

Knight (1973)pobserved tnefdegradation of partially
hydrolized acrylamide in the presence :of oxygen.’-He
concluded that dissolved pxygen in solution promoted
" degradation of polymer molecules;

J
Szabo(1975a b) performed displacement tests in order to

" “obtain an opt1ma1 polymer concentratxon while polymer

flood1ng.a pgrous medium. He also 1nvestlgated the effect
of salinityland'observed polymer flood performance in
stratified reservoir models. He' measured the polymer
concentration by}the use of radiocactive tracers. He
observed that both 1ncrea;1ng polymer concentrat1on and
decreasing salinity, gave better recovery only for low
bvolumes 0£,1njected flu1d._ Also, the'effect of vxscosity
was strongly redoced for higher polymér~vié¢o$ity (high

viscosity due té either higher concentration or lower



18

;alinity).\ He also obsérved thgieffect of initial water N
ﬂ saturation. sHe concluded that the amount of oil recovered M
was less in the/case of poiymer injéction‘at a later stage
*:than if polymer injection took place at irrgducible'connate
water,éagL;Qtion. When he @jsed a stratified reservoir
model,. he qbserve§ significaﬁt%y,higher'revaery than what
one wodld expect from theoretical considerations. ' In this
sense;«crossflo; between different layers enhanced the
mechanism of maintaininé a highApolymgg]coﬁcent;étion in the
high permeﬁbili; zone. He showed expérimen£a11y~that
mechanical entrapﬁent plays a mo}e important role in i
low-permeability than in medium- and high-permeability
”‘formation.- | | '
Sparlin(3976) dsed a veftiéal'rectangular model to
_.study the effect of polyac;ylgézéé at the>inter£acé.6f an.
oii—watér contact. The model coﬁsisted of an.epoxy?cbated
-,Berea core held vertically with a one~inch-deep perforatiQn'
drilled iﬁ the midpoint of oﬁe side and headers at the top,
bottom and side. An irreducible‘water saturaéion was
'»éStablfshgd at the top, by injékting diésel oil from the top
‘\and iettipg it come out from‘the perforatioﬁ. After
éstablishing an irreducible water Satgration,in the top"
half, the whole core was éreated with six pore volhméi of
édlymer solution aissolved fn twotpercept‘KCl, and then was
overfldshed'wigh-one pore volume ég‘two<percent KC1 solution .

and shut-in overnight. He observed that after this

,
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treatment the oil permeability of the toqihalf did not have
,any significant change vwhereas there vas a signiticant

decfease in water pefmeability in tﬁe watgr?saturated zone,
‘He observed this same phen&henon ih unconsolidated sandpacks
and calcium carbonate cores as wéll. He also observed that

~

higher concentrations had‘greateﬁ effect on reducihg vater
permeability. He éttributed this effect to a g;eater
thickness of the film adsorbed on the sand grains, since
lpolymef viscosity should not play ‘any role after the pack is
wéshed several times.

Thomés(i976) performed experiment n glass capillary

arrays and obSetved an adsorbed lqyen lymer on the

capillary wall. He found that the ti s of the adsorbed
surféce was indépendent of pore size foé pores with
=diaﬁeter§‘1arger than three tovfour times the averége
moleculét diameter of the polymer solution. He therefore
concluded that, for-consolidated cores, perﬁeability
‘reduction would be the combined reéult_ofxén adsorbed
é&lymer layer on the'pore walls and mechanical éhtrapmént in
small}péres and'cqnstrictionst One of his impdrtant
‘observations wa§ that the thickness of the adsorbed polymer
-surface éid'not qhénge significantly with flow rate. . |
Dabbous (1977) studied floﬁ of polymer-at_watérflood
residual oil séturations in advance of a miscible fluid slug

and the'interactiohs‘Betwegn the préinjécted polymer and a

subsequent micellar flood system. 'He observed a
2 '
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S consxderably-h1gher res1stance and re51dual res1stance

*

. 1factor at res1dua1 011 saturat1on¢than those measured for

S $he same rock at’ 100 pencent water saturat1on. Th1s was

| ”exp1a1ned to. be due to ‘the’ fact that the effect1we pore...yﬁd"

‘.aperture avallable for polymer flow was smaller in the y o

=presence of an 011 saturatlon ‘than 1n 100 pePcent water.y

saturatlonrv'~j ihtd’ 5rt__ o v,vf‘f" S o r, S
Domlnguez and W1llh1te(1977) used compacted Teflon .

: powder as a porous medium in order to study the effect of

vmechan1caf/entrapment in polymer flooﬁ;ng. They observed

‘that polymer retent1on was' affected by flow rate, 1ncrea51ng

R w1th flow rate.. However, a decreased flow rate led to the

”l expu151on of a part of the retalned polymer. They reported
that the: rate of mechan1cal entrapment vas a fUnctlon of
, polymer conclmtratlon. Even though the mechan;cal
hentrapment in the Teflon core led to polymer rete§t1on of a
'5quant1ty comparable to that of porous medla, the res1stance
factorsv1n the Teflon cores. werellower than those reported s
. fom natural cores by a factor of two'to three’ ‘They deduced ‘R
',ethe followlng analogy for 1naccess1ble.pore volume~r |
:_ dgdfev = I -d, >'-‘,‘o.v.zé78._ N . ‘(2.‘2),} b
Gg'! G%q. . pore .. AR . T

J i
. A I
5‘

o T .
s “the gra1n dlameter. Here;-d 1s related

: where,‘dg pore

w1th the 51ze of the constr1ct10n area. Accordlng to the

. o S8 : r .

j’above analogy,‘one can expect that polymer w1th a d1ameter d &
. 5w, . . : ! ’ L s AU 4 i;.;‘ . . . }
R DR ’ T REERTE ”{- DR

(o ' SR - : R
s . R SR AR At B



y:(if‘it is assumed to be a rigidVSpherical ball) will not be’

able to pass through the constr1ct10n area. But in’a
J
11m1t1ng case, the polymer may be able to‘pass because the

'3,,molecule is in the form of a f"lex‘lble__co;llf not a fzg;d‘

“ o . L
] . . o

‘-spherlcal ball .
Duda et ‘al ‘al. (1981) stud1ed the coupllng of adsorptxon,
fmeﬁhanlcal entrapment shear rite,’ and 1naccess1b1e pore
5volume effects on the effectxve and\re51oual permeab111t1es.r:
‘*They showed that the re51dua1 permeab111ty was only a weak
Cfunctlon of the flow rate of the polymer solut1on. They‘

4
confirmed, as did some of the prev1ous researchers

b-(Dom1nguez and W111h1te 1970- Sm1th 1970), that‘the amount"-
‘- ,f .
_of polymer reta1ned 1n the porous medlym was a strong
i
functlon—of polymer flow rate. They qhowed that mechan1cal

entrapment was the major reason for permeab111ty reduct1on‘1’

r'whereas an adsorbed 1ayer of polymer‘
orﬂreason for permeablllty reduct1on
Jne of the1r interesting observatlons y
/of 1n1t1a1 permeab1l1ty,‘the percent. :
reductlon of the res1dual permeablllty JnGreased w1th

’.1ncreasang 1n1t1al permeabllltv ThlS 1ndacates that an

..
t 4

AR

'9(

_polymer molecu]es 1s more effectlve for

&

hindering flow in larger pores. Also, they showed that the
g ,_/‘ .

percent reducglon atta1ned a maxlmal value when the 1n1t1al

permeab111ty was 250 md. (Thls anoma’lous 1ncrease in

% permeabrllty reductlon was exp1a1ned 1n terms of
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inaccessible pore volume that increased with decreasing
_permeability. ‘

vy

2. 2 2 Mobxlxty Control w1th Emu151on Slugﬁ
McAul1ffe (1973a) uséd 011 1n water emuls1ons as
select1ve plugg1ng agents to 1mprove oil recovery in

waterfloods. He argued that as oil- 1n water emuls1on was

kfinjected, a greater amount of emuls1on entered.the more

'npermeable zones.' As thlS occurred flow became more

'
vrestracted,;so water began to flow- into less permeable

(

-zones,'resultzng in greater sweep eff1c1ency. In order‘to'

'observe the effect of emuls1on flow, he: used emu151on

diluted’ to 0 5 percen% 011 He observed that average

| ddlameter of the 011 droplets dlctated 1f the emuls1on flow

would substantlally decrease the water’ permeab1l1ty of a.‘
go) v

core. However, with adequate d1ameter, the permeablllty was

reduced greatly ( one to 10 percent of the orlglnal o

permeab111ty) even though complete plugglng hever occurredh
L ; . .
Moreover, he observed that when a waterflood was carrled out

“after an emu151on flood the permeabullty was restored by an

1ns1gn1£1cant amount even w1t§,a large pore volume of!water

’1njected. When emu151on was 1n3ected in para}ﬂel system of

7

'jd1fferent permeab111t1es, parmeab111tyt§eddmt1on took place

)

. ] . dv

. 1n the h1ghest permeabil éjione flrst and SO -on. untxl all

A » o L .
hthref (hlghr medlum, and, low) zon s“attalned the same
permeabxllty In these tests, _t was observed that the Co

&
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droplet sizes in the emergxng emuls1on were smaller than the .
1n1t1al ones for med1um or low permeab111ty zones whereas it
approached that of 1n1t1al ones for the h1gh permeabxl:ty
ione. Flnally, he observed an 1mprovement in d1sp1acement :
.efficiency: by emu151on flood over a waterflood.“.McAulefe :
(1973b) repprted a f1eld test that was conducted to see if .
011 in-water emuls1ons, prepared from=}etroleum crude o1ls,‘

iﬁdon to productzon

would reduce water channe11ng,frh
mwells. vIn order to avo1d break1ng of'the caustlc prepared
'emu151on, a fresh water emylsion was. placed between the
“emuls1on and the reservo1r br1he.‘ An. amount ofvemu151on"
3equ1va1ent of rhree percent pore volume of the affected area

e

‘wasklnje ted. A 14 percent‘o1l 1n*water emu151on was chosen

:tion;z The emuls1on slug ‘was later pushed by a . .
£ fresh watef of four percent pore volume.and
1y saline water was 1njected ‘In a two;year period

[}

G r emuls1on treatment of three water 1nject1on wells,

“'f1u1d productlon from offset wells showed 1ncreased 011
recovery and lowermwater 011‘rat1os, wlth a con51derable_
nlncrease ‘in volumetr1c sweep eff1c1ency .

Johnson (1976) -reviewed the status of caust1c and
"emulsxon methods.. He d1scussed the usefulness of emuls1ons ‘
7(1n §ltg_or external) for recover1ng viscous o1ls or . oxls in
,heterogeneous reservo:rs where sweep effic1ency 1s poor.- 'He

‘~ment1oned the followxng mechanisms® through wh1ch caust1c

waterflood1ng=1dbroved_waterflood1ngvo11 recovery.

\
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?%j;h) emu151f1cat1on and entra1nment of 0il at S
| b)'wettablllty reversal (£rom o1l wet to Wagpr-wet)
c9 wettab1l1ty reversal (from water wet to o1l wet)

d) emulsification and entrapment of 011 at s,
.Broz et ;1 (1985) reported laboratory results in
”lthe developMEnt of a new emuls1on block1ng techn1que for
the correctlon and control of steam overr1de and |
channellng. They showed that emuls1ons formed in s1tu
dojnotiperform as’ well as’ those produced‘externally. A
However, evenAthough?the‘emulsion originally formed with
o 50 percent o11 in-water was diluted to 0.5 percent -
o1l in- water, the permeab111ty reducing eff1c1ency gas
remarkable. ,Permeab1l1ty reductgonyagcurredzVhetné; oil
.was'present'or not. .They-observeétmﬁs‘did AcAuliffe \
. (1973a),’that a.waterflood follow%néfan emulsion flood
gdoes not "wash away" the emu151on and ‘the permeab111ty
remalns at a low value. However, they did not rep@?t

-any emu151on flood performance at-an oi}] saturat;on

h1gher than the : 1 value..

2. 2 2.1 Blockxng Mechan1sm“ Emulsion

McAul1ffe(1973a) ar' ;that”the'emulsiOn,droplets;have
to be large enough to crea' blockage by lodging within the"
1pore-throata:'Therefore, for an emulsion to be effective;
‘the' 011 droplets 1n “the emuls1on should be sllghtly 1arger
uthan the pore throat constr1ct1on 1n the porous med1um. ‘As

!

a b351s for “this argument, they presented the observatlon of

s



. Uzoigwe and‘Marsden (1970) who found that no £lov o
restr1ctxon took place w1th o1l 1n—water emulsion through
glass beads where the o11 droplet size was probably smaller:

~than the average pore throat size, - '

Jenn1ngs et al (1974) showed -that 1£ 1nterfac1al
ten51on were low enough resxdual oil 1n a preferentxally
water-wet core could’ be emuls1f1ed in 51tu and thereby,

)move downstream with the flowlng caustic and could be
entrapped again by pore throats too small for the oil

Wemulslon droplets to penetrate. This meehan1sm of
’emuls1£1ea@10n and entrapment results in reduCed water

smobility that improves both,vertical'and areal sweep

. effieiency.‘-Cooké gé_al.(1974;‘attributed the permeability

-reduction by the fornation of water-ln—oil emulsions to the
hlgh v1scosxty of those emu151ons or to the formation of an
0il film (lamella) across the pore throat. They argued that
the 011 lamellae formed‘1n the pore spaces effect1vely close.
:many of the flow paths that were formerly ava1lab1e for the
flow of water. The res1stance to flow of the 1ame11ae and

: the brldglng of pores by lamellae cause the large 1ncrease
in pressure gradlent that 1s observed 1mmed1ately behind the

.dlsplacement‘front. ‘The low mobrllty of fluid 1n the reg1onv

“where lamellae exist and the snall amount-of 0il within the

' .lamellae cause the sharp gradxent in o1l saturat1on that is

AT "'9

' observed at the d1splacement front.
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'So0o and Radke (1984) suggested another mechanlsm for

v

permeab111ty reduct1on by an emuls1on. They argued that
when emulsxdns are 1n3ected 1nto a porous medium, droplets
'not only block pores of throat sizes smaller than the1r own,
but they are captured on pore walls and 1n crev1ces. ‘The
drops remaid in place by hydrodynam1c pressure forces w1th a
"veloc1ty 1ncrease s1mp1y vedging the drops tlghter into the

!

“erevice. Droplets caught in recirculation eddxes and dead
spaces'called cavern ‘sites were not affected b; velocity -
”effects. ﬁeither crevice nor cavern sites were affected
unless srgn1f1cant red1str1but10n of flow, pressure ,
1mpulses, or v1brat1ons vere 1mposed Therefore, a
reduct1on in permeab111ty from emulsion plugglng may not
necess1tate that the median droplet size equal or exceed ‘the -
med1an pore throat diameter.,- Consequently, an ensemble of
‘smalleiddroplets.érowding ln a"slngle pere throat would have
the'same‘effect in blocking the pore throat as would one "
hlarge droplet.. In this'context, they pointed out-thew
1mportance of PH and ionic strength of the aqueous phase on -
thescapture of droplets on the rock surface. /Studies of the
'effects of . drop size showed that as the drop size of the
emuls1on 1ncreased the drop retention 1ncreaséﬁ However,
‘/for equ1va1ent capture volumes of emuls1ons, the smaller
;droplets were more effectxve at. restrlctlng the flow in the

:trans1ent statevpr;or to steady-state flow. Euentually, as

~steady9state was approached, the larger drople%&,led to a



larger reduction in absolute'permeab&lity-than the smaller
droplet flow alone due to the combxned superxor1ty in drop
retention and flow restrzctlon. ‘{ ‘

:’. :;" |

¥ . : /
2.2.3 Mobxloty Control with Foam . R |

‘ Frxed(1961) was the earliest researchey//ho séudied_the
usefulness of foam in enhancing the dxsplacement efficiency
‘%9;°i1 recovery. He reported that foam causes a rap:d
‘wreduction in gasT;;ase relat1ve permeablllty, 1ead1ng to
delayed gas breakthrough He contended that the presence of’
surfactant alone drésnot 1mprove the oil recovery and that
Xthe 1mprovement w1th foam was~ma1nly due to. reductxon in. gas
‘permeability. He obseryed that‘fheupresence of surfactant
increased‘the residual gas saturation. His observation‘
would- suggest that the relat1;e permeablllty to gas is not a
s1ngle valued functypn of saturat1on,pnd the curve shlfts to
-the left as the 1nterfac1al forceS*re51st1ng flow 1ncrea5e.
He showeﬂ that the flow resistance of the foam increases.
w1th 1ncrea51ng surfactant concentration. Therefore, theg
effectlve permeab111ty to gas is_also a multivalued functlon:'
of surfactant concentratlon. Thls leads to the bellef thaf
.the. effectlve permeabllty to gas would depend on surface
'-ten51on”and surface V1scosxty. He recogn1zed the fact that .
a weak foam cannob’block gas flow. “1In the case of weak

rfoa%, hé observeﬁ that foam flowed with: contznuous breakégf
i . ] "'

'and reformat1on of lamela.

4
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In 1963, Bernard observed in a laboratory study that

"the gas drive efflczency 1mproved in the presence of foam.

H1s experiments: showed that wh11e foam was very effectlve as
a d1sp1ac1ng agent 1n sandpacks conta1n1ng water only, 1t

did not show a hlgh-effxclency in sandpacks containing oil"

_only. For sandpacks cdhtaining'both water and oil, foam

performance fell between the two extremes. The'ihitia;_work ’

with foam indicated 'that it could improve the conformance of

. .

gas-drive oil recovery processes.because it selectively

reduced the gas permeability of the reservoir rockz(Bernard._

and Holm, 1964). Kolb (1964) suggested that._a large portion .

-

-of gas is,trapped in the porous medium and oniy a small .

fraction flows as alfree“gas. He concluded thaﬁ‘the'flow of

free gas can be described . by Darcy‘s'raw;= In 1965, Bernard

et al. =(1964) showed that foam- flood;ng recovered more 011

4from d’lxnear stratified sand system than a conventlonal

waterﬁlood. }The effect of foam was to create a higher
trapped-gas satu;ation which indirectiy yielded a lower
relative permeability,to water. The'trapped gas saturation
was tound to be lower‘for a‘system'cohtaining‘both water ai.d
0il than for;an all-water system. Bernard et al.(1965)
stated that gas flowed as a discontinuous phase and water
flowed as a free phase. They concluded that at a:givehb
£luid saturatioh.the relative permeabilit§‘to water is the

same whether or not foam is: present in. the system. One of

the1# important f1ndxngs was that foam d1d not break down

-
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f
dur1ng the passage of surfactant free water even atter
1n3ect1ng 0.10 to 0.25 PV of water. )
Marsden and Khan (1966)ﬁsuggested~that-foam.compohents

fiow'simultaneously‘through the channels of the poroua

medium: Also, their results showed_a decrease in foam

;moblllty with 1ncreas1ng qua11ty. However, this rate of

.decrease in mob111ty 1s lower as the absolute permeab111ty

of the porous medlum decreases. They also reported an
1ncrease 1n apparent v15c051ty of foam with increasing
surfactant concentratlon. Holm (1968) dlsagreed with this
observatlon. ‘He conducted flow experiments and v1sual
stud1es to 1nvestlga€e the mechanxsm ofjgas and liquid flow
through porous media in the presence‘of foam. He reported
that it was unlikely that foam would move through the medla
as a body._ Instead the liquid and gas formlng the foam.

separated as the foam fllms broke and then re- formed in the

-porous medium. When enough foam was present, the flow of

gas through the foam stopped and the flom of liquid was

. reduced. Consequently, he suggested that it.would not be

practical to drive foam through a reservoir; however, foam
can be expected to improve the sweep of fluid injection
processes in heterogeneous reservoirs by_reducing or

blocking flow in‘More permeable zones. He observed that the-

»

- mob111ty of the foam 1ncreased w1th 1ncreas1ng qua11ty. He

reported that gas could not flow -as a cont1nuous phase.

Th1s observat;on d1ffersvfrom that of Marsden and Khan
' z _ o o
4
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(1966). He attr}buted this difference to the different
experimental techniques used. He argued that, since{Marsden
and Khan used a very small pressure drop across the core,
very l1ttle expansxon of the foam bubbles took place leading
to enhanced stability for some small bubbles that created
less resmstance.to flow. Since low qual1ty foam conta1ns
more of these smaller bubbles, wetter foam gave higher’
'mobility (due to low apparent viscosity).
Bond and ‘Bernard (1966) descrxbed foam flow as a flow

of a portion of the l1qu1d and gas in a foam body and | A
suggested that_only(ekcess surfactant solution would flow‘as
apfree'phase. They concluded that liquid flow tnrougn a
- porous medium followed fixed channels, rhether.or not foam
:was present, and that these channels depended solely on the
liquid saturation. This aonclu51on was based on
Chatenever's idea of channel flow-(Chatenever, 1952l.

Holm (1970) reported successful field application of
. foam in.selectively pluoging a high-permeability channel.
It was observed that the pluggxng actlon wds the greatest if
gas, 1nstead of water, was .injected after the foanm. Ewen
though Bernard et al.(1965) reported that the permeab111ty
.of a porous system to.water follow1ng a foam bank was N
reduced in many cases to between 10 *to: 50 percent of -its
1n1t1a1 value, Holm (1970) contended that<mater follow1ng a
foam bank tended to d11ute the foamer solutlon and wash it '

avay. He also reported that, ‘when the permeab111ty‘of a .
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channel was high, the blooking aotion by fosdm was the most //
effectlve. ; |

Raza (1970) made a detailed study of variables that
affect the generatxon, propagat1on, quality, and nature ot,
foam produced inside of a porous medium. Unlike some of ‘he'

J

prevxous researchers (Bernard et al., 1965; Holm, 1968)

observed that foam can be propagated in a reservoir. roc
| preségge levels ranging.from !00 kPa to 6700 kPa, and
pressore differehtials ranging from one to 1100 kPa/
vHowever, the quality of the foam depeoded op the type of
" foaming ageot; surfactant concentration, the physyéal
properties of the porous medium, the pressure leygl, and the
comp051t1on and saturation o& fluids present. /He recognxzed
that the flow behaviour of foam in a porous médlum could not
be correctly descrlbed in terms of hlgh app&éent vxscosxty
of foam alone. One of the 1nterest1ng propert1es that he
pointed odt was that the foam 1d a porous med1um restrxcted
,£he flow of all the fluids. However{,ﬂe argued thatotﬁe.”
flow of gas was the'mostjrestricted, end tﬁe restriction
couid last for an indefinitely long periodfoi-fime ;hereas.
the restriction in the fiow of water lesseded“as the foam
decayed. On the other.hand the flow of hydrocarbons was
only temporarily restricted. He observed that the

_injectivity of gas decreased continuously with the growth of

the foam bank and asymptotically approached'a low valge;
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Q Minssieux (1974) observed, for a fixed AP acrogs the_ .
core bed{ a continualli‘decreasiné‘foam rate until gos“flow
-stopped completely. He concluded that a minimum AP vas !@'
necessary to overcome the elastic 11mit of £1lms ;mpeded by
| pore constrictions.  He recogn1zed as d1d Raza (1970) that -
foam stability decreased upon oontact with oilg)for anxrtype
" of surfacgant used.“He confirmeo the obsorvation of Holm
£1968) that fouy@was constpnt;y regenerated by breaking and
refofming gé? bubbles rather éhan beiﬁé,a single‘phase. He
also found ;hat gas moved faster than water without forming
a continuous phase inside the medium. Due'to:thio partia}
‘foam dissociation’of gas and’liquid during the flow of foam  *
through porou§ media:the apparent viscosity of the foam
oooduced decreased as the quality increased. This '
observation was opposite to whao was observed outside poroﬁs.'
media. This cOniinually decreésing.anm qualiﬁf at the
outlet end- makes it d1ff1cu1t to obtain a set of E ‘” "Z gﬁfy
_steady-state relative permeabllaty curves. Also, he s

observed that foam flow could not be’ treated”as an on

equ1valen§ of gas - flow 51nce, in- relatlon to b*l,_tho”? )
appeared as the wetting phase. ,Consequently, he suggestedi?i'
Athe same relat1ve permeabllxty could be assumed for both
water and foam. He reported that the h1ghest drive
efficiency occurred with the lowest quality foams. Fok
porous media, this‘eorrespondod to the }owesf mobility'

. ratio. In his experiments, he showed, for homogeneous
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porous media} that the oil recovery'wasvmugh improved
‘compared with a gas drive out'remained slight compared with
a yaterflooda He attributed the’loss of viscosity on
‘contact with 0il, and the contamination .of the films of
surfactant molecules adsorbed at'the interfaces (by reducing
their elasticity) to such a poor performance. ‘He proposed
the use of a th1cken1ng agent to the surfactant 1n order to
prevent the foam degradatxon in the presence of oxl.

Hellef et al,.(1982) conducted high temperature and
pressure disPlacement tests with CO, foam. They observed
tnat the mobility of foam was not constant‘with flow rate,
but increased at higher veloc¥ty. They also observed that
‘the foam mobility decreased with increasing surfactant

[

concentration'whereas_only a small decrease of.mobility,took

place with .increasing quality. |
Owette et al.(1983) used visual models of a porous,

%fdlum. They used models saturated w1th surigctant

"2s. They observed that when gas alone was injected

4on1y a;féw 1nterfaces were formed behind the gas liquid

£ront.,hHowever, when foam was 1njected the bubbles vere

ﬁ“ilarger%4 They also observed that the larger channels ‘could
d';not.beiblocked by the_foam and most of the gas flow took -
"Qpiace through»those larger channels. They also Studied the
- stabllxty of foam as a turiction of surfa£<amt concentration.
They -observed that at one percent surfactant in water very

little breakage of foam occurred, whereas considerable

\ s
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breakag\\pccurred at 0 v ﬁercent surfactant conceptratlon..f‘
f'ffﬂTh1s observat1on was pfey{ously made by Raza (1970)
- Wang(1984) stud1ed the dzsplacement mechan1sm wath Co2

1

foam. The results 1nd1cated that an 1ncrease in pressure = -
: Sy .
: promotes foam stab111ty\whereas an_ 1ncrease 1n temperature

Y

”;e;'does the contrary. He oong;uded that Coz-foam generated

‘“ﬁ”exther in sito or externally qas suscept1ble to quick
d1s1ntegrat1on upon contact w1th crude o11. Consequently,
’”he suggested that any 1mprovement in. o11 recovery was .

R &
Q(obtaxned as a result of foam blockage of the permeable

-

3streaks ‘or channels 1n the 1n3eot1en formation.: He also
/Qbobserved that exce551vely hzgh surfactant concentrab1ons Ted
to a £oam barrxer, thus decrea51ng sweep effic1ency.

| Ma1n1 an!fMa (19d;)f1nvestlgated the relatlonsh1p '
between foam stab111ty measured’1n statlc tests and 1n a

| fporous medxum. FothOR 200 (Alcohol ether sulfonate) the |
‘gfﬁftslowest rate of foam decay was obserbed at 0. 25 percent
{iconcentrdtlon.; The foam decayed con51derably faster when

. the concentratlon was 1ncreased or decreased : Howgier, the’

thalft&me for llquld dralnage contlnued tollncrease w1th
~J_1ncrea51ng concentrat1on for a concentratlon up to 0. 5

~a;ypercent._ They: expla1ned the ex1stence of an. 6pt1mal'
'jconcentratxon by consxderzng'the ;nfluence of an adsorbed

'surfactant monolayer on sug;ace tens1on. For the same

”Sur‘.ctant used they obtaxned an opt1ma1 cohcentratlon of

‘u,25 gtl vp wh a maxxmal mob111ty reductlon was qbta1ned
: o
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pressure as. well B _ .
~Best et al. (1985) conJectured that the gas tlowed as a
dlscrete phase 1n the presence offa surfactant solut1on.

They observed that a portlon of water moved through the same

[pore network as the gas, and also through the flner pores,

7
in the absence of gas. _They contended that the portldn of

* fe

:water flow1ng ﬁhrough the gas free pores depended on
| pore 51ze d15tr1but1on, volumetr1c flow rate, etc.t They
"attrzbuted the reductxon in relat1ve permeab111ty to gas to

n:the cap1llarytreslstance to the llqu1d 1nterfaces that

constituted the’foam.; Therefore, they argued that the .,‘
e
magnltude of the reductlon in relatlve permeab1l1ty to gas

'y

':wouldvdepend on-the number of those 1nterfaces per un1t

length of pore, the bubble s1ze relat1ve to the pore sxze

=

and- thelr stab111ty.: They also concluded that the relat1ve

;-permeablllty ‘to wat%r was. affected only for very stable
"1nterfac1al f;lms, where penduLar flow of water made a .

~-‘s1gn1f1cant contr1but1on to overall water flows

l e P

Khatlb et al. (1986) 1ntroduced the notion of 'limitfng

' ’cap111ary pressure' 1n porous med1a.. Th1s was the cap1llary
e pressﬂre in ‘a. porous medxum that represented a

'Qcharacter1st1c value approached by the caplllary pressure

e SN "~y‘- 5y

K '\) £ : .4 = Gl M Dol
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“,cap111ary pressune andvthat coalescence caused the. foam i

. after an 1n1t1a1 increase-. when the . fraqtlonal fldﬂ‘of gas in

2 a foam was raxsed at a f1xed gas veloc1ty " Thay obs,rved

that if the gas fract1onal flow was 1ncreased once thg
l1m1t1ng capxllary pressure has been atta1ned coalescence
coarsened foam texbﬂre whereas the llqu1d saturat1on

remazned constant and the relatxve gas saturat10n became .

proport1ona1 to the ratlo of gas to llqu1d fractronal flow.vN

bt

They contended that the 11m1t1ng caplllary pressure dependedj

on surfactant type, gas veloc1ty, ‘and absolute permeab1l1ty.a

’

They reported a. sagn1f1cant dependence of relat1ve gas

: mob111t1es on both the gas flow rate and .gas’ fract10na1

\\flow. It was observed that at low gas fract1onal flow, the -

o relatlve gas mob111ty was nearly coﬁstant, lead1ng to the

‘be11ef that the foam texture remained constant 1n thlS;

reg1on. On the other: hand gor h1gher gas fractional flow

.

the relat1ve gas moblllty 1noreased rap1dly. They argued
P «;.',' g 4
that this 1ncrease correspondedwto a 11m1t1ng value of

itexture to coarsen. Th1s observation .was- analogou@@‘o ﬁhat,i

_,was observed 1n smooth capxllarles (leasakl and

,.:

Lawsog,1985) For a g1ven surfactant concentratlon the

11m1t1ng cap1llary pressure decreased as the absolute
pr meab111ty‘increased Th1s was 1nterpreted as 1ncreased

~;per¥eab111ty hav1ng a: destab11121ng effect on the floqug

ﬁfoa They reported an 1nterest1ng relatlonshlp between gas

'cmobﬁlrty and—permeab;l;ty. The gas mob111ty decreased

o



v pseudoemusl1bn f1lm, the pseudoemu151on film tens1on,ethef

’ ,destabllleng or stab1l121ng the foam structure. They

» . 3
- u s

e.rapidly as permeability'increased up‘to‘lzvumz. ~mhis uee
o followed by a reg1on “for whxch the gas mobxlity remaxned
insensitive ‘to- absolute permeab1l1ty. For higher ‘f
u‘permeablllty the gas. mob1l1ty 1ncreased rap1dly.-' | ,
| Ma1n1(1986) studied the effect of res1dual o;l on the
mob1l1ty control performance of foams.  He recogn1zed the
existence of a compat1ble set of surfactant and o1l in order
to have- an effect1ve mobllity control wlth foam.‘ He also.
.~conc1uded that, in order to mobxllze re51dual 0il (after |
| staim flood) the foam dia not necessarlly have to be
efﬁectlve in reduc1ng moblllty. ' . o
: N1colov et al (?986) studled foam stab111ty 1n thekuf‘s
:preSence of crude oil-and pure hydrocarbons. They suggested
that' fofim destab111zat10n in the presence of oil was, a*more ;
. complex“mechanlsm than 011 droplets spreadlng upon foam f11m
surfaces .and involved the mxgratlon of emuls1f1ed 011

droplets from\thenfoam_f;lm lamellae~1nto the Plateau

borders where phenomena like the Marangoni effect'in the

droplet 51ze and number of- droplets would contrlbute to

‘_conducted both constant pressure and constant volumetr1c

B 'u‘,‘l -t =

‘"flow rate d1splacement tests and obtaxned~sxm11ar ultxmate
. : ° " -M
011 recover1es. A maxrmal pressure drop (‘orJ‘%nstant flow

"rate case) was observed ]ust prxor to thqwgas breakthrough

?

B PR
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Huh and Handy(1986) reported reﬁat1ve permeabxlltles of

foapznq agent sdlut1on nxtrogen gas as measured by bOth e

steady~ and unsteady- state methods. They compared these

pexmeab1l§¢1es to, those obta1ned in the absence of foamxng

vagent. They observed that the permeablllty reduct1on factor

for the gas”phase was mainly a functxon of 1amellae"
;stabxlity. They observed a 51gh1f1cant d1fference between
steady- and. unsteady state relat1ve permeab1l1t1es. They
observed that, for unsteady state flow the. change in
relat1ve permeabﬁllty to gas was‘nn51gn1f1cant and exh1b1ted
no blocklng effect. Howé?%y f@r steady- state flow the

s1multaneous flow of lﬁgu1d and gas could be stab111zed only.‘

above a m1n1mal gas saturat1on of about 35 40 percent. Theyv

' attrlbuted th1s behav1our-to the fbrmat1on of a large,number‘i

L2

“corresponded to a greater blockxng effect.

B

of foam lamellae by the cont1nuous supply -of foam1ng
solut1on. They ahﬁo concluded that a htgher gas fractlon ';'

2

' Fledmann and Jensen(19€6) showed that the foam texture.

o

became f1ner as the flow . rate ‘was 1ncreased in a porous

iR

med1um in’ the absence of 011 In the presence of o1l they

observed that there exlsted a max1mal 011 saturatlon above

] wh1ch a foam could ‘not form. . j'”'jf=; | AT

, 3

Isaacs et al»(1986) reported laboratory study results

f of foam flow in pbrous med1a at elevated temperature. They o

recognxzed the ex1stence of an opt1mal surfactant

-\ |

concentrat1on beyond wh1ch no add1t1onal mob111ty reduct1on<



o
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‘could'be achieved However, th1s opt1ma1 surfactant 4

- COncentratxon ‘was found to be higher in the' presence of oxl.
»They observed that the hrghest 011 recovery was obtazned
‘when surfactant slugs were 1njected thh non- condensxble

gas.

2 2.3.1 Laboratory Studxes

Al- Khafa31 et al. (1982) exam1ned the statlc propertles
of surfactants at high temperatures and pressures; ‘Their
experlments were conducted to- 1nvestxgate the effect of
xtemperature on surfactant degradatlon and part1txon1ng 1nto
the 011 phase. Two surfactants vere employed. Suntech IV &
and éoéco 180A.! It was found that at a”temperature of)205‘C
and a pressure of 2.8 MPa, Suntech 1V exhibited hlgh therma1'
stab111ty, while Corco 180A showed thermal degradatlon. The
,stablllty of Suntech IV remarned unaltered«when 1 percent wt
’NaC1 was added to the surfactant. Chemlcal degradat1on
;; occurred however, when 1 percent wt CaCl2 was added to the
hsolut1on, Part1taon1ng exper1ments were conducted at
‘different Suntech v concentrat1ons.f It was" noted thatﬁ
'.part1tlon1ng 1nto§the o11 phase 1ncreased rapzdly with

1ncreas1ng surfactant concentrat1on at low concentrat1ons,

and 1ncreased slowly at h1gh concentrat1ons._f A

Exper1ments wefe carried out by Duerksen(1984) to
f 1nvest1gate the foamab111ty and thermal stablllty of various

*surfactantsAat steamflood ¢conditions. ,The Wesults~showed

¢ that sulfonate surfactants were thermally stable at high:

] : o ey PR PV N
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temperatures,vbut had a reduced,stabllity‘in‘the ﬁresence of
NaCI. 8urfactant foamabxlxty increased from 0.01 to 0. 05,,

i \ but d1d not ‘further 1ncre se “at h;gher l1qu1d volume
@ found to reduce the foamabxllty

“t‘fﬁgract1on valuesp Brinq

e

}?%h; of alpl a olefin sulfonate Surfactants, In add1t1on,
‘_?:;‘foanabllityiwas noEed to decrease with decreas1ng nitrogen
‘concentratlon in. the foam, and increasing temperature.»
| A study aimedbat determining whether a relationship
. exists between foam stab111ty index in statlc tests, and.
"mob111ty reduct1on in dlsplacement tests, was carried out by
‘ Maini and Ma(1985). From statlc tests, they noted that foam
stabilitv generally decreased with”® 1ncreas1ng temperaturel
For each surfactant,,an opt1mal concentrat1on was observed
above and below wh1ch foam. stat!xhty decreased. Tests in
‘_porous media showed that the h1ghest mob111ty reduct1on

-

‘obta1ned for each surfactant occurred at: the same opt1mal
vconcentratlon observed in thewstatlc tests. The mobzllty
-reduct1on faétor 1ncreased w1th 1ncrea51ng foam stab111ty.
Ma1n1(1985) investigated the thermal stab111ty of
varlous types-of'sulfonate surfactants at 200 and 300° c’
Most of'the7surfactahts tested were found to be thermally

stable at 2&9 C. At 300 'C, a rapld surfactant degradat1on‘

' was observed ﬁOr all surfactants,.thh the*except1on of T,wﬁ“'ﬁ

'alkyl benzene sulfonatess L;aim_ concluded that alkyl

'wbenzene sulfonates were the most the”MA

»”by alpha olef1n sulfonates,’ PetroleUm'and alcohol ether
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‘sulfon)ates were found @ be the least sta. Dynamxc tests

- showed that the mobihty reduction factors varied widely

among these surfactants. For .each surfactant, the value oft
mob111ty reduct1on was dependent on surfactant concentratxon
vand~gas/11qu1d ratio of the foam. The h1ghest mob111ty

reduction obta1ned/~ar1ed -with the type of, and

\

concentratlon of, the surfactant tested ,
b,"

;jf Novosad et al. (1985) examlned the’adsorptzon

'character1st1cs of two foam-formxng surfactants: an alpha

| olef1n sulfonate (Enordet AOS 1618) ‘and an alkyl toluene

, \
sulfonate (Suntech IV) The alky}'toluene sulfonate was

l

found to adsorb more than the alpha olefln sulfonate.

Surfactant adsorption decreased-w1th increasing temperature,

~ and increased when clay was added to the sandpack. While

the presendé of brine increased the adsorption of Suntech

IV, no sighlficant change in Enordet adsorption was noted in

the presence of brine.

2, 2 3.2 erld Examples ,

1

One*of ‘the ear11est field results was reported by Holm

'(1968) He dlscussedﬁfleld results of foam injection tests

in the Siggins Field of Illinois. In this field test,

segere channellng of a1r was stopped by 1n3ect1ng 0.06 pore

| volume of a one percent solutlon of foamxng agent and

followlng it by air 1n3ect10n alone. : A reduct1on in .the

»ﬂjﬂkotal l1qu1d product1on rate took plac\ dtr1ng the foam

A

*«?.ggeatment | However, a larger reduct1on took place in waterf
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\productzon. As a consequence, the average WOR dropped from
15 to 12 dur1ng the foam inject1on periﬁﬂ For' the rest of .
the fxeld fhe WOR 1ncrea$ed up- to 28 dur1ng the same per1od
,\ ' The use of foam to 1mprove steam drive operat1ons was
tested in the North Kern Front Field, California (Eson et
gl.,1981:;1982; 1983a;19835). The reserVoir was. |
characterized by very wide variations in vertical
permeability} a steep structural updip, and an edgewater '
dr1ve, wh1ch led"to steam ohannel1ng and premature steam
breakthrough ~ Foam was 1n3ected 1n selected parts of the o
f1e1d US1ng three types of surfactants- two ;nverted :
nine-spot patterns were treated w1th COR-180 steam foam, two
with a COR- GEL steam foam—polymer comb1nat1on,kand one
'1nverted five-spot pattern was ‘treated with SJntech IV steam
foam. The steam foam was designed to break down after three'

to- f1ve days, and the steam foam- polymer comb1ng%10n was

employed because the gel coat1ng the foam ‘delayed the toam '

activation .in the reservoir. Eson et al. (1983a 1983b)

reported dhat the vertical SWeep.eff1c1eﬁcy and the oil
production races in;the areas tested were‘imoroved duemto
foam treatment. No emulsion problems vere experieneed.at’
;fthe prodﬁeidg wells during the,COR-iBO-ahd COR-GEL
treatmente: however, emulsions were'detected when Suntech IV .é%
Qas employed;v.Ao estimate of the cost per'incremehtal' :

barrel of oil produced after foam treatment showed that

COR-180 was the‘least eipengdve,_while Suntech IV ﬁas the &
N . : : R . X . R ?



most expensxve. !Eson gt;gl_(1983a) observed that even
though steQQ.foam vas effective wié% COR*180 and COR- GEL ln.‘
order ‘to obtain a stable foam UJlllZlng Suntech~IV a .
non- conden51ble gas had to be- used. . i

\ Eson and Cooke(1985)*reported additional field results
on the Midway Sunset Fielé ThlS field was treated with

" .
surfactant ?1ong w1th steam and non~conden51ble gas for five

years. Air was 1n3ected along with 10 percent- concentration
surfactant slugs. Even th&ugh nitrogen was used during
1nit1a1 tests,\1t was replaced by air for economic reasons.
The field results showed that air,could be utilised as.a
non-condensible gas along with surfactants in‘orderfto
create a foam despite the OdelZlng effects of the .air on
the surgactants. o
- The test data of the Nortp»Kern Field was reevaluated
. by a different group ofvinvestigators (ERW,1987),‘whoH
concluded that steam foam did not improve oil recovery in
that field. In the.site investigated the ‘steam foam

1n3ection startediin 1980 at six inverted nine*spot o
patterns. The wells 1n this location had received five to /
10 cyclic st'eam 1n3ections before initiating the foam -
treatment.A COR-180 was injected in ; 60 percent
concentration as.a.weekly.slug. After injecting suchvslUQS'
of 100 gallons_each for a Yearlfit was observed that the
fpattern receiving foam treatment haderopped in oil-

production.while'the-control pattern (receiving only steam
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injection) remained flat or digpped more .slowly in the same
period. - One of the reasons for such a failure is the fact

~ that steam‘xnjectxon by 1tse1f was not the major mechan18m
d1splac1ng 0il from the reservoir. It was also concluded
that'water inflnx into the reservoir was a key product1on
mechanlsm. Th1s ‘leads to the speculatlon that watef |
1nvasxon causes  foam performance to deter1orate.

Followzngfextens1ve laboratory stud1es, a pilot test of

foaméinjection was conducted in ﬁidway Sunseg, Califcrnia,__

(&R

and was reported to be successfulk(Descher and .
Hammershaimb,1981,1982) This field centains.an 11° API crude

I

and a variable 0il saturation. wThe;test‘was carried out in

i
.

a~five-spot pattern which had previously prcduced by steam
drive and cycllc steam st1mulat10n. Prior to foam
treatment oil production rates from the pattern were very
low (less than 20bbl /day), and water cuts were very hxgh (95

percent) . Foam was formed in s1tu by the 1nject10n of a’

. surfactant solution 1nto the flowing. steam, followed by air

N

e e

e

injection;' Analysis of the test pertormance showed that the
water cut decreased s1gn1f1cantly, and oil product1on
1mproved due to foam 1n3ect10n.; It wa suggested that"the
<M;a1n dr1ve mechanism in this f1e1d was the 1ncrease in steam
v1sc051ty; wh1ch alldwed a more eff1c1ent dlsplacement Qf
the heated 011 to be atta1ned | ‘ |
Greaser and 5hore(1981) reported successful field

appl1cat1on of 1n situ foamlna 1n a steam drlve process in

L4



the Kern River Area. Getty 0il used COR-180, a
steam<diverter foam on nine injectors to determine its
+o n ; 1 e i

effect on steam flood oil recovery. Radioactive tracer

surveys showed that in most of the 1n3ect1on wells the steam
. 1nject1on prgf11e was meroved Also, average da11y oil
‘moductlon increased 51gn1f1cantly during the foam test
perxod | .
- Foam 1nject10n was tested in Shell's Mecca lease )
(Dllgren et al.,1982) of the gern River F1e1d to evaluatef
athe ab111ty of foam to decrease steam mob111ty and 1mprove
sweep eff1c1ency. The test was 1n1t1ated 1n a s1ngle
’.five*spot,pattern, and was later expanded to four-spot '
| patterns. The steaﬁ foam was reported.to yield increased
'bottomhole injection pressures and improved oil recoveries. -
Brigham et al.(1984) reported results that showed a
consiéerahle'improvement in oii recovery by steam drive with
'the'addition of surfactant and‘nitrogen,to the steam. For
this field test spntech—lv was used as the_foaming agent,. A
‘control pattern with conventional steam §rive without
- surfactant was used. Surfactant-water siugs;w%re followed
by nitrogen and then‘by‘steam.wahef reported a prohounced
"upward ‘trend in oil pnoduct1on within weeks of the R n;
commencementsof each of the»slugs. Aﬁ increase of 50 BQPD
prlor to slug 1n3ect1on was observed It culm1nated in d
peak of about 150 BOPD. The peak 1n o1l productlon appeared

j4

to be related to the durat1on of the slug. The shd&ber- and
. -
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higher- rate slugs vere followed more réoidly by the peak in
productxon. They concluded that in order to have an

effective foam 1n3ection ‘the f‘llowxng conditions should be

'

o

Jfultilled: o . -
| - the foam must be stable at relatively hlgh
temperatures,
- the fpam qust prefefenmially penetrate the steam-swept
zones and reduce their permeability '
i - Fhe 'blocking action' should persist forjag extended
’pléiod of'time under'reseaJoir conditions. .~
| Lee and Kamilos(iées) reported the use of a newly
‘developed diverter Chevron'sb 1000 in a pilot project in the
Kern River Field. This was used as a steaﬁ drive additive
along with nitrogen using two day slué&\once a week for a
total of 15 élugs. The surfactant concentrat1on was 0. 5
.;percedt,by weight. A pos1t1ve response was observed w1thinz
four weeks of the commencement of the slug injection. T%ey
reported Succeséful application both for a nine-pattern -

(incremental oil recovered= §8,800 bbl/month) and a

sixvpattern (¥ncremental 0il recovereds= 39,000 bbl/month)

e =

pilots. \
Keizer et al.(1986) reported fhe'results of a pilot
- test, operated by Maraven, in ehe T1a Juana F1e1d in an
attempt to, 1mprove the’ 1n3ectlon profile in steam-soak
'wellsf The regﬁ};s show»successful app11cat1on of steam

foam for o v i



- reduging . the effective stemﬁ'permeabxl1txp

“"ﬁk - pIuggxng the most depleted layor

diverting the 1n3ect%a_steam to non-producing sands

- enhanc1ng 011 productxon

For all the wells under test the WOR- dropped from an 1n1t1a1

-5surfactant.

value of 90 percent to 20 percent over about eight months.

For this te&t, C,g alkyleryl lephonate was used as the

Falls et al.(1986) reported field data acquired dur1ng
Shell 0il Company s steam foam drive pilots in the Kern
River Field in»Calbfoﬁkia; They concluded that a steam foam

was more effectlve when nonrconden51ble §bs was present. As

, a_Poss1ble explanatlbn, they mentioned that the foam

‘llfet1me was lgngeé& when transport of non- conden51b1e gas
% ) € .
11m1ted mass transfer between steam bubbles.

\

Mohammad1 and‘McCollun(1986) repoEted results of a

steam foam pllot»prOJectjgnxGuadalupe Q#eld in Callforn1a.
- AT
The case snudaedqxn th1s~test had severe steam-channe11ng

tondyt1ons prevail1ng before the - qhem1cal treatment. During

(

'_ the 1n1tna1 1ngect1v1ty test a. 0 75 wt percent surfactant

'of three weeks.?

,r‘f Ay g

was added to ﬁhe steam.\ Also, nltrogen was added to the B
{
steam at a rate of«25 scf/bbi of steam.‘ OVerall 1ncremental

s

oil product%pn from thlS pllot ‘was 29,400 bbl over a period.

“s

4
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" 2.3 NUMERICAL SIMULATION ' . 0

2. 3 1 Numerical Sxmulatxon of Polymer Flood : o ‘
. [ ‘l"*’ o p B \ [ . NS
Several authors have 1nvestxgated s1mulatnon of. the
.o

RS

4 varxous complex comp051t1onal effects that occur durzng the

t

'f§permeab111ty'1s con51dered to be affected by polymer

dxsplacement of o11 w1th surfactan:? and polymers (Pope et

al., 1979 “Flemmlng et al 1981 Al Seehat1, 19%97 Man‘”h

support1nq 1a¥oratory studles have been pub11shed wh1ch

have contrlbutéd to the understandlng of pol»mer behav1our o

W

(e g adsorptlon) but very few attempts havefbeen made to.

model mathematlcally the experxmental polymer floods._‘fb}

P

Uéuallyaﬁthe sxmulatlon of polymer flow took account of
polymer d1sper51on and polymer adsorptlon by the solld rock ,‘

surface. Even after 1ntroduc1ng polymer dlsper51on and

adsorptlon _a’ res1stance factor 1s 1ntroduced to allow for -

¥

. ”the reductloﬁ“1n absolute fvimeabllmty caused byhthe

'1njected polymer solutlon.?ﬁThls leads to redundancy 1f

.3polymer adsorptlon is- cons1dered4to be the’maln cauSe of anyr‘,

:reductuon 1n absolute permeab111ty. Another hortcomxng of S
t - : )

\{uthls approach 1s that the polymer 1s conszdered only as a
fjcomponent oﬁ the aqueous phase and two-phase relatlve N

Or

~jpermeab111t1es are used Be51des,,only the absolute

e Lo

E Y ectrorr*lea drnﬁoﬁn—-rmproperwsmulaa en~ef~»t he—relat ute-
permeab114t1€% to water\ On the whole, the present approach

ofas1mulatxon sf polymer,flood cannot properly s1mulate the «n';
, } T S .




(L

mobxlxty control property of polymer whlch 1s most e£f1c1ent
in the presence of mob1le water. Qgso a polymer sqlwt1on

is not readlly mxscible w1th water and assumpt1on of

t

'-two phase flow would lead to .a considerable error,=

.vespecxally at the 1n1t1al stage -of polymer 1n3ect10n. Thxs

A

1 e

:error is- magn1f1ed when the polymer slug volume 1s small as

compared to slug volume. fﬁ o

I - ..;:-',‘v“ : . " ) " .o : C - o ‘.’;
2.3.2 Numer1cal Slmulatron of Emuls1on Flood =

'v'-*, Numerlcal szmulat1on of emul§1on flow 1n an 01l

‘ /reservo1r needs a proper-descrlptlon of the flow behavxour

.F;of é%uls1ons.. Th;s needs«the knowledge of transport

'propert1es of thése flu1ds and the phys1CaI laws cgntrolling

the1r flow. Recently, Abou Kassem and ~Farougq All (1986)

J‘have rev1ewed the rheology of emu151ons, the1r formatlon 1n gy

'tporous med1a and subsequeht ;loq, from a ma;hemat1qal

SRS CE

.-‘.standpomt.:. In another aStudy: 1!5 ('A ?&em and 'Faroudf
, he

eAl1; 1986@) have developed a co;relat1on for flow behavxour f

of emuls1ons 1n porous medla.h These stud1es g1vé 1ns1ght S

v,for a one—dfmen51onal Isothermal s1ngle phase flow of

’femulsions through porous med1a.5 Hovever,.todate nok

"exhxbzt a Newton1an behaviour.‘

<€51mulat1on of/the emulsion flow -in-a multm phase flow

“; that o/w macroemuls1ons of low and up to 0 5 quadxty w111

”

_l1terature has been reported to have attempted numen1cal

aor, e '..4" T

. system.} Nevertheless, several reseafchers[haye po1nted olgtﬂ_

S x.w'

e . : ' ST R e . Ty
-.,\:;v,‘, B ‘ FER .
el D LA : &



-

ﬂ‘i more effectmve flood1ng agent than other VLQFOUS flu1ds’

R SR &

L8}

-

1

Ll

z 4 SCALING OF. pommzn EMULSION AND. FOAM S

DR tpel

The use. of polymer,;emulsxon and foqm,has been a

.subject of many 1nvest19atlons 1n thé petroleum 1ndustr for

7 J
many yearstg These mater1als have been uSed as mob111ty
»

'{f'control or. d1vert1ng agents in d1fferent enhanced 0il

:recovery techn1ques, suéhwas gas drlve, steam 1n]ehtron,

waterflood or m1ce11ar fiood Many studles have shown that

“these materlals may 1mprove oil recovery by a substant1al

£ ‘

‘amount.' However, laboratory studles performed todate have

’used unscaled or. only partlally scaled models.f Therefore,,

.»’ » [

the quant1tat1ve results obta1ned from polymer‘ emu151on and

foam floodlng experlments are not appllcable to the fleld

f1q¢order to sFalezup laboratory experlment resultsﬁfor f1e1d

appllcatlon, the model has»}?fbe properly scaled | Th1sx

<

requzres detarled knowledge of polymer, emuls1on and foam
flow through porous medla.g The mechan1sm of 1mproyed oil ;f

recovery wg these mater1als w1ll be dlscussed il the |

follow1ng sectlons. v7° h-l"' .1“ S ] R o v
h ' ‘v - N . ‘
2.4, 1 Flow Mechanlsm of Polymer 1n Porous Med1a
It has been well recogn1 that a polymer solutroh\ls

o~

’ .

(Pye, 1964}: ; 1964 Sherborne et alzp 19@7) - The'

Sa‘dlfo d

abnormaljae :stance property of polymer was recognlzed by

Pye and was quant1f1ed as the res1stance factor Ever

'”’since thxs early work there have been numerous stques on

¢



i polymer causes a reduct1on in the effect1ve permeabxllty to"

| represented by Bondor et al (1972) They 51mulated polymer i[*

fadsOrpt1on uy treatrng 1t expl1c1tly Satter et a

A R NG
. _ ‘ ST _
polymer tloodxng. Even theugh these researchers pf'“”ﬁ o
ST R ey R, T s

contrad1cted each other on dxfferent detaxls of polymer v~’

‘.

‘flood1ng, there saems to. be unan1m1ty on attr1but1ng poLymer o

-fadsorptxon and machan1cal entrapment as the cause of gﬂ

o

: 1mproved 011 recovery with polymer. Thrs unxque property'of‘

.

water w1thout affectlng the effect1ve permeab111ty to- 011.

lThe polymer adsorpt1on in porous med1a was mathematlcally

M

.straxghtforward. However, ~ vplﬂcatlons ar1se due to the f

‘fact that adsorpf1on aLone cann-t account for the select:ve'
e ) r .
’reductlon of tHe effectlve permeablllty to water. k s

' Mechanlcal entrapment d1spers1on and d1ffusxon have to be

, \sff

icons1dered w1th other compl1cated phenomena ‘such asivxscous

frngerlng ﬁlhlle a, waterflood follows an«1n1t1al polymer ~n

- P

flood) To&ate, there has been only one approach to

represent mathemat1cally mechan1ca1 entrapment w1th polymer-'

that 1s, by 1ntroduc1ng the notlon of - res;gtanceejactornleﬁ_‘;ee_
ThlS has been 1pcorporated Lnto reservorr slmulators w1th a

certa1n degree of gpnlrlcrsm. D1f£uszon and drspersxon aré

. 'also 1mportFnt phenomena due to mfsc1b;11ty of polymer 1n



. - 0 .‘“ ' t " ' ’ ‘\ "‘;7"’ . ) | ‘-‘ <
0 lwater.‘ At very low longﬁtudlnal 1nterst1t1al veloc1t1es,j

d1£fus1on dominates whereas at h1gher veloc1t1es d1spers1on

" dominates. Pozzi and Blackwell (1963) po1nted out that

* : )

;precxse scaling of transverse d1spers1on coupled w1th the
'requ1rement of geometrxc 51m11ar1ty would requ1re an o
v

‘1mpract1cally large laboratory model and a long t1me for

<Jexper1ments. They determ1ned that undér spec3f1c

chnd1 1Qns, the requ1rements of geometrxc s1m11ar1ty and

| gtav1 ‘atlonal scalmg co‘bﬁd be relaxed to allow sc.ng of

.", o

"3mxsc1ble dlsplacl ents.' These would be\app11cable to eather
'trawsverse m1x1ng takes place by |

“.

o of the cases E 1ch

B molecular d1ffus1on .or convbctiveﬁﬁlépe s1on.~ In th1s.

regard Royas (1985) found 1n a scalga,:tudg of 1mmlsc1b1e

\

ﬁcarbon dxoxlde dxsplacement of heag¥ oil, that brea‘?hrough,_*’

‘ recoverles depend very 11tt1e on the transverseqdls ergaon '\nﬁi;
) v\ . e
group for DTL/W’V <4 10 * or on the longltud1nal dlsper51on . a

Ve T L - s
»aw_group for DTL/DLW<0 3. S - e

Several mod -3 have been proposed in the past in ordep

T to express the dlsper51on tensor in- terms of macroscop1c
' . ’ e

1v§r1ab1es representlng the. mlcroscoplc conflguratlon of theA»s

‘gzeld For the present study, the model proposed by Bearl

and Bachmat (19&2) has been qgopted. He showed that for
;_ﬂlgsotroprc‘medla,eforrwhachean“orthogenal—ce-ordinate*systenr¥~—A~;

parallel to the flow 1s selected the dxsper51on tensor.rj

A v . . >

M% becomes..

-

s . - . R -, L _ . ‘ .. R



” s’ . ¥ )
R T 53
»g ! | |
‘ y DL 0 0 i | ' . .\ . . . . :“‘. . v
| 1 D = . 0 DT»0 . ‘ , (2.3)
Lo . L0 0O Dpd . ‘ o -
. "&6 ‘ N | . | ’ ... | \ .

) ‘Accordlng to Perklns and Johnston (1962) the
dlspers1on coe£f1c1ent 1s the: sum of di&fus1on and
dispersion coeff1c1ents. He furthergdef1ned d1sper51on

o

' coe£f1c1ents in, the follow1ng Eorm .;1‘ ;'

'DL~= D /F¢ + 0. 5vxd "“ -
R

Dp = D */ro + 0.0157vxd

." (> ‘l\ ' . . ’
Th1s model will\be Jused throughout the,'_lfeot study.' ‘s

Recen df%s (Coskuner and Bentsen, 1987) indicate

" that v1scous f1nger1ng plays an 1mportant role in the

”»yaterflood that follows the polymer flood. Howev the‘

" A

"mecﬁan1sm for unstable flows ;s not well’ understpq@ and "“1
c?éates dlffldhlty 1n scalang <UCh a systea,ﬁ Even though an.
\unstable dlsplacemeng (presence of v1scous f;ngers) can be

amodelled by usgﬁg PH@ESame flow regzmé -in  the model and’the.‘_

.\ prototype k§ the case of s1mp1e m1sc1ble dlsplacement it is
not yet knOWn what how to,@odel ag unstable d1splacement in

the ‘case of a complex system fov@Wh1ch a m1sc1ble

Es

d1splacement.;:_ ‘ﬁ; ‘Vy

>

dlspfacement takes place algg wq:h an 1mm15c1ble
o o R

e Y ) o
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2.4 2 Flow Mechan1sm o£ Emulsxon in Porous Medxa .;;- 'h
v “_

-» .

' T ‘ h“ '
Emulszons (o water SF water 1n dil) have been by o

proven UO be effect1~e 1n block1ng more permeable zones 1n a

L]

| hetrogeneous reservbir*(McAul1ffe, 1973) or in controll1ng

«'\' wt

steam override and channe11ng (Broz et. al., 1985) It'has : L

aldo been shown that emuISQOns formed’ 1n situ do not perform

4

as well as those produced externally? ‘ ' SR

g

}feEtive blocking

%L Wh11e emuls1ons are ‘well accepted al

-..:',ﬂ 3

Pk agents, there has beén a lot ‘of controversy 1n descr1b1hg : )

\.y .l Y "u\; : sl s ' g A . - o -
how emuls1ons actually create such a blockage. Mdﬂu&ﬁffe

5. "

v it

‘ throats. ~As a bas1s fo. hxs argument,,theL presented the

and Marsden (1970) who found that no

s w”h 011 in-water emulsmn . "".
%' : IR X
L% »

T observatxon af’ UZO1gw

restr1ct10n in flow occt

-

through glass beads for wh1ch the 011 droplet sxze was

probably smaLler than : aver%ge pore throat s1ze"thenn1ngs et

("

e

al (1974) showed that emuls1f1cat10n could take’ place‘ln

~.

51tu if. the 1nterfac1a1 ten51on were low enough. This would

.

'mob1113f even re51dua1 Oll but these droplets couid be " -,h_j;t

‘entrappedxagaxn by pore throats too small fér the 011 S o

’._emuls!ons to penetrate. They descrlbed thlglemu151f1caz;on -

-prand entrapment as the cause of reduced water mob1l1ty t at . ‘mm.

‘blmproves both vert1ca1 and areal sweep eff1c1ency. | o
Cooke et al: (1974) attrzbuhed the permeab111ty B

}' trqp bxﬂihe*formatren of water 1n oxI emu151on to the g@
. R I T I St c
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t‘a‘

hxgw viscosxty of those emulsions or to the format1on of an
f1lm glamella) acc§‘: the. ppre Chroat. They argped ‘that

011

the o11 lamellae £ormed in the pore spaces effectively clqne

i
C oy

many of the flow paths that we:e formerly ava11able for?e

4. S P

f!%w of water. : n‘&

R m~,

e ‘!' Soo and’ Radke (19@0) presented anothen mechanxsm for

L . K
;educ1ng permej ;1ty by emuls1ons.i They argued that, when

?,ﬁ emuls1ons are 1n3ected“ﬁnto a pqrohs medzum droplets fot

"i ',“P -# Ty

5“‘"

W n et

ere captu;ed on pore walls and 1nlcrev1ces.

g, W

‘,a reduct;on 1n permeablllty from emulsron plu@g:ng‘m&y not
‘&*

"B !
')nece551tate that the*med1an droplet size equal or excee@ the ' A/

a

'medlum poré throat dlameter. B &k', R A

-These recent f1nd1ngs arqinot enough to del1néate the
exact flow1ng nature o£*

3

3151on. However 1n order to ! R

v

@.4"§ppresent emuls1on flow‘mathematlcally, the fIOW’models that;

~

{‘have Been used in the past years must be cons;dere ‘f, ISA

Abou*Kassem and Farouq Ali (1986) rev1ewed Ohe emuls1on flow

‘“ns ’I‘hey pomted out that for 011 in- water emulsmn t ‘

»

'&, 2 4 3 Flow Mechanxsm oi Foam in Porous Medxai
‘ There have been several attempts to u5e foams as
i < Lol
blocklng 6aents. HoweVerf most of these tests vere. appl;ed R

"1n enhanced 011 recovery by gas or steam 1n3ectlon4£Eson et



f;

[}

, 1981). ‘I‘hej initial wor‘k with foam indicated that u "

...1___
| uld 1mprove the conformanCe of gas dr1ve oxl recovery

p -ocesses because 1t selectlvely:reduces the gas
permeabnl#ty of reservoir rock (Bernard and Holm,‘1964) .
Also, - .Bernard et al (1965) showed that foam floodlng
recovered more oil malnly because it created a h1gher ‘4

trapped- gas saturatxon ﬁh@cﬁ 1ndxrect1y ylelded a lower v

4

- relative permeab1lity tgﬁﬁaﬁbr.ﬁ,

Huh and Handy (&d

a&escrib‘g& as a thsee-phgae! flo f pnocess. However, they

Fle g o
argued that foam would 'travel as an 1ndependent phase

but 1ts ex1stence wouldqjﬁﬁ

Q

‘.'permeab111ty to gas. Thed&posnted out that the steady-’and

'unsteady ‘state relatlv.

gas in the preseaﬁ%.bf’goam. | " _ B o :
. i!we majasfmziqsn19ms of flow have been recognlzed.

-~

These are-"

€. " . : Lo .
b bt f K . N ) . . .
S RN
_{ : ’ﬂ%?rfv.'.n Lo R R
. .
\ v " 0 I3

N
1. A large port1od‘ £;ths gasals trapped 1n the porous “
W Lt
med1um and a smali fracbzon f%gws “as free gas, follwang\
‘ Darcy 5. lav Gﬂoﬂb, 1964) ’{5,‘.f? S ::Nsh‘f_:kiu L

,r . ' J .
2, The foam structure moves as a body, the rate of gas ‘
Ce i

" flow. fsfthe .same . as the rate of I1quld flpw (Fr1ed 1961)"

it3.t Gas flows ‘as-a dlscontanuous phase by break1ng and

.

"re-form1ng f1lms.. quuxd flows as a, free phase (Bernard et - W
: ' = . —‘v .

al.'v1965) . } N j : N ,).. .'-1 W.w

P
s I
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o Foaq flows as a combination of liduid and gas in.a,
foam body fnd ‘the liquid flow in a, porous medium follows

e
RIS RS

fixed channels,'whether or not foam was present ;these
channels depend solely on the 11qu1d saturatzon (Bond and
o4 e . ‘

~ Bernard, 1966%‘&' v (SN .
‘ i : 5, Foam flowd in a porous medaum with constantly L,

L

’ e~
“'changlng qua11ty and in certa1n reg1ons,-there“may be’ four .

ﬁfhddxfferent phases flow1ng sxmultaneously. The production of

emu151on (depend1ng on the amount of free gas) complxcates
this .mechanism even further. h : e
Raza (1970) related foam quallty to the presence of
‘ smaller pores in low- peréeab1l1tx porous media. This
. uobservat1on was supported by Mast . (1970). -
It. has been postulated that four dszerent phases 'flow
s1multaneously, at least for a certa1n perlod for £oam flowv_‘
" in afporous med1um in the presence of o11 ' St111 there wille™
‘remain .some amb1gu1ty in terms of considering foam to flow

. as an entity”or'in two different'phases. '



3. STATEMENT Of THE PROBLEM o

= w#‘i
The prxncipal object1ve of thxs work is to exs né ways

of eff1c1ently waterflood1ng oil reservoirs (in the T to 200;

mPa.s range), with a bottom-water zone. In- particular, it

is intended to y e

(a) stiudy all or some of the followimg effects‘on
waterflood with polymeq; emulsion; air, foam, biopolymer
Agel and silica gel as mobility'control agents' ‘

"

(1) gffect o& .the oil- to water zone th1ckness ratlo,vvc

s -

&;' (14) effect of - o1i water v1scos1ty ratlo,
o “(11;$ﬁpgfect of the 011-t0rwater zone permeqbilfty

_ﬁ%tio, L ' .

'(1v) effect of slug size of the mobility control ageq.
. (v) effect of concentrat1on of, the mob111ug control | el

: a;ent' N ‘ ) ‘ S | 4

‘and )
]

(b) determ1ne the opt1ma1 slug 51ze for the best“su1ted

mob111ty control agents.

The theoret1cal 1nvestlgat10n is to use the above

. - °
- [ 4

1nformat1on tw

(a) exp1a1n the flow mechanlsms 1nVolved in the

respectzve processes, and obta1n a s1mp11f1ed descr1pt1on of

-

the process 1nvolved, ~j

,

| (b) develop and use a numerxcal szmulator us1ng the
. above'formuletlong and employ the’ expethental data to

) - N ‘ . . . » 5 ‘ P
validate the numerical simulation; and -~



 (c) derive scaling criteria for experimental desi

using ‘t,he most effective mobility control agents.

.

gn
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O ‘. ‘EXP‘ERIMENTAL APPARATUS AND PROCEDURE ' ° .

- 1 ) ‘«"..‘ “h . .
. * N 1
. x

'ﬂyc.1haxpxnxuzurnn‘apénnnins R | -
For~the:disp1acement tests'oonducted, the experimental
apparatus';onsiStedhof a pump ano a specially designed
B rectangular core holder. . [ -

A constant rate, computer—controlled positive
,‘j

d1splacemen¥ syrxnge pump was used. The\pump was conneeted

to two cylxnders conta1n1ng float1ng p1ston§\ This gave the

.

choice of 81ternat1ng two d1fferent fluids w1thout
contam19at1ng one w1th the other. The pump had a capabxllty
fof pumplng a max1mum b!’*Q@O ml/hr w1th a maximum allowable

1 pressd?e of 7000 kPa.. ;Le pump was monitored and controlled .

' ?by an IBM PC and the flow rate could ‘be adjusted Wwith a
prec151on°of 0.1 qﬂ/hr. The pump d1splaced the pr%ton of 2>

S T -
the floating-piston cyllnder that was connected to the core a

[N

holder’ wlth a flexlble Tygon tub1ng.’ At the entrance of the‘

Ahrectangular core holder was bu1lt from a tubular !

0

alum1num block The 1ns1de dxmen51ope of the core ‘are 122 ;(

T e

- 60 .. - SR A



width was judged to be sufficient téleuofd wal fffects. RIS
*®

e S A

B . oo
. . o0 AR W

o

. . oL S §
. o . Tt e e, 3
,

The length was chosen to ‘be long enough to ha

o

L | . . , oL
[ . ) . RN

'*Qmacroscop1c cap1llary number (Islam, 1985) low enough tm

mobta1n stabllized dlsplacement (Bentsen, 1978) It should

be mentloned here that it is commonly be11eved that most of

the field displacements are stabilized and unstable (1slam 0

" and Bentsen,‘1986). A flowvreglme,xs called

stabilized when

. L} . :
the macroseopic capillary number, which incorporates the

_ end-point effective permeabilities and the area under the

capillary pressure vs. saturation curve, is lower than 0.01.

Whether ‘a displacement is 'stable or unstable

depends on the

.1nstab111ty number which 1ncorporates the effects of

v1scos1ty ratlo, 1nterfac1al tens1on flow rate and geometry

of the porgds medlum. Therefore, a stablllzed and unstable

' dlsplacement would mean a low macroscop1c caplllary number

. and a high 1nstab111ty'number. "It was decided to employ

.unstable digplacements to s1mulate the reservoir case, at /h

- .

-least for the case of waterf}oodxng

#

The core holder is capable ot re51st1ng

-

a max1mal

pressure of 2100 kPa. It has one inlet. and one outlet at

- . g SCURE

the mlddle of the inlet and. outlet £adesf respect1vely.

/

These enable the pack1ng of the glass beads and measurement

+of ab501ute permeab111ty.f The". 1n]ect10n and

[

product1on

@swells agg»logqfed a§ 24 Sé,cm from each endlof the core.; The '

. wellﬁ?are 0. 635 cm -in d1ameter end are f1tted w1th porous

metal caps that prevented any flow of glass beads._'The,

i
_— . : _ A



! kékdfl pu_gl;:ﬁsf "hsih _ ~mlif"]p‘;«ih;i;ﬁhwlfséfkl?
\\!-wells are so £1tted that thé1r penetrat1on can ‘be adjusted
" toy any depth up to a max1mum of 7 62 cm Ttotal depth,pf thedp
“;core) Wh1le waterflood1ng the ‘core, only ) \
‘*1n]ect10n/ptoductr6n welIs ‘were. used.’ On the other hand“
" for polymer treatment both 1nlet/gulet and el
3 product1on/1nject1on wells were used depeﬁd1ng on the
thlckness of the bottom water. layer. 4&,% o R
| The core holder had a 11d along the bottom s1de.‘ This
'ehabledﬁhe packmg of several layers in: the lateral
d1rect1on.g Flgure 1 dep1cts the schematlc of the : B

E experlmental set~up. - SRR
' T o : | ".‘3_;~ , \\\f
4.2 CHEMICALS T
The materfals used for the tests conducted are 11sted
'below T : TR e | |
.‘a) Porous med1a‘ &0 120 mesh glass beads vere used 1n
layers where 1rreduc1b1e water saturat1on was establ1shed,..
';‘200 240, 80- 120 or 20 30 mesh glass beads were used to model
“the vater- saturated zone.' . L_ | .
' 'b) Oil phase : Four dlfferent 01ls were used as the

I
- !dlsplaced phase. These are ;

(1) MCT-10: Th1s o11 vas supp11ed by Imper1a1 0il
L Ltd. It was used for most .of the runs.

| (2)‘Kerosene° This oil ‘vas used-tor.Runs—ii,yjs.
;(3) M1nera1ube+kerosene-11t was"a blehddof

M1neralube (lubr1cat1ng oil supplled by ESS0 Ltd )

N
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and kerosene (60 perdent Mxneralube + 40 percent :

'kerosene). Thxs or; Was USed for Runs 12,*40, and
B L 3

‘ .. L ; /; : -~ ‘%’ . .
68. oo f i {

‘(4) Faxam—100 It was supp11ed by Imper1al 011 Ltd

Thns was used for Runs 13 69,

P

The propert1es of these o1ls are lxsted in Table

- c) Water phase “ Distilled-water:Was used‘ingall

‘waterflood1ng tests. - S ;".
‘d) Polymer : A Dow- pusher 700 polyacrylamlde solutxon

 was used 1n the polymer dlsplacement tests.. For most oﬁ-the'
,tests éonducted 500 ppm solut1on was prepared w1th
dlstrlled water. This solut1on had a v1sc051ty of 64 mPa 5
at a shear‘rate'of 6 rpmf. | | ;
e) Emuls1on. Oil-in-water emulslon ‘was prepared by

mixing oil (MCT-10) w1th an aqueous solutlon of emuls1f1er.
g

Th1s sqﬁcalled agent 1n-wgter methoa?ls su1tab1e for

. preparation of the emu151on formed xternally (Broz gg_gl.,
*1985), In order to obtaln stable e35%51on, 10 percent (of ,'W
the total ‘emulsion: volume) of oil was added to distmlled

"water conta1n1ng 200 ppm of surfactant.} EOR-300, as’ ‘
supplied, by Ethyl Corporatlon, was used as’a surfactant.A

' The oil droplets had an average dxameter of 1 5 microns,

———— L -

- The proportion of oil and surfactant vas selected after

‘analyzlng emuls1on stab111ty and average oil droplet

‘diameter. ‘Emuls1on ‘viscosity was found to be 1.8 mPa.s at
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TABLE 4.1: Properties of O
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0il  vViscosity (cp) Density(g/cc)
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B

L wh

water/oil

Interfacial -~
Tension v

(dynes/cm)

S

MCT-10 . 50.0

Keroseng + . 7.5

Mineralube-

T

Faxam-100 -~ 200

.81

0.83

.86

35.

32,

.36,
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six pm. . The stress strarn behab1out of -the" emulsxon

Yo

idevzated sl1ghtly from that of a Newton1§grf1uxd._ For Runs

"for whrch Faxam-1¢0 was uSed as the o(l phas;? emulsxon was
f prepared from Fakam-100. E
| £) Blopolymer° B1opolymer FLOCON 4800 was used W1th

. ‘»

‘.cross 11nk1ng of Cr".~"

g9) Surfactant The surfactaﬁt’that was uSed to generate
foam in situ was supplred by Dow Chemicals. It was, the best

performer among many others tested. It was a 42 percent‘_‘;“"

s .
©

actlve, sulphonate base surfactant and was used at four

'percent concentratlon for most-ofdthe.foam—fi

odxng runs. '
"h) Slllca gel C02 was iniacted i an’ac1d1 ;ed (with
7HC1) solutlon of sodlum orthosilicate. Acidified seélution

was first 1n3ected and was followed by.COz in o"der‘ﬂg‘ _

produce siljca gel. E
4.3 PACKING AND PREPARATION OF RUNS : R
Glass bedds were packed wet. No settlement was : "

observed by v1brat1ng.the core. This is more likely the
‘case as the»g%ass beads are unlform 1n s1ze,wun11ke sand

-Once the core was packed, air was drlven through the pack1ng

L

L overn1ght in order to dry the core. “Then a vacuum Was ﬁ‘VV

~

pulled on the, core and d1st111ed water was allowed to bez
1mb1bed 1nto the core. . Then the core was connected tq\the
: pump and dzstllled water was pumped thr0ugh An accurate

mater1a1 balance,~then, gave the pore volume of ‘the .core.

\
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.. The pressure uas re:}}ﬂedﬁby a. transducet at the core 1n1et.‘

" once the pressure was stab1lxaed the pressure was recorded - f'i
-for subsequent calculatlon of the absolute permeab111ty.\ At
th1s poxnt, an‘o1l flood ‘wais tonducted 14 order to‘establxsh
.the 1rreduc1ble water saturat1on.. A flow rate hxgher than

tt;that ant1c1pated for the waterflood was used for th1s 011 |
fflood.A Th1s was 1mp0rtant to avold any flow of 1rreduc1ble

"water dur1ng waté;floodxng Dur1ng the 011 flood the core

_was placed vert1calT§ and oxl was 1n3ected from the top to _

tassure maxlmal stabg}1ty of the dlsplacement (most suitable ,'

_:p051tlon for plston*llke d1splacement) ' As the oil flggd\<*~;f‘

was’ c?pducted at a favourable mob111ty ratxo (< 1) Oll

;breakthnou&h took place vexy late and a very’ small
fractlonal flow of water took: place after breakthrough

"Howevety.the o1l flood waS’contlnued unt11 the water cut .
fell below one percent of . the total flow. It t00k about 1.2

~_«;PV to reach th1s condltxon. 2} th1s point, the 1rreduc1b1e

hwater saturatlon,hsgi uas ass med to have been reached._m
_;Then the cote - was opened by taking-the 1id off The top w
part was scraped off unt1l the desired he1ght of the oil |

l“ zone was reached Meanwhlle, a‘wet packlng of glass beads

| ’(of desx;ed mesh-51ze) was prepared and the absolute '
_ 'spermeab111ty was calculated. Thls water-vet pack;ng layer

\u;ﬁwas then added to the top of the o1l flooded layer of the

i

core._ As glass b s are eas1ly compacted (due ‘to un1form

. sxze),ﬁth}‘tdded layer was assumed to. have the same ‘absolute

e

-

3 : N o
EAV : - Lo
\.,, . - -



- pe;meab111t§ aq vhe prevxously packeé glqss beaés. Whenever

a barrxer was ae51red, a plastic ‘sheet (of de51reg.!engthf
r
'was siA%ly laid down on tOp of the oil. zone, apd then the
-
dater- saturated layer was added. Once the Water~saturated

layet was in place,‘the lid was put back on and the core was.

-rotated 180° axxally to bring the o1l zone on top and water

‘zone at the bottcm.‘ At this po1nt the coré vas ready for a N

= RN S
. waterfloed,—or other d1splacements. L



e Tiﬁle 5,1, In1t1ally, base

war;ous runs were performed w1th 2 bottom-

. \ . } . c . u . L
: . ‘ .
Y o , N\
. LI &

- ’PRESENTAT!ON OF EXPERIMENTAL DATA
wExghty-f1ve dxsplacement tests were~per£ormed. xFigure
2 depzcts the dszerent types of experamental runs‘
conducted The results of a;f the runs are su mar1zed in

terflood Luns ware performed

tn the absence of any bottom-water zone. Follow1ng th1s,\ .

Yo

S

of these runs. is descrlbed under dxfferent secth® Qﬁ
. »
: accordrng_to.the mobility cgntrol agents used. :
N : ' ' e : e -
. - ) ' .

'5.1 Base’ Haterfloods W1thouthBottom Water

Runs 1 & 2 Waterfloods at dxfferent flow rates

For these runs a s1ngle layer was used. ‘This was done
to observe the waterflood performance without a bot tom- water

layer.. Two dzsplacement tests wvere carr1ed out at different

. ‘waterflood pates. These runs were used to obtain the

" reservoir performance under base conditions so as to be able

toocompare the results'with.those obtained uith;a

bottom-water“layer. These runs werewpegformed in a smaller .

‘core. This core holder was used because the currently;used‘A'

. core holder was not avallable at the tlme. éor Run 1,

waterflood rate of 400 ml/h was used Water breakthrough

occurred at 26 percent of the pore volume injected. AF;gure-

-3 shows the oil recovery, o11 cut and WOR curves. ,Fothun‘

<

-2, an 1njectxon rate of 800 ml/h was . used For this.runr

the water breakthrough took place at an earl:er po1nt

5 a W

69
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TABLE 5.1: Charactatstxcs of Packing. and Results of.
v ) Dxfieront Runs

5 -

\

Run ko ko/Kp ‘Blocking Agent “o4fw h,/h, Recovery'

"no. ‘(um')

1 16. N.A. None . 50, 0.00 64
2 15‘p " NJA, None " 0.00 N.Av.
3 16,4 1.00 °  Polymer " a0 62
4 16,0 1.00 " " 003 70
5 15.8 1,00 " .20 73
6 16,2~ 2.67 " " - 0..33 73
"7 15.9  2.67 " " 1..00 - 68
. 8 ° 16.0 0.06 " " 0.33 60
"9 16.2 0.06 " " 0.20 65
10 16.0 0.06 " " .1.00° 45
1 16.2  1.00 . " 1)0 0.33 66 5
.12 16.4 1.00 N " 7.5 0.33 72
13 16.0 1.00 \ " . 200. - 0.33 26.5
14 .16.2 N.A. " 50. 0.00 77
15 16.0 N.A. " e 0.00 74
16~ 16.0 1.00 " " 0.33 65
17 16.0 1.00 : " " .33 53
18 16.2 1.00 » " " 0.33 51
19 16.0 1.00 " " 0.33 57
20 .16.0 1.00 " N 0.33 . 53
21 15.9 1.00 " " 0.33 60, -
22 15.9 1.00 " " 0.33 50.5
23 "~ 16.2 1.00 " o 0.33 53
24 . 16.2 1,00 Glycerine (64 =~ " 0.33 42.5
‘ - mPa,s) : -
25 16.0 1.00 Poly mer+ " 1.00 67
- Barr1e{(25%)
26 . 16.1 1.00 Barrier(25%) " 0.33 49
27 16.2 1.00. Barrier(50%) " 0.33 54
28 16.0 1.00 Barrier (50%) n -1.00 33
29 16.3 1.00 Emulsion. (5% oil) " T0.33 - 32
30 16.1 1.00 Emulsion (10% " 0.33 54
. o 0il) _
31 gs.o. N.A, oo " - 0.00 79

- N.A. Not appllcable )
1 $¥I0IP at WOR=20 or GLR=7000 (after u51ng block1ng agents)_
a Injectlon pressure=69 kpa

.
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TABLE 5,1 '.ﬁFont'dO
Run LIS ko/kb Blocking ngnt uo/ug hb/ho Recovery'
no. (um?) ’ ' .o
32 16.15 1.00 Emulsion(10% oil) 50.  1.00 49
33 6.0 1.00 " " 0.20 61
34 6.0 2.67 " " 0.33 59.5
35 16.0 2.67 " " 1.00° 61
36 15.8 0.06 - " " 0.33 «° 35
37 16.2 . 0.06 " " 0.20 43
.38 15.8 . 0.06 " " 1.00 29
39 16.1.---3.00 - " 1.00 0.33 66.5
40 16.0 1.00 " " 7.5 0.33. 76
41 16.0 = 1.00 " 200. 0.33 33
42 16.0 1.00 " 50. 0.33 49.5
.43 16.0 1.00 " " 0.33 56.5
44 16.0 ~ 1.00 " " 0.33 38
45 16.0 - 1.00 " " 0.33 +« 57,5
.46  16.0 1.00 Glycerine " 0.33 28
(1.8mPa.s) '
47 © 16.2 1.0 Air * % 0.33 41.5
48 15.7 1.00 " " 0 20 61"
49 - 16.1 1.00 ; " .00 16
50 16.0 2.67 " " 1.00 37
51 16.0 72.67 BRI " *+0.33 58
52  16.1° 2.67 Air (Inj. thr.. " 0.33 59
prod. well) - '

53 15.8 2,67 Air . 0.20 64
54 16.0 .00 Biopolymer Gel "o, 1.00 11,5
55  16.0 - 1.00 " " 0.33 43
56 - 16.0  N.A. Foam " 7 0.00 28
57 16.2 . N.A. " " 0.00 32
58. 15.5 N.A. " ' " “0.00 . 43
592  16.0 N.A. " " 0.00 50
60 15,7 N.A. " " 0.00 49
61 16.0. N.A. " " 0.00 33
62 16.0 N.A. " " 0.00 25

N.A." Not applicable
N.Av. Not available

1 %IOIP at WOR= 20 or GLR= 7000 (after usxng block1ng agents)

’
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TABLE 5.1 ...Cont'd. .
Run k9 ko/kp  Blocking Agent '“o/“h hb/ho Recovery'
no (um”) .
630 16.2 N.A. Foam 50", 0.00 43
64 16.0 N.A. " L 0.00 41
65 15.6 1.0 " " 0.33 46
66 16.2 1.0 " " 0.33 57
67 16.0 1.0 " " 0.33 50
68 15.6 1.0 " 7.5 0,33 62
69.- 15.9 1.0 " 200, 0,33 23
70 16.2 . 2.67. " 50.° 0.33 46
71 16.0 - 0.06 " " 0.33 .+ 30
72 15,7 1.0 " " 0.20 64
73 16.0 1.0 " " 1.0 47
74 16.00 2.67" " " 1.0 49 -
7 16.0° 0.06 " " 1.0 15
76 16.2., 1.00 ‘ " " 0.33 46
77 15.81v 1.00 Silica Gel " 0.33 57
78 16.0 1.00 "(without CO,) " 0.33 52
79 16.0 |\ 1.00 Silica Gel . " 0.20 64
80 16.1 1. 00 " " 1.00 48
81 16.0 .2 67 " " 0.33, 58
82 15.9  2.67 " " 1.00' 62
83 16.2 .06 ", " 0.20 48
84 16.0 .0.06 " " 0.33 41
85 15.8 0\06 " "L 1,00 38
N.A. Not app11c ble

1 ¥IOIP at WOR=2

b Injection pressure=138 kPa
¢ Injection pressyre=340 kPa
d Alternated with surfactant free water slugs

or GLR=7000 (after us1ng blocklng agents)
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r1n t1me (at 0. 24 Pv as compared to 6'26 PV in’ Run 1) Thisj'
flow rate-dependence oflthe breakthrough recovery 1s
‘expected for an unstable d1splacement (Islam and Bentsen, e

“ﬂ985 S1gmund et al.,¢1985) x Flgure 3a dep1cts the WOR, 011

.Q~?rec00ery and 011 cut for Run Zw To determzne the exact flow

reglme,-one has to calculate the 1nstab111ty number for the _ .
‘h-dxsplacement system (Bentsen, 1985) Thls number needs .
aknowledge of the cap1llary pressure data for the |
whff1u1d/matr1x'system 1nvolved 1n/order to est1mate ‘the
'pseudcinterfacial‘tension of. the system;, By appEOX1mat1ng

»

- the pseudo1nterfac1al ten51on from the 011 water 1nterfac1al
1,' w B

'.Aten51on one can estlmate the 1nstab111ty number.“ Thls

Z[number»wasﬁcalculated for.each ‘of ‘the waterflood\iuns in a

/-

]

homogeneous packes -

: ) ) : i i . i ) N
1" 5.2 Bottom Water: Water and Polymef Injection Runs

’\\\g :

) . ! B B . - .
’

:',‘5 2 L Effect of Water- to—Oll ZOne Thlckness and Permeabxlxty

s Rat1o _\f..f . »1’ .
uaRun 3 hb/h.-1 k /kb=1 : 4 //Vf‘ . |
' Run '3 was conducted w1th a bottom water layer of ff e 7§:

t”thlckness equal to that -of the 011 zonew Both the -

'.production and 1n3ect1on wells were. sztuated at a ‘ v
penetrat1on depth of 50 percent of the total he1ght of the ‘.ég
.;H011 zone.f The waterflood started w1th a. flow rate of 800 3

' *ml/h,' As the o11 recovery and the oil cut curves 1nd1cate

¢ . '\ .
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in\>¥gure54 the o1l recovery performance was extremely

~poor. The water breakthrough occurred almost

AN

i

fnsﬂhntaneously. The WOR was very h1gh from the»beglnn1ng

of the displadement and the 011,cut fell to a very low '
‘¢~';va1ue.’ After 1n3ect1ng more than two pore volumes of water,

the volumetr1c 1n]ectlon rate was lowered to 400 ml/h in |

, order to examlne the effect of flow rate on the WOR values.
.. . 3

fIt was observed that the WOR value decreased to almdst half

-of the prev1ous value (from a value of 42 to abowt 22)

was only 11 percent of ‘he IOIP At th1s t

1 slug waS'planned.

A polymer concentratlon'
USed o | ,,
As the 011 recovery was very poor for the waterflood
,1t was most likely that the 1n3ected water channeled through
. the bottom water w1thout sweeplng the o1l zone. .The polymerq
solut1on was expected to follow the same path and as a ?gﬁf;
~result .of th1s polymer flow the effect1ve permeablllty to
‘water would decrease., ThlS decrease Wlll lead to a mObllltY.m
reduct1on of the bottom water. Also, 51nce the bottom-water
layer was very close to the 1nject1on well, it was dec1ded D
’to inject the polymer solution through the 1nject10n well

k1nstead gf the inlet end Polymer'solutlon was injected at.

T a f10w rate of 400 ml/h ‘The 1nject1on pressure 1ncreased
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markedly. This is evident from Figure 4. The polymer
' solUtlon had a viscosity of 64 mPa.s at 6 rpm. .Such an

increase was‘expected; Polymer'solution iniection continued‘
unt1l a slug of 60 percent of the oil zone pore volume was

1nJected. However, this was only 30 percent of the pore |
Mvolume.of the‘ent;re system. ‘As a-consequence,‘durrpg the‘
'polymerlflqodvvery llttle improvement. in oil.reCOVery was-
hohserved. 'This indicated that the water near the production
'well was. still~mobile. ThlS also confirmed that the polymer
"solut1on 1ndeed travelled through the bottom-water zone.. -
‘ Immedlately follow1ng polymer 1n3ect1on, a waterilood
was carr1ed out at a flow rate of 400 ml/h Th1s was thb)
1n3ect1on rate that was used durlng the latter part of the
waterflood. As this phase of the waterflood‘continued, a
slow increase in oil cut took place. lhis slow—respOnSe N
continued until 0.25 PV was injected At this p01nt,'a
sudden 1ncrease in the oil cut. was observed - This was
accompan1ed by a drast1c~decrease>1n the‘producing WOR '
Value. This delay in response,of-the increased“oil recovery
was because the polymer-rich aqueous phase had to'travel a
long dlstance in order to reduce the mob111ty of the water
phase around the production well As the water mob111ty vas
reduced by the polymer solut1on, the bottom—water layer was
pract1cally 1solated from the oil zone, and o1l recovery

1ncreased cons1derabl& The oil cut kept 1ncrea51ng for.a

certa1n ‘time. After that it started decreas1ng slowly.



Run_4: hy/hy=0.33, k o k=1
" In order to examxne the effect of the ratio of the oil

P

zone and bottom water th1ckness ratlo, Run 4 vas conducted
For thrS‘run, the 0il zone was three txmes as thick as the

| bottomeater zone. The wells, this- t1me, were located at a
-depth of 0 75. 1nch from the top compared to the thickness of
.two 1nches of the 011 zone. The water 1nject1on was
‘conducted at a flow rate of 400 ml/h. The WOR, pressureg
oil recovery and oil cut are depxcted.in/?igure 5. . The oil
recovery in>th15'run is clearly better than that in Run 3.
However, the breakthrough still took place almoat )
1mmed1ate1y after the waterflood started and oil recovery
performance was much poorer than that_for a homogeneous
‘porous medlum. Elghteen percent of the 101P was produced .
after 1nject1ng a volume of 0. 76 PV.

At ‘this po1nt, polymer solut1on (500ppm) was 1njected

at a flow rate

of 400 ml/h.; As the bottom- water zone was
thinner than that in Run 3 and as the oilerecoverY‘curve
'indicated that/at 1eaet a part‘of the.injected water vas
flowing throuvh the oil zone, it was dec1ded to 1n3ect the
'polymer solut‘on through the inlet end- (see F1gure 1. A
polymer slug of 230 ml was 1njected Thls-was only 18 .
percent of the pore volume of the o1l zone. But since this
vo;umevwas qual to about 0.60-PVb, the polymerfslugvvolume
{'waéiﬁonsid red'to be sufficient to block .the .bottom-water:

-zone. As/before, there was no immediate perceptible effect;
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" except. that the injection pressure increased. The'polymerw\
slug was followed by water 1n3ection. As observed in thev
prev1ous run, a sudden decrease in 'WOR and an increase in

'0il cut started after injectihg about 0.18 PV of water. ‘A8

“the waterflood continued, the WOR 1ncreased gradually. With'

a water fnjectionlof 1.5 PV, ‘a total of 70 percent of the
IOIP was recovered. This performence is better than that of
a waterflood in a homogeneous 1ayer, showing the

effectiveness of the polymer flood in heterogeneous media.

Run 5 was conducted to 1nvestigate further the effect

ofAthe oal-to—water zone thickness ratio. For this run the -

01l zone was f1ve times thicker than the bottom- water zone

., and the absolute permeabilities were the same. The

1nject10n and product1on wells were located 1. 6 cm

(fractional penetration, h,/hg=0. 25) into. the 011 .zone. -The.

o~

‘displacement test started with a waterflood at 400 ml/ht.

- The WOR, pressure;'oil recovery and oil cht,are depicted'in

Figure_s. The oil recovery-was.muchhheftg}‘than.that in Run
-4 for which a thicker (hp/h =0.33) bottom-water zone was
used.  The waterflood was continued until one pore volume of

vater was’ 1n3ected. About 25 percent of the IOIP was

reiovered during the waterflood When the WOR reached a. value .

of 10.

0
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A polymer slug of 0.15 pore bolume was 1njected at a
flow rate of 400 ml/hr followzng the waterflood. This
volume was approxxmately 60 percent of the pore volume.of

¥

the bottom-water 2zone. The polymer flood was agai {folioﬁed

by a-waterflood. Even though the an]ect1on pressu5* was

™

A=>'cont1nued to 1ncrease for another 0.30 PV of water

injection. As the oil cut ‘reached a peak af around 80
percent, more than 44 percent of the IOIP was recovered.
'Followxng the peak, the oil cut started decreasing rather
rap1dly. However, a ‘total of 73 percent of the IQIP was
recoveredxwhen WOR reached a value of 20. -Eve; though'this
value is close to what was obtained in Run 4 (70 oercent of
the IbIP),»this\WOR was reached much earlier.

Run_6: hl;/h =0.33, k,/kp=2.67 )
| For th1s run, hb/h | was equal to 0 33, and thisztime
(see Table 5. 1) the’ bottom water zone. had a permeablllty
less than that of the oil zone(k /kb=2 67) This enabled
one to examlne the recovery performance with a bottom-water
layer hav1ng lower permeab1l1ty. The productxon/lh)ect1on

wells penentreted oneequartet of the way thfough the oil

‘zone. The waterflood sta;ted-with'an injection rate o£'400 :



. o l \

ml/h. This flow rate was chosen to compare the recovéry

with that in Run 4, that had‘a simllar‘oil—waier zone
.thickness ratlo but had no permeability contrast. EQen
though breekthrough ocgurred very eetl?, the oil recovery
was muéh better than that in Run 4, showing thereby .that the
decrease in permeabillty of the bottom-eeter\zohe is
favoﬁrable to oil recovery. After a vater injectlon of 0.41
‘PV, the recovery was 18 percent, compared to over 30 percent-
recovery in homogeneous medla. . L,
At this point, the polymer injection was carried out
through the inlet end rather then the injection well. The
Seme injeé@ion polnt was.used in Run 6. This selection of
the polymer injectlon poiet was made based on the common
field pracﬁice‘of dual completions for which difﬁeren;
mobility,centrol agents mayibe injected selectively through
different layers of the reserveir. The sudden increese in
pressﬁre is evident from‘Figure_j. A polymer slug ef'0.18
PV_was injected. As usual, there ;as a delay in response
before a sudden increase in oil cut occurred. AS‘the
jwatErflooq'continued, a total of over 70 percent IOIP was

produced after injecting one pore volume of . water.

Run_7: hb/h =1, k /k5=2 67
The 011 water zone thickness ratio was 51mxlar to that
for Run 3 but the permeablllty of bﬂe water .zone was 6 um’

that is about 2.67 t1mes smaller than tha{ of the oil zone.
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The waterflood started with a flow rate of 400 ml/h. The
water break{hrough occurrea almost immediatel}\after the
waferfio?d was st&rted but the o0il recovery waé\@uch better
than that for Run 3 where the bottom-water zone ﬁh@ the éame

the oil

‘ perméability as the oil zorre. As a matter of facth
rechefy performance by the waterflood was similar to\ that
in Run 4, for which the h,/h,. value was .33 and the k§
'value”was 1. Note that<Runs 4 and 7 had similar capacities
.of the‘bottomjwater éone. After injec:ing 1.1 PV of water,
the wate:fiood was stopped and polymer”solufion injection |
started. Figure 8 shows the recovery, WOR,»oil cut and \\\
préssuré performance for this run. )

A polymer flood took place at a flow rate of 500 ml/h
and the injection well was used for injecting the polymer.
A polymer slug .of 0.60 PV was injected. As before, the
increase in oil cut did not take pl@ce deiné the polymer
flood but the injection_p;essu:e increasea, Thé polymérw\
‘roodlwas foilowed by water injection at 400 ml/h. " The V7

increase in oil cut took place rather gradually. It was -
folloved by a decrease inﬂﬁ6§;) As_the waterflood continued
the total oil reéovery reacﬂed about 70 percent of the 10IP

after injecting a total of 3.3 PV,

Run 8: hb/h°=0,33, ko/kb=0.06v |
In order to examine the\effect of a high-permeability

bottom-water zone (ko/kb=0.05) Runs 8 th4;ugh 10 were
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,conducted;;—For Run‘B the o11 zone was three tlmes thlckerg

;ttom—water zone. The wells*were located at a

PN

'depth of 0w750cm 1nto the 011 zone.y The d1splacement test
. A

ystarted WIth a waterflood at ‘a flow rate of 400 ml/hr. As

‘expected a hlgh permeab1l1ty bottom—water zone led to a
_lhxgh WOR' even though the’ hb/h ‘was relat1ve1y low.' As the | s

~waterflood contrnued the WOR 1ncreased rap1dly By the

e Wk

CU

t1me the WOR reached a value of 20 only flve percent of the
'IOIP was. recovered Th1sﬂpoor performance shows the
,vtneffect1veness of a waterflood in™ the presence of a hlghly s
‘k'permeable bottom—water zone.' Flgure 9 dep1ct§ the WOR |
lpressure, o1l cut and 011 recovery for th1s run.‘ The water
1£1njectlon was cont1nued untll 1.2 pore volumes had been »
;d521n3ected. It was then follow@d by’a polymer flood Polymer
'fsolut1on was 1njected through the 1nlet end in- ‘order to have
jbetter access to the bottom water zone (see Flgure 1 for the
- dlstinct1on between 1n1et end and 1nject10n well) After y“ LR
"'1nject1ng 0 18 PV of polymer solutlon,:the waterflood was“‘
'yresumed. S1m1larly to prev1ous polymer 1n]ectlon runs, no_
llmp%ovement 1n oxl cut was observed 1nstaptly.f>The 0il cutr
’.started 1ncrea51ng after an 1n3ect1on of 40 percent pore
volume of - flu1d (polymer solut1on and water) Follow1ng
'thls, the o11 cut 1ncreased very rapldly for‘about 0 30 PVl:

thfter reach1ng a’ peak of around 80 percent, the 011 cut

. started decrea51ng rap1dly but led to a total 011 recovery .

o of 60 percent of the IOIP as. the: WOR reached a value of 20vh1



90

¢

LS 8 o o . ST R - a

| (*1SU.I)HOM/(1545{)wagnssaacg{"

0gt—

L B

(N
A

."l'
o
L

o fos

 —
o
m ‘ .

LS
o
©o

—1 o071

Wy

£A00 TO/(I014) 41946998 110

L



fhis:indicated“a lzrfold‘improyement over a' conyentional
waterflood. - |
 Rum 9: hy/h =0.2, & o/kp=0.06 .
| ' In order to. 1nvest1gate the effect ‘of the oil-to- water
. zone thickness ratio for a k o’ kb of 0 06, Run 9 was
“conducted w1th an o11 to- water zone thlckness ratio of f1ve.‘
7The wells were located at 1 6 cm- (one—quarter of the total
‘thlckness of the o11 zone) into the 011 zone, .Thev |
"dlsplacement test was started WIth a’ waterflood at\a flow‘.
rate of 400 ml/hr. .The WOR was only sllghtly lower\than,'
that in Run- 8 for which an, hb/h of - 0 33 was used Note
that much greater 1mprovement was observed for the same
| decrease 1n hb/h for k /kb—1 It appears that as the kb/k
value 1ncreases, the effect of permeab111ty contrast is .
greater than the. effect of the oil-to-water zone th;ckness
ratio. When the WOR reached alvalue of 20( ohly Seveh
)percent of the’IOIP of 011 was recoyered. After injectihg
one pore volume of water, a polymer flood was started at a‘
flow rate of 400 ml/hr. The polymer 1njectlon was- carrled
- out through the 1nlet end. Even though‘the-lnjectlonfm o
' pressure was high,  no 1mmed1ate 1mprovement in oil cut was
.observed. The polymer. flood was ended after 1n3ect1ng 0. 15 :
PV volume of polymer solut1on. ThlS slug size was the same
‘as that 1njected 1n Run 5. (hb/h =0, 2 k /kb=1)' It was

t—

'assumed that only the thlckness of the bottom-water zone



e 1)

" determines the sizetofkthe polymer slug. This assuhption

mxmplles that a change 1n slug size is not requxred for the
vchange in permeability. of the bottom water zone. The

" polyme 0od was' then followed_by‘another waterfloodt As"

‘the wat ood continued thefoil cut started increasing
rapidly. Th1s p01nt at whlch the o0il cut started to
increase. corresponded to a total fluid 1n]ectlon of 0. 25
Ppore volume after the commencement;of.polymer 1njectlon;'.

This delay was smaller than that of Run 5 for which the same

‘thickness but a tighter~bottomawater'zone was used. Figure

10 depicts.the WOR,“pressurerfotl cut andfoil‘recovery;in
Rnn 9. 'As can be .seen from this-figure, the oil cut’™
_decreased rapidly after reaching arpeak'of‘around 80
percent; _At;the end_of'the displacement,test a total of 65
percent of'the.IOIP was recovered" This shows more than a
9-fold 1mprovement over a convent10na1 waterflood., Also, :
the ult1mate 011 recovery for th1s run was 7.7 percent

‘h1gher than that observed in Run 8 for wh1ch an hy/h  of.

0. 33 was. used SN

" Run 10-'hb/h =1, k, /kb-O 06 & T .

In order to investigate further the effects of the
oilrto-water zone th1ckness ratlo for k /kb of 0. 06 Run 10
‘wa§,gonducted.nith‘an hy/hy of 1. The wells were located at
‘.SO%Edeptn'oflthe oil zone,. In1t1a11y, a waterflood was '

'dstarted at a flow rate of 400 ml/hr. The waterflood gave an
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extemely'poor performance for this run.' This behaviour was
expected as both the thickness and permeabxlxty of the o
bottom-water zone were very unfavo;rable for th1s run.' Only
two ‘percent of the IOIP was recovered as ‘the WOR reached -a
value.of 20. ‘- As thetwaterflood continued, the WOR 1ncreased
very rapidly; Conaequently;'water injection'was'termlnated
at 0.75 Pv of water injection.4 This was followed by a
fpolymer 1njectlon at a flow rate of 400 ml/hr.\ The oil cut
continued to be low even after polymer 1nject1on ‘that was
| be1n$ carrled out though the 1n3ectxon well A polymer slug
of 0.60 PV was.rnjected. Before polymer slug 1n3ect1on wasv
terminated;fthe oil cut started fncreasfng and continued to
increase as the‘polymer flood was followed by a waterflood.
vSoon,ithe 0il cut reached a_peak of 60 percent. This value
was considerably lower,than the peak attained in other
polymer injection runs. However, con51der1ng the very poor
waterflood performance thls could be cons1dered as v
significant 1mprovement over a convent1onal waterflood
pF1gure " deplcts the-WOR pressure,.o1l cut and oil
recovery performance for this. run.._As can be seen from this
;flgure, a delay of 0. 34 pore volume vas observed after the
commencement of the polymer flood to obtain an- increase in
~”011vrecovery. This value was much smaller than that
observed 1n Run 3 (hb/h =1, k-/kb=1) »Apparently, a higher’
1permeab111ty of the bottom-water zone led to a qu1cker

response,to.polymer flooding. At_the_end of the
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displacement. test 45 percent of the IOIP“ﬁﬁ!@produced vhen
: 'the WOR reached a Value‘ot_ZO; Bven«thop@h this value of
the ultimate oil recovery wa; siénificantly lower than'that
for other polymer'injection"runs,'considgriné the -
unfavourable bottom- water zone characteristics the polymer
" flood performance was remarkably good and corresponded to

mote than a 22- ded 1mprovement over a convent;onal

'waterflood ' , ‘1' B ' h~ -

5.2.2 Effect of Viscosity Ratio
Several rdns were condgcted to examine the efiect'ofq;
'viscosity\ratio‘on:polymer.injection runs. All these runs
were conducted with hb/hdfq.33 and ko/kb§1. »Similar-packtng

chagacteristics were'necesparg to be able to compare the

results.

Run 11- V1sc051ty Ratio= 1 ;
In order to examine the effect of low oil v1scos1ty,

Ron 11 was conducted. The packlng.character1st1cs were the
same as those of Runh4‘(i e., bottom—water'zone one third as
thick as the oil zone) Both the 1n]ect1on and productlon
wells penetrated 25 percent 1n51de the oil zone. Kerosene'
hvas used as the oil phase for this dlsplacement_test. The
) waterflood‘was started at 400 ml/h. For this‘run water

| breakthrough did not take place untll 0.075 PV of water

1n3ect10n.' The oil cut was very high (above 75 percent) at
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“the initial.étaée. Th}s”resulted in"accelerated 0it—
recovery. As a cohsequence; 56 percent'of the lOiP‘vas

_ recovered after injecting only 0.638 PV of water. This can
be seen from Figure 12. Thls'dompares_to only 15.5 percent
of oil‘recovery imTRunJ4 after injecting same pore‘volume\of
vater. At thisypdlnt, a polymer slug of 0.265 PV '
(equivalent to 0.79 PV,) was injected: The polymer
"injection took place at 400 ml/h; "The injection pressure
1ncreased con51derably but the WOR cont1nued to ‘increase.

As the polymer slug was later followed by a waterflood aty
400 ml/h, the inlet pressure decreased sllghtly and
stabilized at a value much higher than that attalned before
polymer 1n3ect1on (see Figure 12) Even though the 1n1et
pressure increased, no 1ncrease in o1l cut was observed.

For a WOR value ‘of 20, a total of 66. 5 percent of the I0IP
was recdvered. A similar oil recovery was obtained in Run
4. - However, only 2.4 PV of fluid was injected for this
recovery ianun 11, whereaS‘over‘threeipore volumes of fluid.
_wq§%'1n3ected in Run 4. Another poiht”of ihterest is that;'.
in Ruh‘4 only about 18 percent of the IOIP was recovered ‘by
~initial water 1nject10n of 0. 76 PV and most of the ‘01l was A
recovered after polymer injection that was marked by a,g
considerable reduction in WOR. In Run 11 on_the contrary,
~most of the.oil web’recovered by waterfloodimg and no-
decreesefin WOR took place afterlpolymer ihjection; It

~appeers, thereforei that polymer.injection following a

La=]
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waterflood is not efficient in the case of a very light oil.

Run_12: Viscosity Ratio-f.s

An oil of 7.5 mPé.s‘vis;oéity was selected to examine

the effects of oil viscqgity on ‘polymer flooding"in this

range. The packing characteristics are given in Table 5.1.

As the thicknesd™of the bottom-water zone‘was similar to

< that forvRuns 4 and 11, théiresults can be compared

directly. At the beginning‘of the run, a waterflood vas
started-at 400 mi/h. The'watéf preakthrough occurred at six

percent pore volume of water injection. However, as the

.wate;floéd continued the oil cut ‘was still high as'comparqd

to that of Run 4, but was low. as compared to that of Run 11

for which the oil viscésiﬁy was only one mPa.s. By the time
one pore volume of water ;;;_ihjécted, 32.5 percent of the
I0IP was recovered.: fhe oil cut, iﬁ;et pressﬁré, WOR and
cuhuiative oil production are plotted in.Fiqu;e’13. -This

value, once again, is much higher than 18 percent as

evidenced in Run 4 (uy/u,=50) but is lower than 60 percent

as evidenced in Run‘111(uo/uw=1), After'injecting little

more than one pore volume of water, a polymer slug of 0.2 PV
was injected. This slug size was also equivélent to 60

percent of the bottom water zone pore volume, PV,. During

polymer injectidn, the injection pressure increaséd’but

there was no,eﬁfeét on oil cut. After injecting this

polymer slug, a waterflood was started at 400 ml/h. The oil
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cut started to increase after o.3ipv of polymer was
injected. This increase in o0il cut continued until a peak
was obtained. The inijection pressure followed a very .
gimilar trend as well. The waterflood continued until the
WOR reached a value of 20. A total of 72 percent of the
10IP was recovered during this periodk As can be seen from
Table 5.1, the ultimate recovery in this run was higher than

‘that in Run 4 (u /u,=50) or Run 11 (u /u,=1.0).

- Run_13: Viscosity Ratio=200

In ordér to examine the effect of\higher oil viscosity,
Run 13 was conducted. For this run, a 200 hPa.s oil
(Faxam—100) was used as the oil phase. Figure 14 shows thé )
recovery performance for this run. This run was started
with a waterflood at a floﬁ rate éf 400 ml/hr. As can be
seen from Figure 14, oil rechery px\a water flood was
extremely poor. Even though, hb/h was 0.33 for this run,
- the high viscosity of the oil led to poor oil recovery. The
waterflood was followed by a,polyﬁer flood. The poiyme}
flood continued until about.0.18 PV of polfmer'was injected.
A similar slug size was used fbr'other polymer injection
‘runs as well (for which a different oil viscosity was used).
Similarly to'previous polymef injection runs, no immediate
improvement in the bil cut was observed. However, after a-
delay of 0.34 PV, the 0il cut 1ncreased suddenly and soon

- reached a peak.' Consequently, a considerable amount of oil
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was produced dur1ng th1s short perlod However, as theg

waterflood contlnued thd-oxl cut started decreas1ng rap1d1y.f'

Fxnally, a total of 26 5 percent of the IOIP was produced

" when the WOR reached a value of 20 Although thas value is

- .flood and waterflood performance 1n ‘a ho mogeneous pack. The

very small compared to that whlch was obta1ned for the lower}
v1scos1ty of ozl thlS 1s not unexpected as the ozl recoveryn

pby~a waterflood would have been qu1te low even 1n the

l
i). )

absence of a.bottom—water zone.,V

R R f-' : 7
A T S ﬁf
5.2. 3'Polymer Flood and Watérflood in afHomogeneous ?ack

.

Runs 14 and 15 were conducted to 1nvestlgate polymer

'.1nject10n po1nts in terms of t1me were var1ed for these two
Run 14- Hombgeneous Pack: Waterflood/ Polymer Flood
- Run 14 was conducted to observe waterflood and polymeru,
flood performance 1n homogeneous medla. It should be o
'recalled that Runs 1 and 2 were. conducted for. the same'
i'purpose also.g But in Run 14, a blgger core was used ThlS
tlme,vaﬁflow rate of 500”ml/h was used, - Water breakthroughy
roccurred at 0.27 PV. . - ; ¥ oo “‘.t ; O
o The polymer flood started at aePV of 1 2 when overal7
d‘percent of the IOIP was recovered _ The beg1nn1ng of the
vpolymer 1njectlon was chosen arb1trar11y.‘ A slug size of

04 45 PV-was 1n3ected at a flow -rate of -500 ml/h The
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: jpressure WOR 011 cut and recovery data are shown in vaure

-

?is.w The' *T?cut rema1ned more or less steady durxng the
'y’polymer flood However, when 'the polymer flood was followed

I3 3

by water 1n)ect10n, the 0il cut 1ncreased qu1te rapldly at

1.7 PV. ‘Thls,was followed by a decreas1ng water cut.‘

CR

~ Run_15: Cdntin@oUs PolymerzFloodrin a‘HOmogeneous Pack‘
"This run was conducted to observe the‘effect of

ra

continuous polymer flooding on-a homogeneous core. The core

' was prepared as in Run 14. 'Hovever, this time no waterflood‘

‘g'was performed at the outset.’ A 500-ppm'polymerﬁs01utlon was
h“1n3ected at a flow rate of 400 ml/h Recall that’in_Run'14
a flow rate’ of 500 ml/h was used. It wasvpostulated that.
the flow rate would not have an 1mpact on the recovery
performance for a change from 500 to 400 ml/h |

Consequently, these results’ could be compared Even though

. the actual v1scos1ty of polymer 1s much h1gher than that of

(.water, breakthrough occurred qu1te early (at 15 percent of
.pore volume) A compar1son with Run 14 shows that. the
,polymer flood performance ;s not any better than that of a
waterflood untll 0.4 PV of flu1u 1n]ectlon. Dur;ng the ‘
\1n1t1a1 stages ‘of the dlsplacement test, most of the ;
1n3ected polymer channekgd through the bottom—water zone.:
Consequently, the o1l cut at the produc1ng end was noty
1mproved 1mmed1ately even though the polymer solutlon had a

v1sc051ty much hlgher than that of water. Beyond th1s

-

1
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‘p01nt, however, the polymer £lood nges dxst1nct1y better-
recovery than that of a waterflood. F1gure 16 shows the
_pressure, WOR, oll-cut'and recovery curves for this run.
After‘injecting 0.73 PV,of'polymer,~a waterflood'Was
startedlv'The injection of watérbfollowing an. initially
injected polymer slug enabled comparlson for varxous polymer
injection po1nts qver t1me. The WOR remaxned low for an
ﬁadd1t1ona1 0. 4 PV of water 1n3ect1on. This-low oil‘cut
value 1nd1cates that the polymer r1ch aqueous phase had to
approach.the productlon well before an 1mprovement in oil
- cut could be obs"erved.~ As the waterflood cont1nued the |
water- cut started increasing. However, a total of 74

(3]
*

‘ percent of the IOIP was recovered w1th a. total 1nject10n of

S '
'5.2.4 Effect of Polymer Injectldﬁ ‘Point

less than two pore volumes.

Run 16: In]ect1on=of Polymer EOIIOWed'by watertloddingh»

~This runkwas conducted in order'to examine the‘effedts
of varylng the polyher 1n)ect10n po1nt over time. The
polymer used for thls run had a v1sc051ty af 64 mPa s. A
~51mllar viscosity- of polymer was also used for Run 4;
however, 1n Run 16 run the polymer solut1on 1njectlon was
preceded by a. waterflood For Run 16 ‘the polymer solut;on
was 1njected at the begxnn1ng of the dzsplacement test. %As

the polymer 1n1ect1on started through the inlet end, the oil5'v
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-cut was higher thannthat*observed dhring previous polymer
injection runs.i However, thevoil~cut.decreased sharply as
polymer injection continued. During this time, the inlet

ppressure7COntinued to-increaser.'hfter injecting 0.18 PV of
polymer,'a,waterflood was initiatedAat'4bb ml/h. As the'
waterflood started, hoth’the 0il cut and inlet pressure

.contxnued to 1ncrease and reached a peak at the sane t1me._"”
Th1s observat1on is slightly d1fferent from that wh1ch was
observed in previous runs. After reach1ng the maxlmum, both
the lnlet pressure and oil.cut (see’ Flgure_17) started
decreasing. Polymer breakthrough:occurred'at 0.63 PV of
total £1uid injection. At this point, a total of 41 percent*

of the IOIP was recovered. After polymer'breakthrough, a

_sharp decrease ln oil cut was}observed. Following'this'
sudden drop, the oil cut decreased slowly as the waterflood
contlnued When the WOR reached a value of 20, 65 percent
of the I0IP wa@,recovered. This value cbmpares with 70

‘ percent of the fOIP as recovered 1n ‘Run 4 at the same value
of the WOR.

5.2.5 Effect o£ Polymer Slug S1ze and Viscosity ~
Several runs were conducted to examine the effects of
polymer slug sizes and viscosity. All these runs had |

'hb/h =0. 33 and k o/ kp=1s ThlS enabled one to compare the

: results d1rectly; Other characterlstlcs of these runs are y

'f—»~summarized in Table 5.1. Unl1ke prev1ous polymer slug‘l
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1n3ection runs, polymer slug. was 1n3ected at the begimntng
for all these runs. . ThlS enabled one . bo see the effect}of
polymer slug 51ze and v1sc051ty. For these runs, polymer
breakthrough time was monitored along with polymer Y

" concentration in the effluent fluid. The results are,

summar1zed in Table 5 2

‘Run_17: Polymer Slug Size-\ 125 PV, Visc051ty=36 mPa. s o
. Run 17 was. conducted to examine the effects of polymer
'visc051ty and slug size. As can be seen from Table 5. 2, the
tpolymer solution was 1n3ected at the beginning of the
displacement test. The inlet end was ‘used to inject the,f*k
polymer‘solutidn into the core. The oil cut‘decreased and~
the inlet pressure started increasing as’thexpolymer'flood
continued. A polYmer~slug'of 0.125:PV.was injected before a
waterfloodbwas 1n1t1ated at 400 ml/h. During the
waterflood -injection pressure continued—to‘i;crease,'soon=
reached a peak, and then started to decrease. This can be V
seen from-Figure '18. As the inlet pressure attained a "
maximum, the oil cut dropped to a minimum. Soon.after this
.minimum,»the oil.cut‘started increasing rapidly and reached'
a maximum from ‘which p01nt it started decreasing slowly. As
detected by measuring the polymer concentration in the
aqueous phase, polymer breakthrough occurred after a: total

flu1d production of 0.57 PV. 'At this p01nt, a total of 37

percent of ‘the I10IP was produced (see Table 5.2). As "~



TABLE 5.2: Re«ults of Polymer Flood Runs

Ruﬁ’POIYP

Poiymer Polymer

_Av,

Not'available_-

Polymer Recovery Delay IOIP
no.  mer bt (PV) inj. Slug at in (ml)
Visco. Point Vol. Polymer Response
(mPa.s) (pv) - (PV) bt (¥101P). (PV)
3 64. N. Av 2.00 -0.60 N. Av. 1.00 715
.4 " " 0.76 0.18 ' " 0.46 1180
5 " " 1.0 - - 0.15 " 0.30 1210
6 " " 0.41 ' 0.18 ” ~0.54 1170
7. " " 1.1 0.60 " 1.1 775
8 " " 1.20 -0.18 " 0.40 1120
9 " " 1.0 0.15 " 0.25 1200
10 " " 1.0 0.60 " .80 770
11 " " 0.75. 0.18 " 0.34 1100
12 " " 0.64 0.26 " . ‘No 970 .
_ ' Response oo
13 " 1.00 0.20° " 0.50 1110
14 " 1.20 0.45 " 0.50 1460
15 0.30 0.00 1.00 " No 1525
. ) o L Response
16 " 0.63 - 0. 0.18 41 0.30 1110
17  36. - 0.57 0. 0.125 37 0.35 1120
18 36. 0.56 0. 0.06 33 . 0.30 1120
.19 36. 0.61 0. 0.26 38.5 0.32 1120
- 20 64. 0.60 0./.6/ .05/.06/ 38.3 0.30 1100.
R : : 1.1/1.7 ..06/.06 - . _
21 36.. 0.64 - . 0. 0.50 '33.0. 0.33 1110
22 25, ..0.61 0. 10.26 34 . 0.40 1125
239 100. 0.54 0. o 0.12 34.0 0.31 1115
256 64.  N. Av. 1.00 ~, 0.60 N, av. . 0.86 775
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i

observed in the previous run, the polymer concentration in

the produced aqueous phase was much lower than that of the
1njected polymer. Soon after polymer breakthrough a sudden‘"
drop in oil cut took place. Then the oil cut 'started
-decreasing slowly. The 1n1et pressure also dropped slowly.
following a rapid decrease after the maximal peak was » ’;;
A attained As the waterflood continued the WOR value L
continued to 1ncrease slowly. When the WOR reached a value

- of 20, a total of 53 percent of the IOIP was produced.

RJ& 18: Polymer Slug-Size= .06 PV, Viscosity= 36 mPa.s

In order to examine further effects of polymer-slug
size, Run 18 was carried out. A polymer solution of '
viscosity 36 mPa.s was injected at thecbeginning of,the:
displacement test. The polymer injection continued until
0.06 PV of polymer solution was ‘injected. The inlet.end,was
used'for injecting the polymer solution. As obserred_in.
previous polYmer'injection'runs, the inlet_presure increased
and the oil cut decreased during the initial.stage of'the
,displacement test. -‘As the waterflood started after polymer
1n3ection, the injection pressure continued to 1ncrease and
attained%a-maximum at a point for which the o0il cut reached
a minimum.‘ As the waterflood‘continued, the oil cut
increased suddenly and soon athafned a maximum of 92
percent. Such a high value of o0il cut was not observed in

any of the previous runs. However, as the waterflood’



contlnued,‘both the oil_cutfend inlet pressure dec:rea‘tsed‘w
(see Figure 19). Polymef b%eekthroughxoceurred aftef‘a
total fluid recovery of 0.56 PV, Thlsvwagvfollowed by a
sudden drop in the 0oil cut. During the later sg,ges of the
displacement test, the 1n1et pressure stabxllied at around a
“value sl1ghtlz_hlgher than. that observed for Run~17 Note
that 33 percent of the IOIP was produced at the time of the
polymer breakthroughﬂ, Wheo the WOR reached a value of 20, a
toéal of ‘51 percent of the IOIP was recovered (see Table 5.1

for ‘comparison with othes runs).

‘Run_19: Polymer Slug size= 0.26, Viscosity= 36mPa.s

Run 1§.was conducted to see thé effect of lafger
.polymer slugs. The polymer solution injected‘héd 5
viscosity of g6 mPa.s, and was 1n3ected at the beg1nn1ng of
the d1sp1acement test. As polymer 1n]ect1on cont1nued the
injection pressure increased and reached a max1mum of 70
kPa. At the same time, the oil cut dropped to a m1n1mum
(see Figure 20 for deteil) ' The polymer solution iojection‘.
contlnued until 0.26 PV vas injected. This was followed by
a waterflood at 400 ml/h The injection pressure started
decreas1ng as*soon as the waterflood started. The 0il cut
started 1ncreas1ng at a time slightly earl1er .than when the
inlet pressure attalned a maximum, At the end of the
polymer injection, the oil cut was already at a peak of 90

percent. This value of oil cut was maintained during the
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l1n1t1al stages of the waterflood. Then the o1l cut started
‘”7decreas1ng. Polymer breakthrough occurred when 0. 61 PV of
:: yfluid vas 1n3ected. At th1s p01nt, 39 percentﬁof the 101P
vas produced (see Table 5. 2) Polymer breakthrough was also o
',‘ marked w1th a sudden decrease !h oil cut.v ‘Then the o1l cut |
’ ‘fdecreased at a’ slower pace. When the WOR,reached a value of .
ﬂ‘f,;zo, a total of 57 percent of the IOIP had been pgoduced
-Run 20 Polymer slugs alternated w1th~water slugs o
In order to exam1ne the effect of polymer slugs
altegpated with water slugs, Run 20 ‘was’ conducted F1gure 1;
21 deplctsathe WOR, o11 recovery, pressure and Oll cut fOr
'ethls run = For thzs run an 1n1t1al polymer slug of 0. OS‘PV
;?’was'1njected Th1s was followed by a water 1n3ectlon of 0.5
' fv, Follow1ng th1s, another polymer slug of 0 06 PV vas -
:i,‘1njected Th}s process was cont1nued untll a total of 23
A percent pore volume of polymer .was- 1n]ected At the end of .)i\
the dlsplacement test, only 53 percent of the 10IP was . : '

,\

'_ recovered at a _WOR- of 20. ThlS value is qU1te low as a

total of 0.23 PV of polymer slug wa's 1n3ected

AT
Run 21: Slug siie- O~50 BV, polymer‘viscosity= 36mPa s A
: f' : In order to examxne the effect of - polymer slug 51ze,'

\ Run 21 was conducted wzth a polymer v1sc051ty of 36 mPa s

. and a polymer slug volume of 0.50 pore VOlume. 'A;xgheﬁ%j‘

o

i ",
beg1nn1ng of the dlsplacement test the polymer solut1on was:
{: . e
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Ainﬁected“at.a flow rate of.doolml/hr through'the‘inlet end.
Figure 22 depicts the oil recovery, preSSure WOR', and oil

cut performance for th1s run” ‘As can be: seen from th1s.
figure, the 011 cut decreased rap1d1y during the 1n1t1a1 l. k~
stages showxng no. 1mmed1ate 1mprovement over a conventaonal
_waterflood. However, after an 1nject10n of 0. 33 PV of
ﬂpolymer solut1on the oil cut started to show a response and
‘increased sharply, reachlng a peak of about 90 percent ?he
1njectlon pressure. followed a s1m11ar trend but with a

'sllght lag. When the polymer slug was fOIIOWed by a |
'waterflood at 400 ml/hr the o1l cut started decreasrng wh1le'
Stlll ma%ntaxnlng a relat1vely high value. The injection
‘pressure decreased in a s1m1lar way. However, the 1n3ect1on“
;pressure stab1l1zed towards the end even though the 011 cut

‘0 .
,cont1nued to decrease. o

o 3

Polymer breakthrough was detected at a. pore volume of
Ad.64 PV. - This value is. h1gher than that observed with
smaller slug s1zes.» At the ‘end of the dlsplac:;ent test a
total of‘BO percent ofdthe IOIP was. recovered when the 'WOR
,reached a value o{ 20.‘ Thms value is slaghtly h1gher than
" that observed w1th the smaller syug 51zes even though a mq¢h7

farger slug 51§e was used gor~&pxs run.

A*’a ﬁ“

O i ] .
CN R A i : g P
.ﬂﬁkun 22- Slug size= 0.26 RV, Polymer v1sc051ty5 25mPa s

Fé% Run 22 a polymer solut1on of v1sc051ty 25 mPa s

R

was used. At the beg1nn1ng of the dlsplacement tést,-
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polymer solutxon was injected at 400 ml/h The polymer
' injection contxnued until O. 26 PV of polymer solution was L
injected through the 1nlet end~ As can be seen from Flgure JA,
23; the 011 cut. declzned rap1dly dur1ng polymer slub o
'1ng\ct10n. However, the 011 cut stxll remained somewhat /
hlgher than- that for a waterflood Dur1ng this per1od ‘the

inlet pressure increased rap1dly After 1n3ect1ng 0.26 PV

£
»,
by

of polymer solutxon, a waterflood was started through the

1n3ect1on well ‘at a flow rate of 400 ml/h: Th1s was marked
by a sudden decrease in pressure. However, no new trend in

o1l cut ‘was observed 1mméd1ately As the waterflood
Sy
: cont1nued the 1nlet pressure started 1ncreas1ng and reached

a peak. ‘A the same tlme, tﬁé 0il cut dropped to. a m1n1mal

value. However, soon aﬁker thls, the 011 cut started ' \

‘w»’

1ncrea51ng very rap1dly to- reach a max1ma1 value of 87

percent._ Then ‘it started decrea51ng, at first slowly and.
q-l

then more rap1dly. At th1s po1nt both the o1l cut and 1n%?t

pressure followed a very s1m11ar trend (see Flgure 23) The'.

i

polymer concentrat1on in the produced aqueous phase was

‘vmeasured perlodlcally. - The flrst_trace of polymer was found'
after a. total fluid 1n]ectlon of 0.612 pore volume. ~ When

polymer breakthrough occurred, the 1nject1on pressure

dropped s1gn1f1cantly. Following the pressure decl1ne, the

oil- cut dropped suddenly from above 70 percent to about 40
'_‘percent. At the t1me of breakthrough a total of 34 percent

101IP, was~produced,' It was notlced that the polymer

.8 » . e
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concentration,in the effluent aoueous phase was much smaller

than that in the injected polymer. This reSuIted-fwom

i

adsorption of polymer on the surface of the glass beads.

'Also the presence of . bottom water (polymer solut1on was

1njected very close to the bottom-water zone) and viscous

1nstab111ty due to d1sp1acement of- polymer by water might be

lrespons1ble for p0551b1e thznn1ng of ‘the polymer solution,
'As the waterflood cont1nued the inlet pressure stab1112ed
at a value higher than that obtained by a waterflood (Run 4

4).> This 1nd1cated a permanent decrease in effect1ve

.
permeab1l1ty to vater as a result of polymer slug 1n]ectlon. 'm

aThe 011 cut decreased slowly as a result of cont1n3¥ng the

waterflood. _When the WOR reached a value of 20 (see Table'

5.1), the total oil recovery was 50.5 percent of the IOIP.

Th1s is. much lower than the 70 percent ‘of the IOIP recovered
in Run 4, in which: 0 18 PV of polymer solutlon was 1n3ected
follow1ng an initial waterflood In Run ' 4, the v1scos1ty of
“the polymer SOlUthh was 64 mPa. s._

When the o11 cut dropped below three percent,rxt vas

decided to use an-emu151on slug 1n order to examine the

effect of an emu151on flood on re§1dual orl saturatlon for

the reservoir model under cons1deratlon.. A slug of 0.5 PV

of 10 percent o11 in-water emulsion was 1njected at 400

le/h» The 1n3ect1on pressure increased rap1dly showing an

effectxve resistance to flow. Howevor, the emuls1on had a

v1sc051ty of 1 8 mPa.s at 6 rpm and such an 1ncrease in

4



inlet.pressure was expected. After injectdng the emulaion
slug a Waterflood was.resumed. ‘Even though the’oil‘cut
‘increased sl1ghtly at the'beg1nn1ng of the emuls1on
‘1n3ect1on, the oil cut drOpped to the previous value as the
waterflood cont1nued and no sign1f1cant r;p[ovement in oil

| cUt_yas notrced even'after'1nject1ng nearly one pore volume\

of water.
’ N\
B \\

Run 23: Slug sfa::\b.TZ; Polymer ViscoSity= 100 mPa. s

In order to investigate further tﬁe'etfects of polymer
vrsc051ty, Run . 23 was conducted w1th a polymer v1scoszty of
100 mPa.s. ' As s been d1scussed already, an attempt was
maderto compare runs wrth different polymer viscosities but
with the same amount of polyacrylamide; For this reason, a
-polymer .slug size of 0.12 ?V was, selected for this run.
AFlgure 24 dep1cts the de: pressure, 011 cut and 011
recovery performance for th1s run,‘ As can be seen from this.
- figure, at the 1n1t1a1 stage of the dlsplacement test the
1n3ect1on pressure 1ncreased with a rapxdly decrea51ng 0il
_cut.- Even though a very hlgh polymer v1sc051ty was used for
this run the injection pressure ‘was not very high as
compared to that observed in other runs wrth lower-viscosity
'polymers;.‘PosSible.thinhimg ofhthe polymér solution. with
bottom water may ‘be responsible for this behav1our.‘dxs can'

be seen from 'I'able 5.2 and F1gure 24\,, a del&'of 0.31 pore

volume oocurred before the oil cut shoved any perceptible
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response to the polymer flood. This qelay is much smaller
than that ooserved for other'polymer injecrion runs.
' However, even with a qu1cker response due to hlgh polymer
v1scos1ty the oil cut d1d not sustaln a hlgh value for a
‘long tlme. .Consequently, the oil recovery was 53 percent of
rhe 101P when-tﬁeHWOR reached a value of 20. This recovery
1s consrderably lower "than the other runs with lower polymer

s’ .

viscosity (but the same amount of polyacrylamide).
; 3 ' ,

5.3 Mob111¥y Control Mechanxsm with Polymer

Run 3 : Effect of Glycer1ne Injection: hb/h =0. 33
k o/ kp=1. & |

In order to examine the mechanisms 1nvolved in mob111ty
control w;thvpolymer solution Run 24 was conducted u51ng a
glycerine slug, . | |

The objective of Run 24 was to determine the
quentitative»comtrioution of the different'meohaniems
“involved in the mobilityleontrol with polymer‘solutiome.
With this Objective a glycerine solution with a_viscosity of -
64 mPa.s was chosen for this run. Glycerine is kndhn notﬂto
adsorb on the rock surface, or - exh1b1t mechanical
entrapment. Therefore the 1mprovement with glycerine
solut1on would be due only to its v1scos1ty."A eomparison
of this run with Run 4, in which the same bottom water gize

and permeability and flood rates were used, w111 determine

the relative contribution of the above-mentioned mechanisms
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involved ih polymer flooding.

) This run was started with an i?itial<waterflood at a
flow rate of 400 ml/hr. Figure'zs depicts the WOR, |
pressure, oil cut and oil recovery performance for th1s run.
As can be seen from this f1gure the recovery performance
during the early stages is very close to that observed in
Run 4, shoving a good replication of the displacement test.
/In order-co match injection points for polymer and
glycerxne glycerine 1n3ect1on was started -also at 400
ml/hr, after 1n3ect1ng 0.76 PV of water. The injection
pressure w1th glycerxne vas sl1ght1y h1gher than that with
polymer. Since polymer injection introduces adsorpc1on and
higher diffusion in the adueous,phase,‘a lower inﬁection
,pressure wvas expected for polymer injection. Similar to the
observation vith polymer, no immediate'improvement in_oil
cut was obaerved~for this rdn. 'After injecting 0.18 pore
volume of glycerine solutioﬁ the'waterflood was resumed.
After a delay of about 0.6 pore volume from the commencemenr
of glycerine 1n3ect1on the oil cut started increasing.
However, the peak atta1ned by the 011 cut was only 60
~ percent as compared to more than 70 percent for polymer
injection runs. ‘Also,'the increased oil cut did not last
for long. Consequently,’acvthe end of the displacement test
only 42.5 percent‘or the IOIP was recovered. when the WOR

reached a value of 20. Th1s was only about -60 percent of.

what was recovered in Run 4 for wh1ch polymer solutlon,‘

\ A r
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" rather than glycerine solution, was used. .

5.4 Artificial Impermeable Barrier E S

'S

\

5.4.1 Effect of Water~to-Oil Zone Thickness Ratio
Run_25: hb/h 1, ko/kp=1, Bagrier length= 25% of the
total length - h o
. In order to examing the effect of an impermeable

barrier, Run 25 wés conducted. In this run, a plastic sheet
" was inserted between the oil zone and the bottom-water zone.
This barrier extehded over 25 percent of the }ofal length of
the core. Other thén this, the conditions We;e the sameﬁas

those in Run 3. "A waterflood rate of 800 ml/h was chosen to

have waterflood conditions 51m11ar to those 1n Run 3
- performance was slightly better than that in Rin 3ng§ “

extremely poor in comparison to othér’runs.

The WOR,

polymer flood performancg. oil cut,

and pressure are depicted in Figure 26.

Run_26: hb/h6'0‘33' kp/kbzif Barrier length= zi; 2.

-

total lengﬁh (
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' ‘

In order to exad\he the effect of an 1mpermeah1e
barrze for reservo1rs whth a thlnner bottom-water: 2one
‘gi(hb/h =0, 33 '), Run 26 was. conducted The 1mpermeaLle o (p.lh
K barr1er exﬁended over 25 percent of ‘the total length of the.

core.-“Other pack1ng character1st1cs are summaglz7d in Table‘l7

5. 1 L zﬂ

‘A waterflood was started at a flow rate of 400 ml/h

}The samé flow rate was used in Run 4 (that. had 51h1lar1
‘ o B

th1ckmess and permeab111ty of the bottom-water zone)

. o K i
_F1gure 27 deplcts the recovery performance for thls run.

' The 011 recovery in th1s run 1s much better than that in Run

- ~ 4 Ty
4. ThIS'dlfterence is due only to the presence of the o
g < ’'d

"ﬁﬂpermeable layer used in Run 26, A comparzson of these
~l;runs shows that the 1mpact of an 1mpermeab1e barr1er is muchv
;lsmaller for the th1cker bcttom water case. FrOm thlS T
'observatlon it may be concluded that the barrler length has
fto increase as the th1ckness of theiPottom water zone‘

”lncreases. Thls p01nt 1s 1mportant forjﬂ%term1nrng the»

-volume:of the moplllty control,agent.'s B

. 5.4, 2 Effect ‘of Barrxer Length g.‘ PR f" |

. Runs 27 and'28 were conducted to examlne the effect of

hh;barrler length‘;or hb/h of 0.33 and 1, respect1vely.4 'oc"
“these runs a barrxer length equal to: 50 percent of the totals

th was. used' Flgures 28 and 29 deplct the WOR

sure, 011 cut and oxl recovery perf mance for theSe
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" runs. The results and characterstics of these runs are

T

!

§ummarized in Table-5‘1 As canbbe seen from Figure 29, the

©0il recovery 1n Run 28 was ‘much h1gher than that observed in

135:

Run 25 for which a: waterflood was conducted at the beg1nn1ng\

of the dlsplacement test. Th1s indicates that when the

>bottom water zone ;s as th1ck as the oil zone, a. much longer

, .

»wbarr1er 1s requ1red to obtaxn a perceptlble 1mprovement for -

a waterflood.' On the other hand: for hb/h =0.33, a barrler

r

length as small as: 25 percent ‘of the total length 1mprdves A

wa%erflood gﬁ;formance con51derably. As a matter of fact,

by 1ncrea51pé<the barrier length from 25 percent to 50

L;;percent ofl recovery was 1mproved by only 10 percent for

»hb/h =0.33 whereas for the same increase 1n barrier length

 oil recovery,was 1mproved by 370 percent for hb/ho=1.

~ . R .
o . /
2 ;

-S;SaQ%ulsfon Injection ' - o

‘h#‘

5.5. t Effect of 011 Content 6n Emulsxon Blockage in the

"Ib

Presence of a Bottom-Water ZOne

?,

o #

emulslons on blocklng performance, Runs 29 and 30 were

H A

performed w1th 5 and 10 percent oil-in- water respectlvely

*

kesult was used in’ determ1n1ng the ideal 011 content

for;other emuls1on 1n3ectlon runs..

”Run”29:'Ffve percent oil-in-water Emulsion,‘hb/h°=0.33,

A)

e,

%
0y
3

7%

o
e

In ordEr to. exam1ne the effect of oil content in the .
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vk /kb=l '
Th1s run was conducted w1th an 011 zone three times as
| thick as the bottom water zone.f The hw/h‘ value,for thrs
fruns was equal to 0.25. A five percent 011—1n -water
emuls1on was first tr1ed to observe any 1mprovement over a
’conventlonal waterflood. . The emulsion 1njectlon was
conducted at flow ratekof 200'm1/h - The characteristics and
:results of this dxsplacement run are g1ven in Table 5.1.
lFlgure 30 depxcts the pressure, WOR 011 cut and cumulatxve
oil recovery of the dlsplacement test. "The emuls1on was
1n1t1ally injected through the 1n1et end. This same

1nject10n p01nt was used for polymer floodlng in Run 4. At

- the beginning of the run, ‘the oil recovery was~sllght1y

h1gher than that obta1ngd w1th a waterflood. But emuls1on
' breakthrough took. place after 16 percent pore. volume of
emu151onv1n]ectxon. ThlS early emu151on breakthrough meant
a very small surface area contactéﬁgby the emulsion. After
1n3ect1ng 0. 21 PV of emuls1on, the emu151on flood\vas
followed by a waterflood at 400 ml/h. Water was injected
1throuqh the injection,well As ‘the waterflood continuedp
the 0il cut was falrly stable at around 10 percent. Attér
1n3ect1ng sllghtly more than one PV of water, another

emu151on slug ‘'was 1njected at 400 ml/h through the’ 1n)ect1on

' vwell .This time, 0.23 PV of emulsion was 1n3ected before &

”start1ng another waterflood at 400 ml/h At the beglnnxng

“of water 1n3ect10n the oil cut 1ncreased 'slightly for 3,
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) , =
whilé but started decreasxng thh the progress of the o
waterflood Waterflooding wasacontxnued for another' 0.8 PV
. of water injection. At this point, another emulsion slug of
0.30PV was'injected. This time a 10 percent oil-in-water
emuliron was 1n3ected During.emulsion.injection- this |
‘emuls1g&cslug was aga1n<£ollowed by a waterflood. But the
?o1l cut cont1nued to decﬂine and no peak 1n the 011 recovery
.curve was observed. . )

It was hypothe51zed that the f1ve percent 0il- 1n-water'
emulsion was not ef£1c1ent enough in creatlng blockage in
the bottom water layer.‘ Even- though the emulsion vas stable
when tested~out51de the core, alcon51derab1e amount of
coalescence took place after the emu151on ‘travelled through
the core. This mlght have been respon51b1e for 1ncomplete
blockage. Moreover, the emu151on 1tse1f showed considerable
1nhomogene1ty in. d1str1butlon of 011 droplets. This was.
foundvby m1croscop1c observatzon of the emulsion.. A more
homogeneous"and stable emulsionlwasvproduced with 10 percent
_ oil‘by volume of‘emulsion.‘ Consequently, it was‘declded to
use 10 percent 011 -in= water emu151on for. future runs. »An;

\

analys1s of the emuls1on produced at the productlon well

7~shoWed that coaIESence took place and the quality of

[

emuls1on deter1orated even though the emu151on rema1ned an.,
1ndependent phase. ‘
n 2

The results of the emuls1on flood tests are summar1zed\

: g
”1n Table 5~3
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 TABLE 5.3: Results of .Emulsion Flood Runs

il

Run Emulsion Recovery Emulsion Emulsion. IOIP (ml)
 no, bt (PV) - at bt Inj. -~ Slug Vol. B ;
. . (%I0IP)  Point(PV)  (PV) -

a

29 - 0.16 3.2 0.21/0.23 1160

_ l 0./1.27
30 0.47 21.0 0./2.2 0.6/0.72 . 1144
31 0.36 -+ 0.36 0. . Conti- 1520.
' nuous ‘
32 0.85 7.2 0./4.0 2.0/1.3 740
33 0.44 - 24.0 0. 0.4 1205
34 0.69 " - 36.7 - 0./2.5 -0.65/0.4 1125
. 35  0.83 20.4 - 0./3.6 1.9/1.0 740
36 - 0.33 16.0 0. 0.5 - 1120
37 —0.38 . 18.0 0., 0.4 . 1200
- 38 - 0.78" 12,0 0. . 2.0 - 762
39 - 1,09 " 65.5 - 0./1.3 0.67/0.7. 975
40 0.68 ~ 51.5 - 0. & 0.60 -1150 -
41 0.46 4.93 0. -, 0.62 <1095 -
42 ", - 0.45 18.0 0. 0.32 1135
43 0.48 - 21.4 0. 0.93 - 1140
44 0.36 8.3 0./1.64 . .16/.16 1125 °
45 0.46 53.0 - 0.

1.2 1100
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"Run 30- 10 percent 011 1n-Water Emuls1on, hb/h =0.33,

Thls run vas conducted to examine the eff1c1ency of a

J »

EN
10 percent'01l 1n water emu151on in creat1ng ‘blockage for a

- subsequent yaterfléod. For, Run 29, a five percent

3
'

oil-ip-water emulsion was used and the initial emulsion slug

B was 0.21 pv In this run. the pack1ng conditions were same

as thosé ofeRun 29 In1t1ally, an emuls1on flood was

3

, started at 4&@ ml/h through the injection well, The 1n1et

pressure, as dep1cted 1n Fxgure 31 along w1th WDR

cumulat1ve recovery and oil cut, was relatively h1gher than‘
thet in Run 29. The 1nject10n rate (400 ml/h as compared to
Zoodml/h'witn—Run 29)‘was'higher for this run and a higher

inlet pressure was expected. .The emulsion flood con?inued

hntflyo.G,PVaof edulsf%n was injected. This value was

equivalent to about two pore volumes of the bottom water

.zone;' It was reported (Broz et al.,1985) that most of the

.

'_permeability’reduction by emulsion flood took place after

injecting two pore-voiumes of emulsion (in the case of 100

- percent water saturated core). During the emulsion flood,

the oil cut decreased rapidly from 53‘percent to 24 percent.
after an 1n3ect1on of 0 23 PV of emuls1on. During this
period, however, the 1n1et pressure 1ncreased show1ng that a
cons1derab1e emulsion blockage was taking place. As the

emu151on flood contlnued ‘the o0il cut 1ncreased rap1dly to a-

“maximum of,GO percent. At this point the emu151on
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' breakthrough'took place (0, 47 BV). Thie breakthrough time
is longer than that which was observed in Run 29 (at 0.16
PV). Follow1ng emulsion breakthrough the oil cut decreased
again and dropped to a value of 37 as 0.60 PV of emulsxon
was injected Also the injection pressure started
decrea51ng at the same time. A waterflood was started at a
flow rate of 400 ml/h at 0.60.-PV of emuls1bn 1nject10n. hs
" the emu151on breakthrough took place, the cumulative |

. producing waterfoll ratio of 1.51. This indicated that 3
sufficient emount of bottom water wae replaced by enulsion
to create'blockage‘in the subsequentvwaterflood. 'Asvthe

r

waterflood continued the oil cut continued to decrease but

at a slower rate than that of emulsion injection. Also, the

injection pressﬁre was quite high,. This high injection
pressure was due to an effective emulsion blockage. After
an 1n3ect10n of two pore. volumes of water, the 0il cut
dropped below 10 percent.‘ At thls point another emulsion
slug of 0.7 PV was injected at 400 ml/h. ‘During this
emulsion flood the‘oilucut'continued to decrease and as 0.7
PV ofiemplsion was injected, the oil c;t.dropped from nine"
percent to 4;§IperQent; As this second emulsion slug_wae‘
injected, thevinlet pressure started increasingnnqtil the
end of emulsion 1nject1ono- fnterestingly,Qbeceueeithe.
emulsion flood was followed by a waterflood et\a flow rate
Y 400 mi/h the 011 cut increased as the in)ect1on pressure
‘decreased steadlly. As the waterfloodﬁcontlnued the oil

!

. e !

o
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cut d;creased very slow1y</ The waterflood was‘stqpbed vhen ™
the WOR reached a value of 20. At this point, a total of
63.5 percent of Qhe IOIP was produced as‘compared to f@
percent with‘polymer slug (as in Run 4) and 64 percentwin
the homogeneous case with waterflood (see Table 5.1).
However, a total of 54 percent of the IOIP was recovered
"when the WOR geached a value of 20. As the second emulsion
slug was'injected, the WOR decreased and an excess of 9,5
percent of the IOIP was recovered bffore the WOR reached a
value of 20 againi” Recall that at a WOR value of 26, only
| 31 percent was recovened in Run 29, for which fdve percent
oil. in emulsion was used. This improvement seems to be due
to more effective blockage by'this type of emulsion (10
percent O/W), which wesvsteble even after craveling through
“the core.. Also, during an emulsion flood a considerable |
amount of emulsion invadedvthe water zone..‘This‘created an
effective blockage for the waterfloodxand‘nacer invaded the
oil zone, resulting in a steady oil cut and .improved

cumulative oil.recovery.
5.5.2 Emulsion Injection in a Homogeneous Pack
Run 31: Continuous Emulsion Injection (hb/h =0)

" In order to 1nvestlgate the effect of emuls1on

1n3ect1on for a homogeneous core, Run 31 was conducted with
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. contlnuous emulsion gajectlon. A ‘0 percéﬁt o1l in~water
emulsion.was 1n3ected at a flow rate ‘of 400 ml/hr. The

v

pressure, WOR, o1l cut and recovery data are’ depxcted in
F1gure 32. As _can be seen from this f1gure, emylsion
,1n3ect10n resulted in a relatlvely h1gh 1nject10n prefsute.
The injection pressure cont1nued to 1ncrease during the
.Ignitial 0.36 pore volume at which point»emulsionr

‘ureekthrough took place. Following emulsion breakthrgugh
the injection pressure decreased rapidly. Hovever, the
*injection pressure always remained higher than that observed
with a’ waierflood (initial part of Run 14). This increase

v . w ¥

in 1njéct10n p%essure is hlgher than that which one would

(

W eXpect from th& viscosity consxderatlon alone, Emuls1on

-

' 1n]ectnon led to the flow of water that was residual after a

..&" ) v"} ‘4":.. ,\

s:fﬂwaterfiood Also, as the emulsion injection continued the
. ern‘ .
T 1rreducuble 011 Saturat1on was decreased Consequently, a
‘.’\\ .

!

totaL of 39 gencent of the’ IOIP was produced vhen the WOR

w

reacﬁed a value of 20. Th1sAEompares to only 64 percent of

,'; o ch recovered with .a waterflood

. . B L Ly
o » u L N 1}
¥ + . * .
rol . N

Lwa S

S’S;Effect of 011—Water Thickness and Permeabzlzty Ratio

Several runs were. conducted w1th dlfferent oil-to-water

zone thlcknesses and permeab111ty ratios. The results of

these runs are summarized in Tables 5.1 and 5.3. These runs L

w1ll be presented 1nd1v1dua11y in the followxng section.
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Run__ Run_32:. hb/h -1, k/kb=1 T e

Run 32 was conducted in order to examlne the effect of

the 011 zone and bottom—water zone th1ckness ratio. In thlS

<«

' for both'the injection and the productionrvell'”‘As it was

‘run, thls ratio vas 1:].' The: h. /h fatio Was equal to‘O.SOIVf“

"observed during Run. 30 that an emu151on slyg of two pore ot

*q;volumes of the bottom water zone 1mproved orl reﬂovkry, g’é“

same 51ze of emuls1on slug was used £or th1s run aédf%11’

'tﬁRetall that the 1n}ectlon wvells were: used alsq dhr1ng e

‘uthe 011 cut

7y

The emuls1on flood started at a flow rate of 400 mL/h The~ T

'Qemu151on Was 1njected d1rect1y through the 1n3ect1on welI

> 2
.

polymer flo dlng 1n Run 3. (hb/h -] 3/kb51);v,1n1t1ally;”

8.S low (below 10 percent

butﬂyet.higher than
/

that obtalned w'th a’ waterflood The o0il cut ?inlet~

he

5

'pressure, WORMandxcumulatlvepgll product1on are depictcd in

"f;emu151on 1n3ectﬂbn. ThlS value 1s greater thaﬁ that w1th

Run 30 even though the thlckness of the bottom—water zone

#

7. 2 percent of the IOIP was prodhced durlng thlstperlod

o 1Thls may be compared to’ 21 percent of the IOIP produced at’

"7 Figure’ 33" Emd&g%@ﬁ 5rd$m5§¥d%§h occurred ét 0. 85 PV of R

ifor th1s run was hzgher than that 1n Run 30. However,'only‘7

I~

' the t1me/pf breakthrough 1n Run 30 Even after the emuls1on )

i‘;breakthrough occurreg the 1nlet pressure cff

h:emuls1on was 1n3ected.{ At the po1nt of emuls1oni

rbreak&hrough the cumulat1ve water-011 rat1o was f‘

J?1nd%d to. ]

“

|

»§1ncrease 1nd1cat1ng 1mproved blockage as more and morev s
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lindicated‘that*a 1atg¢.qutibnfcfthe‘éﬁﬁiﬁjgﬁg;ehf.ihea;eﬁ;',"“
bottoh-eater iohe,-creating effective‘hloeﬁa;e, ‘This,was |

d'}ndicated by ihbrored'sweep'when the'waterflood followed the

aemulsion flood 'I‘he emulsxon flood was termmated after two'

pore volu@es of eéu151on11njectnon. The o0il ¢ut was around
20 percent at this poiht. The emulslon flood was*followed_.'
.:by a ﬁaterfloOd‘at‘400 ml/h ”The(inlet'oressure decreased
;flrst rap1dly, then slowly, but the o11 cut - remafhed steady‘iL'

“  unt1l 0 6 PV of water was 1n3ected At th1s po1nt the 011

cut started to decllne and dnopped to a value lower than

» . A ; 4

] .f1ve percent as-. two {xrlca pore volumes uof water were

P

.1njected - The 1nle .L\Vésure 1nd1cated a partlal

,restoration of the‘p- reab111ty oﬁ the-water zone. Howeber,

‘the 1n1et prcss “tabilized at:a value much hlgher than'=

whrch was ob‘alned with a waterflood It is not qu1te
accurate,‘however, to comMent on-permeab111ty reductid#,

because the system under dlscu551on 15 not a case of
singleiphase‘fiow; and the channellng of water 1nto the
‘hottom*waterozohe; whlch was more affected by the 1njected
hemﬁlsioh;LCOUldvnot bevmon1tored : After 1n3ect1ng two pore
’volumes of wate;, the ehuls1on flood was started agaln. ‘In
‘:,f‘the beg1nn1ng, no 1ncrease 1n 1n1et pre55ure was observed
ﬁThls 1nd1cated that no blockage was‘bu1ld1ng up near the %.‘fff

R 4
injec 1on welI HOwever,'as the emuls1on ﬂ;pod front

v g |

z'advanced the 1nlet pressure 1ncreased gradually., Thxs was

f‘ . * 4 RO .
o ’jollowed by -an- 1ncrease 1n 01I cut -Thls tzme, 1,2dP¥-of

y



" of 49 percent of the I0IP was' recove

3

[

‘”enulslon?vas\lnfected After that,‘the waterflood was -

4

started. Dur1ng the waterflood the 1nlet pressure dropped
slowly to a- previously stabllxzed value and the o11 cut
increased from 5.5 percent to nine percent. As the :
waterflood cont1nued the,o11 cut dejreased slowly. A total

ed when the WOR reached

\

a value over: 20, By compar1son,*54 percent of the IOIP was

o

srecovered\at\th;s WOR value in Run 30 for wh1ch the .

bott;om water layer was thlnner. . But,..q reach thxs value

T

SWporq volume‘s, as compared to four pore volumes in Run
‘a‘ .
0 £ fluid. &as ;njqﬁted\gﬁ thls.run. Moreover,'the‘01l

. cut in Run 32 never apprﬁched 60 percent wh1ch was the .‘&‘

- W

. max1mal value observed in "R 30.. It a e§r5~that as the

bottom- water layer thl&kness ancreased ;t became more

'dlff1cult to obtaln a h1gh 011 cut. However w1tﬂﬁan

emulszon flggd a. reasonable value (around 20 percent) for ;
' ' N . N ' ’

o1l\$ut was eas1ly obtalned

. \——“. S o ) . ' . v
. @ . N . “

_Rgn 33: hb/h =0.2, 'k /kb=1 .

_ Run 33 was. conducted to 1nvest1gate further the effect
iof the 011 to- water zone th1ckness rat;o.. For tth run the
‘ozL.zone was. f1Je t1mes th;cker than the bottom-wafer zone

even though the absolute perméab1l1t1es were the same. Tye
Mlnjectxon and product1on wells were located 1 6 cm

t(one-—quarter of the total th1ckness of the 011 zone) 1nto

'7the o1l zone.? The §?splacement test started w1th

% O



_efiulsion flood at a flow rate of 400"m1"/hr-. “The WOR,*

pressure" oil recovery and‘o11 cut are’ dep1cted in F1gure

34.f The oil, recovery was much better than that ‘in Run 30

¢ ’

'for whzch a thicker (hb/h =0.33) bottom- water zone vas used

The‘emu151on flood was iéntlnued until 0. 4“PV of emulsxoh:
was injected. About 25 percent of the IOIP vas recovered

vlidurlng the emu151on flood and the WOR remalngg

N’

fThe volume of emu151on slug 1njected Vaghel .33.' Lo two ’
' #pore volumesﬁbf the-ﬁottom water ‘zone. -

*'51ze was‘.pte@m1ned as a fun .3 on of tqe AP - water zone

pore volume rather than[ﬂ.

started 1ncrea51ng rapldfhf": a, peakvof 60 percent.
‘Eo;lo‘mg the emulsmn slug, a waterflood was started at a
' flow rate of &00 ml/hr._ During the waterflood emu151on

| ume of f1u1d 1n3ect1o

"hreakthrough-occurred at 0.44 pore

Yemuls1on and: water) The 011 cut antlnued .to 1ncrease

e

}vntll emu151on breakthrough tqpk place. ~HQwever the‘o;l

150

’“emulsion.injection the';rf".*“'decreased initially but soon

n -

A\ -
cut decreased rap1dly after emuls on breakthrough K; the‘_

‘~“/ é%gterf ood contlnued a total oi 61 percent of the IOIP was’

'&" S
recovered when tHe WOR reached a value of" 20

' Run 34 h /h O 33 k /k -2 67
—=" b %m 'b

Y
;o

S JOu »

‘-bottom waterv *Egg Th& packzng characterxst1cs (as ‘shown 1

TNt . o

‘o

R

n

2
e

o

Tﬂls run was conducted to examlne the effect offa txghtila

& Table 5, 1) were the Same as those of. Run 6. The h /h Valueli
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',wasVO'zzh’ar both‘thé injection and the production vell.,
i;?‘,‘< A percent o(l 1n-water emulsign was 1n3ected at a -

{

flow rate of 400 ml/h. The emulsxon froggmwth characterized
) A .

L4

by a relat»wely hxgher 1dlet pressure as, compafed to that of

Run 30 for wh1ch a s1m1lar height for the bottom water zone

£

,wasgusedv However,‘the x.let’pressure was Yh1t1ally

jarable to that of Run 6 w1th a. waterflood But as the

5. ﬂyﬁmﬂéﬁibﬂ fﬁood cont1nued, the 1nlet pressure xncreased
- ¥ ..w’v "’ " ’

{fﬁﬁfshowxng note res1stance to flow.v A 51m1la‘%per£ormance vas_

: observed dur1ng emu151on ﬁlood1ng in Runs”gwﬁto 32. Qge oxl
ERE “"*ﬂ'“"‘

«recovery was d15t1nctl¥ better than in all the prevaous
C h y
cases. The 1nlet pressurevlﬂoh o11 cut and 011 recovery o

-

@

.are dep1cted in Flgu;e 35 Note here that ‘the’ same emu131on .

o

quallty Q ;perg!ht oil-in- water) was used for th1s ruh,

whereas trww*‘ttom water layer had smaller pore openlngs (as.

'can be deduced from the low permeablllty). Durr '.the

1n1t1a1 stages of the emulsion flood the oilhk*t,indreased_,,

#

- & Lot
rap1dly to reach a value as hxgh as 61 percen v kCtually,

?the maxlmal oil. cut was attalned when emuls"b breakthrough @

'occurred at 0. 069 PV volume 1n3ected. Th1s breakthrough was

Lo later than that of preV1ous runs (Runs ‘30 to 32) However,
1

‘at the poxnt of’ breakthrough the cumulatxve water 011 ratxo
L was equal to 1.15,_ Thls compared to 13 for Run 32 and 1 51

N 'for Run 30.- The breakthrough t1me vas longer than that for
L TN
(ita the prévious runs.' Thls length of time was suff1c1ent to

”create blockage for the waterflood that followed the . .
' A

. 4»
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‘emulsion injection and it isolated the bottom-water zone, to
create a lov permeability‘ihterface between the oil and
_water zone. The hypothesis of partial invasion of the
‘bottom—water zone was further supported by a rapid decline
ﬂ‘EbOth eil and’#ater cuts after émulsion breakthrough The
emu151on produced had a(qua11ty s1m11ar to that imjected.
‘This 1;e1cated 11ttle contam1nat1on by cohnate‘:ater and a

]

*p1ston-l1ke d1splacement by emu151on. ‘However,. even though

the oil cut decreased after emu151on breakthrough, 1t
remained.fairly steady at a somewhat lower value._ The
"emulsion flood was stopped as soon as emulsion breakthrough
took place and a waberflood was started at 400 ml/h. fhe;
.emulS1on slug 51ze of 65 percent pore volume was also

’equlvalent to about two pore volumes of the bottom water

. r v

~‘zone; As. the waterflood contlnued the 1nlet pgessure

L3

udecreased follow1ng a trend very similar to thau of the o1l

‘ cut.. As in the previous cases, this 1nd1cated partial
restoratlon of the permeablllty of the emuls1on affected
zone. However,'the 1nlet pressure that was atta1ned after .
'1n3ect1ng abdut two pore volumes of water was st111 hlgher
than that expected from a conventlonal waterflood. This

~ value was comparable 28 the 1n1et pressure %ttalned at the-
final stage of Run 30.A In the mean time, the 0il cut
decreased slowly"and dropped'below’five percent. jAt this
poiut, another emulsion slug was 1n3ected at:400 ml/h

?.DUrihg.the emu151on floed, the 1nlet pressure increased but
i3 ° o ' e )



’ 9
This was qufte s1gn1f1cant as only 3.6 PV of fluid was

155

the oil cut cont1nued to decline. Th1s t1me, the emu&s1on
e ,w u\

'slug volume was 0.3 PV. The emu151oﬁJflood was followed by

.

‘a waterflood at 400 ml/h.  No s1gn1f1cant change occurred

during the waterflood except that the pressure decreased
slightly. 'But as she waterflood continued, the oil cut
increased again indicating fhprovement in'blocking of the

bottom water zone by the leadlng emu151on slug. After ‘ P

“1nject1ng the Second emuls10n slug, a total of 60 percent of

the JOIP was recovered as the WOR reached a Qalue of 20 L)

R

.

1nJectedtup\to thlS p01nt. Note however, that. for a .-

gimilar bottom-water zone thickness and permeability{ but

wlth the use of a polymer slug (Run 6),
P ‘ :

controlled much more, effect1vely§ with a sif r.total oil' .

,‘

~recovery the WOR was maintained below six percent. This

- - TS e o,

point should be considered if any attempt to compare the two

’

techn1ques is made; However it was feAt necessary to study

the effect of a tlght but thicker bottom- water)zone and with

that view Run 35 was planned.

. PN o

v A

.Run 35: Emulsion Flood: hy/hg=1, ko/kp=2.67

In order to examine the effect of the oil- to water zone

thlckness ratro for the tlght bottom—water zone case, Run 35

T . was conducted.- The oil-to—water zone thickness ratio was

!

1:1 in this case. The h /hb value was 0.50 for both the
productxon and the 1n3ect10n well The run started with

N I

- ' . : Q‘ . L
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emulsion injection at 400 ml/h:. As observed in the previous - i

" runs-with emu151on flood, the inlet pressure gradually ‘ '-f

increased as the emulw1on flood cont1nued The oil cut was

»

higher than that observed wzth'a waterflood LRunw7) and o

remained steady in the beginning. However, as the emulsion

ol : : : : .
flood continued, the oil ‘cut started increasing. The inlet

H

pressure, WOR, o0il cut and cumulative*oil recovery are.’-

depicted in Figure 36, Emulsion breakthrough occurred at

0.83 PV of emu151on 1n3ectxon. Thls value is hlgher than
] # ’

that observed with Run 32. At this poznt the cumuﬂaSPve

- water-oil ratio was 3.70. ‘This 1nd1cated that a

considerable volume of tﬁe bottom-water zone was invaded'oy

emulsion. However, this volume was somewhat less than that
for the case with a h1gher permeab111ty for bottom water
one. The emu151on flood cont1nued untll two pore volumes .

.

of emulsion were injected. As. in prev1ous emuls1on flood’

* runs, the peak in oil cut coincided with the emulsion

breakthrough; As the emulsion flood continugﬂf the oil~cut
3 C .

slowly decreased. The injection pressure, however,
N - . B" ] A
contidUeE to increase until the end of emulsion flood. The

© emulsion flood was followed by a waterfiood at 400 ml/h .

‘\ T . b R : »'.A

)

after-ihjecting”lwo pore volumes of'emulsion. The~ RS ,

waterflood was characterlzed by a decreas1ng pressure. The

o ’

011 cut a}fo declxned slowly 'As 1.6 PV of water“were ,L“#ﬁvﬂ H;

hn]ected the oil cut dropped below f1ve percent. But“ﬂ?

thls t1me 61 percent oi;the IO&P was produced.« This val‘k R
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compares thh 49 percent pf \he IOIP recovered at the same

w0R in Run 32 Another emulsxoni" ug was trzed but resulted
&

LA

in 1nsxgnrf1cant recovery. '

5

"Run_36: hy/h =0.33, ko/kp=0.06
In order o examine the effect .of high-permeability,
bottom -water zone (k, o/kp=0.06) Runs 36 through 38 were
oonducted; For Run 36, the 011 zone was three times thxcker
R :than-the bottom-water zone. The wells wvere located at a
depth of 0.75 cm into the oil zone. The d1splacement test
started with an-emuléion flood at a flow rate 'of 400 ml/hr’
As expected, a'high—permeability bottom-water zone led‘to»a'
high WOR eVenqthough hb/ho was relativelvmlow. However,. the
,‘}’ WOR was still much lower than that observed in a waterflood i
(early part of Run 8). ’Thfs‘imorovement shows .the

“effectiveness of an emulsion flood even. in the presence of a
highly permeable-bottom4water zone. Figure 37 depicts'woR,
pressure, oil cut and oil recovery for this run)l During

4
emu151on 1njectlon the 0il cut started 1ncrea51ng rap1d1y

and attalned a peak of more than 60 percent. Emulsion

breakthrough took place dtCD 33 PV. This value vas lower

than that observed in runs wlth tighter bottomrwater zones. -
» -~

At the po1nt of emu151on breakthrough 16 percegt of the ﬁOIP

. Was recovered Emuls1on 1nject10n was cOnt1nued unt1l 0 5 ﬁ’
TR SIR P e
R 3ﬁbre~v§;ume of emu151on 1njectxon. It was then followed by
., !
a waterflood. During the,waterflpod the 1n3ect1on,preasure
TS T ‘ N

Vo, v

nt,
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ey conducted with an oil- to uatéf/

' The wells were located_at 1.6 cm’(one quarter ofjthe totalp

—

‘w1th thxs decrea51ng o11 cut a total of 35 percent of the
IOIP was recovered as the WOR reached a value of 20. Th1s
*1nd1cated—a—seven‘fodd 1mp?7vement ovér ‘a dgnVentlonal
waterflood, Lo T o P Af/‘*%‘ “ f'g\\

1

T . o . . . . . A_' [ . \‘,‘

._ Run 371 hb/h =0.2, k /kb—O 06 O N

In order to 1nvestlgate the effett of the oil-to- watES

zone thlckness rat1o for a k b of 0 06 Run ‘37 was

one thlckness ratlo of f1ve.

th1ckness of the 011 zone) 1nt3/the oil zone. 'The

N }
;

~..

1
»dlsplacement testxwas started JMith an emu181on flood at a

flow rate of 400 ml/hr. The/WOR was - much lower than that in

“Run’ 36 for whlch an hb/h of 0. 33 was used. ‘Recall here
that in the case of polymer 1n3ectlon only a- sl1ght decrease :

1n WOR took place for a 61m11ar decrease in hb/h ,It
/

appears that the 011 to-water zone tﬂ!’kness ratlo plays an‘f.

o 1mportant role in mob111ty gontrol w1th emu151ons An a

.hlghly permeable bottom water zone. Dur1ng emu151on'f”
1n3ectlon the o1l,cut 1ncreased rapldliéto reach a peak ’
hlgher than 60 pércent.~ Also; thxs value was h1gher ‘than
that observed rn Run 36. An emu151on slug of 0 40 PV was

’ <
1n3ected Th1s volume corresponded to about two pore —

volumes—oéfghe—bettom-water zone. A waterf1006 was started

’.at a flow rate of 400 ml/hr follow1ng the emuls1on flood

,’;/
s
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~

N

Emu151on breakthrough occurred at 0.38 PV At th1s poxnt 18
percent of the 10IP was recovered Fxgure 38 depxcts the |
WOR, pressure, 011 6ut and o1l gﬁcovery performance for thxs
run.‘ At the end of the d1sp1acement test a total of 43

percent of_the IOIP was recovered. Th1s 1nd1cates more than

~a six-fold improvement over a conventmonalxwaterflood.

S~

Mg 'j;fa_'?' SR v

A

”

Run 38: hb/h =1, k, /kb-O 06
' In order to investigate }urther the effects of the\

o1l to water zone thlckness ratlo for a k: /kb of 0 06 Run

4 L.
38 was conducted w1th an hb/h of 1. ?Ee‘wells were located

- L . .
at 50% depth of the o0il zone. 1Initially, an emulsion flood

. was started at a flow rate of 400 ml/hr. This‘run

, represented the most adverse-51tuatlon. The'emulsion tlood
performance was much poorer than that of Runs 36 and, 38 but
yet was much better than a- conventlonal waterflood Durlng‘
the emuls1og/flood, the o11 cut 1ncreased'rap1dly but could‘
not:sustain'a high‘value for 1§hg.- An emu151onvslug of two

ifpore volumes was 1n3ected HEmulsionlbrea=through took place‘

at 0. 68 pore ‘volume and 15 percent of the IOIP was recovered

| dur1ng this perlod ‘ Thls value was much lower than that

observe w1th tlghter bottom—water zones, Emulsion

’ 1n3ectlon was followed by a waterflood at a flow rate of 400

ml/hr.‘\At the end of the d1sp1acement test a total of 29

percent of the IOIP was recovered when the WOR reached a_,\
e \ N

vvaluevof 20,. Th1s 1nd1cated more than a 14 fold 1mprovement

. \\\
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\

over a conventxonal waterflood. Figure 39 depicts the
/e

pressure, WOR, o11 ‘cut and o0il. recovery perfodﬁhnce for thxs
Y.

run.' The results are also summar1zed in Tghles 5:% and 5. 3.
_‘,"‘" . v o, : :[
~f5 S 4 Effect of szcosxty Ratxo on Emu151on Flood
| Run 39: V15c051ty Rat1o 1
' 1In order to exam1ne the effect of v1scosxty ratxo on

’emuls1on flood1ng, Run 39 was condhcted As can be seen

© ——

f?;m Table 2 2 ‘the size of the»bottom—water zone was ' the

,éa e as that used 1n Run 30. Houever, in th15»run,'kerosenep

was'usedgas-the oil phase. The h;/ho'value was 0.25 for’

both theffnjection and the producti The emulkion

flood started at 400 ml/h Unlike other emulsion f ood- runs
(wlth 50 mPa.s oil), the pressure:- 1n1t1a11y fluctuat d aﬁd\
then decreased cght1nua11y. This can be seen from Flgure
‘40; This 1nd1cated that no res1stance or blockage was
\bu11d1ng up F, 11 prev1ou5'runs, ‘the emu151on floods
were characerlzed ZY a “short but’ sharp 1n;rea5e 1n pﬁessure
Tat ‘the beglnn1ng of the emuls1on flood. ThlS trend in 1nlet
pressure showed that emulszon was actually going 1nto the
f01l ‘zone rather than the bottom-water zone. Thls 1dea was
further supported by the fact that water breakthrough
occurred when 0.079 PV of emulsion hae been ;njected. -In
Runi30 ﬁater hreakthrough occurred aimost immediately'atter
emu151on 1njectzon was started As the emulsion flood

cont1nued, the oil cut rema1ned hxgh throughout, But the

o Lo 163
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recovery was almost as good thh 1 convent@bnal waterflood
(Run 14{ eVen though breakthrough occurred later for this
run. As a: matter of fact the‘recovery curves for Runs 1

K

and 39 £ollow almost the Same pattern unt11 0 48 ?f of

,emuls1op was inJected After thls perxod the emuls on flood

A A
showed better recovery than the waterflood. Recall that the

.

pof&mer inJectlon was 1n1t1ated in Rum .11 after 0. 6'.P 2%
' . “dﬂ ’ i~
“.water 1n3ect10n. As the emuls1on flood was term¥<74fg: T

was followed by a waterflood the oil- recovery cont1nued'to
be better than water and polymer ‘floods JRun 11). as
: -

compared to more viscous Gil (Run 30), the oil recovery

- K4

- ’4."

remalned much hlgher throughout the run. However,vunllke
Run 30, the WOR 1n Run 39 did not show any fluctuat1on and
~increased monotonically (even though SIOwly) Another po1nt
of 1nterest was the delayed emuls1on breakthrough 1n th1s
_run.- Emuliion breakthrough occurred at 1.09 pore volumee of
total flujd 1n1ect1on. "At this point ‘the cumulative
A'water-o11 ratio was 1. 21 This indicates that a
con51derable amount of emuls1on went 1nto the oil zone
unlxke prev1ous cases wzth h1gher 011 vxscosfty.. Ey1dently,
'_because the 011 and water had 51m11ar vxsc051t1es, |

preferent1a1 f10w of emu151on into the bottom—water zone did

‘not occur as’ befote.»

o~



| 167
Run.40° viscosity Ratxo-7r5 . :
The pqcuxng characteristics of thhs run are given in

Tabl . As s1m11ar packings were used in Runs 30 and 39,
"the results for these runs could be compared'dxrectly to
obtain’ an 1dea of the efg:ct of the ozl-water viscosity
ratio. An emulsion flood was startedsat‘thé~beginnihg of
‘the run at a flow rate of 400 ml/h Water breakthrough
'0ccurred when 0.031 PV ot water had been 1n3ected This’m
jvalue 1's sl1ghtly hzgher than . that for an emulsion flood
with a 50 mPa S v1scodaty oil (Run 30). It can be seen»by .
comparxng Flgure 41 w1uh Fxgure 12 that the oil cut in Run
41 was consxderably hxgher than that éor a waterflood with
the same type of 011 (Run 12)., As was observed in previous
cases of emulsxon flood, the 011 cut decreased'dur1ng the
‘1n1tial stages and then 1ncreased to reach a peak After
1n3ect1ng 0.6 pore volume of emulszon (which is equ1valent
to two pore volumes of the bottom water zone), a waterflood
was started at 400 ml/h. Soon afteq,theﬁuaterflood'started,
emulsion breakthrdugh oeeurred at 0.7 PV of totaliffuid
.injection. Even'though emulsion breakthrough oCCurred
,earlxer for th1s run, the fract1on of the total 011
recovered at thls point vas qu1te comparable to that of Run

39.. As eV1denced in prevxous emuls1on floods, the 0il cut’

started to decr ase after emuls1on breakthrough took place.,,

. The 1n3ectzoa pre sure decreased as well. But the pressure
decreased slovly:and stab1lxzed quickly. This trend of
pressure decline showed an efficient blockage by.emulsion.

' . —
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As ‘the wgze%tibod continuéd, 76 percen£ of the IOIP was

' produced by the time the WOR incre;s d to 20, This compares
with 54 percent in Run 30, and éG.Séercent in Run 39, .
_Run 41: Viscosity Ratio=200

'In orde® to examine the effect of a higher oil

: v1scos1ty on an emulsxon flood ' Run 41‘was conducﬁed uging -
.Kaxam 100 (viscosity-zoo mPa. s) as tbe oil phase. Run 13
‘showed that,‘fon-th1s hxgh viscosity of oil, the oil |
~rec'ove;ry by a waterflood was almost negligible. For Run 41,
the emulsion flood‘startéd at the beginning of the |
displacement test. For this pafticular.run, the emulsion
was produced from 10‘peré§nt Faxam-100 and distilled water
(with 300 ppm surfactant). 'Aa emulsion slug of |
approximately two pore voium¢s<6f the bottom water zone was
‘injected.‘ Dutiﬁé eﬁuléion-injection, the oil cut was |
cleérly higher than-that obtained for a waterflobd. As the
emulsion flood c&ntinued, the oil cut increased gradually.

" Figure 42 depicts the VOR, oi} cut, ;il recovery and |
pressuré data for this run. , Emulsion breakthrough occurrea
“when 0.46 PV of emulsion had been injected. This value is
fairly close to that observeé‘for Run 30 for which MCT-10

S oil (50 mPa.s) was used. When emulsion breakthrougﬁ R
occurred, the oil cutjstarted decreasing. The emulsion slug
was followed by é‘waterflbod. The initiation of the |

waterfloéaﬁdid not lead to any sudden change ih oil
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recovery. Hoqever,‘the oil cut dec:easéd gridualiy. At the
end of the displacement gest; a total of 33 percent of the

"IOIP was produced. This value, even.though low as compared

to othQ{;runs (with lower‘viscosi;y oils) is higher than

“that with Run 13 for which a polymer slug was used.

5.5.5 Effect of “Emulsion Slug Sizes
, In order to examine the effect of emulsion slug size
Runs 42 through 45 were performed. These runs could be
compared with Run 30 as all these runs had an hb/ho value of
0.33 and a ko/kb value of 1. Besié};iﬂa simi;ar emulsion
injecfion stratejyrwas used for all these runs (i.e.,
émulsioh slug was iﬁjected initiqlly through the inlet end
.and was foif;wed by a vaterflood fhrough the injection
~well), For all these runs 400 ﬁl/hr was used as the
volumet;ié injection rates fo;,ﬁoth the emulsion and waFer,
injections. .

-

Eﬁn 42: Emulsion Slug Size= 0.32 PV (One PV of the water
’zone)i ' |

‘ In order to examine the effect of smaller emulsion
sldgs, Run 42 was conducted. Recall that a 0.60 PV of
emulsion slug was used in Run 30. The emulsion slug was -
ipjegtedtat the beginning of the_displacement test. As the n
émuls&on slﬁg injéé;ion‘continued"the injectiqgﬁpre55uré

inéreased rapidly.- Figure 43 depicts the injection pressure
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along thh the WOR oil"’ cut, and cumulatxve oil recovery
. /
‘As the—1n3ectxon pressure was xncrea51ng, the 01lrcut was_

decreasxng/durlng the. early part of ‘the dxsplacement teSt;

‘Even: though the 1n1et pressure continUed to 1ncrease unt il

nthe end of theﬁemuls1on 1nject1on (0.32 PV), ‘the o11~cut,

- —
.

started 1ncreas1ng shortly after 0.24 PV of emulslon was
1n3ected” A m1n1mal in 011 cut was also observed in Run 30

| for whlch a larger emuls1on slug was used As a waterflood

.at 400 mﬂ/h was.started,fo;lowrng the emulsion slug,

RN . Co N
1n]ectlon, the injection pressure started~decreasingﬁ.,This

was expeCted because water has a lower v1sc051ty than
‘emu151on§» Emulsaon breakthrough took place shortly after

water injectlon was started (at 0 45 PV) , At thlS po1nt 18

:percent of the oil 1n place was recovered The cumulat1ve
4 Jl

w&g at the po1nt of breakthrough was 1 76. Thrs_compares to /
a cumulatlve WOR of 1. .51 that was obta1ned ih Run“30.v After//
femu151on breakthrough took place, the o11 cut started

dropping. As the waterflood follow1hg'the emu151on floo@

cont1nued the dll cut dropped below 10 percent and at’ a/@OR

&

evalue of 20 a total‘of 49, 5 percent of the IOIP was: /

.,recovered Thls value/xs con51derably lower than that

observed 1n Run 30 (see Table 3.1 for compar1son of u1t1mate

'krecover1es),3;y
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Run 43: Emulsion Slug Size¥Q<93 pv(three PV of the water
| ————— N N - V '

" zoné)- . ‘ : «
In order to examxne the effect of a larger emulsxon

4

: slug, Run. 43 was conducted The packlng characterlst1cs for

N

this run were similar to those in Run 30 (see Table 5 1 for
‘detaxls). When emu151on 1nject1on was started the
‘1njectxon pressure 1ncrea$ed at the beginning of the run as'
the;oxl‘cut decneased._ A peak in 011 cut was observed at 2
'aroundg0,4sipv'of emuls;on 1nject1on. Shortly after thls

-

the emulsion breakthrough took place. Fxgure 44 dep1cts the

o

WOR pressure, 0il cut and cumulatlve oil productlonwfdr
‘this run. . As can be seenﬁfrom thls figure, bothlt”:”
'1n]ect10n pressure and the o1l cut started decllnlng
hfollow;ng emulsxon breakthrough At the txme of
"breakthrough 21. 5 percent of the IOIP vas alreadﬁ, Lo
,'recovered.‘ The cumulative WOR at this p01nt was 1. 6'\ ThlS ;i?f”;v
hvalue is. sl1ght1y hlgher than 1.51, wh1ch was obserued in
Run 30.; Th1s compar1son shows that at least up to the
! breakthrough point, an 1ncrease in emulsxon slug from 60

percent to 93 percent did not 1mprove the flood1ng S Egéf

ﬂjeff1c1ency. Followxng emulsion breakthrough the 011 cut

\dropped cont1nually even though the 1n3ected f1u1d was
always emulszdn unlxke prev1ous emulslon runs. The.emulsion
slug was followed by a waterflood at 400 ml/h : When the

"
. waterflood started the 1n]ect1on pressure d1d not undergo a

drop as d1d ‘the 1n3ect1on pressure 1n Run 30. Thls 1s!v
_probably because of the fact that contlnous emu151on

:1n]ectlon led to a total replacement of the bottom water and

‘4.
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that -injected water did not encounter a highe)‘ obility zone

(such as the bottom water). Even though the 1n3ect1on
'pressure wa;~h1gh for a waterflood the oil cut decreased in
‘the same manner as in prev1ous emuls1on flood runs.. Whed

" the WOR increased to a value of 20, a total of 57.5 percent -
, or the IOIP was recovered. This value' 1s hlgher than that
'whxch was observed with other emuls1on runs (with MCT- 10

\‘011). \\ - o :

.Runr44:-Emulsion Slug'SiZe:—b.JG pv (0.5 PQ of the water
zone) R v“ v E ' C .J; 5.
In order to examxne the effect of very small emu151on SN
'slugs, Run 44 vas performed Deta;le of the packing i{ffnii
characteristics are listed in Table 5.1, Forithis run}.the
'displacement test was started with the ihjection of 0.16 PV
... of emulsion. As can Bé seen }rom Figure 45, thetfnjection
preseure ihcreased~during emulSion'injection but as soon as
lthe waterflood started the 1nject10n pressure decreased
.-substantlally. ThlS showed that the blocklng aét1on by
bemulslon was not permanent Also emu151on breakthrough
ocqurred very early (0 3%/bore volume) for this run. Thls
is listed in Table 5. 1, Such an early breakthrough
indicated that. the emulsion was dlluted.by both the cohnate'
band injectedawater; AlSo,lonl§,8,3 oercent of the IOIP was
recovered at'the'time‘of emulsion‘breakthrough. 'As the

waterflood continued, the oil cut decreased quickly. 'This
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. resulted in a very poor ultimate recovery of|only 38 pergent.

. bottom-water zone) o . ﬁ; , - B

of the IOIP ad the WOR reached a value of 20,

&
[

‘Run_45: Emulsion Slug sizeé,I.Z PV (Fouc:pore volumes of the

In order to examine the effect of a Veryflarge'emulsion

slug size, Run 45 was. conducted with an emulsion slﬁg size’

P L]

'of'1 2 pore volUmes. Similar to prev1ous runs, thzs run had

~an hb/h =0.33 and k /kb=1 Durzng the initial stages of the -

'd1sp1acement test, the. 1n3ectlon pressure 1ncreased rapidly

,carr1ed out. After an 1n1t1a1 1ncrease, the oil cut started

even though the‘pll cut decreased durxng the 1n1t1al Sﬁages

~of the d1sp1acement test. However,’as the emu151on

1nject10n continued the oil cut started 1ncrea51ng.

Emuls1on breakthrough took place at 0. 46 pore volume of

.emu151on injection." A totél volume of 1.2 pore ‘volumes of

emulsion was injected F1gure 46 depicts the WOR, pressure,
oil cut and oil recovery performa ce for th1s run. _
Follow1ng the emu151on flood, a~waterflood at 400 ml/hr was -
decreas1ng cbnt;nually At the end of the dlsplacement test’
‘a total of 57 5 percent of the 10IP was recovered when the

WOR reached a value of 20. This value may be -compared to .

that of Run 30, in which 54 percent of the IOIP was

‘recovered with only 0.60 PV,of emulsion injection._nlt

appears’that emulsion fiood recoverynattains_a'plateau and

. does‘ggt'improve very‘much‘for higher émulsion slug volunes,
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5.5. 6‘Mob111ty Control Mechanxsm w1th Emuis;on Flood
- Run 46: Effect of Glycerine Injection: hy/h =0.33,
'ko/kb-r' S o "
In order to exemine the mechanlsms 1nvolved in mob111ty
ccontrol with emuls1ons, Run 46 was conducted using a
glycerlne slug. It has been noted that emuls1on 1mproves-
waterflood performance in the presence of a bottom-water
zone due to .,? |
- its v1sc051ty 1ead1ng to a- favourable mob111ty ratio
é its ability to create axblockage 1n;the.bott0m—water
zone rendering it-less accessible to the water that
‘follows thé_polymer;_" | | |
'The‘objectiVe of Run 46 was.to"determine'the Quentitative
contr1but10n of each of the mechan1sms 1nv01;:d in the
*ﬁobﬁ11ty control w1th emu151ons.b Wlth th1s object1ve in
mind, a glycerine solut10n_hav1ng a viscosity of 1.8 mPa.s
‘wes-chdsen for this run. - Recall that the;10 percent

oil-in-water emulsion had the same viscosity at six rpm.

Therefore, a comparison of this run with Run 30, for which:

the;same bottom-water.zone thickness and'pegmeability;and
flood rates were used, will determine the relétive.
contribution of the above—ment1oned mechan1sms involved in
emuls1on flood1ng. ‘

;

ThlS run was started with 1n3ect10n of glycerlne

solution at a “flow rate of 400 ml/hr._ Figure 47 deplcts the

WOR,'pressure} oil cut and oil recovery performance for this
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run. As can 'be seen. from this figure the recovery | N

performahcewduriné'the early stages is much %oorer than that
bbéerved ih‘Run 3d.f As opposed to the observation in Run
30; the oil cut inc;eased for a very short period of time,
Even though the in)ectxon préssures were very similar, oil
recovery was much lower than that for Run 30. Glycerxne |
solution injection was cont1nued until 0.60 PV was in]ected
‘and was followed by a waterflood also at a flow rate of 400
.ml/hr. At the end of the dxsplacementhtest only 28 percent
of the I0OIP was récovéred as éompared to‘54 percent of the
IOIP recovered in Run 30. Thistrun shows cleérly that the‘.~
éfféctivenebs of emulsion in improving oil reéovery in the’

presence of a bottom-water zone is not due to its viscosity

alone,

5.6 Air Injection
Six different runs were carried out to examine the
effect of air injection under different bottom-water.zoné

thickness and permeability-condi;ions;‘ Also, “the effect of

~air injection through the production well, rather than

.,

through the inféction well, was investigated with one of the

*Euns,

- S;G;IVEffect of Wa;er~to-oi1 Zone Thickness and Permeabihﬁty
: | ‘ - _ C .
Ratio

Run_ 47: hb/h =O 33 k /kbsl
As can be seen ftom Table 5.1, the pack€ng

Acharacter1st1cs and. well locations fog’ §h1s run vere s1m1lar
'{\; . .' ‘;c . . . }

N

y

A
\
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to those in Run 4. 1In this run, air was injected through
k the 1n1et end (rather than the 1n3ectxar well) jn order to
have an easier access to the bottom-water zone, A high flow
rate was used for the air injection to assure that air is
_forced into the bottom water zone. However, constant :
pressure rather than constant flow rate was used for air
‘injection, The volumes of water. and oil produced were
measured and the volume of air was not measured, as the makin

objective of this run was tc observe qua11tat1ver the
effect ofathg presence of air. After recovering 0.046 PV of
water and oil, air injection was followed by a waterflood.

It was postulated that fhe.air entéred preferentially into
the'water zone. Due to the presence of air in the
bottom-water zone, the effective permeability to water was
supposéﬁjtb decrease. This,hypéthesié wag‘éupporﬁed by Fhe
fact that the inlet pressure during the waterflood following
the air slug increased. As the waterflqod éontinuéd, the.
“oil cut fluctuated between 12 and 20 percent. Eight percent’
of the oil in pléce was reéovered after a total fluid‘
recovery of 0.323 pore volume. At~ this pdint, another slug
of.air was injected—ﬁhrough the inlet end. During air
injection a tofal liquid volume equal to 9.038 pore volume

~was recovered. - The oil cut, oil recovery, pressure and WOR
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ate depicted in Figure 48. The second air slug vas again
tolloweé by a water £lood. ?his time the oil cut increased
slightly and .assumed a stable value. The inlet pressure
continued to intrease. After injecting 0.4 PV of water,
another air slug was injected. After recovering 50 ml of
liquid, another waterflood was initiated. The inlet
pressure continued to inc;ease.and the oil cut increased as '
‘well. Up to this point, the oil recovery was better than
that obtained by a waterflood. This, along with the fact
that  the injection pressure ihcreased every time a
waterflood followed .air injection, indicated that a
resistance to water flow was'building.up. This resistance
forced the injected water to invade the oil zone. " However,
more systematic study of the slug-size effect should be done
before making further comments on thedair-ihjection
mechenism. A fourth air slug was injected and it was
folipwed by a waterfioodt This time, however, the inlet
preseure did not inéfease,‘not did the oil cut. It appeers‘
that, as the waterflood front traQelled ferther, the air
injected through the inﬁectionwug;;“§idlnot have much impact’
on the direction taken by the flood front. At this time, it
- was decided to 1njeet polymer solutlon to exam1ne what
effect the injection of polymer has on a reservoir )
conta1n1ng three phases. A polymer Slug of 0. 164 Py yae

injected at 400 ml/h through the 1nject1on well 1t was

assumed that the polymer would eventually reacl, the
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"bottom water zone (due to least res1stance to flow) » When

2 =_ug vas dr1ven by a waterilood .the 1nlet
lﬁpressure renarneq hlgher than the prev1ously atta1ned value.
ﬂDurlng th1s perlod the oll cut rema1ned steady, but when
ﬁiabout 0. 8 PV of water had been 1n3ected the 1nlet pressure

:f1ncreased and the o1l cut 1ncreased con51derably. .Thls

'c_“delay 1n response by the 011 cut after polymer slug

’1nﬁectxon was character1st1c of preV1ous polymer flood tests_
vas well . But 1n thls run, the 1ncreased o11 cut value was
‘not ma1nta1ned for long before a rapld decrease took place.

e

‘At the end, as the WOR reached a. value of 20 a~total of»64‘

-tzpercent of the IOIP was recovered. ThlS recovery is' not as

f1h1gh as that 1n Run 4, Thls 1néff1¢1ency may be. due to theu
'ip0551b111ty that polymer could not 1nvade a water zone that'
;jcontalned air along w1th water. Also, the presence of air
m1ght decrease the quallty of polymer that shows degradat1on:’
T} due to ox1dat1on.ﬂ E S

un g hb/h =0 2 kg /kb—1 : ‘
In order to examlne the effect of the qgl to-water zone

thlckness ratlo, Run 48 was conducted w1th an hb/h of 0 2

and a. k /kb of 1 - In thlS run, air. was 1n1t1ally 1njected

through ‘the 1nlef end to have better access to the
) . ”
bottom—water zone. Axr was 1njected at a constant pressure.

"\.

After recoverlng 0 04 PV of total flu1d a waterflood was

carr1ed out through the 1n3ect10n well Flgure 49 dep1cts -
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‘the VOR, 011 cut,.pressure and oil- recovery performance for
thisyrun. As was the case in the prev1ous run, several |
other'alr slugs vwere. alternated wlth water’ slugs.‘ The 011
'_recovery for thxs run was much better than that 1n Run 47
lt appears that a1r slugs are more effectlve in the presence
of-a bhlnner bottom—water zone. At the end of the
;dlsplacement test, a total of 61 percent of the IOIP was
‘recovered‘ﬁ ThlS value is close to the o1l recovered by a
1waterflood in a homogeneous core and represents close to a
two~- fold 1mprovement Qver_a conventlonal waterflood in a
jreservo1r w1th the same type of bottom water zone.
Run_49: hb/h =1, ko/ky=1 |
A 121 ratlo for the 0il- to-water zone th1ckness rat1o‘
" was used 1n,th;s run. As can,be seenyfrom Table 5.1, the
chharacteristiclef'this run“are similar to’those.forgRun 3. .
. . Consequently, one is able to COmpare the results forﬂthese
,runs to exam1ne the relat1ve mer1t of air 1nJect1on ana_ a
éwaterflood It was seen 1n Run 3 that durxng water .
blnject1on water went 1nto the bottom water zone due’ to the
’hlgh moblllty in that zone. It ‘was assumed therefore,ethat
"durlngjazr 1n3ect1on a1r would also go 1nto the bottom—water
zone to create blockage for the waterflood that was to
follow'the air slug. The air was”1n1t1ally'1njected at a
‘constant preSsure of.lQ.B kQa.".The air injection,was

_ stopped when 0.116 PV of 1liquid had been recovered. This

» .



waS»followed by a waterflOodfat‘QOO ml/h. During this

. - period the‘oil cut decreased rapidlydbut still retained a

'value much higher ghan\that obtained during a waterflood

N

(Run 3). A er air slug was. injected and it‘wae nOticed

that the oi: t 1ncreased during air 1n3ect1on (see Flgure
50) However, when the waterflood followed air 1n3ectlon,f
the . oil cut dropped agaxn. A s1m1lar pérformance was

ev1denced when one more a1r slug was 1n3ected After‘ﬁ

total recovery of 2.1 PV of flu1d 16.6 percent of the IOIP

~was recovered, ThlS compares to 7.8 percent of the IOIP at

a sumllar-po1nt'1n Run 3. However;'th1s performance is

wd
quite poor when compared to that of Run 51 wh1ch had a

'th1nner and tighter bottom—water zone, and which recovered

55. percent of the IOIP.‘ It is also poor compared to that of

* Run: 47 wh1ch had a th1nner bottom water zone, and which

'recovered 39 percent of the I0IP after a total recovery of

"2 1 Pv On the whole, a1r 1n]ect1on 1s most effectlve in’

the small and tight bottom-water zone case. However, before

".mak1ng any conclusxve remark one should study further the

effects of flow rate and volume of air slugs.. 4

;’Run 50: hb/h=1 k/kb=2 6 - <

In order to exam1ne further the effects of the

f-oil-to-water zone th1ckness rat1o for'an o1l-to-water zone .

permeab111ty ratlo of 2.67, Run 50 was conducted w1th an

hb/ho of 1 F1gure 51 dep1cts the WOR oil cut, pressure
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and oil recoveryrﬁarformence of this run. As qu-the'éase}
, w1th other air 1njectxon runs, the dlsplacement test was_
started w1th air 1n3ect1on at a constant pressure. ‘After
collectlng 0. 116 pore volume of total 11qu1d ‘the air slug
was followed by a waterflood As can be seen from Fxgure
51, the o1l recovery for thxs run was much better than that
in'Run'4§:>,Thxs shows that a1r 1njectlon is much more.
'Ieffect1ve 1nlthe presence of a t1ght bottom-water zone. At
the end of the displacement test, a. total of 37 percent of
the IOIP was recovered for th1s run under similar 1n3ect1on
cond1t1ons those used in Run 49. This shows approximately a
50 percent 1mprovement over a convent1onal waterflood._ This
value is still much smaller than that observed for thinner
bottom:water-zones. It appears that the air 1n3ectlon loses'
'vits_effecfiveness as the_bottomjwaterAzone‘th1ckness |

- increases.

Run 51: hb/h =0. 33, k /kb=2 67

oA

In order to. test the effect of a1r 1n3ect1on for a
tight bottomrwater zone, Run 51 was conducted. The’
oil-to-water zone thickness‘ratio for this'run was 3:1.
Other'characteristics of this run may be found in Table 5.1.
This run had the same characteristics as those of Run 6.
Initially air‘was injected at a constant pressure of 24 kPa.
The inletgend was used to inﬁect the air. zAfter recovering

0.039_PV of liquid, air injection was stopped. ’This was

-
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folloved by a waterfloodAat 4ob’mf/h Unlxkex%h: previous
case (Run 47), the in3ect1on pressure decreased ;?owly. But
the oil cut was high and the recovery curve wad dlstinctly

d better than that obta1ned in Run 6 w1th a waterflood

Another air slug was 1n3ected at 0.32 PV of t%tal 11qu1d
recovery. This slug was injected at a constant pressure of
28 kPa and was‘\terminated a‘fter produ&:inc 53 m1 (0. 64'1 PV)
\Hof liouid.’ Thls wvas followed by a waterflood at 400 ml/h{
Once agaln, the pressure dropped quxckly as the_ waterflood
cont1nued. Even though the o11 cut contxnued to be
breasonably hrgh, the decrease in pressureslndxcated that
water was going into the bottom-water zone, at least partly.
However, as the'pore volume of liquid produced reached 0.6,
the oil-cut suddenly dropped from aropndfsb percent to

' around 25 percent. This can be seen from %igure 52. A
’tot\l volume of . 36 percent of the IOIP was produced by this
t1me.\ This sudden decrease most 11ke1y, corresponded to
breakthrough of the 1n3ected water. A similarly sudden |
decrease in oil cut was evidenced also in Run 6 at around
v0 6. PV injected As it appeared that not much of the-afr
1njected actually went into the bottom water zone (as
man1fested by a low injection pressure in the: waterflood '
phase), 1t was.dec1ded to 1n3ect a larger alr—slug at a much
'hioher pressure. Dur1ng this air slug injection, 180 ml-l

(0. 159 PV) of llquxd were produced. Dur1ng ‘the waterflood

.following the air injection, the injection pressure was

-



(L9° Nunx\ox ‘ggr0=

194

€ | T

4
o

a3yv3IAQO3Y Q_DJ..._ 40 Ad

. 90

/

(024

09
:08

ool

- Jom

ovl

oy

u/y) 15 uny uOu,ounmEuouuom vooauuwumz v:m co~uu«w:~.u~< 26 m—u

(?amemssoad/(%)mo 'I!OI(dIOI%)_'O‘?H 10 “wn)



]
ki

K4

!

L4 D

’

quite high but ‘it Started to dec¢line as'the vater£lood

‘gcontinued. The oil recovery remained”steadf for a while and‘.

then‘dropped to about six percent. At this time, anotherl
air slug was‘injected until 0.04 PV ofiliquid was recovered,
When' the air slug was followed by a waterflood, the
1n3ect1on pressure 1ncreased but the oil cut slowly
decreased‘ The watetflood was stopped when‘the WOR reached
a value of 20. A total of 5§'peroént_of the I0IP was
produced at this p01nt. fhis value is comparable to'that‘
obtalned with an emu151on flood but loWer ‘than that with
polymer ﬁlood '

On the whole, the recovery by air 1nject1on alternating

‘with waterflood=appears to: be more effective in the t1ghter

bottom—water case. 'In thig run the oil recovery'was better

than that obtained by a waterflood throughout the run. Even
though the " injectlon pressure did not 1ncrease in the same
way as 1t did in Run 47, the hlgh oxl cuts suggest that the

injected water enCountered substantxal blockage wh1le moving
into the water zone. However, a1r injection seems to be

2

less effectlve during the later stages of the run. This

might be due to the fact that as the waterflood front moves

away from the injection well, it becomes more and more

difficult to direct'it.aéay from the bottom-water zone.

Run 52: hy/h,= 0.33, k,/ky=2.67 Air injection through

2z

production well

. o 195
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In order to examine the effect of the air injection

point, Run 52 was performéd.. All chareeﬁeristics of this
run were similarfto those of‘Run 51 except that air was.
injeeted tnrougﬁ the produc;ion well. During this period,
.the.injection well was used fqr fluid productien. Figqure 53
'depicts the won, pressure,. oil} cut and cumulative oil

| - recovery performance of this run. For this run each of the
’a1r slugs was 1n3ected until 0.04 PV of fluld was produced.
Even though the recovery perfornznces are very similar in
the beginning of theldisplacement.pest, as the run continue$
Run 52 shows consistently better 6i1nteebvery'than that of
Run 51, Such 1njectxon through a product1on well was only
performed for a txght and thin bottom-water zone since the
ef£1c1ency by air 1n3ect1on appeared to be best for this
£Ype of bottomewater zone. TﬁpkyltimateAfecoveryi(at
WOR=20) for this run was 59 percént I0IP 55 compated to 58.

percent of the IOIP in Run 51.

Run_53: hy/h, =0.2, ko/kb‘z'é7_
In order to examine further effects of the oil-to-water
zone thickness ratio for a k,/kp=2.67, Run 53 was eonductede,
with an oil-to-water éone thickness ratio of 5.. This run -
represented the most favourable cond1t1ons for air injection
as the bottom-water zone was tight as: well as thin. 1In this

run, air was initially -injected through the inlet end to

‘have better acces§ to the'bottOm-water zone. Air was

~
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injected at a constant bressure'. After recovering 0.04 pore
volume of fluid, a w;teyflood was carried out through the
injectibn vell. Figure 54 depicts thevw0R, oil cut,f
preséufe and oil recovery performance for‘this run. 'As was
" the éase with previous air injection runs, sevefal othgr qir
slugs‘were.alternated'with water slugs. The 0il recovery
for this run.was much better than that of Run 51 or 52. At
fﬁhe end éf the displacement test,“a téfa&‘of 64 percent of
the IQIP was rekcovered. This value is higher than the oil

recovery by a waterflood in a homogeneous core and \

represents more than 50 percent .improvement over a

~ conventional waterflood in a reservoir with the same E?pe of

bottom-water zone.

5.7 Biopolymer Gel Injection ‘

Run 54: Gel (Biopolymer+cross—-linking) Injection:
hp/ho=1, ko/kp=t INEEE

A biopolymer with cross-linking forms a.stable and
sﬁeﬁr-reéistant gel. It was decided torproduce-the gel
-outsiég the'cére. It was considered tbat by producing gel
externally the gel formation tould be @onitored'better. For
this rﬁn, the oil-to-water zone thickness ratio Qaé oﬁe,.and

A 3

both zones had the same absolute permeability. These

Charactefistics are summarized in Table 5.1. The results of -

this run can be compared to those of Run 3 as they had-

similar packing characteristics.” Initially, the gel was

3
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7 prepared from 2000 ppm FLOCON 4800 cross lznked w1th Cr" a%
‘{f a proport1on of 1:203? The gel was 1njected at a flow rate .
of 200 ml/h through the 1n3ect1on ‘well. Th1s flow rate
-requ1red a very h1gh 1n)ect1on pressure.p But the 011 cut
:-‘was also quxte h1gh when compared to that for a waterflood
(Run 3) N After 1n]ect1ng 0. 39 PV of gel a waterflood was
f started at 400 ml/h. As ‘soon .as the waterflood started the
011 cut decreased rapzdly and dropped below f1ve percent'as
| 0 425 Pthf water vas 1njected " By th1s time 10. 5 percent
U of the IOIP had been recovered ‘ Thls compares w1th 4, 8
percent of the IOIP produced at the sane WOR w1th a
waterflood (RUn 3) ' At th1s po1nt of the waterflood it vas
dec1ded to 1nject gel at the outlet end of the core thh a
v;ew to decreaszng the OR. Consequentlz* 0. 384 PV;of gel
- was 1njected through the outlet end Durlng this perxod as N
product1on wasvallowed through the 1n3ect1on well,‘100
percent water was produced After 1n3ect1ng gel at the
iaproduct1on end, a waterflood was carr1ed out after wa1t1ng
for two hours.' h1s delay was allowed to perm1t°the gel to
restore 1ts orlglnal form after spfferlng shear th1nn1ng due
to the hxghwlnjectlon rate.; When the waterflood started at"
| 400 ml/h, the oil cut retalned 1ts low value, even though
the 1n3ect1on pressure was: very h1gh Th1s can be ‘seen frd%
Flgure 55. The orl recovery performan;; was st111 much

. better than that for a waterflood but 1t was- con51derably

poorer than that for an emuls1on or polymer flood. In order.

M c
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to improve the oil cut, several’more gel slugs were injected-
separately, or sxmultaneously w1th water, but the recovery

did not‘1mprove. F1nally, 4000 ppm FLOCON 4800 gel was

1n3ected in - 11qu1d form to obta1n better 1n3ect1v1ty and N

then it was allowed to gel. in sxtu. When the waterflood

L] . »

followed the gel 1n3ect10n, the 1n3ect10n pressure increased

consxderably but no 1mprovement in 0il cut took place.

;
L

"_';f The gel 1njectxon d1d not - perform as expected‘ It is

e

likely that the gelﬁlnvaded the water zone}but‘when the

» waterflood followed shear>thinnin§‘ofcthe«gel occurred due-f

kto the h1gh rate of water 1nject1on. - Consequently, the
blockage created by the gel was null1f1ed. No permanent:
reduction 1n effect1ve permeab1l1ty to water took place (as .
wésmobserved after a. polymer flood in prev1ous runs). Each
t1me a slug of gel was, 1n3ected,<1t resulted in - 1ncreased
1n]ect1on press@?e. Th1s would correspond to a decrease 1n(1
both oil and water production for a constant gressure

=1n]ect10n caSe. At the end of the run, the core-pack wasv
opened and 1t was found that the gel created a solid barr1er

,;/- over a dlstance ‘only. about one fourth of the total length

Recall that 1t was observed in Run 25 that & perfect barr1er

8
e of such a length did no@ have. veryﬂ!hch impact on 011

U
"y
recovery by a- waterflood TherefOre, for subsequent runs 1t

was dec1ded to in 3ect a larger volume of gel

he



.

In order to examine the eftect of a thinner
bottom-water zone on: gel 1njection, Run 55 was pertormed
As the gel formed outsxde could not go a 1ong way along the

length of the core (as seen in Run-: 54) it was decxded to'

-1nJect the bxopolymer along with a cross- linkang product

———

before gelation occurred This requxred a long gelatxon

‘time. The biopolymer and cross- linking product were .

W2

. ﬁproperly mixed and 1mmedxately 1n3eéted through the inlet

end at a flow rate of 200 ml/h As can be seen from Figure

_volume of the bottom—water zone) qu injected

56, the injection pressure was low with the liqu1d form of

the gel. The 011 recovery was quite comparable to that for

- a waterflood (Run 4) ~An 1mmed1ate increase 1n oil cut wask

not expected anyway, as 1t would take some time to block

the entire water zone, The gel 1nject10n was continued

until 0. 319 PV of gel (this vas equ1va1ent to o!re"
*ing‘thiéb

time 68.5 percent of the total water ?hlplace (1nc1ud1ng

bottomfwater zone) was produced. It was’ expected

therefore,'thetithefwaterflood‘folloying gel 1n3ection would

of 12 hours, ‘This time. was thought to- be suf£1c1ent for the

gelation'to\occur.. The - waterflood was carried out at 200/

ml/h.. This lower flow rate was used-beéause the injection

‘pre55ure was'very high for higher flow rateslx When the
» waterflood continued, ‘the oil cut was high as compared to

'-‘the base waterflood but was st111 much lower than that vhich"

| 'Run 553 hb/h =0.33, k /kb-l : s

L)

" have a high oil‘cut.“A waterflood was-started efteria delay':'



204

" (edY)einsseld

- 1
|
mm uny’ uOu wu:mEuOuuom voo,muuoumz pue uorjdafuy 199 uwsaﬁougm mm m;
: -@343IAQO3H 0_3._..._ "_O A L
o 1} > € o uN ¢ w~ . l 9'0 - 0
R , _. g 0
—— 4 1. w \‘ .1!
Smo o\ TN\

001 -

00Z -

N

00¢€-

LT um.x....\w.x :

uom

s -

=

-

.
]
[}
1
fuj 1218 M

- o - - o
- et m e .o

P s tachad

Jov

i fu) ng

09

‘ee0="us%

-

15Ul YOM/(% 11D 10/(dIOI%)"98H 110 W)



was observed with polymer Or'emulsion,injection.g’The oll
cut fluctuated»from 12'to'27-percent, After injecting;about
0.9 PV of water; another slug of-gel was injected at 200
ml/h Thls slug ﬁ;a a size of 0. 22 PV, -During the~liquid
b1opolymer injection the 0il cut increased from 12 to 20
-percent. The waterflood was started after wa1t1ng for 12
‘hours: As- before, the oil cut was high afﬂwhe begxnn1ng of f
4:the waterflood but dropped qutckly as the waterflood |
continued After 1n3ect1ng 2.7 PV of total fluid, 43. 9
percent of the IOIP was recovered. Th1s value is
cons1derably smaller than that obta1ned by a polymer or
emu151on flood. However, the the 0oil recovery performance .
. in'gnis runawas much better than that in Run-54 1n'wh1ch a .
thicker bottom-water zone was used. Thezinjection of liquid
biopolymer'with oelation‘in situ‘holds some‘promise, but it
- must -be recalled nere that the'injectlon pressure.was. very
‘high and thisbmighg)cause serious injectivity problems. |

L : : ' . ’
e

5.8 Foam Injectioanuns | |

| Runs 56 through 64 were conducted with a homogeneous
core 1n order to 1nvest1gate the effect of surfactant
concentrat1on and 1n3ect1on pressure for nitrogen, _The
’character1st1cs of these runs are l1sted 1n Tables 5.1 and
5.4, For these runs only foam breakthrough and ult1mate oil

recovery (at gas-lidquid ratio, GLR=7000) was measured The

»
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TABLE 5.4: Results of Foam Injection Runs ool
Run Foam bt Surf.,  IOIP (ml)
no, .- - (pv) - Conc. C *
"« A
-56 -0.04 0.01 - 1512, ¢ v
" 57 0.07 0.10 ¢ 1527 '
58 ’ 0.24. 4 1.00 1520
.59 +0.45 - 2.00 1510
60 ; 0.44 - 5,00 ..~ 1520
61 . . 0.05 - 10.0 ©.1525
62 S 10,01 " '0.00 . 1515 o
- 63 - -0.40 2,00 1520 "
- 64 - 0.30 - 2,00 1520 )
65 0.32 1.00 . 1125
66  0.40 . 4,00 1120
67 0,33 . 10.0 1115
68 0.46 4,00 980
69 - 0.47 " : 1110
© 70 - 0.36 " 1115 .
71 0.35 " 1110
72 0.34 " 1200
73 0.81 " 745 3 :
.74 0.82 " 745 . «
- 75 A 0.24 " 750
76 © . 0.37 10

1120




results are presented in detail in the following chapter and !
will: not be discussed here. ‘Seqeralvother‘runs vere

‘ conducted. 1n order to examine the effxcxency of foam as a
blocking agent in the presenee of a bottom~water zone, Runs
65 tnrough 67 were cohddeted Qith_hb/ho=0.33 and kb/kbil.

| However, surfactant cahtentrations of 1, 4, and 10 percent,
were used in Runs 65, 66, and 67,-respective1y. figures 57
'"tnrough 59 depict the WOR, pressure, oil cut apd oil —

: recdvery performance in Runs‘65,‘56, and 70, respectively.

¥ . . R .
' These runs showed tHe existence of an optimal surfactant

. a2
concentration. The comparison -and discussion of these . -
results are bresented in the neft-chapter. Also, the
oil- to water zone thlckness and permeabllxty rat1os were
varied for d1fferent runs. In one run, foam 1n]ect10n vas

alternated w1th a waterflood to observe what effect, 1f any,

the waterflood had.on foam injection performance.

-Run 66:\Foam Injection, hb/n ==’0.33 k /kb=1.0'

B In order to exam1ne the role of foam as a mob1l1ty
control agent Run 66 was conducted w1th a bottom-water zone
;of hy/hg =0.33. and k /kb-1. For this run, surfactant water
was alternated with nitrogen. At the beginning of the
d1sp1acement test, 0 26 PV of surfactant wvater (four, percent
,‘surfactant in water).was 1n3ected. Durzng,th1s time .the 011

cut was similar to that  observed with a waterflood. Th1s

. S, , o
snowed that the use of surfactant water resulted in no
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improvement over a waterflood. -The surfactant vater |
"injection was followed by nitrogen injection. During

nitrogen injection, the WOR- value decreased as. can be seen

9
from Figure 58. Foam was not produced through the

roduced

\

productlon well until 0. 4 PV of total £1u1d was pgpduced.
Following foam breakthrough injected air wvas als Pt
along with oxl but the WOR decreased substantxally. ‘When
0 64 PV of total liquid.had been produced, another
surfactant slug was introduced. This time the slug sise was
0.25 PV. During surfactant-zater injection no fluid vas
produced through the broducézon well, Nitrogen injecti¢n
_wes resumed following the surtactant slug injection. The °

‘ wdR'was stili low but the gas-liquid ratio started
inc}easing. Before stopping the run due to a very hi h
gas- l1qu1d ratio,another. surfactant water slug was

injected. At the end of the run (GLR=7000), 57 percent of

" the IOIP was recovered. - . o

S.B.t Effect of Viscosity Ratio

Runs 68 and 69 were conducted‘with oil-water viscosity
retios of 7.5 and 200 respectively. For both of these runs,d
a surfactant*concentration_of tour percent was used.vVThese
runs, therefore, could be compared with Run 66 for which an
oil-water viscosity ratio of 50 was used. The recoverx

performande for Run 68 is depicted in F1gure 60. This'run

'is compared with other runs in the following chapter.
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Run_69: Viscosity Ratio=200 - | . ,
In order to examine the effect of high oil viscosity on

_ foam injection, Run 69 was conducted using Faxam-100
(viscosity=200 mPa;s) as the oil phase. "As was the case
with other foam injection runs, four percent sﬁ£factant

~ water was alternated with nitrogen. During surfactant-water
injection, oil recovery was slightly better than that
fbbserved with a waterflood. For runs with a lower oil
viécosity, no such improvement was observed. Figure 61
depicts the recovery performance for this run. As can be
éeen from this figure, the recovery is poor but yet

considerably better than that ained by a waterflood.

When the displacement test wi led (GLR=7000), a total of

23.3 percent of the IOIP'wasf ed. This value, even
though low, is comparable to thét which was observed with
either polymer or emulsion flgod; without a bottom-water

. zone. |
5.8.2 Effect of Water-to-0il Zone Thickness and Perme#bility '

Ratios |
Run_70: hb/ho=0f33' ko[kb=2.67
In order to examine the effeEt of a tight bottom-water
zone oh io;ﬁ injéétion peéformancé, Run 70 was conducted.
The height of the'boftom—waier zone was three times smallef

than that of the oil zone, and the bottom water was tighter

than the oil zone. Further details are given in Table 5.1,
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T N e : A
| " The tun started by 1n3ect1ng 0 24 PV of surfactant ‘water .
- (four percent surfactant in water) This surfactant water"
~fwas‘followed by n1trogen. SOOn after the- nxtrogen 1n3ectxon
sgp‘ i‘Started foam breakthrough took place at 0 36 PV of fluzd

productlon.- ThlS t1me, breakthrough was earl1er than was

the case for Run 66 for whlch the bottom—water zone had the

This early breakthrough m1ght 1nd1cate that the" foam
generated in 51tu was not dlsplac1ng much of. the bottom =
water due to excessive re51stance ‘from w1th1n.the'
bottom water zone. A S1m11ar observat1on of. excessive
Are51stance from a water saturated rather than an’

011 saturated zone was pr v1ously observed by Bernard
i

h(1963) Another reason m;ght be- the low quallty of the foam

’product1on due to the presence of a low permeablllty zone
' d?;: Nltrogen injection was cont1nued until 0 67
: 11qu1d was produced ' Dur1ng th1s per1od the‘

e low but the gas 11qu1d rat1o‘was 1ncreas1ng.

N .
F1gure,62 deplcts the WOR, pr%ssure, oil cut and cumulat1ve

e f Oll recovery~for thlS run., Aﬁbther slug of surfactant water

'ygiﬁﬁ) was 1njected No productlon toow place durlng

his 1n3ectxon. As, n1:rogen 1nject1on was resumed follow;ng

- "'thls surfactant slug, foam product1on took place after a
.delay of about 20 m1nutes and the gas 11qu1d rat1o started

v 1ncreasxn9 VefY rapldly. C°“seque"tly”the cun_was stopped

~ _
‘whenvthe gas—l1qu1d_rat;o ;ncreased above 7000.. At thxs,ykg

1;@%?*;

g i
e

o

- same helght but a hlgher permeab1l1ty than that of thls run.'f
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po1nt a total of 40 percent of the IOIP was recovered. As
can be seen from Table 3.1, th1s value is cons1derab1y lower e
than the ult;mate recOvery observed in prevxous runs with e
‘s1m11ar-bottomvwater'character1stxos,d This 1nd1cates that

foah injectionvdoes not performvverfiue11‘1n the presence of
a t1ght bottom-water zone. Tt was obServed by preuioua

" researchers (Hblm, 1370' '?&fﬂﬁham generatlon would not

'}ihﬁ_grmeab111ty channels, but it

"

.create‘blockage fOr‘veru.
$bwas‘also'obaerved that (ﬁaza, 1970) t1ght porous med1a would‘
degrade the qual1ty of the foam generated 1n sxtu. It g
appears from the results of thxs run that the qual1ty of the
fpam produced 1n a t1ght bottom—water zone (51nce surfactant,

‘S.water would go to the bottom—water zone due to least

reszstancef was " not hlgh enough to 1mprove recovery by the
)

nitrogen 1nject1on that followed the surfactant water.

@

‘Run_71: hb/h 0 33, k /kb=0 06
In order to exam1ne the effect of a hlgh permeabxlzty
bottom-water zoné (k A\b=0 06) Run 71 was conducted ‘For .
'-Run 71 the 011 zone was three t1mes th1cker than the -

bottom—water ‘zone. The wells were located at a depth of

\“’

'0 75 cm into the 011 zone. The dlsplacement test started

‘wzth 1nject1on of surfactant water (four percent surfactant)

L

at a’ flow rate of 400 ml/hr.v As expected a

vh1gh permeab111ty bottom-water zone led to a h1gh WOR even

g though the,hb/ho was relat;vely low._-As~the waterflood '

3; " =
d S B
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cont1nued the WOR 1ncreased rapxdly. Figure 63 deplcts the.
WOR, pressure,‘o11 cut and o1l recovery ‘for this fun. The '

: waterflood was then followed by n1trogen 1nject1on. During
n1trogen tnjectron,,the foam breakthrough occurred when O, 16
PV of fluxd was recovered | Th1s value was cons1derab1y
lover than that observed for th1nner and t1ghter ;'_- ‘ N
bottom-water zones. However, the o11 recovery was much

l

1mproved as compared to that for conventlonal waterfloods.

At the end of - the dlsplacement test 30 percent ‘of the IOIP
was produced Thzs 1nd1cated a 51x fold 1mprovement over a

~ conventional waterflood a |

Run 72 was conducted to;anvestlgate further the effect

\‘ ,v'

of the 5il-to- water zone th1ckness and - permeablllty ratlo.

For th1s run the oxl zone wa& f1ve tlmes th1cker than the
w

bottom-water zone eVen though the absolute permeab111t1es .@T

4

were the same.. The 1n3ect1on and product1on wells wvere
located 1 6 cm (one quarter of the total thlckness of the
’ 011 zone) 1nto the o1l zone. The dlsplacement test started
w1th surfactant water 1nject1on at a flow rate of 400 ml/hr.
The WOR: pres;ure, oal recovery and oil cut are deplcted 1p
" Fzgure 64 The 0il recovery was much better than that for
Run 66 in. whlch a th1cker (hb/h =0, 33) bottom-water zone was
j usedl The waterflood was followed by n1trogen 1n3ect1on at
jﬁaﬁconstant preesu;e. ‘Foam breakthrough took place at 0.58

i
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| .
pore volume. This value is considerably higher.&s cdmpared
'to previous runs. At the end of the displacement test, a

total of 64 percent of the IOIP was recovered. This would‘

indicate mare than two-fold improvement over a conventional

waterflood.

xRun 73é hy/ho=1, k/kp=1 \\\
In order to6 examine the effect of th\qil—to-watér'ione
thickness ratiozfpr'a ko/kb qf‘1;0,_Run'73‘was conducted. ' )
For this run the bot tom water\was as thick-as'ﬁhe oil zone
and had the‘séme:permeability._ Table 5.1 lists the detailed
packing charécferistips of»ghis‘run. Suffactant—waQEr (four

percent surfactant in water) wés-injected at the beginning-

" of the displacement test. During thisaperidd the recovery

was very poor} A similar performance was.observed also with
Run ‘3 for.which a wa;érflco@4¢§sjpé;formed at the initial

stage. When 0.358 PV ingﬁ??dctant Wager‘had been imjected;

‘nitrogen injection[was:initiated. During nitrogen ‘injection

’nitroge&’started»being produced. Nitrogen injeigéyn was

the oil cut did nbt qhange‘signifiéantly unfil'foam
,breakthréugh took ﬁlgce at 0.81.FV; The timgfo'
breakthfough is longer than that obServed in RUn 66. This
shows that the:existenée of a larget bottomhw§tet zone : u
béctUally iﬁc;éased the time to'fdém‘breakthr¢ugh. Following
.foam bre;ﬁthkbugh theﬁwonvdecféaSed substantially but

stopped (see‘Figure‘GS)lwhgn 1.42 PV of iiguid had beeri



N
vt

~ ISuL HOM |

1.8

/5

1.6

)
bl
32
0
0
.o
L-
Q.

. . ( ' ..
"\~~~‘ . . / —
(*pozd oN) — T

Cux zaaeKI{s &b Ad SE° o—ak. \\_‘;
’ '
—S

N
\- = — | :\-

e ———

1.4

1.2

1.

0.8
-PY OF FLUID RECO[V;ERED

Fig. 65 koamulnjection Performance for Run'73v(hb/ho=1;00[ ko/kbél;OO)

4
¢

0.6

0.4

0.2

*Cur Jaql¢ *Jang g

o:
o £ o o o o o
'O_ [ ] O . « ™~

(9d)9IN88014/(%)AND 110/(IOI%)AiGA008Y 110 “WND

222

e

B



P 223

y . . ) 3

-prpduced Thxs was followed by another slug oflsutfactant o
» wa;ef. No product1on was observed durlng this per:od of f///'
‘surfectant -water ;nject1on. This time, the surfactant-water
slug size was‘0‘3§ PV, Then, nltrogen was 1njected unt1l
the gas-liquid ratio was as high as 7000. ‘At gpxs poxnt
44.5 percent of‘the I0IP had been recovered. Table 5.1
compares this uftimate recovery with that of other runs.

Table 5.4 lists ,the summary of this run along thh other

‘runs w1th foam,1nject10n.

In ordeﬁ to exam1ne the effect of a t1ght and th1ck

i

bottom water,zqngvon the performance by foam 1nject10nh Run
74 was conducted;‘ For'this ruﬁ, the bottcm-water.zone'was
as thick'as the oil zone but had lower permeability.
" Further deta1ls are available in Table 5.1, The run started °
with the-injection of surfactant water (four peccent
. surfactant in water). After ihjecting'0.471 PV 6f,
surfactant vater, nitrogen vae‘injected. The WOR value (see
Eigere 66 for wdR,~pressuce, oil-cutland cumulative_oilg
;ecovery)vremained quite high‘while the nitrogen injection
contlnued. This;particular run was characterized by a
delayed foam breakthrough, /which took place after a. total
fluid prodUCtion‘of O.BZK/ZV. This value:was very close to
that qh1ch was observed in Run 73 for which a' similar

thlckness but higher permeab111ty was used for the

N Are
\

&
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bottom-vater zone. AS was observed in prejious-foam

~injection runs, the WOR decreased substantially following

foam breakthrough while the gas-liquid ratio started
increasing. Another slug of surfactant water (0.35 Pvf wd!}
injected. As befbre, no produdtién occurred during the

injection of surfactant water. Nitrogen injection was

- resumed and vhen the gas-liquid ratio increased’above 7000,

“the displacement test was stopped. The ultimate recovery
/ . Sy ’ . -

for this run‘was 44 percent of the IOIP., This value is

vcomparable to 47 percent of the IOIP recovefed in Run 73

that had ‘similar thickness but higher perheability of the

bottom-water zone. : J

S i ] /
Run 75: hy/h =1, ko>kb—0.06

In order to investigate further effects of the

oil-to-water zone thickness ratio for a ko/kb of 0.06 Run 75

was -conducted with an hy/hg of 1. The vells were located at.

50% depth of the oil zone. Initially, a surfactant water

~ was injected at a flow rate of 400 ml/hr. ‘The vaterflood

/
7 . . B
gave, extremely poor performance showing nollmprovement due

to the presence of a surfactant. Figure 67 depicts the WOR,
pressure, oil cut and.oil recovery performance for this run,
However, when nitrogen was injected following the surfactant

vater injection, the oil cut increased considerably. Foam

_breakthrough occurred at 0.24 PV of fluid recovery. As

‘. nitrogen injection was alternated with more surfactant

/ /
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water; the recovery improved considerably over that for a
waterflood but was still much poorer than that obtained with
an emylsion or polymer flood. At the end of the
displacement testfa total of 15 percent of the IOIP was
recovefed. This value, eoen though very low, represents a

seven-fold improvement over a conventional waterflood.

4 v
;

. 5.8.3 Effect of Waterflood on Foam Injection

Run _76: Foam Injection - Effect on Waterflood

In order to examine the effect of a surfactant-frée,
waterflood on the blocking action of foam, Run 76 was
conducted. The 0il zone was ﬁﬁree times as thick as the

bottom-water zone and\both had a similar permeability.

‘Other packing characteristics are detailed in Table 5.1. A

10 percent surfactant concentration was chosen for this run.

L ] . -
Therefore, this run can be gompared with Run 67. At the
- (4

beglnnxng of the displacement test, surfaotant ,water was

1njected for a pore volume of O. 5 ﬁar1ng th1s ‘time 12.6

g;”percent/of the IOIP was produced. Th1s value is very close
mé&o that which was expected from a waterflood (e.g., the

- primary stage of Run 4). This showed that surfactant water

‘does not  improve performance over a waterflood. Nitrogen

' was injected following the sur factant-vater injection., When

n1trogen 1nject1on was 1n1t1ated foam started coming
through the outlet almost 1mmed&a§e}y ‘Note that during the

injection of surfactant-water, a total of 500 ml of water
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3 Q._ was produced along thh 141 ml of oxl. "This\volume (bottom

water volume is 430 ml) 1nd1cates that the. surfactant water
- :7 reached the product1on well by replac1ng most of the bottom e

water. Conse@yently, when n1trogen was 1n3ected it quxckly
1 “ .
reached the product1on end to generate foam throughout the

‘\gb” bottom-water zone. 'ﬁ1trogen was 1n3ected unt1l ; &
approklmately 0.1 PV of flu1d was produeed.' Th1s was

anv' followed By a waterflood at 400 ml/h A total of 0 22 PV of

K
s N LESE 4

vater was 1n3ected b Dur1ng the water 1n3ect10n, no -
b-‘?p‘ product1on took place unt11 ‘the f1rst 0. 14 PV ofuwater was- i
B 1njected. Thls 1nd1cated cbmpre551on of the foam, ”
’ Follow1ng thlS, flow through the product1on well. started asd
i thé(waterflood cont1nued However,_the-WOR.was}very high
(over 16) for this per1od of water 1nject1on. FigUﬁe 68 :.
deplcts tze WOR along w1th lnjectzon pressure, 0il cut. and

'; 1,,cumulat1ve o11 recovery.;—Durxng the waterflood no foamﬂwas :

°. .

produced 1nd1cat1ng a p0551ble 'wash away 'effect by waterg .
Thxs effect ;as also reported by Holm (193*%\1'F011¢w1ng o
;_ f' thls waterflood n1trogen was agaln 1n]ected untll a total
Hl of 1. 16 PV of llquid was produced Durlng n1trogen |
inject1on, the WOR value~rema1ned yery h1gh ahd even though
a cons1derable amonnt of foam was being produced (p0551b1y [

due to the fact that surfactant added to the surfactant

‘;water solution was large enough to create foam ‘even after

3

dxlutlon w1th alwaterflood)‘- FOllOWlng th1s:n1trogen slug,_

v of surfactant water was" ;njected aga1n. Th1s was,‘f

N -
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‘followed by:nitrogen'injedtidn.-“Durinqdnitiggen injection‘fﬂ

the WOR value decreased: considerably but thengas 11qu1d

v

‘ratxbwstagted‘1ncteasxng,rapxdly. The d1splacement test was

»

stopped when‘tne gas-liquid ratio 1ncreased above 7000 A
total of 46 percent of the IOIP vas recovered at the end of

the dlsplacement test. This value is lower than the 50

percent of the IOIP recovered in Run 67 for wh1oh the same
isurfactant concentratlon was used ‘but for wh1ch surfactant .

“water. was alternated thh n1trogen only Water 1n3ect1on

S

after n1trogen 1nject10n does not seem to have?any p051t1ve

1

impact on recovery..
. \

\

“5,9 Silica Gel Injection

‘Runs 77 thQOqu‘BS‘were conducted to examine the

¥l

ﬁeffeétiveneSSIOf.siliea gel ae a blocking«agent in the

- \

"presence of a bottom—water zone. FotQmost dfdthe runs,

d‘ac1d1f1ed sodium orthogillcate 'was: 1n3ected f;rst and then

A

,'act1vated w1th carbon dlgxxde. Since car%@& dxox1de flows 5

~

1ntq the bottom-waté? zone preferentlally, eff1c1ent\
fgeldtlon was expected in the botfom water’zone. After

1nject1ng carbon dioxide a delay of few hours was alfbwed

. ’for4gelat1on.‘ A waterfléod was then cart1ed out through the

"1n3ect1on:we1; The resdlts of these runs are summarlzed 1n

%

‘"»"‘able”‘andss o R e O T

AN
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TABLE 5.5: Results of Silica Gel Inj. Runs

. Run = Gel bt (PV) Recovery at . * Sodium - . IOIP (ml)

no. o - bt (%IOIP) .-orthosilicate C

: S S TR S
(PV)

77 0.70 . 42 0.36 1110

78 0.80 42, . 0.36 1115
=790 . 0.60 . - .. 41 : 0.20 o 1310

80 0.88 © 37 .+ 0.40 750

81 . 0.70 - ' 44 .. 0.30 - 1120
82  .0.90 - 42 - 0.40 1765
83 . 0.50 . .32 - ., 0,15 _ /' 1300

84 0.56 -, 30 +0..20 : 1110
85 . 0.87 18 . . 0.60 760




[}

\J

o

SRR 1 AR

e Q. B
,

Run 77 17 hb/h - 0. 33, X, /kb'd) , .
Run 77 was conducted in order to exam1ne the 1mpact of

carbon d1ox1de activated sxlxca gel in the presence of a

:elat1ve1y thin bottom water zone., In1t1ally, a

Q;ve percent sodium orthos1l1cate solutan was ac1d1f1ed

wrth HCl to obtaxn a pH of 9.3. Th1s pH was found to be

opdgmal for gel formatxon ‘'when" actxvated by carbon dloxxde.

The orthosilcate solut1on was 1n3ected through the inlet end

S

+in order to have better access to the bottom—water zone,

Fxgure 69 dep1cts the WOR, pressure, o11 cut and oil. —
recovery performance fqr th1s run. As can ‘be ‘seen from this,
flgure, the rec Yy was. much better than that w1th a
waterflood (alr;ompared to the 1n1t1a1 stage of Run. 4) ‘A
slug, of 0 36 pore volume of ac1d1f1ed solutlon vas 1n3ected.
Durlng tQ1s period. alone, 23 percent of the I0IP was
recoverédA FolIowlng this slug_;njectlon*,carbon dloxlde”

was 1n3e%$ed at an average flo@ rate of - 1150 ml/hr Even,

'thh th1s relat1vely/h1gh flow rate the. 1n3ect1on pressure

"was/low (15 kPa)

’?Dur1ng carbon leXIde 1n3ech10n, the o1l

o cut, remaxned high (at around 70 percent) After-lnjectxng

o7

2340 ml: of carbon d1ox1de, the d1splacement test was. stopped

and’ a. three hour delay was allowed for gelatlon. After thxs

delay, a'waterflood was sbarted through the 1n3ect1on well

-A h1gh 1n3ect1on pressure as observed dur1ng the water

;.,'?,
1nject10

This 1nd1cated very good gelatlon at least near
the 1n)ect10n well bore. However, the 011 cut started to

decrease. After 0 7 PV of total 11qu1d 1n3ectxon, gel
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- started to be produced and the oil cut declxned rap1dly

:in]ect1on.

even though the 1n3ect1on pressure remalned at a hzgh value._;

irease in 0il cut, at the end of the’

if{a total of 57 percent of the IOIP was'

,prodchd. Thzs gndxcates more than a 2. 5 fold 1mprovement
"over a conventronal waterflood.» Such a h1gh level of b

‘-1mprovement was’ observed only w1th polymer SOlUthn

*
.

oy

‘f5.9.1lnole°o£ Carbon “Dioxide in Mobility Control with Silica

¥

" Gel

Ed

Carbon d10x1de enhances the gelat1on of ac1d1f1ed

sodium orth051l1cate solution. However,»carbon d1ox1de-is7

"_not 1nd1spens1ble for the format1on of gel W1th proper pH
i.(aroUnd 9. 2) gelat1on takes place even w1thout carbon’
“=d1ox1de. To 1nvest1gate the contrzbut1on of carbon dlox1de

in- mob111ty control WIth silica gel Run 78 was conducted. .

‘4

- X

" Run 78: 5111ca gel wlthOUt [ hb/h =0. 33, l /kb=1

'”“[?seen Erom F1gure 70, the~oa?

Thls run was a repeat'of Run 77 except that ho carbon ;

. dxox1de was 1n3ected 1n t‘1s run.‘ Therefore, a comparlson

of these two runs allowed d,_erm1nat1on of the contrlbutlon

Aof carbon dxoxlde. Fxgure 70 dep1cts the WOR pressure, 011

cut . and oil recovépy performance for th1s run. As can be; rﬂ

gt .
"covery was.ﬁery good dur1ng

- a

3Y
l

sod1um orthos;lzcdie 1n3ecbi§p. -Howeyer,_yhenvth;svslgg;was_;1

S R

e . XA & T R T
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- ac1d1f1ed sodium orth051l1cate solut1on (0. 20 PV) w

‘ o | 236
' | /

followed by a waterflood the oil recovery decreased rapxdly.
" The gel started being produced at around 0.80 PV of liquid |
produced, This breakthrough is slxghtly hxgher mhan that of
the previous run.‘ The 1n3ect1on of carbon d1ox1de enhanced
the gelation far along the length of the bottom-water zone,
hAfter,gelubreakthrough, the oi} cut,started decreasing even
faster than at‘theyearly stage of the,uaterflood. At the
fend oflthe dispfacement'test a total'of’52 percent of the
lbIP was recovered. Even though this is about 2.5-fold *
1mprovement over a convent1onaI waterflood, thas value is
'still 10 percent smaller than’ that in Run 77. Therefore,,.
one may conclude that the 1njectlon of carbon dloxlde
1mproved the 011 reCOVery by 10 percent.

~

N,

5 9. 2 Effect of Water to-Orl ZOne Th1ckness and Permeablllty
Ratio | | * )

A In order to examlne the effect of 011-waterlzone B

th1ckness and permeablllty ratio, Runs 79 through 85 vwere

conducted w1th var1ous bottom-water zaene th1cknesses and

permeab1l1t1es.. Lo

Run 79: hb/h = 0.20, k S

Run 79 was conducted to exam1ne the effect of a

relat:vely thxn bottom water zone. In1t1ally, a slu'

injected through the inlet end! This. was{tollowed,? -
| G T C T e
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xnject1on of a slug- of carbon dioxide 1n3ected at 1000

ml/hr. A, total volume of. 1300 ml of carbon dioxide was

jected . AS was the case w1th Run 77, a delay of a few

L3

hours was alloyed for gelat1on. "Then a watérflood vas

carr1ed out th?ough the 1nJect10n well. Even though the

u’

sod1um orthos111cate solution and carbon dioxide were

1n3ected through ‘the inlet endsun order to avoid gelat1on

around the 1n3ect10n vell, a high 1nject10n pressure was

‘requlred tq malntaln a flow rate of 400 ml/hr for the r”(j‘

waterflood. FOfathIS run, geB'breakthrough took place at
0.60 PV of fluid recovered Even though this breakthrough
led to a considerable decrease in the“lnjection pressure,

.the o11 cut curve did not change its slope. Consequently,

‘at the end of the displacement test a total of 64 percent of

o

the IOIP was recovered. Th1s indicates more than a two-fold

improyement over a conventional waterflood. Th1s h1gh

improvement was observed only with polymer solutions.

. Figure 71 depicts the WOR, pressure, oil cut and oil.

recovery for this run.

Run 80: hb/h°=»1.0, ko/kb=1
In'orderAto examine the effect of a relatively thicker
bottom water zone, Run 80 was conducted w1th .a: bottom-water

zone'as thick as the oil zone. For thls run the ac1d1f1ed

- sodium orthosilicate solution was injected through the

.

injection well. During thisgslugvinjection; the oil cut
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/

started with a very hxgh value (80 percent). /Such a high
:011 cut during the initial stages of the dxsplacement vas |
not observed with any other mob111ty control agent. The
initial sodium orthosilicate slug (0.40 PV) was folloved'by
carbon d1ox1de through the 1n3ect10n well. The injection of
carbon - d1ox1de led to an increase in injection pressure when
a waterflood was followed However, the oil cux decreased
:contlnually and the 1nject10n of carbon dioxide or water d1d
_not alter the shape of the oil- cut curve, Figure 72 dep1cts
’the WOR, pressure, o;l cut and oil recovery performance for
thxs run. At the end of the displacement test a total of 48
percent of the IOIP was recovered .as the WOR reached a value

of 20, This 1nd1cates a 16“fold 1mprovement over a

conventional waterflood.

Run 81: hp/he= 0.33, ko/kp=2.67

.Run 81 was conducted with k /kb=2.67 in order to
" examine the effect of a tlght bottom—water zone, Eveh
though the bottom-water zone permeab1l1ty was less adverse
than that in Run 77, the oil recovery durlng sod1um
orthosilicete injection remained quite s1m11ar for both of
these runs. However, the injectioq pressure was higher for
‘this run. Foliowing the injection of'sodiom orthos?ilcate?
solution carbon dioxide was fnjected-at a flow.rete of 1000
‘Jhl/hr for a total volume of 2300 ml This carbon dioxide

v

injection condition, was similar to that 1n Run 77 It was
. ‘,’2. . 7
a§



“.

-

08 unY¥ I03 ddUBWIOFI34 pooTFaajem pue -Lu] [9H eDITIS pP@ieATlIOdV 0D TUL .mmw_.

c

91

qEdIA0D0dY dINTd 40 Ad
.v_..q. N...—, T a_.c

9°0
L

2'0

‘CT

0cH

(ed>() aanssaxd
0
[/

o
.
1

13

007 1=%/% ‘00" 1="u/M ‘

Joe

o wn)y.

(FUNHOM/()IND T10/(dI0]1%)£ 394099y 1§

0¢-



~ﬂrpercent9

"&pf B o ] n 201
.

then followed by a waterflood at a flow rate of 400 ml/hr.

F%f thls run, gel breaktﬁgough took pliie at 070 PV of

-liquid recovéred Followxng breakthrough, the 1nject1on

pressure dropped sharply to a lower value at which it

[

remained. Duggng this period the 0il cut decreased

‘continﬁodsly. After gel breakthrough, however, the oil @t -

maintained a more stable value. Figure 13 depicts the WOR,

o . . 4 ‘ .
preﬁfure, oil cut and oil recovery performance for this run.

At the end of‘the'displacment test, a total of 58 percent ,of .

the I0IP was recovered. This value is le?s than two percent
higher than that observed in Run 77 for which k /kb-1 was

used. Howevefyxthls run gave about a two-fold 1mprovement

FERAY

over a cthentuona% waterflood.
LR ; [ R
';‘Iv )

"% Run 82: hb/h ’, ko/kp= 2.67

Sy . .
o 3, "s ¢ 5

fn order to exam1ne the effect of the oil-to- water zone
4.«

,\thlckness natlo for a t1ght bottom~water zone, Run 82 was

Lty

gconducted with a‘ bottom*water zone as th1ck as the oil zone.

Foq th15?run”¥he ac1d1faed sod1Um orthos111cate solutlon was
,'s‘.{

elnjected through the 1njegt1on well. During this slug

1n3éct1qh the 011 cut sfdrted w1th a very hlgh value (85

: '.‘ -ﬂbwu\ ¢‘

;;SUCh a high 011 cut. dur1ng the 1n1t1a1 stages 6;5

;

‘Eenot dbserved wlth amy other mob111ty control agent. The

'}1n1t1al sod1um orth05111cate slug (0.40 PV) was followed by

¢;

x, T .
carbon ledee through the injection well. The 1n3ect10n of

carbon d1ox1de 1ntroduced an increase in 1n3ect1on pressure'
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when a waterflood ‘was 1n1t1ated However;&the oflfcut"-3”*":“"

decreased cont1nuously and the 1n3ectzon of carbon dxoxxde o

ot

or water d1d not- alter ‘the. shape of ‘the o1l-Cut curver»
Flgure 74 dep1cts the WOR, pressure, 0il- cut and oil

)recovery performance for thls run. At the end of the

3

d1sp1acement test a’ total o£ 62 percent IOIP was recovered

as the WOR reached a value of 20.. Th1s value 1s h1ghe; than V

- m.- S

that observed 1n Run 81 for which a th1nner bottoﬁ-watézg | R

zone. was used. The reason for thlS anomalous behavxour wxlf“f;f
be d1squssed an the next chapter., A 62 percent of the IOIP
V:.rQCOvegy 1ndlcated about a ; 5-fold- 1mprovement over a’ ‘¢‘i;}
.‘convent}onaltgagerflpod. l“ s A |
Run 83 hb/h =10.20, k /kb= 006 . / ‘, |
, Run 83 was conducted w1th 2 bottom-water zone: 17 t1m§§
more permeah&e thaig%iééoilﬁzaﬂéﬁﬁn orderuto‘eiﬁmlne the 'pﬂﬁf

- effect of a very pegmeable bottom—wate;%zone.' However, a’

o ‘relat1vely th1n (hb/h £ 0.2) bottOm—wﬁter zone was used

Eor th1s run sodlum orth051l1cate solut1on was 1n3ected

through the 1n1et end 1n order to have better access to the o

\

bottom-water zone. Durlng tﬁis solutlon slug 1n3eCtlon, the'
011 cut 1ncreased rapldly to reaeh a peak of 80 percent.._ﬁ

15 percent sod1um orthosr11cate solutlon slug ugg 1Q3ected
{ .
‘ Th1s was followed bypcarbon dlox15e 1nject10n.- Durxng th1a¢

SN ¥’

‘ whole per1od the ozl cut 1ncreased However,‘when the j'
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Lan)ectlon,

"ﬂdep1cts the

245

_he oxl cut started decreasang. Figure 75
v
‘OR ‘pressure, 011 cut and oil re&overy

errformance for thls run.. During the waterflood gel-

jreakthrough took place at 0.50 PV of fluid recovery 'This'

Ny \
’value was somewhat lower than that observed w1th other runs

‘the IOIP was recovered.;;Th1s 1nd1cated a seven fold

Y

with 51m11ar1y thzck but less permeable bottom water zones.

N\

Tj“ At the end of the dlsplacement test a total of 48 percent of

@

4
‘r‘;lmprovement over a conventxonal waterflood.,. *[ .
‘ ’ ‘ LT ,h e, . : ; ,v
. \ : L » K X ' E .1:1‘.
Run 84: hb/h = 0 33 h-/K.F“Q.OGY : Ug. ? BTN
. X xhe efﬁect‘of a th1cker ‘
bottom water zone for ery permeable bottom water zone,

end ," As wa‘ the case in the prevzous run, the 011 cut. i»?
‘* ; RN .

1ncreased rap1dly durlng the 1nject1on of sod1um "

- orth051l1cate SOlUthD qnd also durlng the 1nject1on of the n

- carbon d1ox1de that followed. F1gure 76 dep1cts the WOR,,

\

%

pre55ure, Oll cut and 011 recovery performance for th1s run._

A waterflood was carrled out throogh the 1n)ect1on well

Durlng the waterflood the 1nject10n pressure 1ncreased .

sl1ghtly but the 011 cut decreased cont1nually. At 0 56 o

pore volume, gel breakthrough took placer_ Th1s led to a. ’.;'

decre se" 1n 1n3ect1on pressure, but the o1l cut decreased at

the same fate as Jn the\;nltqal stage of the waterflood 'Atl'

¥ B St o . . A ;
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v

» the end of the dxsplacement test, a total of 41 percent of
this d1cated moz-'e then By

P [}

the IOIP was recoveted‘

eight fold 1mprovemq,nt over a conventronal waterfloog:l.;M

\ . r
£ e » .
-«w “ ﬁ ‘ : i ) . . , ~ e . «

Run 85 hb/h « 1.0, k /kb= 0.06,
In order to _examine the effect ‘of a thlck and very

4 @

permeable bottom-water zoﬂe Run

',

_:5 was conducted ~ This run

*

had the mOSt adverSe cond1t1o, ; or a waterflood and a

‘, . .

. conventlonal; waterflood gave only two percent of the IOIP

for th1s run. Therefore, ;t ‘was of part erular 1nterest to.

i

' o
see the 5111ca gel performance for thls%‘ﬁ, In1t1a11y, a
i

» 0. 08%\1 slug sodmm orthos111cate solut _ was injecte'd

through the 1n3ect1on well. Th1s 1n3ectlon pomt "was chosen"
. for. the 1nject1on of mob111ty control Ggent for everuy ‘run e
@ with an hb/h o.f g 5 F;gure 77 dep1cts the W®R o1l‘d;‘ ’.‘ o
pressurev and o1l recov.ery performance for this Wrﬁun. At the "

end of the dlspbacement test, a tota.l “of 38. percent of the

IOIP was recovered.' ThlS 1nd1cated a 19 fo’ld 1mprovemet‘ﬁt

over a convent1onal waterflood. _Only polymer solutlonm’g;'f"j’\‘
4. ;njegtron gave th1s h-1»gh.1mprov.ement. k : ,1/ - ) ..‘.. .

SR o o
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6 xxpsnmsn'un RESULTS AND DISCUSSION

‘ stplacement tests. were carrxed out w1th water and d1£ferent

mdb111ty dontrol agents, such as polymer, emuls1on,'a1r,
’}g el, foam etc. A total of 85 d1fferent runs were conducted
I;‘to test the effectlveness of each mob111ty control agent
thh permeabil;ty, relat1ve o1l-to water layer th1ckness,
o11 v1scoa‘py5:tt£ as varxables. These runs w11L be

o

dlscussed undei%d;ffdrent sectlons accord1ng to the mob111ty
S . . .

control agek

a

w“&vu i ST
aam ' o N

6. 1 Waterflolrt

o Runs 1,
' am
’ sandpack.»nAs g‘ll, a waterflood was carrled out 1n Runs 3

e

through 14' (25 at the 1n1t1al stage of the dlsplacement

in the resence ,of a bottomvwater zone., These ﬁﬂns enablgd

o ‘:.L..f‘,, \' A “\ ) . .
t1 ’ eth‘;atg“p ot waterflood performance 1n a. homogeneous-
oo R B IR 1 K} -
squﬁg' 9.:"al$y35*?" the presence.of_a'bottom—water zone.
i ﬁ:f#\ I vyt T BRI R
ol . },,\ S e R
6. 1\1 Watertlocd‘ 'in a 'ilbmogenbous Pack A e

(%Y -~
L e

,Runs 1, 2 ‘Qa,‘l were conducted wlth a 51ngle 1ayer
e .\ N LT >
_ .sandpack ‘ Thls prOV1ded the waf@rflood performance in the

- ‘

;/# absence of a bpttom—water layer. Thesé runs were used to 4fr-‘“

4
obta:n the reservoir performance under hase cond1glons

enable comparison of the results w1th those wzth ah
bottom water lﬁyer.v In1t1ally, waterfloods 1n homogeneous

t packs were conducted to determlne the volumegrxc 1n3ectlon

»

‘ '/‘. "‘ "/‘ .'. = ) ’l ! T'U' ’ ‘v“ " Lo
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'study;j An estimation of k, -and k,, was made in Run 1.

rate‘that would establish a pSedd&Stabledﬂlslam and Bentsen,

holdér (2.54cm x 10.16cm x 30.5cm) at waterflooding rates of
400:ml/hr and 800 ml/hr, respectively. A flow rate of 500

ml/hr was us‘d in Run”.14 whlch was conducted in a 1arger

nw, .

»icorg‘ﬁolder (7.26cm X 5 Och X 122cm) The theoretical

#

. ‘4
predlct1qns of water breakthrough were made us1ngal newly
fdevegoped theory (Sarma and Bentsen, 1987) " In order to

\calculate tWﬁ 1nstab111ty number, the effect1ve

pseudo1nterfac1a1 tension, o has to. be known.“ThiS‘vaIue-

e

was' taken from a recent.publicatlonv(lslam and Bentsen,

1986) that reported the effective pseudointerfacial tension
. . [ 3

for a fluid/rock system similar to that 6f the present

These values’ were used to- calculate the 1nstab111t1ty

numbers listed Ln Table 6 1. As can be seen from Table 6. 1

¢ .'~: o

PR 251

1987) regime. Runs 1 and 2 were conducted in a'smal&er core

s

LA S

all.of these runs gave breakthrough recoveries ver? close to y

that -which one would expect in the pseudostable flow reglme.;'

\
Even though some ear11er researchers (Demetre et al., 1982)

havé po1nted out that the pseudostable flow reglme should
1 bd

'start from an 1nstab111ty number of 900, recent stud1es have

(

'shown that, for a high mob111ty ratio (around 30) the

Q .
breakthrough o1T recoverp becomes 1ndependent of the flow

rate at a lower value of the-1nstab111ty number. Therefore,

E 1t is expected that theoret1cal (in the pseudostable flow

‘bregzme) and exper1mental breakthrough poxnts are sxm11ar “for

-
o
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" TABLE 6.1 Breakthroggh Recovery and Instabxlxty Numbers for
Waterflood Runs

o .

Run Mobility Mctual Theoretical Instability
no. Ratio Water .. Water bt No., I,
. - bt (PV) (PV) ;
A . 13.5 0.26 0.248 . 160 .-
J2 -0 13,8 . . 0.24 0.244 . 0300
1,4 :"!:-:;f;' 12 O‘l 3.’27 . * '0.26 | .- 350 . :
. ¥ ',: . - .
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an 1nstab111ty number of around 3QOr The pseudostable flow
reg1me is most likelyrto preva1l in a field dxsplacement and
is marked by insensitivity to volumetrzc injection rate, .
Therefore, by using volumetric 1njectxon rates of around 400
ml/hr, a waterflood d1splécement in the field can be
modelled. Consequently, a volumetric injection fate of €00‘
ml/hr was chosen for~t;e waterflood runs. Note that‘there'
ils no ex15t1ng theory whxch is capable of predicting the

stab111ty ‘boundary in a mixed System (e g. polymer, water

and o11),-espec1ally in ;he presence of a bottom-water zone.
N . ST .

Moéreover, pseudodilatancy of polymer flow had to be y
' .. / ’ ) .
considered to determine the flow rate for polymer injection,

AR 8
LI i i

6.1.2 Watefflooding in the Rgesence‘of a BottomTWafer zcne

- * )

A waterflood was carrjed odt during the ﬁnitial stages

of Runs 3- through 14 and 25 1n the presence of a

/

'bottom -water zone. These runs had dlfferengwhb/ho and k /kb
‘.values. ‘The deta1led charactérst1cs and results of these

runs are l1sted in Table 6.2. . B  k. 'w‘

14

»"6 1.2.1 Effect,of Watef -to-0il Zone Thzckness and

'Permeab111€} Ratio

-y
3

Figure 78 bmgpres 0il recovery curves for d1fferena .

hy/h, values and for a.k /kb of 1 : The effect of the

1011-watgr zone thlckness ratlo 15 evident from thls f1gure. .

For hb/h valnes of 0. 2 and 1 b the WOR 1ncreased *mdﬁﬁg}

. . 4
" monotonically. " However,. for hb/h values of 0. 33 the WOR% oA
. N ., '| R L e

z
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N \ TABLE 6.2: ‘Waterflood Recovery Performance of
: Different Runs :
- Ruh Water Rec. at uo/uw 4 hb/h .Rec. at
‘no. bt WOR=5 WOR=20
. (xpv) (%I0IP) (%I0IP)
B 26+ 43 50. . 0.00 64
\.»2 24 3'1 2 . -, A 0.00 N0A¥o
L3 0 - 0 .o - 1.00 . 3™
- 4. 0 7.5 " 0.33 20
5 o -, 10 " 0.20 31
T .6 0 . 18, " -0.33 30
7 0 . %e2 " 1.00 25
6" 0 T " 0.33- 5
‘e 9 0 ér . " 0.20 7
10 0 0 N 1.00 2
1 7,5 . 56 1.0 - 0.33 , 61
12+ 6. 35 - . 7.5 - 0.33 7 4]
13- Q.. 0 .'{ 200. 0.33 .2
4. 27 .40 - 50. 0.00 . 64
25 16.0 . O . 50. ' 0.25 4

N.Av. abbretiation for Not Available
i : ' : :
) v .. N » . ) .
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':1ncreased 1n1t1a1bx then decreased sl1ght1y unt11 a polymer 8

'N,flood was 1n1t1ated. Tve 1ncreased slope at the later stage b

5of the run w1th hb/h s'0 33 is dUe to thxs andmalous WOR a

‘jfbehav1our. The decre se\1n WOR takes place at around 0.30

‘PV pf water 1nject1o'; ~This value would correséond to water

breakthroughxzn a h
B S S
no'distinction’wasZ

”ogeneous.pack. As no tracer was used,'v

bSerVable between 1n3ected and connate

Gwater (from\the bo tom-water zone) product1on. Howeéer; it&.

is llkely that thé WO contlnues to 1ncrease ‘until the waterr |

e T

front reaches ‘th v1c1n1t of the produc1ng well At thls»

poant the o11 b nk formed in front of the water front starts’

L4

_ebelng produced and*thereby decreasgi the WOR. A waterv011

e

zone. thlckness ratlo -of 0 2 1s too small to exh1b1t such a
gbehavzour as 4he d1splacement 1s very close to that of a
-homogeneous pack for wh1ch the WOR 1ncreases monoton1cally.,'

~On the othe# hand, hy/h —1 0 1s so hlgh that an oil bank 1sv
-‘dnot formed ahead of the water front :

..

‘ F1guré 79 dep1cts 011 recovery ‘curves. for different ‘i',ftl

.hb/h valuns for k /kb =0. 06 ’ These were the most "
.unfavoura le floodlng eondltlons sgudled The effect of
be seen £rom thlS flgure.' However, arnigh v3‘

- ater zone permeablllty led to so much channellng of
the anectediwater that bq\5u1t1mate recover1es for these'\'ﬂ

‘-runs d1d not reach beyond percent of ,the IOIP. ‘A furthe{“f

'-effect of the bottom-water zone permeab111ty can be seen

:from F1gure 80 wh1ch compares o11 recovery for hb/h values

%
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of 0 33 and 1 for ak /kb of 2. 67 -For*this set 'WOR~va1ues
'R

‘d1d not 1ncrease monotonxcally‘ A t1ghter bottom—water zope.

_led to much lower cross—fldw between the layers, and the’
& N

water: front could not - follow a part1cu1ar saturatlon'%';

d15tr1but1on pattern, and consequently, a. monotonlc increase

in WOR was hot observed. T - 14 .

o Table 6.2 compares o1l recoverles at a WOR of 5 and 20 ey

”for different waterflood runs.’ It can be’ seen in this table.”
that water product:on started at thg 1n1t1at10n of‘the |
waterflood for all the runs except for the homogeneous packs
or the ones w1th lower 011 v1scosity (7.5 and 1. 0 mPa. S)\.
For unfavouraple bottom—water cond1t1ons the 011 recovery at -
a WOR o} 5 was n1l.v o - 9

~Dltimate oil recoverles for various waterflood runs are
dep1cted in’ three d1mensxonal form 1n F1gure 81. As can be
seen from this £1gure, the oil- to—water zone permeab111ty
ratlo has a 51gn1f1cant 1mpact 0n waterflood recoveries for
Ahhb/h =1, For this case»the'ultlmate recovery shows a

jmannyold 1mprovemeht for 1. OSk /kaZ 67. The'higher'

lwater oil zone th1ckness rat1os $how a dlfferent trend “For

'\

hb/h s1.0 the 011 recov%fles 1;‘J«:: rapldly w1th

»

1ncreasxng values of k. o’ *p for'kv/kb_ffﬁp ‘However, these
0il recoverles are almost 1nsens1t1ve to k /kb values whlch
(are greater than 1 5. For hb/h =190 the o1l recoverles show
a d1fferent trend They are less: sens1t1ve to 'k /kb vaLues

t the lower- range of these ratlos, and 1ncrease very
P . : : R e
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‘ rap1dI§ for increas1ng k. /kb va;\ﬁs‘which are greater than«t;‘.

4
o

/

dep1¢ted in Fxgure 82 " The waterflood oil recovery is very

‘1;0% For th1s particular vajue of hy,/hg. k /kb has to be )

s’gnlflca"tLF higher to ain a reasonable waterflood )
recovery. R : G - o .‘, L

&j Sens1t1v1ty to hb/h foh~a partlculan value of k /kb is

poor for all dxsplacements of k /kb-O 06 ‘even though some

ﬂlmprovement takes place in ﬁhe range of 0. ZShb/hbzo 33.‘ Fof

. 6, 1 2. 2 Effect of Vlscosxty Ratlo )

k /kb=1, a sharp decrease takeswplace for'1ﬁ“rea51ng*hb/h

“ espec1a11y in, the range of 0. ZShb/h 20 33. The ultimate

recovery is much less seﬁsxt;vdgto h /hb vthes for

-k /kb=2 67. ThlS 1nd10ates that for k /kb= 2.67, waterf ¢
0il recovery woulf ndt. .depend SO much,on the thlckness
the bottom-water zone, as the cross flow between Yy
dictated by k /kb. ‘ fv" o ‘,’2'¢- | I:
“"" The effect of k /kb and hb/h isglso epicted-in
Flgure783. \In this figure, the oil recovery *or a | ‘
homogeneous pack (hb/h 0) is also xncluded Th1s f1gure ;‘ i
shows a compaf*son of 011 recover1es for var1ous k°%fb and :.

hb/h values. )

.

F1gure 84 compares waterflood 0il recoveries for

kdifferent 011-water v1scos1ty ratios. All of these resuits .

were obta1ned for hb/h =0. 33 and k /kb=1 As can be seeh

y -

£rom thxs fzgure, the vaterflood performs better for . lower -‘

oil- watertv1scos1ty rat;os. At the - other extreme, the o11 ; h

o . - . -
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recovery-is extremely poor for a viscosity ratio of 200. As:

the viscosity ratio 1ncreases: the wvaterflood performance
becomes poorer.} Ultimate recoveries. for these runs are
-,dep ted in the 1nset fxgure. As can be seen from. tﬁe inset
figure, only two percent of_the IOIR was recovered for a
viscosity rati.orofl 200.‘ «Aie‘o, the oil recovery droos
quickly with increasing oilewater viscosity ratio showing .’ -
the ineffectiveneégeof a waterf}ood in the pregence of,g;?
bottom-water zone for higher,oifrwater viscosity ratioe.M~J
‘, , . - ‘a | \m
6. . 2 Waterflood with Polymer Slugs t\ \
_ Polymer slug runs were conducted in Runs 3 through 23
, band 25. For Run 3 through 14 and 25, the polymer flood was
initiated foilowina an-initial ﬁeterflood. -The polymer .
inﬁection points for these runs are listed in Table S.ét
For Runs 3 through 13, a poiymer'slug size of‘aobroximately
0.60 PV of ‘the bottom-water zone was chosen. However, the
veffect of polymer slug sizes was investigated for |
hb/h6i0.§3.' Table 5.2 lists the polymer slug volumes for
the different runs. In order to obtain better access to the
botton—water zone, polymer 'slugs were injected througn the
“ 1n1et end (rather than the 1nject1on well) for runs with
Auhb/h <1, For the thicker bottom—water zone (hb/h =1), it
was considered unnecessary to 1n3ect polymer through the.

inlet end as most of the 1n3ected fluid read11y channeled

—__ through the bottom-water zone, For these runs the 1n3ect1on

N | . .-
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well was used tor injecting polymer solution. The £loéd
rate for4polymer injection was chosen such that the polymer'
flow through the porous media rema1ned hxghzt than the lower
'limxt of pseudod1latancy (smith, 1970) This would prevent
- 'shear. thinning of the polymer solution. However, thinniné
due to the pqesence‘gf inj?cted and connate water was
eXbected, ‘Seve;al interesting_phenopeha,were‘observed in
ﬁdifferent runs. They will be §iscussed.ih the following
chapter. ' A
6.2.1 Poiymer Flood inla Homogeﬁeous Pack

Run 15 was condpcﬁed to examine the effect of a
continuous polymer flood in a pbmogeneous poréus Qedium. A
‘volumetrié_injection raie of 400 ml/hr was usea fof this
- run. This run was chéracperized-by eafly water |
breakthrough. During the initial stages only water (not
polymer) was produced. The initiatien of¢§he.§olymet flood
led to a decrease in irreducible water saturation. This is
a phenéééhon that had to be taken into account while
numerically simulating polfmer floods. Actual polymer
breakthrough téok place at‘0.3 pore volume of the oil zone.
If polymer/oil and water/oil interfacgil cbnditions are ’
assumed to be the same, breakthtough of the d1sp1aC1ng fluid
at 0.3 pore volume is too early even if the d1sp1acement is

pseudostable. 1In fact, in a homogeneous pack\polymer does

not improve oil recgvery'as much as it should from viscosity
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considefattons alone. In a homogeneous pack‘the éwegp with
polymer fiood is not ;s high ;5 it‘would be if a diffegent'
fluid with the same viscpéity (a £luid that is not’adsoryed
by the solid surface) were usgd. This is due'gd the fact
that thé“polymer solution is adsorbed in the. porous ﬁédium ¢4
and its viscosity decredsgs as it ‘propagates along‘the'
length of the core. Besides, the existence of inaccessible
—bore volume léédq to a part offthq oil being trapped.

: However, these sﬁhe‘qualities of polymer% contribute to a
irgmarkable improyement in performance as compared to a

waterflood in the presence of a bottom-water zone.'- -

6.2.2 Delay in Response'

During injection of a'polymer.soiﬁiion‘;he injection'
pressure increased drastically as compared to that for a
waterflood. Even though the pressure response was
immediate, no improvement (ovef a waterflood) in oil cut was

_ observed imm;diately. For eQéfy run; a delayed but sudden
increase in oil cut was observed folloying the ifjection of
the polymer slug. - Table 5.2 lists thé delay in rgsponse'for
polyﬁer runs.. The delays (in percént‘PV)‘are plottéd |
\againét the oil-vater zone thickness ratios for the *

éifferent values of k. /ky in Figure 85. It is evident from

'
‘this figure that a thicker bottom-water zone leads to a

greater delay. Note that for all the runs a polymer slug of

0.60 PVgbf the bottom-water zone was injected. That is, the
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polymer slug volume 1ncreased in. proport1on to the thrckness

of the bottom water zone. " In practlcal terms; even though a
longer delay 1s expected for thxcker bottom-water zones, the

delays may be acceptable Af° con51dered in terms*of the '

bottom—water zone pore volume, PVb.- ThlS trend 15 ev1dent

A,

when the—same po1nts are plotted as’ a fract1on of va as

shown 1n F1gure 86. ThlS f1gure shows that a. thlcker |

’bottom water zone leads to a qu1cker response -and only O 80

va df total fluzd has to be lnjected before the o1l cut

starts show1ng an 1mprovement.. On the other hand th1nner

71 bottom- water zones took as hzgh as. 1 ; PVb before showxng

‘f g' the: same respénse., Note also that for all the cases the }f"'

delay in response varles between 0. 80 va and 1 7 va. _Thls

1nd1cates ‘that a large volume—of the total flu1d (not ' K;
necessarlly the polymer slug volume) has to be 1n3ected ' S
before any response 1n ogl cut is. observed at the produc1ng/‘\\<
well S A larger slug slze does not have much of. an 1mpact on
decreas1ng the delay 1n response t1me. In fact, a- qu1cker

:*iresponse is- observed for smaller ‘slug 51zes because the

| water follow1ng the polymer slug propagates more qulckly to

d15tr1b§te polymer solut1on (1n a thlnned form) afong the ”:
l‘ length of the core.‘ A larger polymer slug contr1b”tes to T
S decreas1ng the sever1ty of f1nger1ng.- Therefore, water )

" flngers take longer t1me to breakthroﬁgh the polymer slug.
Consequently,'the polymer r1ch water fzngers take longer

LI
L]

: ~.txme”to reach-theaproduc;ng endglead1ng to a delayed;
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‘ﬂ//response in‘oll‘CUt.. Flgure'es»implies'that only afterathe~‘j
‘total fluid 1nject10n has reached a value of 1 va, does the
oil cut show a response, ,Indeed, recalllng that the oil cut

erisesﬁto mere than‘BO perCenthnce the 011 cut starts

. show1ng response and that such a high value’ may be obtained
only in a homogeneous core, th1s is. equxvalent to block1ng

»

the whole bottom water zone. Figures 85 and 86 also
‘indicate that tighter bottomfwater zones take'a'longer‘time'
. v v o - , ’_" . . 1 . » . :
to show a response in . 0il cut. A tighter bottom-water zone .

otfers'higher reertance’to water flow and\ therefore,

\

delays the polymer solut1on d1str1but1on process\durlng the‘;y

“waterflood that followed the polymer slug 1nject1on.,73i

‘6.2.2ﬂ1 Mobility Control'Mechanism with‘PolymeﬁgFloole*ﬂ
| It has been shown by many researchers that polymer,f
iwould beqan excellent mob111ty control agent in view of the;
vfollow1ng propertles' S o ’
, “r”*”‘”"ff“_éduces effectlve permeablllty to water w1thout

YL 8y

ychanglng that to o11

- while’ 1n3ect1ng a polymer slug its hlgh v1scos1ty
allows 1ncreased crossflow and the underrunn1ng of the
dx§p1ac1ng flu1d is d1m1nlshed‘cons1derably. SN |
As far as the second property is concerned, any viscous
fluxd would improve the recovery Thls-has beenfprev1ously
observedrby'Barnes (1962)“ ‘However, the un1queness of IR
‘polymer l1es 1n the flrst property,wl e., its ab111ty to :

_ reduce the effectlve permeab111ty to water w1thout affectlng




,the”effectiVe‘permeabllity to'oil; ~In the literature,’

’ adsorpt1on and mechanacal entrapment have been mentxoned as

the basis for thxs partlcular"property of polymers.

P
&

In order to examlne the contrlbutlon of each of the
above mentloned propertles, Run 24 was conducted In th1s
run, a glycer1ne solut1on of 64 mPa.s viscosity was used as
the mob1l1ty control agent. “The pack1ng character1st1cs
were 51m11ar to those of . Run 4 Also the slug S1ze ;#du
. 1mjectlon po1nt (after 0.76 PV of 1n1t1al vater 1njectlon)
were the same for both Funs. ,F1gure 87 compares the o1l
recovery curves for Runs 4 and 24. As can be seen from fhlS‘
N,ﬂfigure,'the oil recoferiesat the.initial stage of the
:displacement are very

L]

polymer~§dugs were' 1njected polymer showed a qu1cker

~similar. However, -as the glycerine or

‘response in terms of 1ncreased oil cut. Also, as the
"waterflood contlnued after the 1njectlon of glycerine or
polymer, the o11 recovery w1th polymer was d1st1nct1y better

" than that with glycerlne. This compar1son showed clearly
that polymer 1mproves the 011 recovery not only because it
tls more v1scous than water but also because it has other
propertles that 1mpede the flow of water to- 1mprove the o11‘

.recovepy.- At the end of the d1sp1acement test the 1njectlon"

~

of a polymer slug recovered ‘about 20% more of the I0IP than
that~recovered w1th~glycer1ne.» Flgure 88 depxcts the:
relatlve contr1but10ns of the dlfferent ‘mechanisms 1nvolved

in polymer floodlng.\ - [ - -,d (
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f‘ Polymer breakthrough po1nts were—mon1tored in Runs 14'
to'éB and 25. . It va obéerved that the peak in oil cut |
occurred Just pr1or to polymer breakthrough FQIIOW1ng » ':
polymer breakthrough the 0il cut dropped qu1ckly.' However,

a substant1al amount of o1l was produced for ‘all runs before

oil cut dropped cons1derab1y. ‘This observation }hd1cates '

that even though a polymer slug does not move as an entity,

)

'\t does create blockage (1n the bottom water zone) for the,

followlng waterflood, and as a consequence, water 1nvades

the 911 zone to 1ncrease the oil cut by a 51gn1f1cant

amount. However, to seég an 1mprovement 1n~the produced oil ﬁ&

cut, a suff1c1ent amount of water had to be 1njected S0 that,
theitater front (presumably after f1nger1ng through the
polymer slug) approached the productlon wvell. h.sudden‘
increase in 0il cut at thiswpoin@,lndiCated‘that the

bottom-water zone_waslcompletely inaccessible to the

;injected'water; ‘However, when the’water}containing~polymeﬁ,‘

4

)

“-\ »

) solut1on appéared at the product1on well blockage of the

\’,‘.

hggtom~water zone no 1onger occurred and watercut started o
&*.

: ‘hrr,

.1ntrease. Note that this phenomenon cannot be avorded.by

'¥ﬂ4ngect1ng-a much larger polymer slug. Thls will be

discussed in a later'Section where.the effects of polymer'
slugs are d1scussed. F1gure 89 shows polymer breakthrough
as;} funct1on of polymer slug volume and polymer v1sc051ty.' o
All these po1nts were obtaxned for Runs 16 through 23 for
wh_}ch_hb/ho equalled 0.33 and ko/kb equalled 1. " As can be

2
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seen from”FigurejBS, the polymer-breakthrougn;{s delayed as

the slug size increases. 'However, after increasing to' a

maximum at around 0. 20 Pv the slope ‘of the breakthrough vs.

slug volume curve decreases gradually. Even though polymer
'breakthrough anreased d1rectly w1th polymer slug size,
oelay in response of the oil cut showed a dxfferent trend.

The response was qu1ckest (30% PV) for the 51x percent slug

“followed by a slug size of 26% EV (delay of 32% PV) and then

for the '12.5% slug size (delay of 35% PV). Delayed polymer

'breakthrough was advantageous because, for most of the‘runs,

a sharp decrease in oil cut was observed following'the;

polymer breakthfough.i This indicates that even though

;'

gpolymer slugs do not move as an entity, thelr presenge in

N

“the porous: medium 1s necessary to ma1nta1n blockage of the

*"q

‘bot;omzwéﬁér zone. Moreover, polymer adsorptlon alone does

not account for_the«decrease ip effe¢t1ve.permeab1l1ty to

water. However, even if polymer retention were much higher, .

- the WOR would increase due tO‘pfoductjon of the injected

water. ' Prior to polymer-breakthrough, a sudden increase in -
0il cut took;piace_;ndiceting that the boftom—water zone was
completely“inaccessibleAto the injected water.

During vater 1n3ect10n following polymer slug.
inject1on, the d1splacement was highly. unstable. Due to-tne.
‘very high vxscosxtx.contrast, 1n3ected wa;er fingered |

‘through the~polymer351ugn(poskuner'and Bentsen, 1987). This

was evident from the: viscosity of the produced aqueous phase
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. o A ‘ﬂﬁ J{‘ o
‘collected after polymer breakthrough occurre&l ﬂermaximel o
viseosity of 7 mPa.s at six rpm.for the produced'aqueoue ¢
solutxon was observed whereas -the viscosity of the 1n)ected

P

s e e
B VLIRS

polymer was 64 mPa.s at six rpm., Figure 90 shows the

.variatienvin yiscosity of the produced aqueous phase in Run

4 (after polymer breakthrough). An explanation as to why.
‘the produciﬁg’aQueous phase viscosity vs, pore volume fluid

'recovered curve shows a maxzmum (Figure 90) follows.

. case of a continuous polymer 1neject1on, the polymerj)"

adsorptxon rate is high durxng the 1n1t1a1 stages of the
vd1sp1acement test. This increased adsorptxon rate leads to
~a lower polymer viscosity. However, as the d1splacement
contlnues, the rock or sand surface becomes saturated with
the polymer and the polymer adsorptlon rate decreases
rapidly. Due to the above mentloned reason; the polymer v
concentration in the produced adueous_phese increases at the
early stage of polymer'breakthrough} Therefore, in the case
- of a;eontinuous polymer injection the viscosity of the

- produced aqueous phase will assymptotically riseﬁto the
viscosity .of tbe injected'polymer{ This phenomenon accounts
for the initial increase in viscosity of the produced
aqueous'pmase.' lp the case forizﬁich a certain emount ofﬁ
polymer‘slug ie followed by a water=slugt‘adsorption is not
.the only phenomenon that influences the viscosity of the
produced aqueous phase. fDuring water injection, thevwater

‘fingers through the polymer slug due to a very h1gh
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viscosity contrast between tﬁc»polymcr and the injociod
water., The severity of this fingering debends,on the
vﬁséo%ity;contrast between- the polymer and water. 'As the
water‘fingers prépégate through the poiyﬁer slfug, they are
continously enriched with polymer due to dispersion, In
vthis sifugtion, however, the leading edgé of water fingers
is richer in polymer solution than is thé ﬁrailing edge.
EConsequéntly, as the water fingers break through the
produéing end, the Qiscosi;y of thé.préduced agueous phaée
decreases asymptotica11§ to the viscbsity of water. Th*g‘
phenomenon accounts - for the decreasing viscosjty of‘thew
produced agueous phase at the later staée of the
displacement test. In this whole prdqesé, the polymer is
also dilutéd.byvthgibottom‘water. Consgquengly, the highest
_viscosity attained by the produced aquéous pbase is only 7
mPa.s as compared to initiai'64-mP§.s viscdsitybof the

e
4
injected polymer. .

6;2;3 Effect of quymer Injection Point
To examine the effect of polymer injection points, Runs
14 and 15, and Runs 4}and 16 were compa;;d. Runs 14 and 15
_both were base runs - without bottom water;ﬁwhereAS Runs 4 and
{glbéth had similar type and size of bottom-water zones.
.éFér;Run 14, the displaCement test was séarted with a

waterflood and was éontinued until 1.2 ?V of water had been

. \ .
injected. At this point a polymer slug of 0.45 PV was
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injected. This was again followed by a watertlodd.u For Run
15, polymer injécﬁion was started at the beginning of the
. displacement test and was continued until one PV of polxﬁer
had been injected. Th1s was followed by a waterflood/ |
Figure 91 compares Runs 14\aqd 15 along with Runs 4 and 16.
As can be seen from this.figure;-theﬂgil recovery was
similar in Runs 14 and 15 during. the initial sﬁages (until
0.4 PV). However, due to a decreasing oil cut (during the
wvaterflood), Run 14 showved poofer recovery performance as
the displacement testbcontinued. As shown in Table 3.2, the
delay§ in response in terns of increasing oil cut after
polymer injection were the same for these runs. However,
polymer injection was 1n1t1ated in Run 14 after a delay of
1.2 PV (as compared to immediate 1n3ect1on in Run 15).
Consequently, there remains an initial period over which Run
15 showed better reéovery,than Run 14. But, as the |
displacement continued, the results of polymer injection
started being felt and Run 14 showed better recovery. At
ﬁhe'end of the'displacement test, the ultimafe oil recovery
‘in Run 14'ﬁas 77 percent of the IOIﬁ\asmcnmpared to 74
percent‘of the IOIP in Run 15. This represénts
‘ approxlmately four percent 1ncrease in oil recovery 1f
. injection of polymer is delayed.

Similarly, Run;'4 and f6 shéwed very similat,oi;m
recovery at the beginning of the test. Due to tﬁe quicker

response to.polymér injection (a delay of 0.3 PV'on{;), Run

A4
3
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16- showed better o11 recovery performance.Q However, after

'.1n3ect1ng a polymer»

'bug of 18 percent PV . (same as’ that used -

in Run 16), a sharp .ncrease in 011 recovery in’ Run 4 o

2 S e N

:'started at 1 22 PV of total flu1d 1nJect1on.v Follow1ng

e

| 1\thxs, the o1l recovery started 1mprov1ng in. Run 4
Eventually, Run 4 showed an ultxmate recovery of 70 percent :
of the IOIP as compared to 65 percent of the IQIP ‘in Run 16

W : Studytng the results of both of these two sets of runs,
' 1t appears that delayed polymer 1n]ec§10n led to a h1gher‘ .
ultlmate recovery for both reserv01r models'- w1th or

';‘ wrthout a bottom—water zone. HOWever, the 011 recovery

| performance by a waterflood for these runs is much better
than that for runs w1tn h1gher 011 v1scos1ty,vor th1cker“

k

bot&am water,_or h1ghrr bottom—water zone permeablllty.' As

‘fpé; a matter of fact, the WOR 1s so hlgh for some of these

latter cases that a waterflood cannot be- cont1nu;d and a.
polymer treatment should be started as soon as p0551b1e to -
.brlng the . o11‘cut Up to a reasonable value. For this S
| reason, ‘the effect of 1nject10n p01nt was not studled for
'y the:cases.for'whlch the'waterflood‘dld‘not,g;ve a"¥¢%3‘
s1gn1f1cant recovery.ag ;7xfb . : s -
| Flguve 85 shows the effect of polymer 1n]ectton po1nts
on the delay 1n reponse for hb/h —0 33. As can be seen from
~this flgure, 1n3ect1ng polymer f1rst and ?ollow1ng 1t w1th a

fé“;,waterflood leads to a qulcker response in 011 cut. :_R

Apparently, xnjectlng water prlor to polymer creates a water o



e
[

T e Y

channel at the producxng~end. Consequently, after polymer

LGject1on a larger volume of flUld has to; %e 1n3ected and

hthe oil cut does not show any 1mpeovement until the aqueous |

o ,\.‘"

solut1on contalnlng th1nned polymer reaches the produckgg

well to prevent water channellng at that end‘ Such a
t

j'phenomenon was: not observed for a homogeneous pack (Runs 14

®

and 15) 51nce no . channel1ng from the bottom—water zone was*

”1nyolved.

X

6 2.3.1 Effect of Polymer Slug Size
Runs 17 through 21 were conducted with polymer of the
same viscos1ty but dlfferent slug sizes. These runs. had

51m11ar packlng characterlstlcs and ‘bottom- water zonev»‘

thlcknesses. To be con51stent in polymer 1n3ect10n p01nt,

polymer solut1on was 1n3ected at the beglnning of each rUn..

.t

lInject1on of a polymer slug was followed by a waterflood.
"The polymer slug 51zes .were 12 5, 6.0, 26 and 50 percent PV

_in Runs 17,.18, J9,\and~21, respectlvely. In Run.20, the

"-visize of the initial-polymer slug was. 5. 0~percent PV.

‘,of water,_1n]ect1ng a total of 0 23 PV of- polymer. Flgure

However, for. thls partlcular ‘run ‘a few more polymer slugs

v:(51x percent PV each) " were each alternated w1th 0.5 PV slugs

92 compares the ultimate oil recoveries tor all these runs.

: As can be seenlfrom thls fxgure, for smaller polymer slugs,

'the ultlmate o11 recovery increases l1nearly as the slug

s1zeg1ncreases.- However, for h1gher values, the 1mprovement

l"iS’leSS'pronounced.e The shape of the ultlmate oil recovery

—_—
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Vs, polymer slug size is explaxned An the follow1ng. The
1n3ect1on of a water slug followxng a polymer slug is |

dominated by viscous f1nger1ng. The severltyﬁof'the

-~

fingering depends on the dC/dz value, where C is the

comcentration and ‘the dzstance 1n the axial dlrectlon
of flow; By taklng an average concentrat1dn (across the
"f1ngers) for a given po1nt it may be concluded that the
'ac/dz value decteases for larger slug sizes. .Consequently,
“the severity of viscous fingers decreases w1th‘increasing
polymer slug sizes, leading 'to a_higher dLsplacement
efficiency by vateri' This phenomenon exglains the rapid
increase in the ultimate oillrecoveries for.larger polymer
slugs,at-the'initlal stages. Hovever, as the slug size
_becomes lar;er, the 4C/dz value.aSymptotically decreases to
that:of a continuous polymer injectlon (for which case.
dC/d2=0)'and.the;oil recovery'becomes insensitive to the -
,slug size., At the egtreme case of contihuousnpolymer
injection, the‘ultimate'recovery;le limited to the .
'irreduciﬁle:oil saturation,linaccessibleApore volume (Duda
et al al.; 1981), etc.y in thls contekt, it is prudent to -,
choose an optlmal polymer slug size for whlcggghe dC/dz
value is substantzally low and yet the slug volume is ;bér
‘economlcal. .éuch a point wxll.be located where the slope of
" the ultimate oil recovery vs. slug szze curve starts

| decreas1ng rapidly. In thxs tegard a 0.25 PV (or 0. 75 PVb)

of polymer slug may be cons1dered opt1ma1 ' The recovery



pertormance is.the lovest in Run 20 for which the polymer
"slugs were‘alternated vlth uater. Even thohgh a total of
0.23 pV of(polymer was injected (at:a total fluid injection
| of one PV), because the polymer solution’was ihjected by
alte@natxng with waterflood the o1l recovery. remained
substant1a11y poorer than that for all other run;. Polymer
breakthrough occurred at 57, 56, 61, 60, and 64 percent év
J1n Runs 17 through 21, respectively. As can be‘seen'from
Table 5.2, at the time of breakthrough much more o0il was
_produced with a 0. 125 PV slug as compared to.that produced
with six percent slug, whereas the increase obtalned by more
than a 100 pgrcent | 1ncrease in slug size did not have much
Sof an impact. The breakthrough point. becomes 1nsensxt1ve to
the slug size for higher slug sizes. Run 20 showed that
’-alternatxng polymer slugs with vater slugs does not perform
' well as only 53 percent ‘of the IOIP was - recovered for a
total’ polymer slug volume of 0‘23 PV | v
o Flgure 93 compares the 011 recovery for the above runs
as a. funct1on of the WOR, The WOR values are recorded once
they started 1ncrea51ng monoton1cally. 'FigUre 93 indicates '
that dur1ng 1n1t1al stages of the flood oil recovery is not
sen51t1ve to the - slug sxze. However, dur1ng the later
stages . of ‘the dzsplacement 6% and 12, 5% slugs g1ve very
similar recoverles, as. d1d the 26% and 50% ‘slugs. F1gure 93‘
shows clearly that for the larger slug sizes the recovery

becomes 1ndependent of slug size.
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6.2.3.2 Effect of PolymergkisCosity‘ '

Runs 16, 19, 22, and. 23 were conducted fo examine the
effect of polymer 01scos1ty 'The ﬁolyner used had" |
v1scos1t1es of 25, 36 64, and 100 mPa.s in Runs 22, 19, 16,‘
and 23, respectlvely. 'Runs 19 and 22 both,had a polymer
slug size of 0.26 bv whereas Run 16 hedda slug size of 0:18
_ Pv:' For all theégfyuns, polymer solution was injeoted,at
jthe beg1nn1ng of the‘dlsplacement test. The compariSon
among . reoovery performances for- the dlfferent runs is shown
in Flgure 94. The recovery performance was quxte 51m11ar
for Runs. 19 and 16 unt11 about one PV of fluid was 1njected
The recovery. for Run 22, for wh1ch the lowest . polymer
v1scos1ty was used, was . Tower than that of the -other two -
runs. Note . that the amount of polyacrylamlde used for Runs:
16, 19, and 23 was the same, yet the recovery was
'cons1derab1y better in Run. 16. of lesser 51gn1f1cance, but
still worthy of note, 1s the fact that, as can be seen from
Table;dkz, polymervbreakthrough oocurréd at 61, 61, 63, and
54 oercenthV for'Runs-Zé, 19, 16, and 23, respectively.
Interestingly, eyen:though the.polymer'breakthrough~occurred
at the same point for Runs=22‘and 19; 38.5 percent of the
' IOIP.was recovered in Run 19 whereas 34 percent ot the IOIP o
was recovered in Run 22. Run 16 showed'the_hlghestyoill
:reo0very at the time'of’polymer‘breakthrough; 'As?cen be

seen from Table 5.1, the’maximal rECovery at WOR=20 ocourréd

in. Run 16. Th1s was followed by Runs: 19 and 22 ‘A large
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decrease in'ultimate 0il recovery is observed for Run 23 for
which a very high polymer viscbsit? contribnted to an early
improvement in polymer flood performance. Frem.all tﬂese
perspectxves, the recovery performance appears to be best
for Run 16 w1th_a polymer vxch51ty of §4_mPa.s. An |
explanation as to why a 64'mPa;5.vi§eositylpolymer recovers -
the most oi}'follows. in'a.displacement the viscosity ratio ?a
fof the displacing and drsplacegifluidsplays an important
role. In such a case, a high viscosity ratip of the
displacing and diéplaced fluié is desired. In this regard
-Run 16 (u /uo—1 28) should give better o0il recovery than
~ that fepﬁgun-IQ (up/uo=q.72). However; even thoughpRun-23_
;___ifp/uo=2)‘should give a higher recevery than that Qbserved
‘ for_the other runs,.Rgn'ZB gives the'lowest 0il recovery.'
_Thrs low recovery is due tq'an increased numbeerf viscous.
_iﬁngers which grow while displacing the polymer slug with
_the‘water slug. Indeed, -in a system‘where twe“diSplacement
N fronts are .involved (one polymer and oil and another water .
and polymer), high viscosity‘of polymer-gives rise to twe
competingApheﬂgﬁ?na: At the leading edge the’nign“viscosit§
of the-polynerjennanceébthe reeovery, while at_tne trailing
-edge the viscosity'of the polymer results in viscous fingers
which decrease the'sweep'efficiency; These competing
‘phenomena give rise to'an optimum for'a polymer viscosity of
64 mPa.s. VSince there is no existing‘thebry that predicts

the stability of such a cpmplex system, the optimal value' of
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L.

the polymer viscosity cannot be determined theoretically. -
However, the existence of such an optimum has been shown

experimentally.

6.2.3.3 Effect of Visdosify Ratio - g
Rﬁhs 4, 11;v12; and 13 were conducted to examine thél
effect of the oil—to-water,yiscosity ratio on oil recovery
'wiﬁhkpolymer slug and vater injection. All thesévruni_had‘_
‘hs/hé equal to 0.33.and'ko/kb éqUal'to.1. However, oils of
different Giscbsitigs were used for these runs. Figufe 95
compares theﬁpil'recovéry curves for all these runs, Also,
thé inset‘of'this figure compares the ultimate oil
recoveries. in all'these runs, about 20 pércent EV of
polymergsihg;(which is alse equivalent to 60 percent PV 6fl
the bottom water~zone).wa§ injected. All these runs showed
a similar injgction'pressu}e and oil cut'behaQiour except
Run 11, which did not sho& a ﬁgak,in oil éut. Run 11, w}tht
the minimum oil-watér’;iscositk'ratiod shéQngno effect of
polymer injection. However, this run showed very good oil
Arebovery.with waterf*ood (as compared 16 sther runs). - The
0il recovery by waterflood was extremely low for Run 13 for
which the most viscoﬁs 0il was used. The injection of

-

polymer gave'a 17-fold-iﬁprove@ent.ovgr a conventional
“waterflood for Run 13. Thi; was-by far the greatest

imprqvement fér all the runs conducted to examine the,effeqt

of<oi1-wéter viscosity ratio. These results suggest that-

the benefit of polymer slug injection increases as the
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ratio increases. Run 13 showed the

oil-yater:Viscosi#

¢

lowest uitimate red very, indicating that for reservoirs
with high oil viscosity a large portion of the oil in place
would remaﬁo unggyovered even after polymer treatment. The.
highest o0il recovery was obtained with 7.5 mPa.s viscosity”
leven though recovery performance at the initialnsteée of the
.displacement was better for an oil viscosity of 1.0 mPa.s.
fFor a homogeneous porous med1um, low 0il viscosity usually
leads to a h1gher ult1mate 0il recovery provided other fluid
~characteristics (such as oil/water interfacial tension) are
similar. However, the same performance cannot be expeeted;
for the case of a bottom- water zone. The reason for this{
behavzour may be explained in terms of dlfferen; compet1oo
phenomena occurring during the use of a mobility control
agent in the presence of a bottom—water zone., A h1gh u /“w
rat1o is unfavourable for a displacement of oil by water.
However, for polymer 1n3ect1on in the presence. of a é
bottom-water zone, a hlgh oil- water v1scésxtyﬁrat10

facilitates: 1nva51on of the bottom-water zone by the polymer

solution. An incredsed amount of polymer in the

bottomiﬁater zone helps to reduce the mob111ty of the
connate and iojected water in thevbottom-water zoner
Therefore, “o/“w plays dual counteract1ng roles in
recovering oil. Such an 1mpact of the oil-water viscosity
ratiorsupliee a. possible explanation as to yhy~there exists

b\‘ . 3 - - . . N . :
ang@ptimal oil-water viscosity that is not necessarily the
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minimal.’

6.2.3.4 Effect of Impermeable Barrier

Run 25 (k,/kp=1.0, Hb/hé-1.0) was conducted to examine
the effect of an impermeable barrier on polymer injection in
theApresence of a .bottom-water zone. The barfier length was

25% of the total length of the model. The impact of an

(

impermeable barrier is insignificant for this thick bottom

water case, For instance, the presence of this barrier of
25% length improved the oil recovery with a watefflood from

3% to 7% of the IOIP. The ultimate recovery for this run

(after polymer injection) wag 67 percent as compared to 62

percent in Run 3 for which no barrier was used but the same

packing characteristics were used.

6.2.3.5 Effect 6£ Water-to-0il Zone Thickness and
Permeability Ratio

The oil-to-water zone fhickness~and\ﬁermégkility ratio

- had -a large impact on oil recovery by waterfloods as well as

polymer floods. 1Figuré§ 96 through 98 compare the oil
récovery:curves for various ko/kb and hb/ho valugs.v It can
be seen from these figures tﬁat the 0il recovery is not very
Sensitiye to the oil-water thickness ratio forbko/kb=1;
prbvided that hb/h650.33. On the other hand, a much lower
recovery is obtained for h,/hy=1. This distinction i
diminished when the polymer solution is injected, which led

to ultimate oil recoveries higher than 60 percent of the
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_IOIP. ' As can be seen from F1gure 97, for h /kbto 06, the
<recovery was more sens1t1ve to the th1ckness rat1o. This is
»allev1ated ‘to some extent after polymer 1n3ect1on, yet the -
'o;l reoovery-remalns con51derably lower for hb/h--1 As can
" . be seen from:Figure'QB, for k o/kp=2.67, oil recovery is’

'; qulteusensitiveito the th1ekness ratio, but after polymer
~4injection_the ultimate recoveries are close;’vThere were no:
~ldata~availahle for'the casehof"h'/hb=u.2 and k /kb=2.67. .

| ‘; F1gure 99 dep1cts the u1t1mate oil recover1es (after

polymer treatment) as a function of k /kb and hb/h As was “‘

‘the case in a waterflood -k /kb played the most 1mportant

‘role for an-hb/h =1.0, espec1ally in the for 0.0GSk /kb21.0.

Even though hb/h of 0.33 and 0.20 show a very s1m11ar
trend, the‘ﬁgpendence of ultimate recoveries on 011 to—water
zone permeablllty ratio is less pronounced espec1ally as

| the ratio 1ncreases. A&’very low values of k /kb,

x‘water to 011 zone th1ckness rat1o, hb/ho, plays a more
prom1nent role and the ultlmate o1l recovery 1ncreasesﬁl :Y
greatly with decrea51ng hb/h values.

" Figqure 100 shows the sen51t1v1ty of ultlmate recoverlesv
on’ hb/h ‘values for a partlcular k /kb value. As cap be
1seen fnom th1s f1gure, u1t1mate gecover1esag§come legs .
sens1t1ve to the vaTue of h,/hy as k /kb 1ncreasé% ~ Recall

'jthat dur1ng waterflood1ng, ‘even the case of k /kb-1 was very

sensitive to nb/n Values.

B
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Figure l01 depicts:oil recoveries wlth'poiymer as a
function of k,/ky.-and hy/h, values and compares them. with‘
0il recoveries obtained with waterfloods. ‘This f1gure shows'
that a polymer flood leads to 0il recoveries with almost the
fsame values, makxng a polymer flood more eff1c1ent in the
cases for which oil recovery performance with waterfloods 1s
‘poor. Th1s effect is more’ pronounced when the’ percent
improvement over a convent1onal waterflood is plotted as a
function of hy/h, and k /kb. This is done in Figure 102
Even though the h1ghest .0il recovery was’ obta1ned for base
runs in the absence of bottom water, it can be seen: that the

relatlve 1mprovement over. waterflood is the hlghest for the

cases in’ wh1ch the waterflood performance is very poor., For .

o

=1nstance, for an extreme case of k /kb=0 06 ‘and hb/h =1, the
011 recovery with ‘and w1thout polymer slug dlffers by 22, 5
tlmes. | w

The shapes'of’these c%{ves areAdictatedyby'the T
waterflood recovery-curves}/ Recall that the curve for
k /kb=1 0 had the steepest slope for the waterflood
vPolymer floods seem to result in ultlmate 011 recoverles
that are QUlte 51m11ar regardless of the o1l-to~water zone
permeab111ty or’ th1ckness rat1os.’ This type of polymer
flood/behav1our may be observed from F1gure 100 Wthh doesl
not show a steep slope for k /kb=1 Consequently, when the

.percentage 1mprovement over a waterflood is determined, the

hlghest slope*1s observed for the curve of k /kb=1. A
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similar explanation may be given for the shapes of the other .

curves of Figure 102.

6.3 Effect of'lmperm;able Barrier

Runs 24 to 27 were conducted to examine the effect of
an impermeable'xarrier in the presence of a bottom-water .
zone. As can be seensin'Table .1, the barrier lehgthe‘were .
i25% of the tetaltlength'for Runs 24 and 25, and‘Sb%-of the
~tota1 length for Runs 26 and 27. The impact of an
1mpermeable ‘barrier 1s much smaller for the thlcker bottom
: waterAcase. For instance, the presence of an 1mpermeable
barrier of 25% Iength improved the oil recovery with
waterflood from 3% to 7% of the I0IP for hb/h=-1. A
‘51gn1f1cant 1mprovement was, however, observed for a greater
length of the impermeable 'barrier. For a thinner
bottom-water zone (hp/h =0.33), on the otherthand, a 25% ’
length of impermeable barrier improved the waterflood
recovery 51gn1flcantly. A much better performance was
observed when the barr1er length was 50% of the total
vlength From this comparlson one can observe that the
barrier length has to increase as the_thxckness of the
bottom-water zongﬁincreaSes. This point ' is imbortant for .

determining the volume of the mobility contro;uégent.-
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6.4 Waterflood with Emulsion Slugs

Runs 29 to 45 were carried out@mith emulsion and water

~ injection. A total of exghteen dlfferent runs were

»

conducted to test the effectiveness of the emuls1on as a

blocking and‘diverting agent with oil-to-water -zone

¢

thickness and permeability ratio, oil,viscosity,'emulsion

slug size as variables. The rfesults of these runs are ‘

compared with conventional waterfloods.

Y

6.4. 1 Emulsxon Stabxl:ty
' Ih order to create effectlve blockage, a stable
emuls1on,was~sought. Both f1ve and 10 percent O/W emulsions .

were produced!at different surfactant concentrations and

were left overn1ght to determ1ne whether water phase

segregation occurred. Microscopic and visual observatlon of

- - emulsion droplets and the emulsion pH behav1our at different

\
surfactant concentrations were the cr1ter1a used to

' determlne'stab111ty. F1gure 103 dep1cts the dependence of

the emulsion pH on-thélsurﬁactant concentrat1on for the f1ve
percent O/W emulsion. At vgrv low surfactant | ‘
concentr’pns, demuls“i.fﬂicat‘ion took place which .is’ evident
from the drop in pH values after a 24 hour delay as dep1cted
in Figure 103. It wvas observed that the maintenance of the

emulsion pH close to its orlglnal value is correlatable w1th

”the ma1ntenance of emulsion stab1l1ty observed in the

'm1crophotographs. -An_exam1nat1on_of the microphotographs of:

s
1
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emulsions with very high surfactant concentration showed‘

‘that these emulsions were not stable. This is due to

surfactant dissociation-that results in emulsion 1n§tabilxty

and a more acidic emulsion pH. On the other hdnd, a very

low surfactant concentration did not form any stable | (‘/'
3\

emulsion. At 40 ppm, for instance, the emulsion formeé._

broke down in a few minutes. From Figure 103 it is clear

‘that a minimum of 200 to 300 ppm surfactant'should be added

to the agqueous phase in order to produce a stable emulsion.

The pH vs, concentration curve for a, ,10 percent o/w emu151on

) followed a very 51mxlar trend to that for a f1ve percent 0/w

emulsion. However, the choice of a five or 10 percent o/w

emulsion could not be made from stability (oufSide the

porous medium) considerations alone. Coreflood tests had: to.
be conducted in order to JEcide'the oil content of the

emulsion.
6.4.2 Effect of 0il Content on Emulsioh Blockage

" Run 29 was conducted to ekamine the emulsioh'blockage
with a five percent O/W emulsion. Initially the emulsion
was injected through the inlet end. At the beginning of the
run, the oil recovery was little better than that obtained
with waterflooding. But emulsion breakthrough took place
after 0.16 pore volume of emu151on 1n]ect1on.l This early

emulsion breakthrough meant a very 'small surface area was

contacted by the emulsion. After injecting 0.21 PV of '
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‘emilsion, the emulsion flood was followed by a waterflood at
400 ml/h. Water was'injected thfougp the injection well.

As the waterflood continued, the oil cdt vas fairly stable
at around 10 percent. The watéf slugs were then alternated
with a few more emulsion sl@gs. At the beginning of each
watérflood\the oil cut inc;ggsed slightly for a while but

A started decreasing as the waterflood continued. Even though
Jﬁhe emulsion was stable when tested outside the éore, a
cbhsiderable amount of coalescence took plagﬁ_after the
emulsion travelled along.the core. This might have been
respons;ble for/zhe“incomplete blockage.  An analysis of the
emulsion produced at the production Well’showed ghat v
coalesengé"took place and the qﬁality of emulsion Qas
degraded even though 'the emulsion persisted as an A
independent phase. Moreover, the emulsion itself showed
considerable inhomogeneity in the distribution of oijl
droplets, as found'by.microséppic observation of the
.‘emulsion.. A more.homogenéous and stable form was obtained
with 10 percentro/w emulsions. Run 30 was‘conducted to
éxamine the effectiveness of a 10 percent O/W emulsion in
blquing_the bottom-water zone. _This run was a repeat of
"Run 29 other than the'fact that a 10 percgnt O/Wiemulsioﬁ
vas used, During emulsion'infectiqn) the 0il cut decreased
rapidly from 53 percent to 24 bérceht after an injec&i!gvof
0.23 PV of emulsion. However, during fhe same ‘period tﬁe

‘injection pressure increased showing that considerable

'd
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emulsion blockage was taking place. " As the emulsion £lood
continued the o0il cut incredsed répidly to a maximum of 60
percent. At this point, emulsion breakthrough took place.
Thig breakthtoagh time (9.47 PV) is much longer than that
which was observed for Run 29 (0.16 PV). The oil cut |
decreased following emulsion breakthrough. As the emulsion
slug was followed by a waterflood, both the injectien
Jpressure and oil,cut.decreased.‘ However, these values vere
still significantly higher than those for a conventional
vaterflood.

Figure 104 compares the oil recovery curves for Runs 29

and 30. The benefit'of the 10 percent emulsion is clear

because 54 percent of ghe 10IP was rg ed for Run 30 as
compared to only 32 peécent of the 16 \ Run 29, For
this reason a 10 percent O/W was used for all othef runs.

" Also, for most of the runs (except those intended to study
the effect of emulsion slug size) an emulsion slug of two
pore volumes of the béttpm-watg; zone was used. It was
'reported'that most of the berméability reduction by emulsion
flood took place after injectihg two PV of emulsion (in the
case of 100% watgr”Saturated cores) (Broz et al., 1985).

Consequently, an emulsion slug of two PVy, was used for most

of the runs.
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6% 4. 3 Emulsron Flood id Homogeneous 0il Reservoxrs ’ /f , o
Run 31 waS'conducted to examxne the effect of a.|
Q,;_}i fcont1nuous emu151on flood in a homogeneous porous medxum..
Tuls run :as character1zed by a delayed breakthrough (as
1”comparedwto uaggrtlood1ng), whleh occurred at 36 percent PV
'This comparesfwith only'25 percent PV for a waterflood The
e ‘f ultlmate 011 recoyery for thls\run was 79 percent of the
| 1I01P. Th1s compares w1th 64 percent of the IOIP for a |
.t{ : -_’conventlonal waterflood A more favourable mob111ty ratio_

~

A1s expected for an emuls;on flood from v1scos1ty

|

con51deratbons alone.' However, this v1sc051ty (1 8 mPa.s)

n-Wlll not account for a 23 percent increase in 011 recovery

1 : ’
( In fact, ﬂthe texture of emu151onsqcontr1butes to a better g
./"‘/“"
,sweep eff1c1ency whereas the decrease in 1nterfac1al tens1on

,'tr1b':es to decrea51ng the 1rreduc1b1e oil satﬁrat1on._

data ava1lable. Thls performance 1s d1§ferent from

ﬁject1on that dlﬂ‘not perform.

urs1on Flood 1n the Presence of a Bottom—Water Zone

1_ : “*ﬁ_ Typ1cally, durlng the emulsion flood the water

2 eV: ‘ : s
o ,breakthrough took place almost 1mmed1ate1y (except for Runs :
P with 1.0 and 7 5 mPa s 0il viscosity). Recall ‘that a

- '

vj-s1m11ar performance was observed in waterfloods/as well

",.A ’A

P
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Also, the 011 cut decreased rapxdly dur1ng the 1n1t1a1
stages. Dur1ng th1s per1od however, the inlet pressure
1ncreased showlng that a con51derable emm151on blockage was
) ‘tak1ng place.. As the emu151on flood contlnued ‘the o11.cut‘~_;
increased rapidly to attain a maxlmum.. Very often; this
pointgof‘maxfmal 0il cut corresponded to emulsion
zbreakthrough« Following this, the oil cut decreased again

and thls was accompanled by a decrease in. 1n3ect1on

L

"t e cumulatlve WOR at

vpressure. A relatlvely h1gh value
emu151on breakthrough 1nd1cated at a-c n51derable amount

of emuls1on 1nvaded the bot tom- water zone} thus being able.
to create a blockagem@or the subsequent waterflood:whlch was

started‘immediately after the emulsion flodd. Even though

-.ﬁﬁk N the‘injection pressure‘decreased followings mulSion ‘
. DR | e o IR
breakthrough, the injection pressure was much higher than

that which one would‘expect from a waterflood

-6.4.4.1 Effect of Water to+0il’ Zone Thlckness
Permeabxlxty Ratxo B l'ﬁ@;;;mmmw_ :
leferent runs were conducted to rnuestlgatehthe effecta'
‘ofnthe hb/h and k. /kp valuest An an3ect1on rate of 400 o
ml/hr was chosen for both the emuls1on and water 1njectlons.‘
: Typ1ca11y, durlng the emul ‘on flﬁpd ﬁhe'?@ter breakthrough ‘u‘

Vo RO
~for cases with very low o;l

occurred 1nstantly (exce.

i vzs osit ) e
. q y O ° . V

vf}&b . The emuls1on slug s1ze was determlned depend1ng on the

19 s;ze of the bottom-water zone. It has been reported (§7f5
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' et al., 1985) that ‘most of the permeability reduction takes
place after injecting two pore volumes of emulsxon in the

.case of a 100 percent water-saturated core. Followxng thls

»

g observat1on it was ,decided to inject two va of emulsion for

"

- all the runs except for the ones that were conducted to

e

study the effect of slug size.

Figures 105 through 107 c6 péggpm%l recover1es for the
. Qs g' b

LN

k /kb values of 1.0 and 2. 67, re 9tly. During the
emulsion flood the 1n1t1al WOR was very close to that for a
waterflood However, as the emuls1on'flood cont1n0ed, Jhef
WOR " decreased and then rncrea%ed aga1n. Due toithis WOR

behav1our tne oil recovery curves do. not resemble those of

L] 5 .

ods: As was the case wlth polymer flood runs, there

“ay in response before the WOR decreased and the o0il’
Yted 1ncrea51ng tozreach a peak.‘ This delay could be
y correlated‘as a function' of PVb. Figurellod
eolcts‘the delay in response time as a functlon of. hb/h

and k /kb.; For all the runs WIth hb/h 2,0.33~the delay was

approxlmately one pore volume of the bottom-water zone. 'The

oy

,.only exceptlon was for hb/h =1 and k /kb 0.06. On the 6%«'/'
“hand, for hb/h 0 2 the delay was hlgher than 1 va.. In'- 4
fact, the recovery performance of th1s case of a th1n B
'bottom—water zone suggests that the emulsxon rood recovery
is quxte h1gh from the beglnn1ng of the dlsplacement test
and~no drast1c change in oil cutqtakes place, as.the WOR
does;not‘fall as low'as'with other‘cases'vith.a higher hp/hg

A
4 TR 4
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value, Also, it can be seen from the recovery performance

reported in chapter V that at the extreme case of hy/h =0,

< the WOR decreases monotoniéallyvas the emulsion flood

'continues. Therefore, such behaviour for h;/h6=0y2 is

expected

Figure 109 compares the ultimate oil recoverles‘for
thes; runs. As can be seen from this figure, the ultimate
oil recovery ‘quickly decreases as the thickness of the

bottom-water zone increases for o11 to- water zone

permeability ratios of un1ty and 0.06. However, for a high

ko/kb value only, the'ultimate recovery increases'slightly

.as the thickness of the bottom-water zone increases. A -

possible explanation for this~phenomenon-may be as follows.

+As the permeability of the bottom-water zone decreases, a

‘smaller fraction of the injected emulsion invades the

bottom—water'zone. This:effect of'the bottom-water zone
thlckness is not 1mportant for lower k /kb values as the
h1gh permeab111ty of the bottom water zone enhances hlgh

1n3ect1v1ty of the zone, Even though early 1nva51on of the

bottom-water‘zone w1th the emu151on enhances the oil

, reCovery,'When a waterflood‘tollows'the emulsion‘flooa.uthe

injected~water does not encounter significant resistance
from the bottom-water zone. ’Consequentiy,.water'channels“
through the bottom-water zone and the WOR increases rapldly
leading to a poorer ult1mate oil recovery.w1th decreasing

bottoh—water zone thickness. Bowever, if ‘the effect of
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permeability contrast is'considered alone, a much higher
ultimate o0il recovery is obtained with a ;ighter‘
‘bottom water zone.

Fxgure 110 shows the dependence of oil recovery on the
oil-to-water zone pe;meab111ty ratlo for a g;ven hb/ho u
value. 'It can be seen from this figure that_the,case.of_

;hb/h°=0.2'is-the most sensitive to ko/kb~va1ues. For
hb/h°=0.33, the oil recbvery is sensitive to ko/kb values at
lowervranges‘of ko/ky (less than unity)'and becomes less
sensitive for‘higher values of kd/kb; On the other hand,
the case of hb/hdel appears to be least sensitive to

‘oil-vater zone permeability ratio. For‘lover ranges of
ko/kb values, ﬁhe-oil recovery increases rapidly with
increasing,ko/kb. But soon a Elazeau is reached and the oil

' recovery remains:the same between km/kb=1 and 2.67. For a

thicker bottom-water zone, the th1ckness domlnates emulsion
blockage unless k,/k, is very low. It can be seen from

Figure 110 that all three curves have very s1m11ar shapes

prov1ded k. /kbs1 0. HoweVef, for higher valuesyof ko/kb,
the shapes differ for hb/h =0.33 and-hp/h —7‘ For
hy/h, =0.33, ‘the ultlmate 011 recovery continues to increase,

1 albeit with a cont1nually decrea51og slope, as the k /kb
-value increases. An opp051te trend is observed for hb/h =1,

- No data were ava1lab1e for the 1ntermed1ate range of k /kb,m

but the shape of the curve for hb/h =1.0 d1ctates that there

is a maximum in thevrange 1<ko/kb<2.67. For a-part1c91ar
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' value of hb/h the oil-water zone permeability ratio plays
éual roles. A high k /kb value improves the waterflood
recoverylﬁerformance by imped1ng‘channel1ng through the N
. . : ¢ : My oo
bottom-water zone, but also decreases emulsion flux into’ gv
that zone. A higher emulsion saturation in the botfom—water
zone 1mp£oves 011 recovery by the vaterflood because the
1n3ected water encounters more<res1stance froﬁpthe !
bottom-water zone and is directed into the oil zone. This
second phenome;cn increases the cil'recovery.J Such

competing effects'within of the Qil;water zohe give Tise to

an optimal oil-water zone permeebiliﬁy'caﬁio. Hdwever, it

is very likely that the existence of an optimum is |

restricted to‘a particular oil-water zone thickness ratio,

beceuse a‘tﬁicker“or thinner bottom-water zone mighc |
‘diminish the sensitivity to fhe oil-water zoﬁe:permeabilitg

ratio, ‘ _ '_A : - . ~:J L

) Figure 111 shows the wide range of oil recovery as a’ ?‘_

‘function of hb/h’ and k /kb values. kAs can be seehlfrom :

this figure, emulsion 1mproves~o;4 recovery con51derably

over a waterflood even in the absence of a bottom waterﬂ e
zone. THis flgure shows the effects of k /kb and hK hg
the recovery performance with emulsion slugs. Figure™\!

I ' . ]
suggests that the oil recovery‘improﬁesﬁas the thickness ang,

permeab111ty of the bottom water zone decrease. ‘However,

!
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""6 4¢4 12 Effect of szcosn:y Ratio

"f_emu131on slug and Water 1n3egt1on All tHESe runs had

”,performance 1s the poorest.ﬂ’ o .“lf :‘. o

| hb/h =0, 33 and k /kb—1 -However, dlls of dlfferent“

;;v1s¢081t1es vere used for these runs.v,f :’. ‘\' ¢4

a thlcEEF Ea\tom-water zbne.' For a very h1gh bottom water

zone permeab111ty (kK /kb=0 06) 1n3ectlon of the emu151on d1d

'not seem to be very effectlve., However, the same slug

,.

vh;';,-& .
volume of emuls;on was msed for th&Se runs (two pore volumes

o

' ,of the bottom—water zone pore volume) A h1gher kb/k value

-
.-

: m;ght warrant a 1arger slug 51ze,1n order to create

4effect1ve bldbkage. Th1s aspect was not 1nvestlgated 1n

'f;th1s study., Even though the absolute values of the ultlmate

7

“4_011 recoverles Iavour h1gh5values of k /kb and low values of
ftihb/hc, as can be seen from Flgure 112 the relatlve4‘ﬁ

'v}1mprovement ot an emu151on flood over a waterflood 1s"~

- B . . : ..

O

zhaghest when the bottom water zones exh1b1t the most

@ .

;¥’unfavourableA'Paracterlst1qs., From th1s con51derat10n, ,r

[P

'"N§femuls1onsjappear to be - most effectlve whenothe waterflood

TR U

» : " A g
Runs 30 39, 40, and 41 were conducted to examlne the

w

7;g§effect qf o1l-water v1sc051ty rat1Q on 011 recovery Wlﬁﬁ”an

® 's

I

- “ t\ ¢ ©
Runs 30 and 40 exh1b1tea very S1m1lar 1n3ect1on
pressure'performance," ew.&he 1n3ectlon pressure 1n1txally
&

if»1ncreased unt1l emulslon breakthrough took place. tHowewer,

’o

kerosene was USed as the o11 phase dld

not show anyzln rease in gressure eyen though the o1l cut

o
~,
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e

e ;was'quite high This indicates that the emulsion was

\ :u ‘. .‘f * .
1nvad1ng the 0il and water zones uniformly. This idga is

further supported by the fact that water breakthr0ugh
occurred at 0.079 PV as opposed to immediate breakthrough
'/for the other‘runs. F1gure 113 dep1cts the 0il recoveries

as a.function of the oil-to-water viscosity ratio. During

the initial stage% the oil.recoveries decreased ‘as v1scosxty

,ratlos 'ncreased. During the later stages, however, the

best . very performance was shown by Run 40, Also, there

;appears to be a tendency for delayed emu151on breakthrough
&

. as ‘the oil viscosity decreases. Emulsion breakthrough

"occurred at 0.47,'0.68’ 1.09 and 0.46 PV for Runs 30, 40, 39

+and 41, respectlvely. Th1s 1nd1cates that more emu151on

'1nvades the bottom- water zone as the oil v1sc051ty
’t AR # ‘& .

1ncreases. For the lower v1sc051ty ratlos, emulsron invaded .

both the okl and tﬂe vater zones un1formly. However,j

emu151on invaded. the bottom-wateY'zone when the oil

© " 4

‘ViSCOSity was hlgh.» Consequently, the 011 recoveré 1mproved.

1».-,‘ 0

when emulsren was followed b@va waterflood. Ty

b

In termi of ultlmate recovery, Run 40 (u /u =7, S) gave

the hlghest 0il recovery. Slmllar results were obtalned for &

_ polymer flood runs as well An explanat1on as to why there

should be an opt1mal 011 v1sc051ty that would lead to a
3fmax1mal ult1mate recovery has been d1scussed in; sectlon
A6 2 3.3 for - polymer runs. A s1m1lar explanat1on 1sv

L

'y_appllcable for the case of emu151ons ‘as well Even though

i

a,
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. .ﬂ)
the ult1mate oil recovery for Run 30 was much lower than

that for the other runs conducted to examine' the effect of

011-water v15c051ty ratio, this value was still much h1gher

ythan tha&hwhich onefwouldfexpect from a waterflood.* Also,-‘

i,
this value is comparable to the, ult1mate recovery obtalned

i

in base waterflood runs. Run 41 with a very high oil

r 4

“v1scos1ty, gave the lowest u1t1mate 011 recovery. However,

th1s value 1s Stlll very encouraglng since a convent1onal

waterflood for th1s case failed to produce anything more

v )

than two percent of the IOIP at ‘an acceptable WOR(=20).

.the other hand 4a very d recovery was already obtained by

a waterflood for theﬁfuns w1th lower o0il v1sc051t1es and the

1mprovement brou.ht about by an emu151on flood»ls much more
oroug | . _

£

'signlficaht for.ﬁuns with a higher'oil viscosity.

Lo
ST -

5 4.4, 3 Effect o£4Emuls1on Slug sze I -

In order to %xam1ne the effect of emu151on sdug size on

'l,the 011 recovery performance, Runs 30 42, 43, 44,‘and 45

u’J«. .

vere conducted F1gure 114 compares the 011 recover1es for

2,

these runs. ?he emuls1on slug volumes vere 0. 6 - 0.32, 0.93,

0.16; and 1.2 pv ‘for’ Runs 30 42,743, 44, and 45;

-\‘respectlvely. In terms of pore volumes of" the bottom-water

S

& zome, the slug sazes were two, one, three, one haLﬁ, and

‘four-PV respec ;wely. All these runs (except -Run. 44)

‘showed o1l recoverles very close to one another up to a

'fluxd 1nJectxon of 0 80 PV. Th1s 1nd1cates that blockage by

,emu151on is 1nsen51t1ve to slug size for the - 1n1t1a1 0. 8 PV
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1

" of fluid‘injection.' Run 44, for which the smallest size of

R ‘emulsion slug was used, showed the poorest‘recovery

»

ﬁv performance. For Run 4r'aemuls1on breakthrough occurred

'l’t‘

' -v

fg: ‘slightly earl1er than
“ﬂ‘ _emulsi on slug,yas used for this-run. Th1s suggests that
<! .3‘ .

L& ‘Run 30, even though a larger

breakthrough po1nts cannot 'be correlated w1th the size of
the emulsion slug. As can be seen from Table 5.1, the:
recoveries’at'a.WOR of 20 are 34, 49.5 56 5 38, and 57.5

. percent of the IOTP for Runs 30 42, 43,'and 44, and 45,

s

'respectively ’ EVen though an ‘excess of one pore volume. of

the bottom~water zone of emulsion was 1n3ected 1n Run 45 (as.
. ]

compared to Run 44), only ‘one percent more of the IOIP was
recovered 'in Run 45. The u1t1mate recovery for Run 42 ‘was
1 lower than all the other runs- (only 38 percent of the IOIP).,

Tt appears that in order to create effectlve blockage with

c v

emu151on, at least one PV (of bottom water zone) of emulsion
has to be 1n]ected It can be Seen from Flgure 115 that for

a larger emu151on slug the oil recbvery does not increase by

v

much. .Moreover; a hzgher 1njectlon pressure is requlred
’ o

fthroughout the displacement test with larger;emulsion slugs.
" This would‘correSpond to a low total production for a .
, constant pressure case. 'This indicates an optimal'slug

volume of around 2 5 pore volumes of  the bottom water zone.; -

The levellng off of the ulgrmate 011 recovery vs. emu151on ‘
\_'Q

0 polymer tlood1ng

slug size may be expla1ned by analo

This phenomenon. Gf levellﬁg off has'%éen d1scussed 1n'”7

;: N P # . . 'W.' s
. . Vi e < . R
S e TN e LI A
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‘section 6.2.3.1. The same reasoning.is applicable for

‘emulsions as well.

6.4.5'Hobr1ity Controi Mechanism w{th Emulsions
Run 46 was conducted to 1nvestlgate the relat1ve ' T
contr1butxons of the d1fferent mechanlsms 1nvolved in
emuls1on floqu., For th1s run a 1 8 mPa.s viscosity
'\glycerihe'sdlubion was used as the ‘blocking agent. The
packing characteristics for this run vere similar to'these
- of Runh30.‘ The‘uitimate'reeovery'in this run was za'perceﬁt 
of the:ICIP as compared te'ZO pértent'ef the 101P recévered
by a'waterfloqd.‘ This 1mprovement was due only to the |
viscosity effeot of the1glycer1ne solution. A contr1but1on )
‘ chart is presented in Pigure 1161 '/ This ina1cates that-26%
of the Io1p was recovered due to the" unlque blocklng nature

‘

of the=emulsxon, whereas only eight pe;cent wd% due to the

v1sc051ty effect. In fact, -the use. of .an emulsion improves

0il recovery. performance much more than that wh1ch can be

justified from v1sc051tyaconsiderat1ons a%one. ,The
relatively ldwer-viscosity ofiemulsion assuresvmuchnbétter -
-injectivity than that with polymer. Thiskmight be a Rey
factor in field applications. | -

Table 5.3 contalns a summary of the results obtalned ’

H

A

from emulsion. flood runs.” The" emu151on breakthrough p01nt @ﬁ

d%

was~monitored for each of these runs. Monitoring . i

breakthrough p01nts was cons1dered 1mportant as ‘in most
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"

cases emoléion hreakthrOUQh was followed by a rabid éecline
in 0il cut. For the runs‘with MCT-10, the longest

' breakthrough time was observed for hb/ho=1, Emulsion
breakthrough {s olotted as a function of ko/kb and hy/hg
values in Figure 1}7 This figure indicates that the case
of hb/h =1 takes the 1ongest time. for emuls1on breakthrough
Also, for this range emu151on breakthrough seems to be
independgent of the oil- to water zone permeability ratio.

.

The emulsion breakthrough points are much more sensitive to
the ?11 -to-water zone permeability for lower values of
hb/ho, The product of permeability and thickness of the.
bottom-water zone dictates the flux of emulsions into the
‘bottom—hater zone. ~ However, the effects of high k /kb‘and ’
hp/h), compete with each other, - i.e., a high k /kb value
‘decreases-emu151on flux whereas a high hBJh 1ncreases the
flux. Consequentiy,.a max imum in’the breakthrough vs. -
oil-to-water zone permeability ratio curve is ekpeoted.
Howéver; the magnitude of these two competing effects
'dictetes that the curves for h,/hy values of 0.33 and 0.20
do not show a maximum. Apart'frOm this difference in these
curves, as can' be ihferred from Figure 117, emulsion
breekthough times are proportional to the pore volume of the
bottom-water zone, PV),. - This observation.implies that the
..emulsion propagates in o piston-like fashion, at least in
the bottom-water zone. This behav1our could be concluded

also from the form of the emuls1on produced soon after the

-
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breakthrough;‘ Itfvas observed with.g/microséope.that the
-‘emulsion produced hqd'a structure*vesy similar to the

- structure of that iﬁﬁettéd. Howevef, as the diSplécement
test continued, the produced emulsion showed gradual '
thiﬁning indicating tha;,the emulsion was only partially °~
disgi&ced by Qater and a éood part of it waé’left in the
resefvoir mbdel, presumablyéin the bottom-éater zone.
However; when a water slda was injected following the :

. emulsion slug, the water slug encountered resisténce from

" the bottom-water zone due to Epe presence of emulsion in -
‘this zone. - Consequently, water entered the oil zone and the

oil recovery by the waterflood improved.

6.5 Waterfidodtwith Air injectioﬁ

Runs 47 through 53 were conduC?ed to examine the
effectiveness of air as a mbbiiity cdnfroi agent. Air may
decrease the effective permeability to water (injéc;ed after
the‘aif slug) by creating an eftra~phase in.the bottom-water
ione., only the-SO mPa.s oil was used for these air
injeétion runs. For these runs, the air was injected at-

constant pressure. .

% -
-

< An increase in injectiop pressure was observed-fof
vaterfloods fo}lowingvair slug inﬁection for runs of
ko/kb={. This indidated.partiél blockage of the
bottém-wéter zone due.to the preéedde of the air. For runs?r

with a tighter bottom-water zone, there was no increase in
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pressure for water 1n3ectxon butythe o0il recovery was guite

‘i
,W. It *fwas observed that as ther. d:splacem’en?test
e ‘ l
o

nt1nued the effect of the air slug was decreased. This
tndzcates that, as the flogf front propagates, the.barrier
created by the air ceases to be effective. Figures 118 and-
119 compare o0il recoveries for k /kb values of 1,0 and 2,67,

respectively. It can be seen from Figure 118 that the oil

" recovery pef&ormance‘xs very poor for ho/hb=1. However, the

‘Qil fecovery performance improves very quickly as the

bottom-water zone thickness decreases. For ko/kb-2.67, the

oil recovery is much less sensitive to the bottom-water zone

‘\ £

thickness (see F1gure 1}9) ®n fact, for a very low hb/h

ﬁ LA s

(0.2) value,‘the recovery f% poorer at the 1n1t;al stage of

the dlsplacement test’even'though the ultimate recovery for

thls run was thve hlghest. Figure 119 also compares the
J

‘recovery performancembetween runs for wh1ch the same hb/h

value of O 33 and k /kb value of 2 67 Lere used but for one

el

of them the producthp wegl was: used to 1n3ect air slugs.
1

It -can: be Seehr ﬁhab‘the recoverx i's better when air slugs -

” ."

‘are 1n3eeted thgbugh the productfon well,

Fxgure 126 dgg}cts ultlmate recoveries as a function of

LR ‘ﬂ

hy/hg and.k /kb values.' It ean be seen from this figure

that the cases of hb/h 20 33" are the most sens1t1ve 'to the
bottom-watef‘zone permeabillty. _For a very thin B
bottom-water zone (hb/h =0 20), the ultimate‘recovery
increases el1ght1y from ko/kp=1.0 to k,/kp=2.67. The

R -
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-dependence of ultlmate o1l recoverxes upon the values Qﬁ‘u .
k, /kb can be seen from F1gure~121 0il recoveries are«vtry
sen51t1ve to the h /hb values for lower values of hb/h
espec1a11y1§or 'k /kb—1 0
Figure 122 depxcts the oil recoveries 1h a (g‘

‘:three-dlmens1onal form. As can be seen from th1sfigure:
' the highest~oi1'recoverytis obtained“for a tight, thin
'bottom water zone.‘ Run 52 is a repeat of Run 51 w1th the--

‘ exceptron that the a1r slugs were 1njected through the

4

productlonﬁyell ﬁor‘Run 52, It appears that the 1n3ect1on :w

@

of air through the’ productlon well 1mproves 011 recovery

‘floods. yAir,in' b':“f ‘ xo. hold some promlse for

: reservous Wl !
8

F1gure 123 deplcts the percentage of 1mprovement w1th2

h a tlgap béttom water ;ones only.

-a1r 1n3ectlon over a convent10nal waterflood Even though
the 911 recoverles are h1gher for k /kbsz 67 the b1ggestA
1mprovem§ht takes place for k /kb-1 0, espec1ally for h1gher
values of hb/h Thls is, however, due to the fact that the
‘-waterflood recovery 1s very lov 1n th1s range of k /kb and '
hb/h For k /kb—z 67 the. greatest 1mprovement took place
at around an hb/h value of 0 5 For a homogeneous pack
‘a1r 1n3ect10n péﬂﬁzrmed more poorly than a waterflood )
Note, ho&ever, that contlnuous air 1nject;on was conducted

o 2

¢

3

—
-
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in the ‘homogeneous pack and the ultimate il recovery was
& P P R r"‘!‘ . .

_expected:.,bo be low Gﬁ?to a v;ei"}."-Ltu'\'if'‘avourarble_moﬁb"j,lity:j

, . f . | ﬁ\sﬁ@?{’%fp\j
L .6 6 XnJectzon of BlOpOlytﬂet Gel ‘ ‘ o TN
o i# . Runs 54 and 55 were condUCted to 1n@est1gate the %«“

effects of a’j‘;“’ipolymer gel on 011 recovery for reServo#

- Y
Ln&.".' “‘

";at a p:,oportlon of 13 20. For Run 54 the ge‘l was:;:;: 4

formed outs‘lde of the core.‘ The gel was 1n3ectéd<
S,
volumetrlc 1n3ect1on rate of 200 ml/hr. 'I:he o1l cut fBr Run ‘

£

54 was hlgher than ‘that fot a waterf»lood— alone but the

ult1mate recovery was very ‘or (11 5 percent of the IOIP

%

only) . Injectlng ge i

ough the product1on well did pot

¢

’ s 1mprove the recovery elther. At the end of the d1sp1acement

f

test, as the core was opened 1t was’ found that the gel d~1

not travel wvery far. along the length of ﬁ'xe oore, )
‘un(seq\:entlg the water that followed the gel ;njectmn
bypassed the gel 1nvaded bottom water zone easxly and the "

Q, Co
* Wproducmg WOR remamed very h1gh For Run 55 the‘ gel was ".;

e
fOrmed‘ ; t"g w1th t‘he expectatlon that 1t would travel far\
‘m J,nto the bottom—water zone.v Even though the gel formed ’1n

:sztu gave better results than that formed e:tternally, onc

. |
: ,.the gelmas formed the xnjectzon pressure for the water was \ ‘

quxte hlgh and the 011 recovnry was not comparabh to those

. .

R ' . IS . . . . - f

o A . . L - A
P - . . o L [ ® ) . X . . -

. . . . R . . ;




, 1nvest1gate the effe&t'@‘

- of var1ous parameters 1n a homogeneous core and, the other

347

‘obtained by polymer or emulsion injection.

&7 Foam Injection’

Two ;different sets of displacement teSts were.

‘conducted One set was conducted to. 1nvestlgate the . effects'

ol
ki

o,

set was conducted dﬂj&nﬁe#ﬁ1gate the blocklng act1on of foam:[’?

‘1n a core w1th a botto «wq;erwlayer.u “The exper1me tal
? n}

results are summarlif okitiaT
' LR S . L
ﬂ”%*‘"""?_ f“* ﬁw?;
1' co ‘MW ‘7 o ’ A

G‘ﬁ 1 Flow of Foam inya mogeneous Porous Medlum
o )

‘t tests were perfq{med to -

D1f£erent daspla“
3urfactant concentrat1on and

volumetrlc 1n3ect1onﬁguke on ultlmate oil recovery,vfoam

.&o

breakthrough aq anm‘qual1ty. Runs vere also conducted

conﬂare theuﬁ‘fraﬁanae of foam generated g sxtu.

»

R 8.5

4o ' U
6. 710 Efzec‘t” ﬁ%‘gu.,f

,’J .,‘-- . . . B
- Runs 56 to 61 we;g,eonducged to exan1ne the effect of’

-

t Concentrat1on»l\‘;f'

surfactant dpncentrataon onJultlmate o11 recovery. For all

: ‘~sur£actant-water slug was then followed by n1trogen.

*

|

theSe runs, foam wasﬁgenérated 1n 51tu 1 e., urfactant

wate/,nas alternated w1th n1trogen.f For all these cases 0 2
. o:\

- PV of surfactant watér was f1rst 1njected . ThlS

,

)

As can be seen from F;gure 124 at very 1ow surfactant ‘7
- - ’Qo..‘

concentrat1ons, the ult1mate 011 recovery approaches that

o T N
:
LY

e
N;trogen was tbeh alternated with' surfactant water aga1n.f;-"
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| for nitrogen injection (Ruhn 62 that gave 25 percent*of the
101p recovery). It should be mentioned here tha?'uitzmate
recovery 1is con51dered to be the recovery at wh;oh point. the
gas liquid ratio attaxned 7000. Thls vafue was arbitrarily
fixed in order .to be able to compare different runs. It
should also.be noted that nonesof these;recorerieshreach an
ultimate reoovery ohtained with a.conventional waterflood.
It has been reoorted that, for. such a'system, a conventional
waterflood w111 glve an ultimate recovery of 64 percent.of
the IOIP._ F1gd?& 124 1ndlcates 4lat the optxmal,surfactant
**concentrat1on would be 1n the range of one to eight percent.

.

For th1g‘range of surfactant concentrat1on the anm

breakthrough is delayed cons1derably.' During all the r ‘ :
a considerable ameunt of. oil—;‘in-’wat-e'r emulsion was 'proc&

o

.

as uéll. It was observed that the quantity® ¢of emuls1on
increased as the amount of eﬁfluent free gas 1nereased.r .
Thle leads to the conclu51on that the emulslflcataon was
enhanced by the flow of free gas through the oil- rlth part

.of the \porous medxum.v After foam breakthrough occurred the }

h gas-liqujd.ratioﬁand the ual;ty of the foam 1ncreased
rapidly. ~Af;§; very liﬁCTe oil waszrecovered after foam
Pregzthrouéh.; As the foam qua11ty 1ncreased more
'Surfactaﬁt-uater»slugs wefe 1n1ected.' These were alternated
wath nitrogen, The new foam’btodﬁced‘by th1s process

.

1ncreased theﬂo1l ‘cut but the quantlty Gf extra oal

recovered was not s1gn1f1cant. . For hhe5e~runs natrogen was

TG . a
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injected at a constant injection pressure of €9 kPa. Figure:

125 depicts the contribution.of nitrogen and foam in

recovering oil from a homogeneous core.

6.7.1.2 Effect of Injection Pressure .

Figure 126 compares the ultimate o0il recovery for Runs

'59,'63, and 64. For all these runs, the surfacrant

concentration was two percent but the gas injection pressure

'was different. This:figure shows a strong dependence of

ultimate'recoveries on the AP used. Similar dependence was

*5

observed ih breakthrough recoveries as well. At high values

of AP, a considerable amount of'oil—inrwater emulsion was

produced. - This might be one of the. reasons for a poor oil

' recoyery at high values of‘AP. This- dependence of oil

e

'recovery on 1n3ectlon pressuré is coﬁsistenx with a previous

observation by Huh and Handy(1986) It was. observed also

that the qual1ty of foam decreased w1th 1ncreas1ng values of

?ﬂar, Th1sgwas preulously observed by Marsden and K;kw(1966)

in the absence of oil. Whatever might be the reason, th*s
L i ¥

dependence on injection pressure (or gas volumetr1c

—

1ﬂ0ect1on rate) poses a ser1ous problem in us1ng a singTe

o
set of relat1ve permeabllxty curves in s1mu1at1ng Toam flow
N ! ¥

in a porous med1um. R . C o
\" ' v : v -

It was also’ observed that duringthe later stages’ of

T

..

_;he’dlsplacement test, four dlfferent phases were flow1ng at

the outlet Qnd- the-aqueous phase, the ole;c phase, foam and

free gas. The presence of enulsxgpﬁfurtherMcompl1cated the

v DR
-
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iﬁ&«wprbceéé{i This‘cdmple3~flow‘%henomenon mxght Justxfy a more
L )
detggled study of flow mechan1sm in thevpresence of 011.\ N

z .
S S AR AN e
' . : . : . . e .
oo RS N o PRy . o
“ . . . . \\'_ . L .~. A . . . :.“\ . ~

6.7, 2 Foam Flow in the Presence of a BottOm Water Layerveir.;f'

Runs 65 ‘to 75 were congucted to 1nvest1gat7’the effects
iof surfactant concentratlon, o1l -to- waterilayer thlckness 5‘»‘2_

rat1o,»o1l to water v\sc051ty nat1o, and o11 to water layer ‘if:

- o Ty

absolute permeab111ty ratlo."
s e i .

\ e

C 6aT.2: Effect of Surfactant ConCentratxon
h‘)p

LRI

Runs 65 to 67 were conducted to 1nvest1gate the effect

: of surfactant i@ncentratlon.' Runs\§5 66 and 67 had ‘#} o
surfactant concentratlons of one percent four percent 'and

>

10 percen;a respect1vely . For all these runs a th1n -
bottom—water layer (hb/h 0 33) was added to the o1l zone.

IS
' Also, the bottom water layer had the same permeab111ty as

the 011 zone. Fvgure 127 compares the 011 recovery &

performance for these runs along w1th a prevzously reported

=4

run for which a1r was alternated w1th diStllled water alone.'vw

As can be seen from th1s f1gureq the: presence of surfactant

”’1mproves the 0il recovery for any amount of surfactant over o

the range studled in- thas work However, unlxke the results"
\

observed 1n a‘homogeneous core, the max1ma1 o11 recovery was
obta1ned for a surfactant concentrat1on of four percent.‘f
Thls was" exgected s1nce the 1njected shrfactant watfr was
d1luted con51derably dUe to its contact w1th the bottom
'f_water;' However, since the exact nature of th1s m1x1ng is--

;h'ﬁgy“';/--'°~? "m 'VV’Q{Kf
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‘unknown it 1s not possxble to predetermlne the optxmal - ‘.*

‘

'surfactant concentrat1on from the data‘obtalned 1n a . .

¢

homogeneous core. The comparlson of Runs 65 to 67 led to

=¢the cho1ce of a foumrpercent surfactant concentratxon for

&

1

all other TUNS w1th a bottom- water layer.

‘

6.7. 2 2 Effect of V1scosity Ratzo ~'1‘,u

F Runs 66 68, and 69 vere. conducted to 1nvest1gate the

effect ofthe oil- to—water v1scos1ty rat1o on the

performance of foam in a core WIth a bottom water fayer.

The 011 to- Water v1scos1ty ratlos were 50 7.5, and 200 for

Runs 66, 68 and 69, respect;yely‘ .Flgurev128 compares the

oil recovery curves for these runs. Also, the inset .of thlS

flgure compares the ultimate oil recoverles for var1ous_

- o1l—to—water viscosity rat1osb‘ As can be seen from thxs

flgure, Run 68 (u /u =7. 5) gave: the hlghest 011 recovery.

ey

'Thls is; expected as the mob111ty ratio for th1s run is the_
jmost favourable. However, tﬁg‘011 recoveryuobtazned in Run

adverse situation. 1In fact,

'66'(hb/uﬁ=50).was,veryvclose'to that for dhﬁ 6&.' This shous
the’effectiveness of foam injan

3-for a convent1onal waterflood the runs. with f 5 mPa .S~ and 50

i
mPa s v1scos1ty oils showed a large dlfference in o11

~

recoverles. The 1nset of F1gure 128 shows the ult1mate/o‘
.
recoveries for these runs., Even though the ultlmate

"recovery for‘Run 69 appears .t6 be much less than that for

,Run‘66 ‘it should be . remembered that, due to the very hlgh

\f\oilpviscoilty, Run 69 would give an oil recovery of only a

AN

\\\. S e

AN

'y
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'small‘}ratt1on of the 1n1t1a1 011 in place and that the

o

appllcat1on of foam, 1nstead of ga or waterflood 1ncreased

.

4 >
the oil r‘covery at lea t 10 tfm;s fdr thxs part1cular case

RS

fof h1ghvo l v15cos1ty. In fact, compar1ng the performahce

of foam for dlfferent o1l v1scos1t1es in a core W1th a.

' , |

~bottom*wa er zone, it appears thét the enhancement.iover
»waterflood or gas 1nJect1on) accomplxshed w1th foam 1mproved

‘as’ the 011 v1sc051ty 1ncreased. It was observed that ‘the

volume of emulszon produced decreased as the v1sc051ty of

"' a' higher oil v1sc051ty

0il ‘increased.- ThlS phenomenon mlght pr0V1de an: explanatlon

as to why a relat;vely better perform e was observed thh

qual1ty of foam—was lower

for the”low-v1sc051ty Qll. Low-quallty f‘am has a smaller

R

.bubble size as compared to hlgh qual1ty fioam. or the case

‘ because

'lﬁpermeabilitiesbof 16"6; and 270 .um

- these runs had an: 011 to water zone thlckness ratgo of

: of a gettom water layer, a larger bubble of foam would cause

more re51stance to the flow of ~gas. Moreover, th1s .

re91stanre would be more pronounced in the bottom water zone o

most of. ‘the foam would have traveled 1nto thxs zone

due to 1east res1stance~togflow.; _,:7 - x,..»

he BN

: . . PR . P R e
el ' O A | .

.6 7. 2 3 Effect of Bottom-water ZOne Permeab111ty

Runs 66 70, and VAl were COnducted to 1nvest1gate the

f.effect of bottom-water zone permeabllzty on the performance

~with foam 1nject10n. These-runs had bottom-water.zone»

n2 respectively.' All

-

-~three. Flgure 129 compares the 0il recover1es for’huns 66

r e L

P



I 3

_mwu

O:mm /

}
T

{qeawaad.

1

g1

au

o

o

g

~ & &

Come

Z lalem-lo”
o mmu, o ™

0L

'
©
N

[

110 arewifin

-~

-

3

di0I%)  A1anosay

-

F4

L0

Loy pue Yy/%y o uorjouni e se mV:mEuouuom uor3oaluj weos §zi pmmm‘

.t




Dt e b R ot e

359

I e
\ ,

'.,,J 5 ' - ) i

-

- 70, \and 7%, As can be seen from thxs £49ure, the"’appearsV'g'.
to be an optimum in terms of the oil- to~water zon€"

\permgab111ty ratio. Of more 1mportance 1s the observation -

ol

q“ﬂ o
u that the ultxmate 011 recovery 1s not the best for the =

h1ghest o11 to water zone permeab111ty ;at1o. In.a system o

,w1th a bottom water zone, two dlfferent phenomena take

‘place. As the bottom—water zone permeabxlity xncreases'the
. . \ .

systemf1s subjected to 1ncreased channellng into the

bottom water zone, and consequently the Dll recovery
decllnes. However, the absolute permeab111ty has a '
vdifferent 1mpact on the blocklng action of foam, ‘it has
been reported earl1er that the b)ocklng act1on with foam
1mproves—as-the absolute permeability 1ncreases (Raza, 1970’,
Best et al., 1985) : Recently; it has been observed‘that
" (Khatib et alt,1986) there exists an optimal value (12 um? )

s at which the gas mob111ty 1s the lowest. A blmllar

phenomenon is observed 1n thls study. _Some. authors (Best et

< EEET R I

, ] _
al., 1985) tr1ed to explaln t is phenomenon in terms of the

shear- th1nn1ng behav1our of foam. In thls~study, it has )

been observed for a. homogeneous core that as the AP value

o~

3f1ncreases t bble size of the foam and the apparent foam

‘Niscosity decrease. Thls-led to a decreas1ng ultxmate 011

recovery in the homogeneous pack. ‘This was also observed by

i -

,¢¥,~§ome of the previous researchers (Huh and Handy,1986

i M'F1“ﬁmann and Jensen 1986). A low permeab111ty WOuld be
f

equ1va1ent to a h1gh AP for a constant 1n3ectxon rate, or to -

4
K -~
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‘a low volumetr1c 1n]ect1on rate\Yor ‘a constant 1njectxon‘.;

*pressure. Th1s study was done with constant 1n3ect1on

.pressure of n1trogen. Therefore, as the bottom-water zone
permeab111ty decq ases, the vo metr1c 1n3ect1on rate 1nto
the bottom water zone decreases.’ If fo “ig 1ndeedl

pseudop%astxc in nature, this low’ shear |stress should lead

to a h1gher foam viscosity. As a cons; J;ﬁg,éiin a core

vwith a bottom water zone, foam flux ""; ‘ﬁuottom watert‘;‘

zone dec

ses w1th decreas1ng permeabllxty of the
#

bottom wat r zonef "This leads to a better o1l recovery for

a low'permeab111ty bottom- water case than for a’ Yia
hlgh-permeahllrtg poftom-water casé during the initial 1}
"stageS'of nitrOgen‘injection; however, as nitrogen |
"injection continues, because on%y a‘smail ahoUnt'of f%gnBP
_penetrates the bottom-water zone,'foam duality and bubble
xsiie increaee‘and less resistance to flow of the gas is
,encounteredgdn the bottom—water zone.i Consequently, the
‘1n3ected nitrogen preferentlally penetrates the bottom~water

zone, and_th1s leads: to a poor ultimate oil recovery, which.

is lowest for a Veryﬂhigh bottochater zone permeability;

- Por a h1gh1y permeable bottom—water zone, tne bubble size of

'
the f0am mxght be too small to create any effect1ve

',Mmblockage. However, the cluster1ng together of-foam bubbles

creates .enough blockage for a many -fold 1mproVement over a

_conventléhal waterflood. A conventxonal waterflood gave

only'S% oil recovery infsuchma_situation.

b ReaniReR!

Wy
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In general, the change of absolute permeabilt/éBcausel
several effects and these are not easily efplained in terms
fof apparent viscosity alone, FEor instance, by analogy with
'a tube, hzgﬁ'permeab1l1ty 1s equxvalent to a larger tube
;rad}us. Therefore, h1gh permeabxlxty should lead to a hf*ﬁ

apparent v1scosxty.w However, th1s 13‘1n contradxction to \\k«:

* the othér\observatxon which d1ctates that a’ low veloczty,

due to a "low absolute permeability, would cause lower sH.ar
stress a?d therefore, should lead to a h1gher apparent
v1scos1ty.. ‘It is more appropriate to 1nterpret the blocking
mechanxsm Qf ‘foam in terms of mobility (ratio of effective
gasvpefmeablllty and apparent gas viscosity) rather than
apparent viscosity alone. It should be ment ioned here,

_however, that in some cases the effect1ve gas permeabxllty
~and apparent gaspv1scos1ty do not vary in the same direction
and a balante of the two will drctate the effective mobility

ratio.

h6.7.é.4 Effectiof Water—to-oil Zone,Thickness Ratio

Runs 72 thrbugh 74'were conducted with’a water-to-oil
zone thickness ratio of one. These runs could:‘therefore;
befbompared-with Runs 66,‘70 and 71 to exam}ne the effects
'oftthe bottom;water ;one thickness on three different ko/kb
valpes: 1.0, 2.67, and 0.06. ‘A comparison of the ultimate
recover1es for these runs is dep1cted in Figure 130. For -

compar1son, Run 59 (without bottom—water ‘zone) has also been

included. Figure 131 depicts the ultimate recover1es,1n a

-
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'three-dimensiondl'form. The anomelous beheniout'tor a
tighter bottom-watervzone is evident from this figure. .For
ko/kp=2.67, the ultimate oil recoveries increase slightlyﬁi

' with increasing bottom;water zone thickness. For k /kb-J.O

the poorest recovery takes placq for the homogeneous pack.

In the presence of a bottom water zone the opt1ma1 . '
~performance is shoyn atshb/h =0,2. The regovery graduelly

‘* decreases with increasing hb/h velues. 0il recovery is

most sensitive to watir to oil zone thickness rat1o for

ky/k,=0,06. An increage ip bottom-water zone thxcfness is

equivalent to an increase in permeability in termsiof"

voiumetric flux. This leaés to a decrease-in the apparent

foam v1sc051ty and consequently, the W\pitial portfon of the

foam penetrates the bottom-water zone t create blockage of
subsequent n1trogen~flow into the bottom—wetér zone. As a
result, the oii ione is swept by preference and the oil
recovery increases. Figure 132 compares the percent.
1mprovement over a wi\erflood with foam'injection. It can
be seen from thls figure that the ultlmate oil recovery in a
core with a bottom-water zone of "an hb/ho value ot 1.0 is
.hlgher than that in a homogeneous core.. As diséussed '

. &

préonusly, foam injection in a homogeneous core is .not- the'
best recovery techn1que. However, blocking by foam in ‘the
presence.of a ‘bottom-water zoneﬂleeds to a much improved
performance because the bottom'weter acts as a cermier for

the mobitity.control foam. Such a mechanism is nonexistent
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" in a homogeneous core: —- . .t

6, 7 3 Effect of Waterflood on Foam -

b

In order to exam1ne the effect of waterflood1ng on the

.

o
ey

;"foam—block1ng mechan1sm 1n the bqttom water zone, Run 75-was -

"conduoted ‘ Th;s run could be compared w1th Run 67 for wh1ch
the.same surfactant concentratlon was used but no water o
slug (w1thou$ surfactant) was alternated w1th foam
1n3ectlon. Both of these runs had the same k /kb (= 1) and

‘hb/h ( 0 33) values.ﬂ For Run 75 no foam was produc *d dur1ng

the waterflood 1nd1cat1ng a: p0551b1e wash away effect by |

-water., Th1s effect was also reported by Holm (1970)

Follow1ng thls waterflood n1trogen was aga1 1n3ected unt11

_____

- total of 1 16 PV of llqu1d was produced o ur1ng n1trogen
I At -~ )

£

1nject1on; the WOR rema1ned very hlgh even though a-

cons1deﬁable amount of foam was belng produéEd\499551bly due

Py

| to the fact that suff1c1ent surfactant had been added to
V.
water to generate foam even after dzlutlon w1th connate and
'1n3ected water) Follow1ng th1s nltrogen slug, surfactant -

water was 1njected'aga1n for 0. 5 pore volume of the 011

zone._ Th1s was followed by nltroq%n 1njectlon, dur1ng whlch n

the WOR decreased con51derably and,$he gas- 11qu1d ratlo.ed

started 1ncrea51ng rapldly.. The d1&p1acement test was*7

’}f stopped when the 3as-l1qu1d ratzo 1ncreased above 7000. ‘A

total of 43;8 percent of the IOIP was recovered at the end :

of the dlspfacement test. Water‘lngect;pn after n;trogendfi'

A
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1n3ect1on does not seem to have any pos1t1ve 1mpact on s
"reéovery. At the ‘end. of ‘this run (gas l1qu1d rat1o=7000)

50 percent of the IOIP was recovered Thzs value is
/con51derably hlgher than the. 43~8 percent observed for the'”’

. /
,preVlous run.L The only d1fference between these two” runs: is

il
|

5 that n1trogen 1njectlon was followed by a waterflood for Run,.l"

. 75. Th1s also 1nd1cates that foam Creates blockage for
s
n1trogen much more - effectlvely than it does for a

waterflood. A 51m11ar observatlon was prev1ously reported
y by Holm (1968) who observed that the plugglng actlon 1s o ,/

|
i

greatest if gas, 1nstead of water, is used. . .. _ e v

Iy . ] &

6 74301 Mob111ty Control Mechan1sm w1th Foam

A Figure 133 deplcts the relatlve contr1butlons of /W“ -

‘jwaterflood a1r 1njectlon-w1thout surfactant water, ana&airA
‘o1n]ectlon w1th surfactant water. This comparison‘is‘based

on *he runs conducted w1th a hb/h value of 0 33 aﬁé ak /kb

value of As can be seen frém thas chart a ma jor portion

'the o1l recovered by foam 1nject10n is actuall 4recovered.byvv

the a1r 1tself However,'alr fails to create/z.permanent '

s Sl

bchkage 1n the bottom4:ater zone and 1f the a1r 1njectlon

‘”[were to. have contlnued w1thout alternatlng w1th waterflood

Ay A

the 0il recovery would have been poorer. Surfactant.water“

-g“n]ect1on»enhange5'the blocking mechan;sm of&air”bvf

1Ienerating foam and.creatiné'blockaée”to subseguent gas flow -
'in_the‘ione, ‘hs,a;¢on5eQuehce, the ultimate oil recovéry'

',with gas‘iniection_beaomes.higher‘than_that obtained with a,
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‘ waterflood alone. Similar resultS'are expected only in the
presenCe of a hlgh permeab111ty channel such as a B

¢ . L) . - '

bottom water zone,

6 8 Carbon Dioxlde—Actxvated 8111ca Gel In)ectxon 1

Runs 77 to 85 were conducted u51ng an’ 1n1t1al slug of

sxl1ca gel followed by a water. 1nj°ct1on.
A

v . v P
cald . . . LN . v
£ N ¥

6.8.1 Effect of CO, InJect1on 1,] .
' Runs 77 and 78 were conducted under 51m11ar conditions
except that no CG; was 1n3ected11n Run 78. The ultlmate
'recovery for Runh78 was 52 percent of the IOIP as compared
to 57 percent of . the IOIP for, Run 77 This difference
1ndlcates that the 1nject10n of CO, enhances the gelat1on
-and helps in creatlng effective blockage of the bottom water.
zone.  AS COz travels through the bottom-water zone,
'.lncreased gelatlon takes place preferentlally in the
bottom-water .zone. Consequently, durlng a waterflood the

vater encounters h1gher re51stance from the bottom- water
zone leadlng to a better~sweep.of‘the 0il zone. Besides,
CO, helps by remOV1ng the gelllng materlals fromathe
f’v1c1n1ty df the 1n;ectlon well, and leads to 1mproved water
1nject;v1ty;1n that zone. Because of these results, CO, was
injected following theiinject1on.of'sod1um'orthos1l1cate and

| HCl.

A
{yr
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oo T Coh e e
6.6.2 Etfect of éaterfto?oil Zone Thickness and.Permeability-
:_ Ratlob_{a - “. |

Runs 77 and 79 to 85 were conducted to examlne the
effect of oil-to- water zone permeab111ty and thlckness
rat1os., F1gures 134 through 136 compare o11 recover1es for
k /kb values‘of 1.0 0.06 -and 2. 67, /respect1vely for
dlfferent‘Values of: hb/h For kg /ky=1. 0, even though the‘
.\ cases w1th hb/h values of 0 33 and O 20 show a cons1derable_
difference. dur1ng the 1ntermed1ate stages of the
pdrsplacement, theﬁult1mate recoveries with 0.2 ané 0.33 are
verf cl;!e:to‘each other;” ‘The case of k /kb—O QG appears to
be very sens1t1ve to hb/h values. Interestxngly} for thlS |
particular value of k, /kb, the ultlmate 011 recovefy was
hlgher-for hb/ho~1 than that for hb/hd=0.33.f An explanation
Aof such a behauiour is given later. - | | |

Figure 137 compares.the ultimate recoveries as aQ/7~
function‘of-ko/kb:and hb/ho values; As can heﬁseen'from
‘this figure, the.oil recovery°increases almost linéarly with
: kb/k'.;alues for~hb/h =1.0. However, forlhb/h of 0. 33é~ |
there appears to be maxlmum at a k /kb value of 1. 4 For
- this hb/ho, a very h1gh k, /kb value decreases the flux of
the sodlum orthos111cate solution ‘and €O, into the
.‘bottom water zone. Consequently, the formatlon of gel in
'thls zone. is not complete. Th1s ‘leads’ to 1mproper blockage
:.of the bottom water zone and; - when water is 1njected ‘

' follow;ng Coz.1n3ectzon, vater channels through,the
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bottom-watér zone and the‘sweep of the oil zone is not very

. : : : . . v
mhwmgood., However, such a. maxxmal ultxmate recovery does not

of:the fact

Q.

that, for a th1ck bottom-water zone the capa«.ty (product of

take place for the case of hy/h =1.0 because

oy

# b
‘zone ~and enhances the blockage by the gel

Fig 5 138 shows
the sens1t1v1ty of the ult1mate oil recoverles to the hb/h
values for a particular value ko/kp- For .k o’kp S, a very
sharp decrease in recovery tahes place as-the hb/ho value
4;incréases'at‘low values of hy/hg. Howeve:, this decrease is
ﬁless prdnounced‘for.hb/ho 20.5. For‘hfoher ko/!cb values, on
_the other band the dependence of the o0il recovery on hb/h
values follows an opp051te trend, For this regime, the oil
vrecovery 1ncreased sllghtly as hb/h value increased. A
s1m11ar trend was observed for emuls1on injection. 1In all
cases, however, the 1mprovement over a convent1onal
vaterflood is comparable to that resultlng from polymer or
-emu151on injection. - The only problem is that the s1l1ca,gel
, doesinot block the bottom-water zone by preference,«as does.
polymer or emulsion'rlooding, and the injectivity in the oil
zone‘dECreaseshconsfderably'leading'to high injection p

pressnres for the‘waterflood‘that follows the gel injection,
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' However, this problem could be alleviated by injecting a
larger Slug}OfyC03 immediately following the injection of

sodium orthosilicate and HCl solution. COy sweeps away the

’

gel froﬁ the vicinity 'of the injection well and helps to
form gel farther_ai§ng in the bottom-watér zone.

Figﬁre 139 comparestoil recoveries by silica gel with
that by ébwatérflood. The effectiveness of silica gel in
cases for which a Qgtgrflobd is particularly boor is evident
" from this figure. | | s

Figure 140 compares the relative improvemenﬁ over a
‘waterflood for different ho/hb‘and ko/ky values. “This '
figure indicates that the largest improvement tékes place
for lower k_/k, values. Also, for a ky/k value of 2.67 the
improvement remains about the same for increasingﬂvalues‘of
hy/h,. ]

“
6.9 Cbﬁparisbn:of Different Mobility Control Agents

‘ Figures 141 through 143 depict the ultimate oil
recoveries as a function of ﬁb/ho and kg /ky values for runs
;%{éh MCT-10 oil. This permits a cémparison'of the .
performance and relative merits offthe'différentvblocking
agents. 'During the initial stages of the displacement, ai; «
injeéfion showed a slight imprQVEment over a vaterflood.
‘The gel ihjection»performancé was slightly better thén that
of air injection. During the initial stages, emulsion slugf

injection gave the Highest 0il recovery. As has already

o/
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- been discussed, golymer injection showed a.delay in response.
~time in terms of increased:oilwcut, but such a. delay was not
seen during emulsion floods that resulted in an immediate

£ R . ' B .
improvement  in 0il cut, However, &s the polymer‘s1ug

ted taking effect, the 011 recovery increased rap1dly.
Also, during the late stages of the dlsplacement tests, ‘the
polymer slug resulted»1n the highest oil recovery.

: | Air 1n3ect1on showed the. max1mal oil . recovery up to
fabout one PV of total flu1d recovery for a t1ght and -thin
bottom- water ‘zone. Even though the slug.512e during a1r_d
injection was arbitraﬁ%ly fixed, the oil: recovery was better #ii
thag that obta1ned with either waterfloods or emuls1on
“floods. However, as the eftect of polymer slug 1n3ect10n
became apparent, the oil recovery by polymer slug 1n3ectlon
' showed "the best performance. Bes1des, the recovery\
performances achieved by emu151on and air injection stayed
very close to-each other even at the- later stages_of the |
.displacement test. v .‘ -

| For hb/h —1 the waterflood showed the poorest.Oil
_recovery among all the recovery procedures used. For this
case evea-the emu151on flo showed a very iow recovery
durlng the 1n1t1al stages whereas both the a1r and gel
1n3ectlon runs showed better recovery th:n fhat obtaxned by
’waterfloods or emuls1on floods. However, as»the' |

E dlsplacement test contlnued emu151on floods (followed by a

waterflood) gave d1st1nctly better recovery than that



W

obtained by‘either gel or air injection. ’During the~later.
stages, the polymer ‘slud y1elded the highest ozl recovery.
For a thick bottom—water zone, ne1ther air nor gel 1n3ect1on‘
;approached therrecover1es obta1ned by polymer or emulslon
tloods{ ‘However, foam 1n3ect1on gave .a reasonable ultimate -
recovery of 46.6 percent-of the IOIP. It appears that ras
‘long as the bottom water zone has a permeablllty as high ae
1that of the oil zone, foam 1n3ection con51derably 1mprovesﬁ"'g
the 011 recovery. ‘

For a thick and t1ght bottom—water zone (hp/hg =1. 0,
k /kb—2 67), polymer,'emuls1on and szllca gel gave 51m11ar
oil recoverles. ﬁbwever, foam did not perform well as
'compared to e1ther polymer or emulslon.. A 51m11ar fa1lure
r“was also observed for the run for which a tight and thln:
.bottom-water zone waS'used.' The-foam used does ré seem £o
be.effective for tight bottom—water zones, AS already ’
ment1oned earller, th1s agrees with the observat1ons made by

}
Raza (1970) and Mast (1972) S1m1lar behav1our was also -

observed for COz-act1vated 5111ca gel
u( The 011 recovery performance ach1eved by polymer and
.emulsion 1n3ect10n-for Mlneralube‘and kerosene: (7.5 mPa.s) 3

is clear from Fiqure 144 ‘During the initial stages of the-

'.dlsplacement test emu151on slug injection showed much better

recovery. However, the dlfference between the two became
_smaller after 1nject1ng two PV.of " total f1u1d When the WOR

~ reached a value.ofrzo, 72 percent of the 101P was recovered

3,384; |
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by pol;mer 1n3ect1on as compared to 76 percent of the IOIP
'recovered by emulsion 1njectlon. |
For a low v1scosxty oil (one mPa, s) a waterflood
seemed to- be Just as eff1c1ent as a polymer or emuls1on'
flood, Up to 0. 6 PV of fluid 1n3ectlon, both waterflood and
‘ emulsion 1n3ect10n~resulted in s1m11ar oil recover1est At
{:yth1s po1nt a polymer slug was 1n3ected and was subsequently
L followed by a waterflood., As the waterflood conanued after
| polymer 1njectlon, o1l recovery was substantxally’lower than
that obta1ned by an emu151on flood This‘improved
performance by emu151on cont1nued up to the later stages of
'the dzsplacement test.: As can be seen from Flgure 144, when'
“the WOR reached a value of 20 66. 5 percent of the IOIP was °®
produced by both the runs. ' . .
Theleffect-of high viscosity;oil (200 mPa.s) on. oil
‘recoyery is evident from;Figure 144, Runs 12. 39 and-62 '
'were performed‘with thls oil. A polymer slug was’ 1njected
‘for Run 12 and emulsion (made from 10% Faxam-100 in water)
-was 1njected for Run 39. For Run 62, surfactant water (4%
;surfactant) was alternated w1th n1trogen. As can be’seen
‘ffrom F1gure 144, the oll,recovery was very.lom (533% of the '
IOIP) for all of these runs. It also appears that the |
' waterflood performanoe is extremely.poor for high oil .
A 'viscosities~even if the bottom water”is thin. However, when

the mob111ty control agent was' 1n3ected at the. beginning of

the d1splacement test the recovery 1mproved and the WOR



'performance for all the cases. 1In order to be able *. g

+ A

decreased coqsiderabli. Ult1mate re@over1es in all these

‘runs remained very-small (26.5, 33, and 23 percent of the
vIOIP, fesoectively, for Runs 12, 39"and '62) and, even.

‘though theiemulsion'flood*berformed the<besﬁ among all the.

. . T
) ’ . { .
runs, a substantial amount of o0il remained unrecovered. For

ﬁigh viscosity oils, there is scope for further

‘investigation as even a multifold improvement over a

waterflood leaves a large poﬁt1on of the oil anqcoveted.

-Note, however, that due to very adverse mob111ty ratios with

h1gh v1sc051ty o1ls,'a waterflood would g1ve a pdor recovery
even in the absence of a bottom—water-zohe. \.a«

Fzgures 145 through 147 compare percentage 1mprovements

over a waterflood by different mobility control agents ‘as a

“function of the oil- to water zone -thickness and permeab111ty

retios. Figure‘145’Lndicetes'that the highest improvement
for ko/kb=1'0 is given by a polymer flood'oyer the en:{;é

range of hy/h, values studied.  This is closely followed by

-emulsion, foam, and silica gel. For 'k /kp=1.0, air does not

perform as well as the other mobility control agerits.

Apparently, air is unable:to create an effectivefblockage

when the bottom-water zone is as permeable or more permeable

than the oil’zone. However, the biopolymer gave the pcrrest

the reason for such a failure, investigetion in greate:

detail must be directed toward the rheology and flov

behaviour'of the biopolymer gelg'!ln the present study, flie

C e ' R 1A

+
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high injection pressure required for the gel to

. -LP. .:,

| pr

42
i

bagage in fhe sandpack.appears to be the main reasoh for
the gel's failure to create an efféctive bloakage of the
bottom-water zone.

Figure 146 indicates that polymer gives the highest
improvément‘oyer a waterflood for ko/kb-2.67. For this
case, silica:éel performs better than emulsion, foam or air,
especiélly at higher values of hb/ho. Fpam injection |
pdrforms the poorest at lower vaiues of hb/ho‘ Only air
!injecfion shows an optimal pefforménce‘as a function of
hy/h, values at an hp/h, value of around 0.5.

_ F§r~ko/kb=0.06, there is a large differenge in
improvement for the diﬁférent mobility control agents.:
Polymer performs the best for the whole range of hy/hg
.values studied. k"Th_is performance is followed by that of
silica gel and then by emulsion. Foam injection gave the
poorest performance for this value of'ko/kb. It ;ppears
thét foam is most effective only for ko/kb=1.0.’ The reason
for this optimal pérformante for ko/kb=1.0.has been given

" earlier in this section.



7. NUMERICAL SIMULATION |
One‘of the objectives of this study was to compare the
experimental results obtained for the different mobility
control aéents,with those obtained numerically with a model
developed for the simulation of several mogility control
mechanisms;within the framework of three-dimensional,
three-phase flow. Once the history match of an actual run
~ was achieved, the model was used to simulate other
hypothetical situations. It was thus possible to examine
the sensitivity of model parameters and\ga1n further insight
into process mechanisms. ‘Such numerical simulation studies
were performed for polymer and emulsion floods. Two models
were developed for this purpose. Each of\these modeis will
" be dfscussed along with the cpnventional waterfiooding‘model

to highlight the differences.

A .
7.1 MODEL ASSUMPTIONS Rkb’%o ILATION
The model develOpmept is based on a material balance
for each bhase in the system censidered. Three phases
(either polymer solution/water/oil or emulsion/water/oil) ..
flow simulteneously under equilibrium conditiens in a porous

medium. The rates of flow of the phases depend on injection

rates and on the physical propert1es of each phase.

392
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7.111‘Aasumpfi§ns

Two modeisi?ere developed for numericai simulation
Spddies. AThey were for polymer ahd emulsion flow in a
porous medium in thf presence’o% 0il and a mobile water
phase. The models were also valid’ in the absence of a

bottom-vater zone (homogeneous pack). The following

assumptions were made in developing the models.’

7.1.1.1 Polymer Flow
15 Isothermal flow exists in a porous medium.

2. Initial physical and chemical properties are

W

uniform.
3. Water and oil are immisqéble with each other.

4. Polymer solution.mainta{hs its viscosipy at a
constant value. ' ‘ Y

5.. Polyme; solution alters only the effective -
permeab&lity Eowwater.

6. Effective permeability to water is reduced afte; a
porous medium is in contact with polymer sblution. .The
amgpnt of'redpqtioﬁ in effective permeability to water is
indepéndept of the pélymer slug size.

7. Polymer, oilzand water are considered to form
independent phases,aﬁith relative permeabilities a function

of the satufationa.go each phase alone.

g -

(

. 8. The absolute€, permeability is not changed as a

result of polymer flooding.

4



‘ ' S R
7 1 1 2 Emu151on Flow R ; ' n" .
ﬁ

‘ J.ldIsothermal flow exxsts in a porous medlum. !

.n%°‘71“1t131 th51cal and chemleaI pr0pert1es are
-'undform.d‘\ v 71‘,~ T ’L_-
3. Watef;‘oil’and‘enuleionhare immiediblewwith eachf | '; ;
‘other. | | > S 7

f}f4; 7Emu151on v1scosrty is" 1ndependent of pressure.’
‘5;';Emu151on reduoes the absolute permeab1}1ty, and the =

’degree of reductlon is & functlon of ‘the’ 1n1t1a1 -

T

permeab1l1ty aldne, and is . 1ndependent of the emuls1on slug
o sxze, ) | ‘

6. - Emu151on, 0il and water are con51deged to form~

v :
»

1ndpendent phases w1th relat1ve permeab111t1es a ﬁunttlon of,

"f_the—saturat1ons to each phase alone.o,‘l'pe

A

8. The re&at1Ve permeab111€3es are ot changed as a A

" ‘v. .

.fesu_ £ emu151on floodlng.bu
o ‘

‘=f7 1 2 Formulatxon

5

The mass balance of each phase flow1ng 51multaneously

s

1n the format1on 15 developed in Append1x A.. The flov

o Y . R
”equatlons are ngen "as follows"“

oW . S : .
':hijIeié phase S f“~.< PRI R ;
: | . y .'&T .‘ . | o . . . .‘f"”‘.v‘ | ‘L;v

0 blSC-'»,' 0 ' lsc vf» lsc ‘7 * _ :

[ -1
.



’; ‘4 VT‘_‘ﬁ i i‘f3__; ; } @?‘1” 3 ,”?39$ ” h“

(7.1)
s

_‘[:5;§ 13 Vxa! %3yl B Vya) t el

E}

b Ryop..
cofmse: o T lmPmsc. | :

»,In the above equatlons,‘the dens1t1es (subscrxpted by ”séff‘_
’va;e at standard condltlons.b
a. Potentlal Rglatlonsk e ‘ ‘.:"_,
The potent1a1 for olelc and aqueous phases are g1ven by

-the follow1ng equat1ons., ‘ B o o
B SR R NN Lo

R B A N R S RS |

e Bt # S EC B RERSALEL
T B I
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| ¢i = p; - plgz; ‘ -‘F S . ) (7'§),
. where iis polymer or- emulsion phase. ’
zh{‘LThe phase.saturations are related by '
whére i is emulsion or;pol}me: phase. * B B

é.‘ In1t1al and Boundary Condltlons
The reservoir is con51dered to be at 1rreduc1ble water
éaturat1on. Further, the systemtls uniform 1n the late;al-'
andaaxial‘direction;“However,ua bettom—watet}zohe may be
. pfesent ig;ghe_reServoir. Then, theifloh‘equatiohe.are
subjected to the fOIIOW1ng 1n1t1al cond1t1ons" \ |

Oleic phase conditionss: -

PeSsys <7e)v

sl<x Y,1,0) =
Qa(x Y, z 0) ;_éo T ]‘ - h _ , (7. 9)
S, (X%,v,2, 0) = 0 l ‘ R ;(7 (7.10)

'AqbeOUS'phaseVconditions:if

3

S,(X,Y,1,0) = s,y o o R (7.11)
@a(x;y{z,o) = ¢, - . S ‘j» (7.12)
s, (X,Y,2,0) = 1 R o (7.a13)

S1nce the modeé is line?aby1th no Plow across the

"-. boundarles, the necessary boundary condltlons are def1ned

accofd1ngly:‘

.Bouhdafy conditions for the oleic phaée}

5



k

5 = O - (7.14)
- 8s4 o
.n- = 0 , ‘ o —~(7.15)
for aqueous phase: S | ' |
3%,
.g—n = 0 : (7. 16)
98, ‘ , 5
. '5?_,—' = 0 . . . : N ) R ' g - ( 7 . 1 7.))"
and for emulsion or polymer phase:
0%, ‘
"g'n— = 0 J{, (7- 18)
W =0 . : : : (7. 19)

4

In this case,v"'n is a no»;malbunit ve'c'to the domam of the
porous med1um and p01nt549utward away from the surfaqesh

/ f i N . -
‘Now the formulatxon 15 complete thh spec1f1ed lnit al

and boundary cond1tlons. The solutnon techn1que for thl

system of equat1ons is descrlbed in: deta11 in Appendxx A.

- 7.1.3 Mechanisms'and Evaluation of Properties o '
Even though the formulat1on is complete from a ;

mathematlcal standpo1nt many mechan1sms and propert1es haVe

to be def1ned before dxscu551ng the results of the numerlcal »
- simulation.. ; o ’ o S .
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.[7.163 ivrluid and Rock ﬁroperties

The fluid propertles are fUnctzons of pressure only
‘ The temperature effect is neglected . However, due to a lack
of adequate fluxd rheology data in the porous med1um,‘f;_
pconstant vxscos1t;es and densltles.for‘the polymer and the
emuléion were assumed. ~The'model:allous theseafluid

‘properties to be dependentdon presSure.

7.1.3. 2 Relat1ve Permeabllxtles

The rélative permeabllltles are the key to a successful

. experimental d1splacement. In fact the present approach of

's1mu1at1ng a polymer flood is - based ‘on choosing an adequate
'set of relat1ve permeabilities before and ‘after the polymer

£lood. Difterent sets o »re ative permeabilities were used

" for a waterflood, polymer flood and emulsion flood.

P
NS,

a. Waterflood

Numerzcal simulation was 1n1t1ated us1ng relative

| 'permeab111t1es obta1ned exper1mentally by the

Johnson Bossler-Naumann (JBN) method However in order to

Aobtaln a good match with the experlmental results, relat1ve

permeab1l1tes were adjusted Relatlvevpermeab111t1es to oil
were very close to those est1mated by the JBN method. Model
relat1ve permeab111t1es to water had to be 1ncreased in -
ordervto obta1n a good;match‘thh the experlmental data,:

especially at the time of water breakthrough. Relative

. permeabilities to oil had to be adjusted in order to obtain

—

L

<
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| a good match near the 1rreduc1ble oil saturatxon. Further

deta11, are g1ven in the next chapter.

b. .Polymer Flood and Waterélood

Rolymer.is‘known'for its uniqhe»ability tolredpce the
mobility of tae'aqueousbphase only.iiﬁhedeffect'ofupolymer
" is almost negligible'ia an oil-saturated porous- med1um. ln
the preseat study, a three?phaae £low model was;used, It is;
assumed that the effective permeaBility*to water'ih a porous
medium swept with polyﬁer solution is‘smaller than.that,in
an unswept porous mediom. -A single set of relative_ d
permeabilities was used'before'the poiymer reached.a certain
block of the porous medium. 'Afte} the blockiwas'invaded-by
polymer, a d1£ferent relatlve permeab1l1:y ‘to- water was
used.. In thlS study, polymer adsorptxon and d1sper51on were
not;cons1dered in the conventlonal manner . Inatead,‘the
-major etgect of a polymer flood, i.e.p theireductioo,ih”the
effectiverermeability}to water, was taken_ihtoJaccount‘by _

means‘of a,different relative permeability"curve[; . j Q\\

c.’ Emu151on Flood

011 Water emuls1ons have been well known for the1r

ab111ty to reduce the absolute permeab111ty of a porous
f(\
med1um. In a layered core, it has been reported that

emulsions decrease the contrast 1n absolute permeab111t1es‘~'

of dlfferent layers. However, unllke polymer floodzng, the



absolute permeability, rather than the'effectlve
‘ permeability to water, is decreased. Besldes this‘effect on
absolute permeability,'it has been reported in experlmentalx
studies that emulsions,also improve the‘microscoplc
displacement‘efficiency leading to a.bettﬁr.sweep\even for a
homogeneous porous medium. Relat1ve permeab1l;t1es to each
phase were estimated followlng the same procedure as in the
. case’ of a polymer flood However, unl1ke polymer floods,
only one set of relat1ve permeab111t1es was used throughout
the process of emulsion lnjectlon~and waterflood.‘ In order
hxto'take account of the reduction in absolute permeabilities,
it was’assumed that absolute permeabilities change as soon
as a portlon of the porous med1a was contacted by emu151ons.~x-
The new value of the absolute permeab111ty is then reta1ned
for the rest of the displacement test. =The magnitude of the
reductlon in absolute permeab111t1es was determlned by
startlng with the 1n1t1al value and then reduc1ng it
successively until good agreement was obtaxned~between the
e;perlmental&and nunerical results. leferent experlmental
p?_results vere matched at the same time, since both relat1ve
permeabllities‘and absolute permeabilities were estimated by

J

trial and error.

-dﬂ Caplllary Pressure
The cap1llary pressure is a funct1on of 1nterfac1al

tenszon, and when the 1nterfac1al ten51on decreases, the
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‘capillary pressure decreases also. For such situations, the ¢ °
- . I'4 . S

S ’ / . VA . =

- forces required to ‘remove the oil from pOre constrictions

v
i also'decrease. It is. apparent that there is a shift 1n
caplllary pressure curves s1m1lar to those observed in
.relat1ve permeab1l1ty curves, For the present study, there
were no cap?llary pressure data ava11ab1e for the o1ls used
However, a recent study (Islam and Bentsen, 1986) reported
caplllaryvpressure data for an_o1l/water system that.had an
ozl/water interfacial tens1on similar, to that of the

o11/water system used in  this study. Thesexdata have been
.uSed in the simulator for the oil/water system. As both theb\'
polymer/water and emulsion/waterﬂinterfacial tensionsfyere

A

"éhought to be small, they were neglected.

7.1.4 Computational Algorithm
The solution method has,been discusséd'in detail in
Appendix A. This_was transformed into a'conputer code'using
' fORTRAﬁ Iv lanouager_ The numer1ca1 code was run ut111z1ng
the Amdahl computer at the Unlver51ty of Alberta. “
”. The 51mulat10numodel cons1sts of a main program and =
.several subroutines and functions. A brief‘description of

_the important parts is presented here.

Main Program °

~Initial pressure, saturation, constant properties, such

asvthiCkness, grid size, formation~depth, permeabilities,
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and porosities are read in the first section. The ‘initial
phase saturat1ons and water initially in place are computed
and 'printed out with the rest of .the data.

‘The constant part:of the ttansmissibilities'isvcomputed
in the sedond section. It\also controls the flo&aof
,computatlons and sets t1me step,’cycle, and 1te;at1on
parameters, and initializes all dependent variables £or the “~..__.
- first t1me step ,

~ Transmissibility coefficients and mobilities in the
productlon rates are computed at the beg1nn1ng of -each time
step and also are cont1nuously updated for every’ 1terat1on.

In the third sectlon,pthe pressure d15tr1but1on is
determined by using a band soluer. Asaturatrons‘are computed .
explicitly by back substltutlon. 'If COnvergence Criteria
lare not met, propert1es are updated and calculatxons
repeated If no convergence is achleved after a glven
number of 1terat1ons, the cycle number 1s 1ncreased until it
reaches the maxlmum cycle number. If there is. still no
convergence, then the time. step is reduced and the
properties arelreset to the*old‘ua}ues.and cpmputatlons
repeated : ‘ | |

The last port1on of the main program involves the
computat1on of mass balances—and prznt1ng out the f1na1

results. The most recent computed propert1es are stored and

.a new t1me step is 1n1t1ated
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- GKID
Grid block sdkes are read and the node elevations are.

cohputgd,in this subroutine.

/

BANDI

A matrix of pressure equation coefficients is set yp in
this subroutine with standard 6rdering.' '
4

BAND .

\

The pressure equation is solved by LU factorization in

this subroutine.
4 - — . ! v

PERM
Porosithand permeability arrays are read in this
: $ubroptihé,',For.emUISion injection,;permeability'reducti0?
factors are read as well, and a new set of absolute . -
" permeabilities fof the bottom-water zone, after itnhés been
‘invaded by;emulsiogé,'is stored.

i

S
g

RATE L kS

L

Well rates are computed in this subroutine when the
T , ! .
ratg or exﬁlicit pressure constraint”is activated.

;
\
\

g\
FDATA *

7 Fluid properties and relative,petmeability data are

tead_ih"this sué;oufine. For a polymer flood, also a second.

. ! c/\‘

¢ -
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set of E?Iative permeabilities to water is read and this

information is stored to use when a block is invaded by

polymer.
The flow chart for the computationai algorithm is

7

presented in Figure 148.

7.1.5 Sensitivity Studies and Model Accuracy

Accurate simulation results are dependent on having'
nigh quality data for a largF number‘of~reservorr
parametérs. . Much of these data may be of guestionable
accuracy, or even missingﬂ‘for any given study. Also, it is
generally not possibiezto:predict-a prioi which parameters
will controltmodel performance.
_ One téchnique that is frequently used to help guide the
data gathering effort, and to allocate the data COllection
time‘to the critical'parameters, is to use the simulation
model to do sensitivity analyses on selecteo parameters. By
varying each of severalfselected parameters over a
:reasonable range of uncertalnty and observ1ng the effect on
. simulator performance, the cr1t1ca1 parameters controll1ng
performance can be 1dent1f1ed Further efforts to gather
better data should be concentrated on these critical

parameters.



START

READ INPUT DATA

o | yd

_ . __
COMPUTE INITIAL PROPERTIES & |

CALCULATE OIL & WATER IN PLACE|"

-

' [PRINT OUT INPUT DATA|
it

" CHECK FOR EMULSION .
USE REDUCED PERM, IF EMULSION PRESEN

COMPUTE CONST PART OF TRANSNISSIBIL'!TIES]

SET TIME STEP AND WELL INFORMATION - '

[SET CYCLE NUMBER|

r—_T"&TfssT INTERATION NUFIBER]

. |CALCULATE COEFF. OF PRESSURE EQUATIDNS

Fig. 148 Flow chart of the. computatioaal algorithme
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- CHECK FOR POLYMER EXISTENCE
USE DIFF. K IF POLYMER PRESENT

e Q < KA ‘ . .
- [SOLVE PRESSURE EQUATION]
. : <7 .

[CALCULATE OIL RATES]

SOLVE FOR OIL SATURATIONS

sk

B COMPUTE MASS BALANCES

| .COMPUTE ALL PROPERTIES |

[PRINT ALL PROPERTIES)

— 1S
SIMULATION OVER?

- Fig: 148 Contd, -
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7.2 Grid Sonsxtnvxty

Table 7.1 compares the txme required for a waterflood,
polymer flood and emulsion flood as a function of the grld
size. It can be:seen that by using a gr1d size of 10x1x2,
it is possible to have very similar results as compared to“a
grid size of 10x2x4 whereas the computatxonal txme is much
shorter., Note that the sensitivity study of the cUmulative
oil recovery automatically involves a check on. the flow rate \
of oil whichvis considered‘fo be a major parameter. ‘Also,
the greater'computétional time required for an emulsion or

polymer flood is req

ed, because in polymer or emulsion

flooding every blo checked for the presence of polymer }

>

or emulsion at eve step. Based on this grid

sensitivity study, a x1x2 grid size was chosen for further

simulation studies.

7 3 Hxstory Matchxng
The objectlve of the history match is to reproduce w1th

the simulator the actual reservoir performance. $h1s}15
achieved by maﬁipula;ing two fundamental processes which are
oontrollablehduring.historY'matching: the quantity and

distribution of fluid within the system, and the movement of
fluid w{thin the s}stem. ‘These processes are manipulated’by
~adjusting input data within reasooable limits of conditions
existing in the field until a minimal difference remains

between the historical data and the simulator calculations
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TABLE 7 1 Gr1d sze Senszt;vxty for Wateleood Emu151on K
bflood and Polymer Flood Slmulatlon Runs o

‘Time for 1 PV (ms)

Type ©° . 10xix2 . 10%2x4 . g Maximum Diff, in

, ‘,;

Wwaterflood 4.2 . ' 22,6 0.5
Emulsion 7.5, 52,7 i 0.8
flood B T ' NS

N polymer - 12.0 . 43.2 . . 0.7

o floddw o o o




at the same p01nt in t1me.
.Qw Thus; h1story match1ng is the process. of determ1n1ng

theﬁvaers'of 1nadequate1y known or ‘unknown' phys1cal

B

;perameters whlch areﬂneeded as 1npﬁt to the mathemat1cal
reservoir model ‘The rel1ab111ty of a h1story match
fdepends, in largé)part on knowledge of the process 1tself
'_f In the present study, exper1mental results and
T1nterpretat10ns were con51dered as a basis for, hlstory
matchlng, The only parameter that was determ1ned through
‘history matchlng‘was the relative permeablllty;tO‘the

'different phases.
: ¢ .
SN mscussxou OF Rqsuurs
‘T Numer1cal 51mulat1ons vwere performed for waterflood%,
-opolymer floods. and emuls1on floods.- A three phase,,

thee—dlmen51onal model vag used for polymer andAemu151on

hoding,_and a two;phase, three d1mens1ona1 model was used’

. »

whe waterfloods.j Numerlcal results were compared ‘with'

_‘ﬁxper1mental .results. For thrs purpose a seraes~of runs was

Lemt

L chosen., Table 7 2 llStS these experlmental runs w1th their
: . \b‘ 8 b o

’;major charaqterstlcs. . | ?'f‘»' e

o 2N

7 4 1 Waterflood ot

"In order to. val1daté ‘the numerlcal 51mu1ator,'a ser1es )
) ‘. cot
of numer1cal runs was conducted to s1mu1ate exper1menta1 I

P results of conventlonal waterfloods. Then the model was . _L*

e 2

. R
- - %
N e
L0, WA RN o
CoE . R )
b i . . B :
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TABLE 7.2: Characterstics of Exper1mental Runs
Chosen for S1mulat10n '

Run . K, kb/kb‘“Blockﬁng Aéent}ub/uw hb/hé Simulation
no. (um A h - :

4 6.0 . 1,00 Polymer S 0.33 wWaterflood
6 16.2 2.67 o " o " - -0.33 Waterflood
7 15.9 2.67 A 1.00 Waterflood
15 16.0 _ N.A. oM " 0.00 Polymer
; ‘ - - . f Flood
16 16.0 - 1.00. " S " - 0.33,  Polymer
o B . Flood,
17 6.0 .1.00 .. " - " 0.33"° Polymer .
ot T o ‘ "~ Flood
18 1642 1.00 " N " . 0.33 - Polymer
o o S , : ~ Flood
19  16.0  1.00" . " . 0.33 -polymer
o - o o o : Flood -
22 15,9 1.00 o " 0.33 Polymer
o [ ‘ : = : . . ) Flodd-_
- 30 16.1- 1.00 Emu151on (10% ~.™ . 0.33 Emulsion
' . ' : o1l) - ‘ Flood
31 16.0  N.A. . e 0.00 ‘Emulsion
< o ‘ S, .. . Fload
32 '16.15 1.00 ot ' "% 1.00 Emulsion
o . e i o . Flood
34 16.0 2.67 - " S " . . 0.33 " Emulsion
: - e, R .~ Flood
3 15,8 06 . . " v 0.33 Emulsion’
e ERAURES ~ Flood
42 16,4 1.00 ° - @ " .0.33 Emilsien
- Lioke L A . . Flood
45  16.0 - 1,00 - & e M 0.33 Emulsion
: S i - R - - 'Flood




. _used to. predict‘ultimatefoil recoveries‘(defined as the
_recovery at WOR=20) for the exper;mental runs whxch were

\

term1nated at a WOR lower than 20. |,
7.4.2 Waterflood in a Homoéeweous Core ’
oil/water capqllary pressure data were obtaTned from a

d1fferent gtudy i;f ; 1986). Since the 011

\'_'used in that p;.";{mfd,an 011/water 1nterfac1a1 ten51on very
close to that of the'01l used in thlS study, sxmllar |
caplllary pressure behav1our ‘was expected Flgure”349»show53
the o1l/water caplllary pressure cu:ve.ﬁ Numerical

51mu1at10n was 1n1t1ated using relative permeab111t1es

~obtained experxmentally by the. Johnson Bossler Naumann (

method. In order to obtaln a match with the experlmentai‘““

data, only relatlve permeabxl:tles were ad]usted ' F;gure'
.150 ‘shows relat1ve permeab111t1es to oil and water.
i Relative’ permeab111t1es ‘to oil were’;ery close to those |
»estlmated by the JBN method Model relative permeab111ties Q?ﬁ
“to water had to be 1ncreased 1n order to obtaln a good match .
with the experlmental data,’espec1ally ‘at the time of, water |
breakthrough"‘Relative'permeabilities to‘oil:had to be
adjusted in order to obta1n a good match near the -
v1rreduc1b1e 011 saturat1on. F1gure 151 shows the compar1son N
between exper1menta1 and numerxcal results for Run 14 for |
wh1ch a waterflood was conducted for one. pore volume.'|Asa

’can be Sseen in thlS f1gure, an: excellent match is obta1ned

)

-~
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for oil recovery. A slight deviation is observed after

.water breakthrough, which might be because of experimental

‘error in determining the breakthrough“pointc Numerical and

experimetal pressures showed a similar deviatien. ‘Similar

to oil recovery, the deviation between expef'medtal.and

numer1ca1 values is observed soon after the water
breakthrough pornt. The pressure gurve appears to be

shifted to the rlghtxqear the breakthrough point{_'Howevef,

the maximal deviation.in 0il recovery wvas less than 10%.

This small deviation represents a satisfactory simulation of

the experimental data.

. : » .
'S : , N

7.4.3 Waterflood in the Presence of a Bottom-Water Zone’

figure 152 compares the numerical results with the
expefimental tesults'of Run‘4 in which a waterflood was
conducted at the ﬁhltual stage of the displacement test,
For this run thé o1i -water zone th1ckne§s and permeabllxty

ratios were 3 and'1, respectively. The same set of relative "

permeability curves as those in the homogeneous core was

used for this run. Initially,‘kz for the oil zone was -

assumed to be equal to the absolutedpefmeability of the oil

zone. This led to a lower numerical ¢il recovery than that

PR

dbserved experimentally. It was conclhded that even though’

-+ the 0il- and water- saturated layers were in cap1llary

contact, - kz vas not the same as the hg 1zontal permeab1l1ty.

pd

'Therefore,zby asSumingtthefsame values for permeab1l}t1es
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" for the vertical and axial directions, an error in the

amount of crossflow was introduced. In order to remedy this
.J ‘d\\

error, kz wvas reduced until a good agre@ment (see 'Figure

152) was observed between exper;mental*and numerical

results. The adjusted‘valug of tz was 70 percent of the
horizontal permeability. This valuexuas retained for the 1
~other runs as well,

F1gures 153 and 154 compare the numer1cal results WIth
the exper1mental results for Runs 6 and 7. - In both cases,
good agreement between exper1menta1 and numerical results is

I

observed.: However, for Run 6 the inlet pressures deviated
\

cons1derab1y, espec1ally at the 1n1t1al stage of the
d1sp1acement test. Thevmatch in pressures for Run 7 was
less satisfactory. Run 7 had a bottom-water zone as.thick

as the oil zone.,

7.4.4 Polymer Flood and Waterflood

/

‘Polymer is known for its unique ability to- reduce only
the mob111ty of the aqueous phase. Even though many
.'researchers have, reported that the decrease in water
mobility is related'to a reduction in.absolutevpermeability,
there has oeen rnereasing'evidence that t%e effective‘ |
permeab111ty to water is the most affected. dThis eVidence

is supported by observat1ons that only water saturated zones

are‘affected in cases of mult1—1aYered\porous media
. . ‘\\\\
(Sparlin, 1976). Ip fact, the effect of polymer is almost

~.
~

~



418

. : =

c -y

[ uny 303 pooTFidiem Y3Im SI[NSdY T[edraauwnN pue Tejuswiaadxy jo :ommymmﬁou €St 'bra
( N .

@3y¥3A023Yd aiNid 40 Ad

zl o - 90 . 99

- -
bl P
- -

- -
- -
-~ -

|ejueiedx3ieinsseld O
_ScoE:.oa.xm”Zgooom v

|[@OlIOWNN:8IN88081d

[eoLI8WNN:AI0A000Y

e TO

. o

~

-0¢

ov.

09

.08

-001

0 wnp

Ng

(o) 01nsse1d/(dI0I%)A1eA008H |

e
K



419

A

‘qhbuWMEaHuuwumz Y3tm s3Insay Tej

Q343A0034 A
~ o - o
—— A

9°0

- -
-
l"ll"
-
-
-

-~ -

[eluewliedx3:ein880.1d [

_uo:oEzz“oSmoo&

_ootoE:z">_uo>o¢¢m |

1 40 Ad

. o]
192=M%x ee0="w/

[BluswiedxI:AleA008Y V

N pue -tejuawriadxy jo :omﬁumanu $S1

z°0 10 00

o

porbe

i

a,

o
w0

~ - Jool

o.
=
3
o
X
o
O
o
<
@D
J
=
R
D m,.,
I
3
@
N
N
.
B ]
=
d
e

‘613 .

<

e

B



/ o ’ - 420
o A ‘
negligible in the case of oil-saturated porous media. This '
property of polymer solutions'is‘due ta polymer adsorption
(Harr1ngton and Zimm, 1968) and mechan1cal gwtrapment.
Adsorption affects directly the pore walls, thus alter1ng

“the effective permeablllty to water in the case of water-wet

porous media. ’ C p
Whatever the mechanism involved, experimental.evidencewwv

auggests that the effectxve permeability to water is the

only parameter that 1s affected by a polymer/tlood Th1s is .

supported further by the present experimental study, whlch -

ﬁshowed that 1mprovement over a convent1ona1 waterflood was

much better in the preSence'of mob1le-water than in the

presence of irreducible;water.A Many autﬁors have attempted

" to simulate polymer and water flow in a‘porous medj

limited-success (Al-Seehati 1979).. Thelr s1mul tioh took

adsorpt1on by the, sol1d rock surface. Even after

5

1ntroduc1ng polymer dispersion. and adsorptlomcgl

'_Jctlon.1m o
absolute permeabilfty Also, the diffécu t nvogvea 1h ;b‘
this approach is that polymer is conszderﬁ ; |
component of the agueous phase, and two-p& :

permeab1l1t1es are used

P



ar

permeability is considered to be affected by polymer
injection, this reasonind‘leeds to an improper simulation of
the relative permeabilities to water, On the whole, the" >
current approach to s1mulat10n of polymer flooding cannot |,
properly s1mu1ate the mob111ty control property of polymer
which is most efficient in the presence of mobile water.,
Also, polymer solutioh is not readily miscible in water and
cons1der1ng two- phase flow would lead to a consxderable
error, espec1ally durxng the 1n1t1al stages of polymer
1n3ect1on. This error is magnified when the polymer slug
volume is small as compared to the water slug volume.

In thé\present-study}ba three—phase flow model was
used. It isvaésumealthai the effective permeability to
‘water 'in a porous mediuﬁ’swept with polyher solution is
smaller than that in an unswept porous medium. A sihgle set
of relative permeabilities was used before pol&mer reached a
given block of the porodg‘mggium. Afé;r\the block wa'sy
‘invaded by'polymer, a difge;ent relatiQe permeaoility to
waEer was USedz, In this study, polymer adsorption and
‘dispersion were nor considered in the conventional manner.
~Instead the,major effect of polymer flood» i.e., reduction

in the effective permeablllty to water, was taken into

.account by means - of a dlfferent relative: permeab111ty curve.

e

[ )



70457 Polymer Flood 1n HomogeneouS'Core‘with*lrreducible,?“‘w

-
P

Water Saturatxon
" Laboratory exper1ment5 performed in th1s study were
,;chosen as the bas1s for numer1ca1 51mu1at10n. A polymer

-fgf flooé was conduomed in Run 15 w1th a homogeneous core wrth

vlirreduc1b1e water saturat1on, establlshed by 011 flood1ng a .

water saturated‘;ore. It has been dlscussed 1n the :

_ experlmental study (Chapter VI) that polymer solutlon’
e
'e1nJectlon led to a hlgher oil recovery whlch waa cau5ed by a

ki d

decrease 1n 1rreduc1b1e oil - saturatlon. Therefore, the

'-water relatlve permeab1l1ty curve had to be shlfted in orcer
: : <
to s1mulate a mob1le water phase durlng the 1n1t1al stages

of poiymer 1nject1on. mhls sh1ft enabled a proper match of
. ‘

vtﬂe’water breakthrough~p01nt; Flgure 155 shows therrelatlve
permeabllltles to water, oil ‘and polymer. As ean“be“seen in
’fth}s fiqure, the water relatIve permeab111ty curve dlffers .

,.an51derably from a. conventlonal water 011 two phase
. .

o elatgve permeab111ty curve. Th1s is because three phase

o y'low is cons1dered for the polymer wa3§¥-011 system._ Run 15

)
" had a wate: saturatlon'bf only 11.5 percent. Consequently,‘

: | elatlve permeabllltles for hlgher water saturat1ons had R U
v ;be obta1ned by match1ng more\experlmental runs.v F1gure 156

.qompares the numerlcal results w1th the exper1mental resultSef

of»Run,JSa Breakthrough to water and to polymer were
'-conszdered 1mportant, and relat1ve permeab111t1es to polymerk‘

;/’LZwere adjusted 1n order to obta1n ‘a proper match of these
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., . points. Figure 156 shows an'excellent‘agreement in‘
‘cUmulat1ve 011 recoverxes between numerxcal and exper1mental

results. Also, the 1nlet pressures match closely untal such

t1me as 0. 5 pore volume of polymer mas 1n3ected At th1s

‘po1nt (shortly after polymer hreakthrough) the experxmental'

inlet pressure declines rapidly and deviates from the
 predicted numerical'points.-‘ThiS'deviation may be due to
N K .ﬂ } 4 .

'adsorption and retention“which decreased thevpolymer

v150051ty in the actual experlment, whereas the polymer

"y
!

_v1sc051ty was con51dered to be qonstant for the numerxcal

v;s1mulatlon. However, the dev1at1on between exper1menta1 and
+ numerical pressures is less than 15 percent, >
. T e

.

7. 4 6 PolymerAFlood in the Presence of a Bottom—Water Zone

A polymer flood in the presence of a bottom water zone -’

,represents a dlfflcult s1tuatlon to slmulate. Becausf

‘

E polymer has the un1que and not fully understood property of

'reduc1ng water moblllty, any 51mulat10n should also show. -

@ T “\\-»» { .h.,'
1ncreased recovery e£f1c1ency 1n the presence -of a -

PR

bottom—water zone. An,effect1ve 51mulat10n would a}so F-JM

Ty

“involve a good match in cases of dlfferent slug srzes and |

R
polymer v1sc051t1es.‘ Th1s was properly s1mulated 1n thls
L ‘\\
study The same set of relative permeabllltles, as
t M . ol

a\\\\\:escrlbed in the preV1ou -seﬂ&1on, was used. Howeverk =

‘relat1ve permeabllltxeswto watpr vere estlmated by trxel and

error over’ the whole range of water saturat1ons.),“}

T

@ L]

o BTN . N R TNt U SRS
A Jﬁ@' . : DI FERER A N .’
ce . L.
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_Run 19 (hb/h 0 33, k o/ kp=1 §=0, 26, up=36) was chosen

" as the bas1s for est1mat1ng relatlve permeab111t1es to

water. Flgure 157 shows the comparison between egper1mental

~ and numerical results. An excellent agreement was obtained

“for cumulatzve oil recovery (max1mum dev1at10n of less than
five percent) "Also, both exper1mental and numer1cal inlet
kpressure curves followed essent1ally similar trends. The
‘experxmental p01nts show a sharp decllne after polymer

1n3ect10n had béen term1nated and a waterflood was begun.

'»f, This. decllne Jas successfully 51mulated However, the

L
i

T

y e

%pol&mer slug size is relat1vely large, adsorpt1on and

‘retentlon decrease polymer v1sc051ty and, thus, the inlet

o
2

pressures.' As has already been d1scussed a constant -
@
polymerfv1sc051ty was assumed for numerlcal 51mulat1on and

/

therefore, this. devaatlon in pressure was expected

' -
However even w1th this" dev1at10n in pressure, the oil &

,v'» SR
recovery dﬁta matched well‘ show1ng the va11d1ty of the v%

'

s1mulat10n. N

g

}“”. Flgure 158 compares the numerlcal results of Run 18

tk /kb-l hb/h =0, .33, s 0 .06, "—36) w1th those obtained

M
P
\exper1mentally. Even though the same set. of relatlve

&

permeab1l1t1es aS‘lh prev1ous cases was used, the agreement

etween expertmental and. numer1ca1 results is excellent.

M’Thls shows _that the effectlve permeablllty to water LS

]

ﬁ numeréggﬁ 1n1et pressure. reaches a h1gher peak. Because the .

1ndependent of polymer v1scos1ty and slug 51ze. In other ’f%'
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. ’ : S
wor%%, a larger polyme'.Llug results 1n a hxgher oxl

recovery during polymer 1nject10n 1tself and even smaller‘
polymer slugs contr1bute to the same extent by ﬁecrea51ng
relat1ve permeab1l1t1es to water. *Also, a larger polymer
slug leadslto a h1gher polymer saturation in th

@QﬁtOm water zone. Therefore, the bottom- water zone becomesr
less conductlve tb»nater dur;ng the waterflood: that follows ’
‘the polymer slug lngCtlon.' For th1s part1cu1ar run the_
pressure curves are in better agreeement than 1n the -

previous cases. In fact the smaller polymer slugs show

relatlvely lesp_degradatlon of polymer and the assumptlon -of

constant polymer v1scos1ty 1s more Just1f1ed for these
cases. C | | N
The effect1veness of the numer1cal s1mulat10n 1s
,further ver1f1ed by comparlng numer1cal results w1th Runs 16
and 17 (Flgures 159 and 160) For both of these runs,'
numer1cal and exper1mental pressures ach1eved the same peak
cdnf1rm1ng the prev1ous observat1on ‘that pressures are.
's1mu1ated better for smaller slug volumes. Also, 1nlet‘
.pressures match better for Run 17 AF1gure 160) - for whlch a
‘polymer solutlon of 36 mPa 5 vmscosxty was used. Polymer |
,degradat1on 15 h1gher for h1gher polymer v1sc051t1es.
Therefore, a better match 1n pressure 1s expected for the
'lower range of polymer vascos1ty. In all cases, however,
'the agreement Hetween_experzmental and numerxcal'o1l y,

N X - .
3 R . . i - . . W

- recoverjes is excellent. . .
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A fhrther'comparﬁson between experimental and numerical
results is»preseﬁted,in Eigure4161. This figure compares |
B nﬁmerical results with the experimental results of Run 22,
Cuﬁulative.oii recoveries show excellent agreement for this %
- run. However, inlet pressures show a large deviation even
though the trends are similar. This deriation may be partiy
because of.the larger volume of polymer slug and mainly
becaﬁse of'unusﬁall§'1arge experimental pressures. This is
tev1denced by a comparlson of these pressures with those of
Run 19. Even though a hlgher polymer viscosity was used for
. Run 19, _the 1n3ect10n pressure is lower for this run. Thzs
anomalous eressure behaviour may be expla1ned 1n terms of

local plugging (1njeetlon well)ag,ln the case of a normal

operation, the agreement would have been much better for
this run. * |

‘7.4.6;1 Effectvpf Oil—weter QiScosity Ratio

After obtaining good agreement between experimental and’
numerical resultsufor different slug sizes and polymer |
viscqsities,‘prediction runs were perfo;;ed in-order_to
‘examine the effect of the oil-water viscosity ratio. This
effect was also investigated experimentallfl but only for
cases in which a polymer flood followed an initial
'waterflood For numerical studles, ‘the sequence of polymer
and water slug 1nject10ns was reversed and an 1n1t1a1 o

polymer flood was followed by a waterflood.



433

\11 o
\ N .

.2z uny uOu s3jynsay Hmu:wssz pue HmucmE:maxm jo cOm:mQEou 191.

Ommw>00mm O_D.I 40 Ad
4 91 _

{ ‘ i 1

0
0.

e e e m e ..
-

[elupwiiadx3 einsseld []
[gluswiiedx3y-AlaAodey v

lllllllllllllllllllllllll

S |BOlIBWNN:8INSSolg

(80118 WNN AleAodey

L}
o
w

/7
i

uooﬂ

06!

i

3

(e 94"’éééid/(d'loi%)l\iéf’*OOéH 10 ‘wny’



L R RN v NS . 2 ATy
. P‘r::b . s l‘-,&' . ‘V‘I ‘n
&

7 . . “ «

‘Figure 162 co ares cumulative oil recpverxes for‘ '5.~*

oil-water viscosity ratios of 1, 7.5, and 50 and an hb/h

value of qr33 As expected” from experimental obgervat1on§,

a loweﬁ oil v1sco$xty leads to h1gher oil recovery dur1€§u‘

the 1n1t1a1 stages of the dlsplacement One of the

1mportant observat1ons in the experzmental study was that, ~

the ultimate oil recovery was the highest for an oil-water
,-/ ’ » ‘ ‘

viscosity ratio of 7.5. The numerical simulation showed the
.same trend.  Also, ultimate'legoveries-were very close to

those observed experimentally.

7.4.6.2 Effect of Polymer Slug Size for.hy/h =1
In the experimental study, the effect of polymer slug
size was, studied for hb/h =0.33 only. Numerical simulation

~ gave apm . opportunity to 1nvestlgate this effect for. hb/h -1

/

as well, Figure 163 compares the cumulative oil recoveries
for slug sizes of 0.2, 0.4,.and 0.6_PV._-As can be seen rn
this figpre, the oillreco§ery increases-rapidly‘between siug
/Sizes °£,0{4 to 0.6 PV. For a slug size of 0.2 pore volume,
the oil recovery is very low as compared to thet for higher
slug sizes. However, even with -a %lug size of 0.2 pore

volume, the 0oil recovery is much higher than that for a
copventional waterflood.

~

e

7.4.6.3 Effect of Polymer Slug Size for hy/h,=0.2

/

The exper1mental study was conducted with only one slug

a SiZQQﬁOf hb/ho=0.2. Therefore, it was dec1ded to
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»observed for experlmental 1nvest1gat90ns for hb/h =0, 33 as

"well‘ However, dur1ng the later stages-of tﬂz dxsn!%ceﬂgnt

recOvery 1n the pr sence of-a bottom- Zter zone.v Th1s 1s

[ : [ o L e
. S K N - ;

97
1nvest1gate the eftect of slug size for th;s partxcular s

. thlckness of th; bottom water zone. Fzgure 164 compares the,¢* |

numer1cal results for slug 51zes of'O 1, 0.2 and 0. 3 PV._ ltv}

: can be seen from th1s f1gure that the 011 recovery 1ncreases:“x\

contlnually w1th 1ncrea51ng slug szzes and 1t 1s d1ff1cult

to def\pe an optlmal slug sxze.> A 51m1lar effect was

3

£ .
test a slug SLZe of- 0 200 PV appears to g1ve the hl}@?A

SR

"recoveryr A 1arger polymer srug g1ves a’' hlgher o1l recovery

-» _
dur1ng the 1n1t1al stages of the dlsplacement, but g

v o . J’

contlnuous polymer 1n3ect10n does not g1Ve the highest 011

@

becaUSe, when a waterflood follows a P 1y9Er flood,

1ncreased re51stance is offered by the water saturated
Q

bOQ§0m-wqteE;;9ne an &qﬁgr is” forced nto thé 011 zq&e tos

1ncrease the otl-r cg ery On the other hand w1th

3 R
cont1nuous polymer 1nject1on, polymer encounters 011 and RRTRTAE

T

polxmer (1n the bottom-water 20ne) and tends to go 1nto the f

bottom water zone due to the lower reszstance offered by

polymer as compared to the v1scous 011 ’Tfl:‘h~.f“ S _ =
; . g // S S . S v__' _‘, ) ‘ Lo L I\“ vv_ -
7 4 6 4 Eﬁfect\of 01L—Water ZOne Permeab111ty Rat1p P ~;‘

In the e{per1ments, three d1f£erv ‘ oxkﬁwater zone‘: !

N

fpermeablllty ratlos were used 1 O 2 67 and 0 06,uzIt was

Ceale IS

dec1ded to examme numerlcally the effect of werx hzgh W#‘%‘_ ;wf%{

1*f’011~water zone permeabzllty rat1os. Flgure 165%com< ne:‘é”"

T

K3
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'~ _0il recovery results toruoilrwaterfgone permeability ratios

v . ) . : : . '

of -1 and 20. ' As can be seen -from this figure, .the oil"
‘fecovery'is:the much better for a permeabilitylratio-of 20;
. However, lt should_be mentiohed‘here'that even though,the

absolute values of;pil.reCOVery}lncreas% with lhbreasing
\oil-water zone‘perheabilityfratio,‘thelihcremental oilf
'recoyeryydecreases.relative.to'that for a cohventi%hal

wr
» @ .

waterflood '\f%is is because oil recovery‘decreases more
PR S TN
rap1dl‘y w1th decreasmg o,11 wat‘zone permeablllty rat1o g

< for a’ conveat1onal waterflood ‘\Even An terms of absolute o

K 4

fﬁvalues ;'Q,f 011 recov rles, the ultimate recoverles are fall’ly
close for permefb;llt ‘ratlos of 20 and 1. The mar‘g .

d1fference is 1n ﬂﬂé’SJme»hecessary Q9 ach1eve the u1t1mate

0il recoveries. . S jf.r‘*"gﬁ ‘ l .- L

‘ e By

e T T TR g

#.7.4.7 Emulsion Flood - ‘” ' B
B ¥ ’ "

011 Water emuls1ons are well known for their, ab111ty to

\ | S
{_guce the absolute permeab111ty of a porous medlum.'_ Lo

.i§~_ Laboratory s;udxes (Broz et al., 1985) 1nd1cate ‘that
' emu151ons decrease permanently the absolute permeablllty 5

.a porous medlum. In a layéred core,'lt has been reported

»

-4
"that emulsgons decrease the absolute permeab111t1es of thev

- more permeable 1ayers wvth a greater rate, unt11 a wvlform
‘in. absolute permeabllxty 1s reached 1n all the layers.| This |
phenomenon is- very helpful in prevent1ng water channel1ng

through the mége permeable layers., However,/ﬁhl ike polymer

i3 L B N ’

» N < R ‘ . S T \ £ Cl )
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floodzng, the absolute permeab111‘§ rathet than the

effect1ve permeab111ty to water 1s decreased Beszdes ’E1s

AR

effect on absolute permeab1l1ty, it has been reported in

R A
exper1mental studles ‘that emuls1ons also 1mprove mlcroscopxcz

&

dlsplacement efflcgency leadlng to a better sweep even for a

homogeneous porous med1um.‘

"y '
Numer1cal s!mulatlon of an- emu151on flood has not been

. b

‘heretofore-reportéd Even though se ”»’

models have been proposed (Abou Ka??, '-'f“ouq»Ali;‘ e
p ; e - : .
19 a, 1986b) for emuls1on flow. 1n L& .~fedium, no

/@ ‘ A d . .
attempt to- descra-

.1on flow: 1n“the presence of oil and

*water‘has been"re:‘< fea

_ &
¢ present study (cha&_ ‘*VI), 1t was reported that

' ~011 in- water emu151ons reta1n the1r ba51c structure even ',

>

after tr@vel1ng along a porous medlum. Even’ though emuls1on
th1nn1ng takes place w1th cont1nu1ng contact w1th water Fl;'
(connate or 1nJeCted), emulsi*‘never lose thelr 1dent1ty
. m .an aqueous phase ' -There'fo\g, a comp051t10nal mulatpr “
capable oﬁ\descr1b1ng ‘*mrcellar flood is not requ redp'norwu
1splt capable of.51mulat1ng an emu151on flood, The type/of.
QWQ mﬁaslons studled f10 percent 011 1n—water) may be treated
| as be1ng 1mm15c1ble w1th e1ther 011 or water.‘ Because/of
‘l'th1s observat1on,,a three phase system was con51dered forv
nemulszon 1njea€1on in the presence of 011 and watery-‘* -

; ¢ T
permeabyl1t1es to each phase were estxmated

ffollow1ng the same procedure used in the dase of a polymer L

ERRDEE 3
L



5£{qod;3 However,. unl:ke bolymer tloodsw onl“‘one set ot

-,

. . .
i . ) M LI

~|“‘

relat1ve permeabilltres was. used. throughOUt the emu1510n 3J

xnjectxon and waterflood Fzgure 166 shows bho relat;ve i~';

apermeab1l1t1es of thetwater, oil and. emu151on phases. In.‘,
”4uorde:nto take accoqnt of the‘neduct}oh‘;n absolute_.t?fgr ) }d
pe{heabikitiesf ittwas'assumed that.the absolutef{t(h'bﬂ vfl;;
H'“fypermeabiiities change a8 soon as the emu151on comes in. jfr7ﬁ;§;
5 L

'fcontact with the ponphs;medxum. ‘The new value of the

.absdlute permeab111ty is then retazned for the rest of the *ﬁ

X

"x‘qf ;the reductlon in

dlsplacement test. ‘The magnltu

absolute permeabllltles was. de

1h1t1a1 value and by reduc1ng 1t 5uc§ess;vely untll,good

‘mlned by startlng w1th the

.

,agreement was obtalned between &he exper1mental and R ;

&

. »
’numerxcal results. leferent exper1menta1 results were

v

'matched wﬂ‘le both relatlve .permeabllltles sabsolute

: ‘=7permeab111t1es were estlmated by trial and error. ‘The'

Ad . ol

'results Wlll be/dlscussed for each of the dlffereht runs.

! , S

e .
. . i '
.\ .
/ v : . ! )
- . —_— .

7 4.8 Contxnuous Emu151on InJectxon 1n a Homogeqeous Porous

Med1um ' ' ;h"c ' , . 37{ B '-*'{‘ S
Run 31 was conducted &ﬁth.continuous emulsion injection
R ‘
for a hnmogeneous sandpack conta1n1ng.an 1rreducqble water '

}saturat“dn. Hoﬁever, 1t was observe@wexper1mentally that an

r‘5,:%mnlszon flood dzsplaced a part of the 1rreduc1b1e water a«

L

«\ l

aturatlon. 'tonsequently, water product1on started shortly

k]

ﬂ;after the emu151on 1nject1on started Inggrder to S1mu1ate

R

Y L e )
L . " 0.
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‘ this phenomenon, relatlve permeab111t1es to water had to be -
S o

adjusted The total range of relatxve permeab111t1es to
water was estxmated from the data acqu1red in several’
dxfferent runs. Also, a reductlon in absolute permeabldlty =

was introduced follow1ng the emulsion flood After many

x,"’

numér;cal runs w1th suctessively decrea51ng absolute

i iﬁii@itIES, the optimal values for: pgrmeab1l1ty

JPEN

redu%tﬁdu wd%e determ1ned It was found that a straaght
\ fwmobta1ned when ‘these. values were plot"& on a
é*ﬁp nsemfipg g;épg agaxnst the absolute permeab111t1es. Th1s is

j'Figure 167. By using th1s correlation, excellent

B '

‘was obta1ned both for cumulatlve oil recovety and
Q

prés§hik data.‘ The stralght line was then. extended to

R 2 "
f: oBﬁd&! extrapolated values for different permeab1l1t1es.

[

;&ﬁagu{e 168 shows the compar1son between‘numerlcal and
’\

r'xpetlmental results for Run 31.  As can be seen from th1s

®

X
4g uyépth pressure and 011 recovery data show excellent

" agreedeng between numertcal and exper1menta1 results. Also,
, _ ~ .

. the eMu151on bteakthroagh p01nts were ‘matched. The
e il |
AR adgustMent 1n absolute permeab111ty was found to be’ truclal

in matchlng the peak and subsequent decllne in pressure

r

data..‘ i ' } - : {' . t" T ; ".Tm;‘

-

e
‘

7 4. 9 Emulsxon Flood 1n the Presence of a gottom—Water zone .

e

Tn order to compare numer1ca1 results wlth e}per1menta1

results, Runs 30, 32, 42 and 43a(a11 with wvarious types
C e ,
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of bottom-water zones) weré chosen. Because some of thegs

runs were conducted with different permeabilities of the

) { ﬂ
bottom-water zones, these runs helped to .determine the
reduction. factor .for the absolute permeability as depiéted"#
. in Figure l67.. Also, Runs 30, 42 and 43 Qere'conducted;withgu T

various emulsion slug sizes for the same  type of. o
ubottom;water zone. Therefore, by-matcning tﬁese 2 o ;,;ﬁax
experimental results with numerical'results'the validity of
the simulator was confirmed. Following this‘initial data
"matching, several predlctlon runs were also perjprmed

Flgure 169 deplcts a comparlson of the numerlcal

results with experlmental results for. Run 30. , By ch0051ng a

reductlon factor of: 0 65 for the absolute permeablllty, an

\wd

. excellent agreementvwas obtalned for thlS run which used 16

um?* as the. permeab111ty of both the oil and the. water

‘layers. Th1s run. was performed for an emu151on slug size of
kY : .

0.6 PV (or 2 PVp). | ' | NW ,
Figure j70 depicts a comparison of the numerical and

, S S ‘ w :
experimental results for Run 42, This run was similar-to

Run 30 but a smaller slug ‘'size (1 va)'Vas used. It can be

ﬁ
seen from Flgure 170 that the agreement between experlmental

Py

ya

and nu Erh;al data is good but not as close as 12 the L
‘~prev1oPs run. The slug size was not 1ntroduced as an ' V\;\}

wlndependent parameter in reduc1ng the absolute permeab1lgt

'permeab1l1t1es were 1ndependent of the slug sxze. ’1?3,4
. ‘{i -“‘?1‘ _’ ,L '% * 4

[
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. oo L ‘ ' ' ‘
passumpt1on 1eads to~ the expectatlon that the reduct1on 1n

_ "'éo

N ' L

A

:1absolute permeab{11ty 1s 1ndependent of emuls1on slug s1ze.‘~e

t'ConSequently, there has to be a compromise 1h magphlng

j'experxmental results fpr d1fferent slug 51zes. In th1s ‘

gUSed an. emu151on slug of 2 va)/s1nce most of tpe

\.

) frespect’;more 1mportance was glven to matchlng‘RunO?p (wh1ch
h

: er runs -

_used the same emuls1on slug 51ze. However, the numErxcal

)

eXCellent’agreemgnt. o Lo '\f

o results fgr\ozl product1on 1n all the runs followed

'dexper1mental results very closely, show1ng the val1d1ty of

: - ,.
the agsungglon 1n the range of the emulsaon slug 51zesw;j o
studled ' o ' | -
fj ”_ F1gure 171 dep1cts a comparlson of the numer1cal

AN

U reSults w1th the exper1$éntaﬂ results for Run 43 (hb/h =0, 33

.7

'_and emu151on slug gsize= 3 PVb) Th1s run shows a poor match ,

of the pressure data,,lndlcatlng that because of the very f“f

1arge emuls1on slug s1ze, the 1nl§t pressure dur1ng the-

water 1n3egtlon that,followed the emuls1on Anject1on

malntalned a very_large,value.' However after emulslon'

‘breahthrough the injection pressure‘shou1d decrease;dd

Moreover, a further decrease shoul@. take place after_

¢

71n1t1atxon of water 1njectlon (u 1s 1, -0 mPa’s as-compared'

?

- to u 'of 18 mPa’, s) ’ Thegefqre, the apparent stabllxty 1n

pressure at a. hlgh value 1s more l1ke1y to be due ‘to "“5§gf

o -

plugg;ng, etc, However, the o11 recovery data showed
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- ! " F1gure 172 eompares the numerxcal results w1th f,“

-

L4 ot

experlmental results for Run 34 (hb/h =0 33 k /kb-2 67)
.dThIS numerlcal run enabled exam1nat1on of the Walnd1ty of
the numerzcal approach for the tzghter bottom water ‘zone
! ';'cases. As can be-seen-from Figure 172 both the 011
l recovery and thg‘pressure data match very well However,'
‘ hlS was p0551ble only after an absolute qirmeab1l1ty of 3.9
,darc1es was a551gned to the bottom-water zone.f This value
was determ1ned after many tr1a1-and-error runsr Flgure’173‘
deplcts the experlmental results of Run 36 (hb/h =0.33,
.k /kb-O 06) along w1th the numer1ca1 ‘results. In order to
'aobtaln a good match between therexper1mental and thev
' numerrcal results -a permeab111ty reductlon factor of Q. 4
‘was used for the bottom water zone.‘ Aga;n{ the factorwwas
'obtalned.by'trlal-and—error.»tThls value of‘permeabiiity

reduction was.plotted in‘Figure 167 along with thé other‘

~

values obta1ned for d1fferent 'y /kb values as a functlon of
the/1n1t1al absolute Rermeablllt;t These’ data gave a- _,;y
stralght 11ne on a semilog plot.( This stralght 11ne was
used in order to predlct the emu§slon flood performance for!_i

hlgher k /kb values. .;*”' h\ ) ; . ) .
Ce . : o
The effect. of the oil-water zone thickness ratio on

n

. .
- ’

emulsion flooding'was tested by simulating Run 32
(hb/h =1.0, k /kb-l 0) ' F1gure 174 compares the numer1cak
results Wlth the experlmental results of. th1s run.f The - "'

agreement between exper1mental and numer1cal results is very
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good ‘Thxs run howed the effectxven‘ of the sxmulation

g approaéh ds no 1nput data was adjusted for the histoqr

i \

mat‘h ( _ )
* .7 4.9.1 Effect of Emuls1on ‘Slug Size £0t K /kb-z 67 and
hy/h,=0.33 - . < L \

‘

‘ - In the experinentel stud},’the effect of emuleion siugu
.isiZe wes itudied forukf/kb=1 0 andrhb/h =1, 0~enLy. :
L Nude;?EET“S1mula¢1on gave an opportunity to 1nvest1gate thls
"effect for k /kb-2 67 as well | For this purpcse,-the-effect

of emuls1on .slug size was studied for hb/h"=0 33. ”“Figuré

175 compares the cumulatlve oil recoverles for slug sizes of

1, 0 and. 2.0 PVb.‘ As can’ be seen ‘in ﬂ%ls flgure, the .

d1f:erence between the two inereases as soon as ‘the emuls1on
"flood is term\nated‘for the slug size o{ 1.0 PVb. At one

pore volume of fluid 1n3ect1on 30 percent excess oil was_A

prqduced‘w1th the$largeg slug. ‘Even with a slug size of ].0

vahythe oil receyery‘is muénkﬁﬂgnet fien:thet~for a
cqnventional;waterflood. ﬁéyeuef, to navefan‘effective;'
bloekage with emuleion slugs;}2 va.ef’emuls}on_was

adequate. The results with ko/kp=2.67 were similar to that

fﬁ\f%f<k615g={;0. The effect of slug’s%ze'seeme to be

. independent of’ko/kb.'
7 4 9.2 Effect of 0*1:Water Zone ﬁérneability Ratio.
)

In the exper1ments, three dlfferent 011 water zone

.pe:meab:&;ty rat1os were uséd:tl.o, 2.67 and 0.06. It was’

*9§§§gﬁﬁtﬁf

N 7
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/

,1ncrementa1 drl recovery decreases relatlve to a

decreases‘mora rapldly with decreasxng o11 water zone

‘to achieve the ultimate oil recovery, which is much longer

"decided.to examine numerical{y the effect of very high

oil-water. zone permeabxlity ratios. Figure l76'compares the
o11 recovery results for oil- water zone permeability ratios ~

.'\)

of 0. 06, 2 .67, and 20. A% can be seen from this

- figure, the 011 recovery is the h1ghest for a permeabxlity .~

“ratzo of 20 However, 1t should be mentxoned here that even

T

zthough the abso}ute values of oil recovery increase with

increasing o:l—water aonezpermeab111ty ratxo, the R “

$

convent1onal waterflood This is because 011 recovery

permeabllnty ratio for a conventlonal waterflood,. Even in-

‘

terms:of absolute values of 0il rscoveries, the ultimate

- recoveries are fairly close for permeability ratios of 20

and;1. The main difference is in the'amount of‘rime needed

for hlgher oil- water zone permeablllty rat1os.

4
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" 8. SCALING CRITERIA FOR (POLYMER, EMULSION AND FOAN

o x ECTION ‘

A set of scalxng crxte ia for polymer, emulsxon and
foam floodxng experzments was derxved using 1nspectxona1 and
d1me251ona1 analyses.\ In order to derxve ‘the similarxty
groups by inspectional analysis’, the dxfferentlal equations
govern1ng the process were developed £or polymer, emulsxon
and foam.' several opt1ons:were 1nvestigated for emuision
- and fdﬁm)as the exact nature of the flow mighﬁ be different,
depénding on the quality of thé\foam a;d emuléion.- In1t1al
‘and boundary cond1t1ons, constxtutlve relatxonsh?ps and
cqngtralnts were also def1neq for epch of the cases studied.
The problem formulated'andldescriﬁéd by'these.equations was
redpced to dimensioniesé fbrm. Thisg wés done'by'writing'
each variable as a function of ité”dimensionless form énd

iisvreferenge quantity. All the reference quantities
constitute coefficients which multiply the original equation
ihﬁits dimensionless foﬁm. Toumake‘thé éqUations
 dimeﬁsioniess, the eh;ire équation is divided throughout by
. one of the coefficieﬁfsf, The resulting coefficients in the
dimensionless equationsvare fhe siﬁilarity grohps.

’ The 1nspectlona1 analy51s is 1mportan£ begause if all
the d1men51onless properties are the same functxons of the
dimensionless’ vatlables in the model and the prqtotype, and_

all the'similarity groubs are the same in the model and the -

" prototype, the eQuations,gerrning,the’process in the model

460
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prototype. Therefore, the results of prototype.can be

directly extrapolated to.the field. N e '

8.1 DEVELOPMENT OF THE SCALING CRIKERIA

8.1, 1 Polymer Flood .
The process of a polymer flood: is actually the flow of
-/

two phases, the oleic ph;se and the aqueous phase. The

»

oleic phase contaxns only oil and the aqueous phase conta1ns
water and polymer. Therefore, the mass transfer between

water and oil ‘or polymer and 0il is neglected. In addition

to this, the following aSsumptions aredmade;

t. Isothermal flow occurs in’ a/pémageneous and

isotropic medlum' o
‘2; Connate water, make up water for polymer solutlon,
and d{jve water have the same phy51cal properties;
3. Thé polymer resides in the aqueous phase due to its
- hydrophilic property which makes\ig‘dissolve and -
hydrolyze in water; \
4. pardy's and Fick's laws are valid;
5. Dispersion can be described by a relationship
similar in form to Fick's eq;ation; o
é. Adsorpt1on, desorptxon, and retention of polymer

occur 1nstantaneously, and the amount adsorbed is



1Y
h
4

céntrolled by the adsorptive capacity of the rock.

- L)

" With the abave assumpfions the mass balance
. ’

eduationé for'different components may be written as

14

described below,

Thelequation for the mass balance of oil is

b | p

—(6S,p;) = V. (=L K, (VP,+p,qV2)) /

e OC1P1 a 1R 19 v
‘ ]

[

The equation for the mass balance of polymer is -

-

2 o (1-0)A D
a¢ *%aCapa) Ty 2 5p ‘atep) -

* . K, .
V'((Da+Dap)¢Sa5V(qupa))+V'(Cappa;‘ (v, * p,9Vz))

a
N

The equation for the mass balance of water is

) ! - Py
ﬁﬁﬂ¢5acaw9a) = 0.(C,,—2K, (VP_+p_gVz)) +
; a .
"»-* ) B '
V.($5,(D_+D2 ). V(C, p,))

8.1.1.1 Boundary and Initial Conditions

Boundary cqnditioné:i

| L ' |
plvln = = ul (Vnpl + plgan) = 0
S Pak
+ Pa¥an * 7 7 (VaPa + Pa9%32) = 0

Y B
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Pa = Prproa™ Feia

' “ihi;ia ;conditith: P
. //"‘ Lo . S

g /‘»v S : i i “ o
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.pa(O;nggz;ga)‘ ?péi(oi¥1’x2'¥3j 
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_ ;u8.1;1;23é6n5£itutiVé*Relatiohships.and Constraints
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o
A
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SRR Y T

* +

“10 «1‘1 KRy(s,,R")

112) K

) .
),;v‘ - - ‘.f;

« - |
12) D '+‘Daw =.D ”(DLaw'DTaw

.
13)4 ‘+‘D p" ap(DLap'DTap

”14% z = z(x1,x2,x§7 , ’.*a o _ S
15) pr;=,constant, ’ ‘ S

R
el >
S LA .

8.1.2 Emulsion Flood

o

'!‘ . .
Three dlfferent sets~of assumptlons are used for this

|
N :
process. The gOVernlng equatlons have: been set up accord1ng

to the assumptlons made. :

= x

.1‘The effectlve permeab111t1es are con51dered to be mod1f1e9

after polymer 1nject1on.' The modi fied permeab111t1es are//

. related to the 1n1t1al permeab111t1es through the so- calfed

L "b

re51stance factor s R. The olelc- .and agueous- phase//
. . _

effectlve permeabllltles after adsorpt1on are - glveo/ﬁy

K

Al- Seehat;»(1979). T . o u,~_/f
K P “_\ ~‘l R ) . . » K . ) . ’,/
-:ulmod"fxli“ %: B SRR : o s /

where R = 1+(R.¢~1)C, /CL

'K(before polymer tlood)Q‘ S o

K(after polymer. flood)
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8 1.3 Emulsxon Flood Two Phase Flow e *' -
| This process is cons1dered to be two phase flow. These ‘
pphases are an. ‘aqueous phase and an olelc‘phase. ‘The two |
phases flow simultaneously in a porous medlum fnder
“ équilibrium’ cond1tlons, The eomponents present in the ole1c
phase are»oiifand emuls1on, and the components present in
the aqueous phase are water and emu151on. However;hthis‘is
only. one way of descr1b1ng the process. In fact the.

&

remuls1on may be treated also as an 1ndependent phase whlch

interacts w1th both the aqueous and the olelc phases. In-.
St 7 A

.1s assumed along w1th the relevant assump

' equatzons are obta1ned

The eqpatien'for'the_mass balance of oil is ‘ '.A'[3b
R : e . _qﬁﬁi

a ‘4 . L e : ‘ p C » 1 :
: Yoo “1-Yo o
t(¢$12;o>1> = v Ky (VPy¥p1gVz) +

"]_v

P T NC]
. N . . 3

The equation for the‘mass'be}enpe of emulsion is

. at‘¢ 1 lmpll¢SaCamPa : i ‘(VPl,plsz) +

— [



e

T . uee

p K. . o - . -
S (VP,*+pgv2) ) + V(#S) (Dj+D1y) . V(Cppy) +
a - . : - ' | .

DI

'KQSa(Da+D ). v(Cam“’a

Tﬁg equétion'for'thefmass baladce of water is

S p R
v.gg N (VP +p,qVz)) +
o a A

JI

(¢SaCawp ) -

))

<,’ _,' * Al
.v.(¢sa(nafnaw).V(cawpa

. i i )
i P N
- . . . . I »

\

\ .

8.1. 3 1 Boandary andllnxtxal Conditions

: Boundary condltlons.

PlKlﬂ
l-ll‘

| .
o

P1V1n = (VaPy *+ p39Y,2) =

p_K ' ,
a al (VnPa' %+ ;pagVnz)

. Mg

]
S

PaVan

‘Injection well: * .

"
o)
£
o

K, - .
"pé’—i (vp, + pasz) da
Ha ' o . ~ :
Aln) . o " B * . , . CLo T
N / ; . ‘ . _ :
K ‘
\pl\fl (VP + p39Vz) dA
Aing T PR

2t

n
b
[

 Production wells

Py = Pproa Lo

N



v

Pa = Pp'rbd-_+ Pcla_ . ' . L ..

Initial conditions:

5100y xg) = 830 )

Pa(0,%q,xp,x3) = Pgi(0,xq,xp,x3)

‘8.1.3.2 Constitutive Relétionships and anstréints

‘2)J§loS+,C1m - L

12) K

4 .
15) D_ + Daw

- 16) = = z(x1,x2,x3)

1) §, +s; =1 - R

.a

3) Cup * Cap¥= 1

5) Pa =;Pa(Pa'Caw)

6)'u1 =\u1(P1,C10)
7)

Ba |
8) .Pa = Pl -,PClav(sa" :

''9) ¢ =constant

10)- g =constant

= .
—
|

11)

5-xa(safx)
| e
13) Dy + Dy, = D16(PL10Pr10)

Ay o e ¥
1%) D, f Dam

_Dam(DLameTam)u

[

Dawlnbaw'DTaw)

17) »p, = constant

= u (P ,Cyy) ~ , o

. 467
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.8.1.4 Emulsion Flood: Emulsion Miscible in Aqueous Phage
7 omly. T

\
~

- In this process the water-rich emuls1on solution is

t,
.'assumed to mix with lhe aqueous phase only. For thxs case,
N .

the equat1on for the mass balance of oql becomes :

d L B | p.C - .
5;(¢Siclopl) = Va( 1710 Kl(VPl+plszJ)
9 _ : H1- .

~

‘ The"eduation for the mass balepce\of’emulsion'becomes: -

bas

2 C. p.K
— am"a ‘a : '
—t(¢sacamQa_)_ -.V. (T .(Vpa+pasz) + ,‘.

V(¢Sa(Da+p;m).V(Campa)Y

&

The equation for the mass balance of water is ) f
‘ @)
: p e ' .
(¢s Cawp ) = v ( :é (VP +p,9Vz)) .+
(0_+D*).V(C.p.)) i
a‘"a —aw’* awpa
8.144.1 Boundary and Initial Conditions =~ = -~ =«
Boyndary conditions: ’
p K — i o8
o{vin, = - 2L (V. P, + pygV,2) =0
. My . 5
oKy o o P
= - 2 (VP + 0,9V 2) = 0o
4 Ha : : N ' '




T

Injection well:

"
“A, . 8
inj

. ‘r

Production well:

! Pl Ba‘pprOd
Pa - Poroa * Pcla ’.
Initial cdnditions:

&

Sé(o,xi’X2,XB)

'Sl(e,*1,£3;X3) = SIi(lej)xZ,X3)u

'Pa(O,x1;x2;xj)

8.1.4.2 Constitutive.Rélationships and Constraints

1) s, +8) =1

2)- Cqp + Coy = 1
3) by = py(Py)

N 4) Py = Pa(P4:Cqy)

5-)-#1
6) u,

~ E
\>7) vpa = !Pl""

Hy (Py)

= ua(Pa,Caw)

' Pc1a(Sa)
8) ¢ =cdn5tanf”'
9) [ =¢oﬁs£an£ )
10) Ky = K (S,,K)
1) K, = K, (5,,K)

PO S
P :
w

[ - K\ S . : .
]/;a -2 (VP, + pa9V2) A = W, + W

-

='Sai(0,x1,x2,x3)'

= Pyi(0,xy,x5,%3)

o
me
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w0 *" . .y”\
12) D, + D = Dam(DLam,DTam)

' *
13) D, + Daw = Daw(DLawVDTawx

j4)”z.=vz(k;,x2!xaf o

15) p, .= constant S | .

8.1.5 Emulsion Flood: Three-Phase Flow

Y

In this process three-phase flow is considered. These

phases are aqueous phase, oleic phase. and emulsion phase. '

‘All of thésé phases flow simUltanéousl&.under,gquilibrium'

conditions in a porous medium. Qpis‘treatment:of the

proceSS'requiresathree—phase'relative permeability-data‘fort

a wéter, oil and emulsion: system. _For.this process one

' obtalns the following set of govern1ng equatlons. The .-

———

equation for mass balance ofv01l is

0 i N pP lC 1 ) <&
—(¢S:Cq..07) = V. (=22 K. (VP,+p,gVZ))
ar -1 1of1T. T Fe i T T 19"

The equation for the mass balance of emulsion is

-

] ' C__p K_.
— = mm~”m'm
t(¢smcmmp +¢S Camp ) = V,(.______ (V?mjpmsz) +

Mg
. . . o , S
CamPaka (VP +p,9V2)) -+ V(¢S (D +D ) V(C, P ) +
= PatPa9 m “mm mm®~m
a ‘-l.
¢Sa(Da+D ). v(campa))

~ 'The equation for the mass balance of water is

R C._..p»K :
- mw”m"m »
(¢smcmw i+95,CaP,) = V'(“;"f“ (vpmfpmng) + -
N m . . 4

.
‘s

.
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~

‘i‘&‘ v .
"li S I ‘ Aw. * .
C..p. K. RN - “
w .
—1;,—@.—-9 (VPa+pa?Iz)) + V(65 (Dp*D ) . V(Cpuop
a : ? ' '
.¢SP(Da+Daw).V(Caﬁea)) ‘

»

'
cow

8.1.5.1 Boundary“aﬂd Initial Conditiéhs

* Boundary conditions:

: piKl‘ ,
PiVin = T (VaBy *+ #19Vp2) = 0
. K :
’ = - a a =
PaVan ‘E'—,(Vnpa * Pa9V,2) = 0
. a . .
0 K‘ . L)
- - oMM ' - ’
PmVmn =4 U (VoPp + PpaVp2z) = 0 .
_ m. ' S, o
' . e
Injection well; R S

~

s

Py . . . h
. a N =
j;a < (Vp, + pasz.) dA = W, + W

\.

a.
Ainj

Pﬁoducgiob well:

= Pprod

— -

Pa * Pproa * Peia

Pm ‘=,Pprodb+ Pclm

Initial conditions:

"Sa(or*]:xsz3) = SaiLO,x1iK27X3)x

Sl(O}*1,X2,X33 = Sli(o;k1,X2,X3)

9

)

*
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-
-

‘Sm(p,x,,xz,x3) - Smi(O,xI,xz,x§3*J . oo

pa(o,X1}x?,X3) = Pai(o,x1)x2,X3) ‘ : él
pm(o,X1,x2,X3) = ?mi(o,x1,x2,X3) -

8.1.5.2 Constitutive Relationshipé‘? Constraf;f_:

, (i)«

-y (‘ﬁ/ : “ .
' 1) Sa + Sl + Sm = 1 . ) . . Bt

2) Cam * Cay =1

3) Cmm + me = 1

4) pl.= pi(?l)‘(

5) o, =’pa(Pa'Céw) S . C s
B py = P P+ Conm!

K}

8):“a g (Py,Coy)

oo o
10) P, = Py~ Pe1a(SarSy) =

.g)v“m = U (P Cop

.. 11) Pm = Pl = Pclm(Sa,Sm) .
12) ¢‘=coﬂstant |
'13)'9 =constant

14)

=
—
fl

Kl(sa,SI,K)

15) = Ka(sa!sl,x)

16) = Kp(S;,S,,K) <

K
K
17) Dy +AD;m = Dy (DpamsDpap)
18) D, + D;w =7paw(DLaw'DTaw)
. _
D

: *
m* Dmh

19) Dy Prmm Prman

’ . %X ! .
20) * Dow = Dpy (PrmyrDrpy!
21) z = z2(xy,%5,x3) -



-

22) p, = constant

8.1.6 Foam Injection
Thé foam-flooding process is the most debatable. one

because the exact nature of the flow 1s unknown., In .this

‘ study, two d1f£erent scenar1os have been cons1dered _ The

S

‘ governing equatx for such a process would depend on .the
assumptions made?g\\\ ' '

8.1.7 Foam Iéjeétion:-Four—ghase‘Flow
Tﬁgs process'is considereé to be four-phase flow. The
phases are the aqueous phase, foam phase, oleic phase and.
gaséous phasé. Such a descripﬁion 6f the proéess is based
.- on the observat1on that whenever a gas (nitrogen) is
. injected, only a fraction of the 1n3ected gas actually
produces foam and the rest of it flows,as an‘1ndependent'

phase.. Although there is some controversy concerning the

extent to which foam flows as an entity, it is assumed for
the prq§en£‘case that foam and allibth ph;Sés]flbw

BN : .
simultaneously.- For this process fourf:lase relative
permeab111ty data are requ1red. Along‘with other
assumptlons, it 1s ‘assumed that N, is the gas that is be1ng
1n]ected and that it is 1gpxsc1ble with the ole1c or

aqueous phase. The components present in the foam phase are

water, N, and surfactant; the componen;?.present in the
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gaseous -phase are nitrogen and surfactant; and the
ébmpdnents present in the aqueous phase are surfactant and’

\ . o ’
water. For this particular case the governing equations may
be written as foLlows,&the equatxon for the mass balance of

)

011 becoming

N, f

4 ( i (Picio AT
3: ¢§%C1901) = V, iy Kl(Vpl+p19Vz))

" 'The equation for the mass balance of surfactant is

3 g
5€(¢slclspl*¢sgcgs g ¢sacas *#SgCegPy) ~ | ¢

Ci.p K.
= v,(_lil_l_._(vpl+plgv2)v +
‘“1

v. (_Q__S_Q(Vp +p_qVz) +
ug g g

C..p.K
v. (__Q§_.a_a(vpa+pagvz) +
Hy “ .
CebeKe
u
£ . . .

'v.(¢sl(Dl+DIs).v(clsp1) +

+

v. (¢S (D +D s).v(C )

gs®g
) +

v.(¢sa(né+n S).v(caspa | ; | -

V.(es (Df+D ) V(Cegpg))

The equation for the mass balance &f nitrogen is

K. . .
V;(Eﬂﬁﬁg_g(Vpé+pggvz) +

F. ) .
2t #5gCqnPg*eSeCenre) ug

g
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CenPeKe
v (N2 (Op ep guz) +
ug

. L
V. (45g(Dg*D ) . V(Coypg) +

V. (#S¢(Dg+Dgy) . V(Ceyp)) g

‘'The mass balance equation for water is

d
EE(¢SaCawpa+¢sfcprf)

C..p.K_.
= v.( awa a(VP +p gvz) +
a "a
Ha '

C'wp K
v, (—fwlf f(VPf+pngz) +
He

—g *
Vi(eS,(D+D ). V(C, ) +

V.(#S¢(Dg+D,) . V(Cg p¢))

8.1.7.1 houhdary and Initial Conditions -

T —

- Boundary conditions: ‘ )
1K - L '
’ (b
p. K ‘
Pavan = - —a——g’(vnpa“~ + pagan) =0 .
. ua ! \.\ \
 peKg u
vafn = - _f_f_ (Vnpf + pfgvnz) = 0 /

He



‘pK
- - 2d%q
Pq¥gn = 7 7,

Injection well:

K
[Py -2 (VP +
u a
A, _. 2
*inj

Ky
Py —= (VPl +

a8 |
Aing

OK ’::' .
_/;f =L (VPg + pgg¥z) dA = W, * Weg Wpy

He

Ainj

+

Pq (vep
Ainj

a &

Production well

Py = Eprodv

Py = Pprod * Pe

P + P

g =lpprod c
Initialiconditi
Sa(O;x1,xé;x3);
51(02x1,x2,x3)
§g(0,x1,x2;x3)
: PaﬂO,xT,xz,x3)

‘pg(o,X1,x21x3)

0

(VnPg'+ pggvnz) = 0

s
1\

P,9Vz) dA ',waw * W

p19V2) QA = W)

-

—3 ’ ‘
pgsz) dA = wgs +ng

la

1g

1l
ons:

= Sai(O,X1,}(2,"{3)

Sli(o,X1,x2,X3)

= Sgi (0,xy,x5,x3)

Pai(O,X1,xZ,X3)

= Pgi(o,X«‘ ,xZﬂ,'X3)

476
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oy
C12)
113)f
18
s
- 16)
o
18)
19)
20)
o
o22)
23)'D
véélzfalr

-v>25% bf,+ D
, ,u'if

S,

;78 1 7 2 Const1tutxve Relat;onsh1ps and Constra1nts  ?

' 1)

+ Sl + Sf + S % 1

:+

v 9
Cls #;1

gs “&1-*'

‘”Pl‘Plvclo)

Rl

5“ 

D

o ¢ s

a(PaiCay)

‘Pf‘?ffoN?C:s’;

‘Pg(Pnggn) 'ﬁ 

up(Py,Cyg)
Hg(PaiCay)
'ﬂf(Pfingnysy

(P cgN, gs)

(s, l)

Pl cla

Pl.f le(sf,sl,s ):,

 91' clg(s l)'

constant‘

constant o

= Kl(Sa,Sl,Sf,K)

x (S, sl,sf,x)

g Kf‘sa'slvsf'“)"

i

vaas w as(DLas'DTas)
+"D

K (Sa,Sl,Sf,K):’
. *

*

%

‘g T

aw aw(DLaw'B%aw)k

fw waQDwa'Dwa)

Cer1



o '“r-";[*‘:~ SRR
. " : *‘ _ ‘v “
27) D¢ * Dgg = Dfs(DLfs'DTfs)‘ ¢
o ‘ * .
.28) Dg + DgNj- N(DLgNr TsN)

29) Dy + Dgs = gs(DLgs.DTgs);

30) Z» = Z(x1 ,?(2,)(3)
. . 2 f . 8 o £ Lo
- 31) p, =-constant =~ . —— T
| | ®
8. 1 8 Foam In)ectlon"Three Phase Flow g
The process of foam 1n3ect10n is con51dered to be
’_three phase flow. These phases are the aqueous, foam, and
.olelc phases. Therefore, the amount “of gas (ntrgrgen)

1njected 1s con51dered to be ]ust enough to cr=ate 2 foam

*‘Whlch leaves no free gaseous phase 1n the systen . For thls

‘process three phase relat1ve permEQQiflty data are requ1red
As’ was. the case for’ four- phase flow, it is assumed that N,
‘.1s the gas that is be1ng 1njected and that 1t is 1mm1sc1ble
w1th the ole1c or the agueous phase. The components present
*1n the foam: phase are water, Nzgand surfactant- the» _ .
kcomponents present 1n ole1c phase are oil and surfactant-

.and the components present 1n the. aqueous phase are
IS surfactant and water. For thlS partlcular descrlptlon the

governlng equat1ons may begwr1tten as follows.,'

iThe equatlon for the mass balance of 011 bec0mes

K 'rlb‘cf?V]-‘faa*ff i
——(¢SIC1°pl) = V.('ljlomKl(V21+pisz))
CL . SRR R

The equationffor,the mass balance of surfaCt%nt is

%
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d . , .
'—-(¢slclspl+¢sacasp *¢S¢Cegpg)

+ .

,  CraPiKy L
R Hy ,

. K, )
V.(—iﬁﬁi—i(VPf+pngz) +
He o

+

V. (¢sl(nl+nls) v(clspl)

+_'.

v. (¢Sg(Dg+Dgs) V(Cgspg

- v: (¢s (D, +D% ).v(c

e
asPa) *
Vo(¢Sf(Df+Qfs),v(cfspf)) ST —t
The equation for the mass balance of hitrogen\isk
2 (s cpgos) | ° |
— 0e)
3t *8eCener

5 |
= V. (-_f_N._f.__f_.(Vp +pngZ) + |

uf |
vf(¢sf(Df+D§N).V(chpf))

The mass balance equatioh for water is
(¢Sacaw9 ¢5fcprf) t ST

. o Coup K. 8 . : : .
fﬂ= V. (—-al_a__a_(vpa-{-pasz) s : e | B |

. Ha

.C bp Ke S
v'(.‘.fw ;f f(VPf+pngz) +
' ,uf : L

,'v5(¢55(D5fD;¢)5V(¢aﬁpa) "



V(954 (Dg*D} ) V(C 0¢))

N

.

8.1.8.1 Boundary and Initial Conditions

Ky

My

\
paKa

PV, =
. Ta“an ’ u

a
PeKg
Mg

PeVen =

i

v

9 conditions:

(Vnpl ¥“pIgVnz) 

(VoP, + 03872

(V Py + pnghz).-

éﬁ‘

'_Injection well:

Kl .
py — (Vpy +
1 u 1.
‘ 1 .
A R

Production'well:-

F1 = Pprog

Py = Pprag * Be

/ﬁfKa (VP |
p, 2 o+
J 2w ? ,

y Ke :
f pg - (VB¢
T

n
5

pasz) da =

]
E
—

p19Vz) dA :

1]
X
-

pngz).dA»

la

Initial conditions:

as

Weg +Wey

®
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‘17) K = xa(sa,sl,sf;x)

. . . Ty
v C

Sl(Q,x,;xzixj) . §1i‘°'x1v“2v*3’
'.Pa(O;xlfx?,x3)-i Pai(O,xl,xz,}3)
- Pel0ixqixg.x3) = Pei(0,xy,%5,%3)

8.1.8.2 Constitutive Relationships and Constraints

1) S, + 8] + Sg = 1

v'~2),clo + Cl;}=‘1

3) Cgy + Coy *Cgg = 1
4) Cay * Cug = 1
5) pl =.pl<pl'ci6)~

n

6) oy pa(Pé'Caw')

7) pg
.8? Pq
9) EJ
_to).ua

Pe(Pg.CeniCeg)

. ]

pg(Pg.Coy)

“l(Pltclo)

4ua(Pa,ca§)'

11) Hg =‘uf(Pff¢fN'CfS)

12) Pa

P) = Pc1a(S,/5,)

14) ¢_=cons£ant._
IS)vg»=c6n;tént . |
16) Ky = Ky(S,,S],5¢,K)

a
18) Ky = Kg(S,,S),S¢,K)
’1.9)Da:+p:s = Di B

as(DLastTas)

. R | e o 4Bt

R

AR
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20) Dq | ’\Daw(DLaw'DTaw)
y *
21) Dg * wa = wa(Dwa' wa{

23) Dy + Dgg = Deg(Dpge D)
24) 2'=.z(x1,x2}x3y
;25)'pr = constant
PR . 2
8.2 DIMENSIONLESS PROPERTIES AND CONDITIONS

One of the‘major fethrements for all of the scaidng
criteria istthat'phe Qimensionless bpqpertie; be the saméi_&
Eunctidns.of the dimensipnle§s pérameters‘ﬁqh the"modeliand
the prototype. The dimenéiqnless pfoperties and conditions

for each case are listed in this section.

8 2.1 Polymér'Flood

paD(PD' awD’ apD)
P1p(Pp)

ID(SlD'SaD) . ' ‘ i a;'l , ,
“aD(PD' awDI apD)
¢ -
PCIéD(SaD'aélrx)
ZD(“X 1Dlx2D,X3D) . .. | |

‘ . * oo . .
C DTiD(Di'FI¢IvIaldp) ]‘=apra'w
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8.2.2 Emullién Flood: Two—Phasé_Floﬁ,

N
_paD(Pb'éawDJCamD)
P1pPp:Clup:C1mp) —-
Kip(SipiSap) . i=a,l
'"aD(pDiCawD'CamDy

#1p(Pp:C1yp+Cimp!

Pq%fg(SaD'aal'K)-,
2p™id i XopsX3p)

D.LiD(_D;’F!¢.'Vr°'Adp) i=aw,am,lo,1lm’
.DTiD(D;'F'¢rVr¢rdp) ' i=§w,am,loflm'

5
& v

8:2.3 EmuléionﬁFlood: Emulsion Miscible:in Aqueous Phase

i

Only -

paD(pb'cawD(CamD)

" pip(Pp) \

xiD(siD,SéD) T i=a,l

eaD(PD;CawD!CamD)

uip(Pp) L

?cléb‘sanraél'x) |

2p{X1psXps X3p) |

DLiD(DI,F,¢,v,o,dp) . :.i=aQ,am 

bTiﬁ?b;;F,¢,v,q,dp) ) i=aw,am - T
| . £ -

8.2.4 E@u;sion;Flbod:’Three-Phase Flow -

,paD(pD?cawD'CaﬁD)

~ P1plPp)



.me(pD'meD'cﬁmD)
“aD(pD'CawD'CamD)
uyp(Pp) S T ¢
“mD(?chme'CmmD)‘ |
"Pc1ap{Sap9a1+K) ‘ ' o
PclmD(SlD'Olm'K) 

- zD(XID'xZD'x3D)

*
Drip(D;

1,F,¢,v,q,dp) i=aw,am,mw,mm

DTiﬁ(D;,F,¢,v,a,dp) , i;éw,am{mw,mm

8.2.5 Foam injectioh: Fou:f?hasé Flow
0ap(PpsCaypsCasp’

?1p(Pp:C16p+C1sp)
Pep(Pp/CeyunrCegprCesp)
pgD(PD'CgNDngsD)

“aD(PD'CawD'CaSD)

#1p(PpsCy5p/Crep)
"fﬁ(pD'ngD'Cng'Cfsq) , |
“gD(Pb?CgND;CgsD) R
PclaD‘sanle?aal'K) ' |
PclfD(SlD'SfoQlf'g)>“ o . -
Pc1gp{SgpS1nr 914/ K) |
“2p(Xyp.Xpp, X3p)
PLiD(D;'F7¢”V7°’dp) 

N . *.’ .
Dpijp(D;,F,é;v,0,d,) i=fw,fqg,fs,lo,1s

i=aw,a§;fw,fg,fs,10,fs':
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used by Kimber ‘et al.. (1986) has been used for”fhe :

‘ development of the scaling criteria. -
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o

8. 2 6 Foam ln;ectxxon* Three-Phase Flow \ '

paD(PD' awD'casD) I
-pID(PD'CloD'ClsD)’
Pep(PpiCeupCesp!
4ap{Pp/Cawp’ Casn’
#1p(Pp,C10prC1sp!
“tD(Pb'waDﬁCst)
PeiaD(saD'Sln'aal'K)
Pc1£p(S1psSepr 91 K)

Pc1gn(S1pr01g:K) '
~ zp{xypsX3prX3p) o
‘DLiD(D:’F'¢'V'O'dp). _ i=aw,as,fw;fs,io;ls
DTiD(b;,F;¢;v,aldé} _ i=aw,aspfﬁTfs,lo,ls """

8.3 DIFFERENT APPROACHES TO sarrzgy/4ns SCALING CRITERIA

A sample derivation of a complete set of scaling

criteria for the cases described above is presefted in

Appendix B, In order to scale these processes all of the

‘i
L

w’s'cal'ing criteria have to be satisfied. However, all of the

,"yq§g}1ng cr1ter1a are very d1ff1cult to sat1sfy and,

depenalng on the major phenomena occurrlng in the process,
it may be necessary to relax a few of these cr1ter1a. In
this sectxon, a number of subsets of. scal1ng criteria for

>a

the different approaches taken is presented. The methqd

9

I
' 2
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"8.3.1 Polymer Flood o

8.3.1.1 Approach #1 - Same Fluids, Different Porous Media,
Dxfferent Pressure Drop, Geometrxc Sxmxlarxty '
The scal1ng groups wh\ch are sat1sf1ed in this approach

: r
are

5 A "‘
W “lRKaR PR  ¥apR SaiR
L’ K ) W ' ¢R' S '
aR"1R aR awR N aR

PllR erApR _prod AanR

R,

PIR ' Sar ' PlR L?

H paRgRL' BC. .. WawRXaR agR“aR
’ r

L paR : apR KaRPaRpaRL aRPaRF
p¥ C o
s aWR apR .

D*‘ "CawR ﬁ,

apR . :

As can be seen above, the dimensionless-groups scaling
geometry, v1scous, and grav1tat10nal forces are satxsfled
As a conseguence, the pressure drop across the model and the-

prototype is different. Such a'requirement leads to a

‘different porous medium for the model. This epbroach cannot

scale the effects of dispersion and capillary forces. 7k1so,
because of the varying properties of the different pbrbus

media, the scaling of irreducible saturations, resistance

ﬁactor,wads?rption( and relative permeabilitieS'is

questlonable.
In order for R to be the same for the model and the

prototype, - the polymerwslug size has to be the same.‘
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However,,é‘reference slug sizé has to be matched for
specific cases, such as hetfrogeneous porous media.

I'n addition to the aforementioned requirements, all of

the dimensionless»propérties“must be the same function of

their dimensionless variables for” the prototype and the
model. The\impljcatioﬁs of these scaling criteria fpt~a
modelireduced in iength by a scaling factor .of 'a' are:

1) ¢, Sy;, Fy Cap' R must, remain the same.

2) H, W, AP»ax, (P Pprodf wap, wag must be. reduced by 'a’'.

3) K must be increased by 'a’,
2,

4) t will be reduced by 'a

8.3.1.2 Approach #2 - same Fluxds, Same Porous Medxum, Same
Pressure Drop, Geometric Sxmllarlty

The scaling groupikxhat are satisfied in this5approach

~

are.:

W “lRKaR' PIR wagR, " saiR;
. ’

L' #agK1R' Par’ Wawr! 'R’ Sar-

P11R PrRPpR _prod RinjR H o
’

Pl ' Sar-' Pig' ¢ 'L

BC. . WawRMaR ; aRDaQR“aR' Da R E
aPR’ K pPapPart’ KarParFr D;pR

o P

apR

aR = . » - ?

'CawR"pclaR

| This approach allows the same pressure in the model as

" in the prototype. The identity of pressure enables,the
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e

Bt ies which depend on pressuré to be properly scaled.
_Alsd{?irreducible saturations, relaﬁi?e permeabilities and
‘adsqrption may be scaled more précigely by using the same
ég?bus medium; However, this‘approach may ‘not scale
gravitational forces properly. Also, the effect of
dispersion at‘high flow rate is not scaled under the
conditions.

In addition to the above requirements, all of the
dimeﬂsiqﬁless properties must be the same function of their
dimensionless'vé:iables for the pro;dtype and the hodel,
The implications of these scaling criteria for a model '
reduced in length by a scaliﬁg factor of 'a' and employing
~the‘same'f1uidsvas the prototype are:

1) APpays Piv Porogr Ko 8. Syi Fy Cap,.R.must be same.

2) H, W, Waur “ap must be feduced by 'a'.

3) t will be reduced by ralr,
' _ a

8.3.1.3 Approach #3 - Same Fluids, Same Porous Medium, Same

Pressure Drop, Geometric Scaling Relaxed |

] .

The scaling groups that are satisfied in this approach

" ares

W A“IRKaR' IR YapR -, “‘saiR’ :
7 7 14
L' uapKiR’ Par’ Wawr' 'R’ Sup

‘P1iR PrrRPpR Pprod AinirPar
PiIR ' Sagr~' Pir "1
a . paRgR

14 RI
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-
' . s, D" "

HPaR_ pe, ., touRtar  SaR’apRak
PaRgRL apr’ KaRPaR gRL , aRpaR R

. .
D o

wR apR
D " awR

In order to scale gravitational effects by using the
same fluids, and the same porous medium at similar pressure
conditions, geometric similarity has to be relaxed. 'Alsd,
the capillary forces and the é}fett of dispersion are not
sCaled.properly.. The most ;igﬁificént difference in this
approach is the choice of the reference quantity for the
vertical coordinate, X5. It becomes

Xsr = ParIRL’/Pag
In addition to the above requirements, all of the
dimeﬁsionlessf;roperties must’ be the same function of:their 
dimensionless variables fo;\;héy;>qppfype and the model.
The implications of these scaling criteria for abmodel
reduced in length by a scaliné factor of 'a' and employing
the same fluids as the pfotoﬁype aref_ .

R must remain the

1) APmax',P17 Pprod' K7.¢' Sair Fu Cap'
same., / |
2) W must be reduced by a.

: 3) H, waw'-wap must be re@uced~by ralr,

4) The reservoir must be_horizonﬁal.

5) t will be reduced by ralr,
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8.3.1.4 Approach #4 - Same Fluids, Same Porous Mcdium, Same
Pressure Drop, Geometr:c Scaling Relaxed Dispersion at Riqh
Flow Rate | ‘ : T

The scaling groupslthat are satisfiéd~in this approach

are:

' TR ¢ P W S_:
g' ulRKaR' 1R"wagR, . SalR’ R, <
aR"1R PaR "awR aR )
o | Y
’ zlxR' pgRAg g od AiniR. —_— '
1R aR P1R L(¢RSaRdepRL)
H ‘ oW '

. T,awn“an 730
p r
" ParKaRPar(#RSarXrApRL)

-BC
1/2' a

aRDagR“aR Dl R CapR
P_.oFn ' ¥
KarParFRr DapR awR
. Y R ’ , - m’

This approach is aimed at scaling processes that are
dominated by transverse dispersion. However, in order to
accommodate transverse dispersion, scaling of gravitational
and capillary effects must be relaxed. 1In order to scale

dispersion, the reference quantity must be chosen for the
'

vertical coordinate as
= 1/2
In add1t1on to the above requirements, all of the
dimensionless propertles must be the same function of their

»

dimensionless‘variab1e§*fdt ‘the ‘prototype and the model.:

o L

The 1mp11cat1ons of these’scallng criteria for a model

reduced in length by a scaling factor of 'a' and employlng



' and grav1tatlonal forces whlle scallng transverse

?,,’In thlS approach an attempt is made o balance the v1scous ;f

2

d1spers1on.. However, the effects of caplllary forces cannot o

e );

e e e - . IR . o
- rthe' same fluids as the.prototype'are' PR o ’j .
iy STEEEE . : ¢
) p?* : : . 3
1) Apmax"Pi' prod' ‘K, ¢, Sair Fo Cap’ 3 must rema1n,$he‘,a
'same.. ‘ o "
; ¥
2) W must be reduced. by a.'
= 1/2.
3) H, waw'-wap must be reduced by |
4) t w111 -be: reduced by 2'. . .t o -
8 3. 1 5 Approach #5 - Same F1u1ds, D1f£erent Porous Med1a,
D:fferent Pressure Drop, Geometr1c Scal;ng Relaxed
D1spers1on at H1gh Flow Rate | .»J: U b' )
Py @ : e
) The scaling groups that are sat1sf1ed 1n th1s approach
| uypK 0. W SRR ST
. g lRK aR IR W apR . g Sa}Rr-R) N
S aR lR ‘paR awR _«-_,.aR, L ;
th erjR Pg % Ain RPaR R
"IR. e Par9R
_____HP R c | . w%wRuaR 5ri- e
2" “rapR’ Joan T e
RgRL SRR paR gRKaRL R U cw oy
. _ = T _ .
'*T _ c roos B Lo -
X, R”aR 9R RI‘ DapR aw}‘ D e _
2 1/2}» ' SOIRE B N
paﬁbgR L ; | ' S e
¢ O . '7 : '@ :



3,4> AP

“_‘
Sy

‘*be'scaled by th1s method. 'Also, reiative‘permeabiiities'add

reducxble saturat1ons may not be scaled properly because

‘the us”ebf d1fferent porous medxa. Moreover, time is'

_scaled down by only four f1fths power of the sca11ng factor,
‘rather]than by 1ts square. This leads, to a rather lengthy
experiment' 1In developxng the set of . sca11ng criteria. for

“this approach the reference quantlty for x2 is chosen such.

U S
T

that‘ ’ ;‘ W@;'h B ,‘ , f_ » S
ng“= paRgRL 2/Pr fd L o

rIn addltlon to the above requ1rements, ‘all of the

: dlmen51onless prOpertles ‘have to be the same, funct1on of"

‘their d1mens1onless varlables for the prototype and the

Tmodel. The nmpllcatlons for a model reduced in length by a

scal1ng factor of fa'pandﬂemploylng the same f1u1ds as the

‘prototype aretz' o | | B

p | ap;‘R muet be the same. | N

©2) L, W must be reduced by | h

1)'¢;Ws i F, C

S 3) K must be 1ncreased by ! 2/5'.

L 287/5+
aw’ Wap must be reduced by SN

'5) ‘H must be" reduced by 2/5';

max' W

‘ 6)1tuw1ll be reduced by ‘a4/5'r

‘ a8;3,2‘Emulsion;E10od£ Two4Phase~Flow

-
2

8. 3 2 1 @ppuoach #1 - game Fluxds, Dxfferent Porous Medla,‘*"

@!,

Dxfferent Pressure Drop, Geometrlc Srmxlar1ty '

S

Y
-

|
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o T o EEE B
The scaling groups that may be .satisfied with this
approach are:
W #1Kq R P1r Yamr wlm 6

L “aRKlR paR' Wawr Yiwr' R

[y

sa1R Pl1R' _prod' A1n1R : o
Sa;r ' Pig’ P L2 T
H . paRgRL'- WaWR“aR _

L P KaRPaRpaRL

S_.DF. - —p*
aR awR“aR’ AloR awR
K p F I» * ’

aR" aR" R 1mR D

Cior Camr

| B
\ ) -

In addition to the afofementioned fequirements, all of

. P
gt A

"% the dimensionless properties must be the same function of

their dimensienless VariabLes for»the pfototype:and the -
~model. The 1mpl1cat10ns of these scallng criteria fqua
- model reduced in length by a scalxng factor of ‘a' arez.

1).¢, sai; F, C CimRr must remain the same.

amR’

2) H, W, Apmax' (P Pprod) Wowr wam' wim must;be reduced by
e -
3) K.must be increased by 'a'. ©

SR g .,3&5 
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4) t will be reduced'by 'az'.‘ . )
8 3. 2.2 Approach #2 - Same Fluxds, Same Porous Medxum, Same'
Pressure .Drop, Geometrxc Slmxlar1ty .

The'scallng groups that may belsatisfied with this

approach are:

-

w Mgk P Wi . W S.:
T 1R™aR 1R amR lmR ¢R' salR'v

“aRKIR' Par' Waur' wle

P1ir Pproa Ainjr
14 14 14
Pir PR ' 1L

. 'vl s D* ' * -
~ H _Yaur¥aR aR’awRfaR DR
B T , ,
_ L«fKaRPaRpaRL-. K, rParFR DImR
*‘ ' ' Ao ' L
Daur ___B . PaR - o : s
* ClmR' C cl R ' : R
amR ~ a

. D

ct:ion of their ——

s

In add1t1on to the above requ1rement ~.}leof‘the

| d1mens1onless propert1es mus%; be the same‘ |
v_d1menszonless varlables for the§?rototype and the model
The’ 1mpl1cat10ns of these scalxng criteria for a model -
‘reduced in lengthtpy a scalxng factorvofg a' and employ1ng
the same fluids as tﬁe prototYpe ate:

1) AP Hpi"Pprbé' K, ¢"Sa£' F, CamR' CimRr mgst}remain

max’
athe same.
. 2) H, W, waw' wam' Wlﬁ must be fedpced by Va'.L_;

=3) t w111 be reduced by ,az':

L]
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'8.3. 2 3 Approach #3 - Same F;uxds, Same Porous Medxum, Same
Ptessure Drop, Geometrxc 5ca11ng Relaxed |

The scallng groups that are satisfied in th1s approach

. . -: N
are: - v
o S ' i

4

“lRK R le W Wamr  Yimr ‘¢ SaiR

;:”g MaRKiR' PaRr’ 'wawR' Wiwr' RYSzp " o B
.Q“ . ) . —
ik Piip 511R, prod \
- Pip " S1r T Pig
S mp W S oD i P_
) : aR;Q' awR;aR 5 aR amR“aR Ainir aR
. ¢ ‘ K_pP_pF
0 paRgRL KaRpaR_gRL TaRTaR'R- Lp,r9R
B . w * D* . . C C ‘ B
] a R' loR, amR
C C
lmR D ’ ImR “awR

In,addition to the above requirements, a11 of the
dimehsionless propefties must be the same funotion of'their
d1mens1onless varlables for the prototype -and the model.

; The 1mpl1catlons of these scallng cr1ter1a for a model

reduced 1n length by a scaling factor of 'a"and employing

‘. : : T

the same fluids as the prototype»are. .

g

1) ap 1{Approd'

max’ K, ¢, Sai; F, CamR' C)mp Must remain

~ the same. |
2) W must be reduced by.a."

3) H waw, wam' Wlh must be reduced by a2'_’

4) The reservoir must be hor1zontal

5) t w1ll be reduced by 2'.,
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. 8 3. 2 4 xpproach #4 - Same Fluxde$ Same Porous Medxum, Same
Pressure Drop, Geometr1c Scaling Relaxed stpersxon at High
,'Flow Rate f : ' . ' L o ; _ /';
14 4 ’ '

The scaling groups -that ate satisfied in. this epproach

/ o
are: )

4

W H1RKar PiRr wamR Y1mk SaiR

had ' ¢ o -
LY aRKIR paR' wawR wle R" Sar '

7

Pinir - PLiR’ Epggg,
L(¢RsaRdepRL)1/7 PIr " ' Pygp -

- /2 ~ Waurfar
1 I
(¢RSarXrApRL) * paRKaRPaR(¢RSaRXdeRL
.
,SaRDamR“aR ] Da R Camr CloR'
Ka aRFR .ImR D " Cur Cimr

1720 o

: In addition to the above requ1rements, all of thep
dlmen51on1ess propertles must be the 'same . iunct1on of their
d1men51on1ess var1ables for the prototype and the model
‘The 1mpllcatf6ns of these scaling cr1ter1a for a model
reduced 1n length by a scal1ng factof of 'a' and employ1ng
the same fluids as the prototype are: C

1) APmax, P K, - ?, Sai' F, CamR’

ir prod', Cimr Must remalp

the same.

2) W must be reduced by a.

1/2.

3) H W Wam, Wl

4) t w111 be reduced by 2'.

aw'

m must be reduced by a
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"z, T : L o o
8.3.2. 5 Approach #5 - Same F1u1ds, Dxfferent Porous Medxa,

\

D1f£erent Pressure Drop, Geometrxc Scalxng Relaxed
stpers;on at Hzgh Flow Rate o
J.

The sca11ug groups that are sat;sf1ed in thxs approach

are:
i)}
: oy : ) i

jal “1rKaR - PIR wamR’ wlmR' , Sa1R'

! ’ r

L \“aRKlR- paR Wawr' Wawr' R’ SR
-~ . o B .
A1n3RP n §11R' Pprod" .

P ‘ X
‘L RgR 1R 1R o |
HP_ W Dy | e
aR - "awRMaR 1oR. -

2’, 2
par9RL"  Par 9RKarl” Dimr

\*,' . % . . v

. Dowr  ParSarP;prMaR '.camR; CloR’
TR g C c
Daﬁ:\R KaRpaR gR FRL » awR “' 1mR
‘ oo 2 1/2
¢RsaRxRPaR <K%R) .

paR gR

In add1t10n to the above requ1rements, all of the
d1mens1on1ess propertles have to be the same functlon of
_»thexr d1mens1onless var1ables for. the prototype and the

model. The 1mp11cat1ons for a model reduced in length oy a

1

-scaling factor of 'a' and employxng the same flu1ds -as the
.protOtgpeﬁare; o . o o ‘

1) ¢, S

Sair F, Casgs Cipg MUSt be the same

2) L, W muét'be'reduced by 'a

3) Kvmust be increased by . 'a2/5

4) Apmax' Wawn'wam}‘wl must be reduced by"a&/sf

m
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5) H must be reduced bfl'az/s’,‘and

6) t will be reduced By .aQ/S.

8.3.3 Emulsion Flood: Emulsion Miscible in 5quoous'Phase_

Only

—

8. 3 3.1 Approach #1 - Same Fluxds,ﬂnxfferent Porous Media,
Dxfferent Pressure Drop, Geometrxc S1mxlarity
Thezscalrng,groups that may" ‘be sat15f1e§ with thisA'

;approach aroi

¥
'L

“1r%aR lR “YamR P SaiR |
14 14 i 14 -’ N
“aRKlR Pa . " Wawr R SaR' ’ ‘ s
.P1ir Pprod H AinirR
! PlR ’ LI L2 ’

g

ParIR"  MawrMar _  SarPawrar

Par " KarParParl' KarParfr '
* - ’
D.wrR = Camr
CTX ' ¢
Damn avwR -

In addition to the aforementloned requ1rements, all of-
the dlmen51on1ess propert1es must be the same function of
thelr dimensionless varlables for the prototype and the
model The 1mp11¢aglons of these scallng\cr;ter1a,£or a

model reduced in length by a sgaling'factor of 'a' are:

2) H, W, AP

F, ?CamR must remaln-the same.

(P -P

prod)'_ aw’ Taw

max’ W, must oevreduced by ‘at.

\

3) K must be increased by 'a':



L o |  aee
/- : ' o
" 4) t will be reduced by 'a?'.
.8.3.3.2  Approach #2 - Saﬁe Eluios; Same Porous Medium, Same
Pressure Drop, Geomett{c Similarity
The scaling Qroups that moy bewsatisfieé wﬁth'this

approach are: \ _ o | - 0

“lRK R le wamR'
“aRKlR Par’ Wawr

l
L’

. ) . ‘ *
WawRMaR saRDawR“aR’ D_wR
KarParParl'. aRPaRFR D:mR

CamR PaR’

CawR"PclaRﬁ

~In addition to the above requirements, all of the f'

N

_d1men51onless propert1es must be the same function of their
d1mens1onless var1ables for the prototype and the mo&el
The 1mp11cat1ons of these scal1ng cr1terxa for a model
reduced in length by a scal1ng factor of 'a' and employ1ng
the same flUIdS as the. prototype are: .

1) Apmax' P;, P prod’ K, ¢, Sai, F, Capr Must be.same.

2) H, W, waw'vwam must be reduced by 'a’'.

3) t will be reduced-by ralr,
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. 8.3.3.3 Approach #3 - Same Fluids, Same Porous Medium,vSame
Pressure Drop, Gedmétgip Scaling Relaxed |

The scaling groups that are satisfied in.thié'apprdich

A

are:
W “1RKar P1R Mamr ,  SaiR / o
Y ’ ' ' '
L' uapKi1R’ Par’ Wawr' R’ Sagr
P1ir Pprog.
Bsr - Pir
’ pﬁ'b N HP ' W g D*
%niR aR - " aR _ angaR - aR amR"aR
Qn 2'K_P_OF '
LParIR  ParIRL” KapPar 9rL” "aR aR'R
* N
Dawr  Camr.
D* ’ C R
.amR av

In addition ‘to,the above requirements, all of. the
. dimehsionless properties must be the same function of their

adimensionlesé variables for the prototype and the| model.
. v v 5

The implications of these scaling criteria for a model
-reduced in lepgth: by agscaling chfbr of 'a' and employing
the samé\fluid§ as the prototype are: | o N

1) Apmax'npi' pﬁréd' K, ?ﬁ‘sai( F, C,p Must remain the same.

2) W must be.reauced by a.

3) H, Wy must be reduced by a2,

ay’

4) The reservoir must be horlzontal

5) t w111 be reduced~by ralr,

/
!
o




LT

501"

8.3.3.4 Approach #4 - Same Fluids, Same Porous Medxum Same

‘\
Pressure Drop, GeOmetrxc Sca11ng Relaxed Digpersion at ngh
' Flow Rate’ |

The scaling groups that are satisfied in this approach

are:
K W ‘ .
W HK1r"aR AIR "amr ¢ aiR )
thu K ’ 'rw ’ R? S ’
' aR"1R aR awR : aR »
P1ir Pprog Ainir

PIR * PIR ' L(4gS,pxpdpgl) /%

H 372 waQR“aR
(¢R5aRXdeRL) '“ ParKarPar(#rSarXr%p

)1/2

/

saRDamR“aR' EE " Camr
K_,P F C
aR aR" R DamR .awR

In_addition‘to the above requirements, all ot the
dimensionless propert%es mdst be the saoe function of their -
d1mens1onless varlables tor the prototype and the model.

The 1mp11cat1ons of these scallng\érlter1a for a model
reduced in length by: a scal1ng factor of 'a' and employing
the same f1u1ds as the prototype are: - |

j) APy P

Porods K '¢s Sair F C,qg MuSt remain the
* same. ;

'2) W must be reduced by a..

3) H, Wowr wam must be reduced by ! a1/2'

4) t will be reduced by 'a2'. I
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8.3.3.5 Approachﬁgs ~--Same Fluids, Different Porous Media,
Different Pressure Drop, Geometric Scaling Relaxed, |

. Dispersion at High Flow Rate - 9

The sciling groups that are satisfied in this appro7ch

are:

o
{
. v
w HM1rRar  P1r  Yamr ¢\:ain'
N ’ ’ '} r 14
L' #arM1R' faR’ wa.wR R" Sar ,
Py:o P AynirPa
1iR grog iniR
B.o ' P 3
1R 1R L paRgR
]
S *
HP,R %wR"aR 2 paRsaRgagg“aR2 i
2' K. np FoL®'
Par9RrL paR gRKaRL aRfar 9R "R .
* 2 1/2 ‘ .
D_wr , gamR $RSa RXRP%R%K?;R) |
%x
Domr @wR . Par 9r L

- In addfilon to the above requ1rements, all of the
dimensionless propert1es have to be the same funct1on of
their dimensionless variables for the prototype and thev
model. The implicat;ons for a model feduceé in length by a .

scaiing factor of 'a' and employing ‘the same fluids as the

Pprototype are:

F, C must be the same

ai’
- 2) L w must be reduced by 'a'’

3) K must be 1:;;eased by a2/5:
W

4) AP 1%

1.8/5,
max’ aw’ a

amAmufst be reduced by

5) .H must b/ reduced by .62/5., and
6);t.wil%/ée reduced by 754/5'
/ -
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8.3.4 Emulsion Flood: Three-Phase Flow
8.3.4.1 Approach #1 - Same Fluxds, Dxfferent Porous Medxa,
Different Pressure Drop,‘G omett1c Sxm1lar1ty
The scaling groups tﬁZt may be satisfied with this
approach arexJ

W H1pKar H“mrRar P1R  PmR

--———_—_—_—__—--—_—

L’ “aRKIR HarKmR' Par’ Par

YamR  ¥mmR , fgiB: S1iR.
1 r -
wawR wme R SaR \ SlR - : .
P 1R pm1R p rod Ainir H | g
3 B ' L’ :

o ¥
ParIRL  WaupMap  SarPwRMaRr

PaR‘ ' KaRPaRPaRL' KaRPaRFR !

* *

Dow R Dm R CamR' Crw
x ' C C
DamR D wR awR

In addition to‘the aforementioned requirements, all of
the dimensionless properties must be the same function of

their dimensionless variables'for the prototype and the

" model. The 1mp11cat10ns of these scal1ng criteria for a f’

model reduced in length by a scal1ng factor of 'a' are:
1) ¢, Sa30 Fv Camrr Cppr Must remain the same.

| 2) H, w AP (P -p

max’ prod)

, W W ﬁust be reduced by
aw_f mw’ %{
'a'Q )
3) K must be increased by 'a'.

4) t will be reduced by 'a?'.
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8.3.4.2 Apptoach #2 - Same Fluids, Same Porous Medium, Same
Pressure Drop, Geometric Similarity t
Thé scaling groups that may be satisfied with this

approach are:

. B E1Rfar  “mRMar PIR Pmr MamR “mmr 7, .
L' uapK1R' MarKnr' PaR’ Par awr' "mwr’ 'R’

S : S 2 A' s p 3 p : p rod H
_QLB,_;A.B,_lgag,_l_;B _miR —pree, 2,

Sar ' SiRr Pir " Ppg ~ PIR
* ' * *
WawrMar - SaRrD wR“aR Dow R Dm R

K.pP.op.oL® K P F *
aR ag aR aR " aR™ R DamR D wR

CamR' meR PaR le

In addition to the above r®Quirements, all of the

dimensionless properties must be. t£§ same function of the1r
‘d1men51onless variables for the prototype and the model
The 1mp11cat;ons of these scaling criteria for a model -
reduced in length by a scaling factor of 'a’ and employing
the same fluids as the prototypé are:

1) APmax,kPi, Pprodh K, ¢, Sai} F must be same.

2) H, W, W W_ . must be reduced by 'a'.

aw' "ap
3) t'will be reduced by ralr,

&{:)/6f3.4.3 Approach #3 - Same ‘Fluids, Same Porous Medium, Saﬂe

Pressure Drop, Geometric Scaling Relaxed
The scaling groups- that are satisfied in this approach

are:



™

W
. L'

S

o Wt

5

o T
?“aRKIR_ #aRKmR Par’ paR wa rR' R .
B s

‘fuiﬁKgR"“mRKaR le me

W IR VI -
mmR iniR aR
' R’ ¢R, —3—1——

L7P3RIR

»axR
aR’

: o TR ‘ S SR S
: P11R pm1R S11R PPIOd ; e t _‘ﬁ’ o R T

) d1mens1onless propertles must be the same funrtlon of thel%h

"5) t w111 be reduced by az' - _oﬁ; Lo

| HPaR; _Mawr*ar . ‘SarPamr“ar

’ v 2! 2 2" K._.pP.gF5 !
LEVE SR aRfaR’ QRL i aRIaR'R O
D D | |
Dig CawR Cmmn._;v‘ o I - .

) AP

’3) H, W

4) The reservozr must be horlzontal o R

vFlow Rate : 3__*“.’ | '§ B R O

_m_B EgmB Cnwr Lo R
amR D

LI

In add1t1on to the above»requ1rements, all of. the

Y »

=d1men51onleis var1ables for the prototype and the model ' - |

N

'7eveThe 1mp11cat1ons of these scal1ng cr1ter1a for a model
fgureduced 1n‘1ength by a scal1ng factor of 'a' ;and employing

‘”]the same fluids as the prototypeware.

- R e e e ;
max"P' prod'-K ¢, Sai!"Ef‘CamR' CmmR must remain

the same.'

2) W must be reduced by a.m.'

W must be reduced by a2','w ”»én' _ ff‘:ﬁ

W mw' mm,

W

.aw’ am'

) - | ) . . - . : l .’". . ;- ) ,l? ‘

- ..

 3.-;4 4 Approach #4 - Same Flunds, Same Porous Medlum, Same

’:&fPressure Drop, Geometrxc Scalxng Relaxed D1spersxon at High

. ,““ . . : : . ) o B i .
) - - 2 - i P & S .



The scaling groups that are satisfied in this approach

care:. .

W H1pKar  BprKar P1R  PmRr
14

L" uapKiR" HarKmr’ paﬁgjp

wamR' wmmR ¢ Sa1R S1iR
. r o r . 14
WawR WmWR, R"'Sar " S1R
A1n1R 1/2 P 3 pm1R ‘.g gd b
P P
L(¢RSaRde L) 72 VP1R ‘p-m‘R P1R )
RS ‘ . 1 !
 (8rSarXRApRL) 7 ParKaRRa R(¢RS Rde R .
s.p* s D _ p*_ ¢ ol -
: aR“amRMaRr gwR. “pmR amR - muR
o K.pP_ . pFpy " ¥ " C C. o
ﬁ aR"aR R¢ _DamR ‘DpwR awR mmR -
‘ : o ) . . . .
heoo In add1t1on to t%e above requ1rements, all of the
/)

d1men51onless propertles must be the same funct1on of the1r y

dlmen31onless varlables for the prototype and the model
: A,
e'm@pllcatlons of these scallng crlterla for a model

. . Ca

F' c Chmp Must remain

prod' !'f¢'rrai' amR’
' the same.;: e e

‘c

-

;) W must “be - feduced by a. v ‘
' 3) H, W vw W W must be reduced by ral/2s
, awr Wamr mw’ “mm- @

4) t w111 be reduced by 2'. '

5



d813.4;53Ap§roach'#5 - Same Fluids, Difte;eht’?orous Media,
Differéht Pressufe‘Dtop, deometric §caiing‘Re1aked,v
Dzspersxon at ngh Flow Rate d

: The scalxng groups tha% are sat1sf1ed 'in this approach.
,are." o o B = ‘h o : mf ‘<.

wg;“lRKaR “mrRaR le' me; . L L
’ ] ’ - ’ : : _ .
L “aRKlR “arKmR Par paR :

‘-'W

amR | wmmR"¢ 'dsaiR, SliR’ J ,
wawR VmWR ‘R saR Sir- - o L L
fpl1R PmlR' Pprod’ A1n RPaR _ _ |
Ple‘hme. P1R L paRgR - ' e
. ~ L e ¥ S o
HPag: s, wgwR“aR7 ParSarPapR¥aR |
§ PaggnL Par 9rRarl" KarPar IR FRL™
* % e
,Da* R Dm i gamR g
' 2 1/2 B : -
¢RsaRxRPaR (KaR) s T “ .
ar. 9R ; .
N SN ’ . ) 3 I‘

“.x,

In add1tlon to the above requ1rements, all of the
-‘dlmens1onless propertaes have to be* the same functlon of

; the1r d1men51on1ess var1ahlps for the prototYpe and the
',model The 1mp11cat1ons for a wodel re;tced in length by a

' scallng facto; of a' and4emg@oy1ng the same flu1ds as the."

prototype 5‘;a , o
e ‘o

- 0

i m 1) ¢ S i F, camR"C i ‘must be- the same

B
K

< ’ ’ ) :;'\ '4-".' '

| f” 2) L, <& must be reduced by 'é'
e v L O

-1 A



h 6) t w1ll be reduced by 4/5‘

Dxfferengtpressureaw

e

3)-K must be inpreased by 162/5-

4) Apmax' Wawr Wans Wmm, Wiy must be reduced by ‘'a™/=!
5) H must ‘be. reduced bj v 2/5', and R -

8.3,5,Foam,lmjéction-—vFgur—Phaée'Ffow“

8 3 5 1 Approacﬁ #1

::Q Fluxds, D1££erent Porous Medla,
1) d'“‘ )

Beometric 81m11ar1ty

1.‘

- The" scallng groups that may be sat1sf1ed with th1s

approach are-

W 4iRNar  K1RMeR. “gRMaR - o 5
r . - n L. . . . .
L' uarKiR “fRKlR HaRKgR . | L S

. PIR pr qu A1n1R . . oL m

aR' Pa B paR X

,wasR;'Wst"wlsR,‘wng’ &li'
 Wawr wng wloR _wwa. R ; .
-§liR, salR, g?
®IR." Sar ' Sgr-
Piir Prir pg1R _prod H
. PlR F) PfR | ' pgR ’ le v . ,
. N . " B (vv
. ; 6 ¥ o
Par9RE . WaurMar SarPawrMak ’ : .
= ’ -
Par KaRPaRpaRL KaRP RFR ' ..
D1oR DawR waR' fg
E 3
D ’ "

1sR DasR .Dst Dst
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Fl

~10R Casr Elgg cwa o
CysR' CawR Cng Cng ”

In addition,to.;hé'aforeﬁentioneé reooirémehts;béll of
tﬁe diménsionléSS properties must be the édmé functioo of
thglr d1mens1on1ess var1ab1es for the prototype and the
model ' The 1mp11cat10ns of these scallng criteria for a‘
model reduced in length‘by a scallng factor of ‘a' ares
‘1)‘¢, Sai; F, CasR' Cst, waR' ElsR must remain the same.f
2) H, W, BB, (P pprod) Wawr Was: Wesr Wigr Weg must be.,
"reduced'by 'a', o : |
3)"K must oe-idcreasoddéy ‘at. 5
4)?t:wi11 be ;eaacgd b}lféai.ii' P

\

8. 3 5. 2 Approach #2 - Syme Flulds, Same Porous Medlum Same

Pressure Drop, Geometr1é S1m11ar1ty

The sca11ng groups%that may be satlsf1ed w1th ;hls
‘ w
_approach'are:

= leEQB ﬁlBEﬁB “grNaR
L' u aRFIR “ERMIR' “aRKgR

v A

. PIR ' PiR ‘PgR injﬁ'
Pa§f~PéR¥'PaR'f L

~asR wfsn Wisr Wegr
awR wng w1oR Wewr'
RN 5
Sa1R S11R ;glg o

f¢ , y - e |
"R gSaR : §1 gR ’2, ' _j‘ T - SR - f

. " » . 2 4t
: . . , . . .
. A . . :

o
.



&

.. . i f .
Pyir Pfo P f}L

" C1sr’ Cawr’ Cfgr’ Ctgr -

Pressure Drop, Geometric 5ca11ng Relaxed |

W M1RKar H1RKgR  “grKar PR
B L r

S

Pir ' Pgr ' PgR»f le

’

l."l:ﬂ‘ .

W Sb* * /*
awRMaR . ~2aRr”aw aR f fg

KarParParl’ KarPaRrfR :
-aR aR"aR™ “aR"aR 'R Dst Dst
p* o p* p o . L e |
_%QB, —awR arR fR_ aR_ o , ,

- K. X (AN -

Disr :D;sn_ Pclar’ PclfrR’ Pcafr ' . .

r' ) Vi

CloR} CasR f§ CfGR

In ad@ition to'the above requirements, all of the

dimensionless-properties must be the same function of their

dimensionless variables fo: the prototype and the model.

/

- The implications of these scaling criteria.for a model

réduced.in length’by a scaling'%actor of 'a' and employing

s .

the same flulds as the prototype are: e y
‘_1) APmax"pi' Pproar K+ ¢ S35 F, Casre Cst' waR' C1sr
‘must be same. ’ ' ’ /
: 5 . : \ ,l . ) . /, . . ) . /
2) H, W, Wa“, was"wfs!,wls' wfg_must be’redpced by 'a'. o
3) t will be réduch by-‘az'; . -

‘ 8 3. 5 3 Approach #3 - Same Fluids, Same Porous Med1hm, Same

x

—
e

The sca11ng .groups that are satlsf1ed in thls approach

are:..

X .

“arF1R' #£RF1R". “arRgr' far’ =~ o



B N B

vwasR' fsR , wlsR ng
Wawr wng wloR wwa

b P11R PflR _g;_ ' /
¢R P1g ' Pep
1R fR gR o

yasalR S11R _g__' _2__q
arR ._°1R gR PR’

- . ) o * . ' . .
2 ! R ’ ) K P F ! : . . R .
ParIRL”  KarPar 9rL" = TaRTaR'R

¥ 0k 0 Tx 1 Tk 1
DlsR Dst

C1oR Casr Cfsr Ctur. | |
Cawr' Cfgr' Cfgr o o

!

1sR-

In add1t1on to the above requ1rements; all of the. _

‘1d1mens1onless propert1es must be the ‘same funct1on of their
‘d1men51onless varlables for the ptototype and the model.
'The 1mp11cat10ns of these sca11ng criteria for a model

teduced in length by a scailng factor\éi\\éY_and employing

“the Same flu1ds as the prototype are-' [*\'

1) A'max'.?' prod' K ¢' Sair ’ CasR' Cst' waR' ClsR

must rema1n the same.’

‘2'2) w must be reduced by a.

13) H waw' was' Wfs' wls',wt must be reduced by 2'Tt*

, 9 -
ey The reservo1r must: be hor1zont,; SR  - S
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5) t will be redpced'by ralr,

' 8.3.5.4 Approach #4 - Same Fluids, Same Porous Medium, Same
‘Pressure Drop, Geometric Scaling ﬁe&axed, Dispersion at High -
Flow Rate ' —*L“"'- o ' -

'The scaling groups that are 3;{ésfied in this apﬁroachﬁ

are:

W #1RKa §}\“1RKfR “arKar P1r "PfR
“aRKlR “fRKlR “aRKgR Par’ Par

wasR; Wst' WisR ng 0

r 14 4
wa'wR wng wloR Wewr R
Plir Pfir Pojr Sair o X
P rp rp S, o ! . <

IR '~ Pgr-" Pgr ' Sar
o A

SgirR S51iR Eprod - H

S = ' S5 ' Pyo ' 1/2
R 1R oRL
AiniR /2" | 4'V~~ wawR“aR
| L(¢RsaRdepRL) ‘ p&ﬂxeRPaR(¢RsaRdepR
*
'saRD wRMaR waR' £qR

- K P Fo ' n¥
aR"aR" R Dst Dst

)1/2

‘DioR, CasR' 1oR " Stwr Pprog
Dlgp Cawr Cls&b_cng P1R

In add1t1on ‘to the.above requ1rements, alf of the
«d1mension1ess propertles must be the ‘same funct1on of the1t
d1mens1onless varlables for the prototype and the model.

The 1mp11cat10ns of these scal1ng crlterlaﬁfpr almqgel

reduced in length by a 'scaling factor of 'a’' and_employing



1. : o M : L
Lo

the same fluids as the prototype are:

/. .
1) BPpay+ Py Ppro&' K, ¢, Saif F,
must remainthe same.
2) W must be reduced by a.
3) H"fwaw' Wasr Wggr wls"wfg must
4) t will be reduced by ralr,

8.3.5.5 Approach #5'- Same Fluids,
I’. . ‘
Different Pressure Drop, Geometric

Dispersion at High Flow Rate

513.

i

CasR' Cst' waR' ClsR

be reduced by al/20

Different Porous Media,

’Séaling Reiaxed,;

J

‘Thé scaling groups that are satisfied in this.approach

are:

' #1RKaR “lRKfR',“qRKaR PR
r ¢ r 4
" BarK1r" HfRKIR' HaRrRgR' Par

/

Wasr Wesr  Wisr YfaR

Wawr ' wng! WloRl Wewr'
"o, C1iR Pffh' PgiR_
R Pir " Per ' Pgr
Sair Sgir. S1iR
S'S 'S 14
aR gR "1R

ppr 4 HPaR .; ' w3wR“aR -
-prod a3 }
1R ParIRL”  Par IRKaRL:

E I K4
paRSaRgagg“aR2 Dewr

. [} r

Karfar ?R FpL 'D;sR'

e

A



,D*

;

D C c
~—f98’ !gR asR

. - .. s

-~ ¥

DfSR DlSR awR lASR’ ' 1

Cfwr. Pprod

Ctgr’ Pir -

In addiEToh to the above requirements, all of the
#

d1mens1onless properties have to be the same. funct1on of

Q

their d1mens1onless variables for the prototype and the

model., Thg‘lmpl1cat1ons fqr a model reduced jin length by a

scaling factor of 'a' and employing the same fluids as the

) .
prototypeyare'f

1
2)

- 3)

3

6)

4)
5)

¢, S.iy F, € Cst, waR' ClsR must be the same

a1' asR’

L, W hust be reduced by '

K must beu1ncreased by ‘32/5.

Apmax' Wowr Was, wfs, Wigs ng must be reduced by

H must be reduced by ' 2/5', and

t will be reduced by 1a4/5 R °

8.3.6 Foam Injeétion: Three—Phase Flow

8.3.3.1 Apg;oath #1 - Same Fluids, Diffe;ent Porous Media,

-Different Pressure Drop, Geometric Similarity

*Tﬁe 5ca1in§ grqups that may be satisfied with this

approach are: " : v

1)
'I:r

£

)

“1RMaR "BIRRER PIRC 4 PER
uarK1R" HERKIR' Par’ "R’ Par

4
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&G IS _
.

Nt 4 . ""5 Ceeee A
Y v %)’ ;] N
Ve
A : w R Syip e
’ w ' w ’
Le awR loR 1R
iR Pyip pfo Qrgd ' /
Pig ' Pep ' Pyp ' :
'aR 1R’ fR 1R |
H ParIrl WawrMar )
’ i o
L' PaRr KaRpa'RpaRL -

s

i%aR"WRg —%Qﬁ -é—_

aR’R. DlsR , aSR

'waR Cior Casr

D;st ClsR';CEwR

In éddition,to'the aforémeﬁtioned requirements, all of

the dimensionless properties must, be the same function of

,their'diménsioniess variables for the prototype and the
model The implicaéions of ‘these scaling criteria for a
model reduced in - length by a scallng factor of 'a' afe'

1) ¢, S F, Casr+ Cesry waR' ClsR must remain the same.

ai’

2) H, W, AP (Pi P W W, must be

_ max’ prod) aw' as’ Wtgr
- reduced by 'a'.
3) Kvmdst bé increased by 'a'

t

4) t will be reduced'by 'az‘. ‘ _ _ S

*
[

: 8:3;6.2'Approach'#2 - Same Fluiﬁs, Samé Porous Medium, Same
Pressure Drop, Geometrxc Sxmxlar1ty
The scallng groups that may be sat1sf1ed WIth th1s -

approach a:e-
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1sR p* Pc1ar pclfR_--ClsR

asR

: ’ - . e
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In addifiQp to the‘above requirements, all of the
dimensionless properties must be the: same function of their A
d1men51onless varlables for the ‘prototype and the model. ,%
The 1mp11cat10ns of these scaling criteria for a model
reducea in length by a scaling fébtor of 'a'’ andbemployipg

the same fluids as the protonype are:

aw'’

1) APmax' Py, _prod’ K, ¢, Sal' B, CasR' Cst' Ctwre ClsR
, )

'must be same. : ' 7

2) B, W, W, Wag, wfs; Wig ?ust'be reduced by 'a'.

3) t will be reduced by 'a’'.

8.3.6.3 Approach #3 - Same Fluids, Same Porous Medium, Same
gresSuré‘Drop, Geometric Scaling Relaxed
The scaling groups that are satisfied in this-approach

arez: -
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[3
D) sR “fsR° TasR
In addition to the above requirements, all of the
dimensionless properties must be the same function of their

dimensionless vafiables for the prototype and the model.

The 1mp11cat1ons of these scallng criteria for a model -

reduced in length by a scallng factor of 'a' and emp 6y1ng

'the same fluids as the prototype. are'
P

1) AP,

max’ “i’ pprod' K{ ¢r Sair Fu CasR' cst' waRf q&%R

must remain the®same.

2) W must be reduced by a.

w\

3) H, W as"wfs' Wig ?ust be reduced ﬂ&

aw’
4) The reservoir must be horizontal.

5) t will be reduced by ;az'f

Flow Rate
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The scaling groups that are satisfied in this approach

are.;. »
W “lRKaR, “lefR' PIR Pgr
[ 4 ’
L' uarK1R" HegKiR' Par’ Par’ R
Ain{R wasR wlsR

72" W_ o' Wi, o'
L(#gSarXrdpRrL) awR "1oR

. P1iR ;PfiR' SaiR' S1iR
PIR " Pgr ' Sar ' SiR

’

- Porog H 7
P ' ' '
1R (¢RsaRdepRL)

. . .
WawRMaR - SarPawrMar
! P_.oF '

paRxaRgaR(?RsaRxgﬁpRL) K.RParFR

* * ' .
DfWR' DloR CasR' CloR . -

¥ ¥ ' T %' Cren’
D¢sr Dysp @wR 1SR
p ' . ' ‘ -
—prod .

p . - o ,

1R e g . ©
¢ LA . n

(In additibn to the above requirements, all of the
dimensionléss properties must be the same function of their
dimensionless variables for the prototype and:the model.
The implications of these séaling criteria for a model
reduced in‘iengtb by a scaling factor’of 'a' and employing
‘the same fluids as;the prototype are: |

1) APpax+ Py Pprod' K, ¢"tﬁi'vp' Casr’ Cfsr’ Cfwr' C1sr
must remain the same.

'~ 2) W must be reduced by a.



3) H waw' was' wfé,;wlé must"he reduced by ‘51(?!.

f*?* Jfﬂ4) v w111 be rEdgced by az'i”f“‘ff'““

e

8. 3 6.5 Approach “5 - Same F1u1ds, Dxfferent Porous Medxa,u’
”'leferent PreSSure Drop, Geometrxc Scal1ng Relaxed ln R
'V‘Dlsper51oh¢at ngh Flow Rate }.‘ ’, , i ) V | |
| The scal1ng groups that are satxsf1ed in th1s approach
a *gfare-* ‘f,'i,;l . -

- ‘ {

W,‘“lﬁKaR""lRKfR le PER
Ly aRKIR ,“fR‘lR ,Pag paR

: ¢R.,'

AanRPaR' wasR WlsR "‘ o )
»tL3paRgR awR wloR ’ " < |
| PliR;]PfiR; SaiR;‘SliR. s S R
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__prod HP Rv L WawR“aR
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In addxtzon to the above requ1rements, all of the A

e

~f. . dimen51on1ess propert1es have toxpe the same funct1on of

'fd; thelr dlmensxon&ess varxables for® the prototype and the
1’model Thewlgpl1catlons for a model reduced 1n length by a. ’rw
sca11ng factor‘of ?af and employlng the ‘same flu1ds as the '




W

- 1? ¢g ai, F, CasR' Cst, waR' C¥$R_must be the Same;

o 2) L, W must be reduced by ! var., oo

3) K must be 1ncreased by 32/5._- ,
,' ' 1 8-5
. 4). APmax' Waw, was' wfs’ wls must be M , a./ v,
,'5) H must be: reduced by 'az/s'. _ ‘
‘ 6) taw111 be_reduced by ' 4/5'. g § A - ,

‘8 4 Dxmens1onal Ana1y51s

- The- 51m1lar1ty groups can also be der1ved by

.d1mens1onal analys1s. Thls method cons1sts of select1ng the

&@levant var1ables for the process.. S1m1lar1ty groups can

- be obta1ned by u51ng.the Bucklngham m- theorem (Johnstone and

__44» e SR O ‘f"‘.m.' o s

W@e

Thr1ng, 1957) Table 8.1 llsts the symbols, damen51ons and
a descr1pt1on of the varlables selected There are only two
new groups wh1ch d1d not appear : when u51ng 1nspect1onal
analys1s. They are the Reynolds number (pvk1/2/u) and thi/
ratlo k/1%2. Geertsma et al (1956) poanted out- that the
group k/L’ may be relaxed 1f the average d1ameter of the ;
pores 1s much smaller than the smallest d1mens1on of the (‘\
reserv01r. In addxtlon when the flow 1s slow (creeplng
flow) in both the model and the prototype, the 1n£luence of
the 1nert1al forces is. not'51gn1f1cant 'S0 that the Reynolds
number can also be relaxed ' ;lso:.another scallng group

(a/P 1/2),5whlch was obtalned by d1men$1onal analysis, d1d

'not arise exp11c1tly in the 1nspect10nal analy51s' but, as’

ki

was p01nted out by Klmber et al. (1986),‘the requxrement that

»
[y
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_Table 8.1 List of Variables Considered for Dimensional
| ' o Analgéisa
-Symeel : *Dimensioh§  Deecripeibe  fé
; i;L} o L e»_Wellﬁepacihge’
H L o Thiqknessxof/the.o%l'zohe. 3
Y TR ,fM/L3e ;behsity ! K A
"g va/th | v_AcceIeration"BUe tb'gravity' .
P M/Lt? ' Pressure o
ki - 3L2;¢‘ | ,»Effectlve permeablllty
”A‘Ai _ Mth o Vlsc051ty o o .
”‘¢£f éﬂf've_, ‘.-fr‘;fPor051ty | R
Dbgﬁ':A «V‘Bz/f7': : .‘LogitUdihai.dispefooﬁl_
j??ﬁj‘ co 'L?/fiﬁ”g; Tranéverse d%gjprssion¢ 
"‘Pcij‘.»' f ’M/ﬁ%a . 'Caplllary pressure ; CEL B
“1[%w;;s B iM/t - Injection rate of waﬁer AT
055 e )M/tz‘ | ’eInterfac1al ten51on between . phases
(v ;;Nv; BT L/Ev _superf1c1a1 veloc1ty
. ' o 5 e A
I8 xawater, 011 -emu151on, foam, polymer

] dxfferent phases, such" as aqueous, Ole1¢, etc.

X
VoS ; .
B . . P
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the dlmensxonless capxllary pressures be the same functxon .
of thezr d1mensxonless var1ables 1mpl1es that this or a |
51m11ar group must be sat1sf1ed.‘ In order to avoxd f "."
redundancy, the sxmllar1ty groups derlved by d1mensxona1 |

[ )

ana1y51s are not llsted here..:
8.5 COMPARISON OF DIFFERENT SCALING APPROACHES

' 8. 5 1 Polymer Flood o | B S
e §1nce grav1tat1ona1 effects are not 1mportanh in thxs_

system, Approach #2 glves rise to the most su1tab1e set. As
thls approach uses the same porous: med1um for the model and~

the prototype, the effect of adsorpt1on and retentron (the

most 1mportant phenomena in: polymer floodﬁng) may be

TN

. properly scaled Moreover, thls approach does not rlsk

. alterlng the 1rreduc1ble saturat1on or relatlve

permeabllltles as is the case w1th Approach #1. AppﬁOach'ﬁ

#3, whlch uses the same f1u1ds and porous med1um, scales

grav1tat1ona1 effects properly at the’ expense of relax1ng

geometrlc sam;larlty.. However, the effect of d15pers1on 1s

s ~'L .

'accOUnted for in this approach Thls mlght be a p01nt of

R

s@'

conéern as d1spers1on 1s not negl1glb1e in a waterflood
\?

follow1ng polymer 1n3ect10n.v Approaches #1 and’#z scale the

-

' effect of d1ffu51on properly. wHowever,_for the case of f

v )
A o

polymer 1nject10n, dlsper51o;,fswa more 1mportant

phenomenon.'/Pozz1 and alacé%ellp(1963)udeterm1ned :

S SN el
4 et IURRRC A
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cond1t;ons for mxsc1blU processes where scalxng of v1scous
“7.:£“ﬁ“7and dzsper51ve forces ‘can’ be achleyed by relax1hg the

brﬁl ygeometrzc and grav1tat1onal scallng requzrements. \Approach
1$y ‘#4 properly scales dlspersxon at the cost of poorly s¢al1ng

)

:;fY' grav:tatlonal and caplllary forces. However, as it uses thel

N

/4

o same porous med1um, 1t scales relat1ve,permeab111ty and
‘\\ '
&1rreduc1ble saturat1ons properly. Approach #5. properly'

scales grav1tat1onal forces and. d1spers1on but’ suffers from

”the same shortcomlngs as Approach #1

~

If polymer 1s cpnsldered to be a mob111ty controi agent

’
P » e

for a heteégg;neous eservorr/fsuch as a reservolr
:,' 1" . .
contaln,ng. éttom water zone) ‘the. re51stance factor plays

I‘.an 1mportant role. In order to obta1n a ‘similar res1stance
‘tactor, adsorptlon and mechan1ca1 entrapment should be

sxm1§ar in the model and’ the prototype. This shows the need

of using. the 'same porous med1a for tH:'model and the

N

.protd&ype. D1sper510n plays an important role in polymer g
‘j_flood1ng but a more domxnant mechanism is the viscous ) €‘%

' (cg’b&'
1nstabr1ity which ar1ses when a waterflood follows a polymer

fkpod The contr1but1on of the dlspers1on\factor may be
£ s ?
,revealed byfcompar1ng the results from Approaches #2 and #4.

As has been ment1oned in. order to have the same'

e " )P

.reference concentrab&on in- the model and the prototype, a v

ss1m11ar polymer concentratlon and type should be used _ This’

;would ensure the scalzng ‘of the pressure dependent ot

&

7\;;;;mﬁpropert1es, adsorpt1on, and the blocklng act1on of the

LA
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.polymer. - "v ‘ ‘ R . _ "

8.5.2 Emulsion Flood
~Three.different cases of‘emu15ion flooding'were‘“'
stud1ed , However, each of these cases is app11cab1e,'

«

depend1ng on the qual1ty of the emuls1ons used. It is
poSS1b}e tO'obtaln an emulsxon that is miscible in both the
aqueous'and the oleic phases. On the other‘hand, a
low—quality emulsjon would be practicallyvimmiscible‘in the
oleic phase.i‘In‘either‘case, the ef fect of dispersidh:is"
important in the aqueous phase. Unlfke a polymer flood, no

reslstanCe factor is 1nvolved in the govern1ng equat1ons for

emu151on dlsplacements. However, the blocklng actlon.may be ‘
’ , v

“incorporated by. modifying the relative‘permeability,of the‘

phases considered; ~The fact that the emulsion does improve

" the oil»recovery’Ezmefe than‘what would have beent

recovered,‘by just jmprovingzthe mobility ratio, makes the
scaling moreecomplicated When~emulsion is being‘considered :
as a blocklng agent match1ng the relat1ve permeab1l1ty
curves is more 1mportant ThlS empha51zes the need of .
hav1§§ the same porous med1a for the model and the-_ s
prototype. Approach #4 because the use of the same ‘porous
medlum results in proper scal1ng of ‘the d1sperslon terms,
. ,

needs to be cons1dered for best scal1ng results. T

In order to have the same reference concentratlon 1niﬁ&

—

3‘the model and prototYpe, the same type and quallty of

N l
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”emulsioh must be used. 'The emuls1on quality w1ll also

dictaté simzlar dispersion and diff051on. Viscous' o
/
1nstab1l1ty 1s not a major factor to be con51dered in an

femulsxoh fgggﬁ and therefore sca11ng dlspers1on and

7d1£fuéion should lead to adequate results.

‘8 5.3 Foam. In)ectxon

. Foam 1n3ect10n 1s the only system for wh1ch g

v‘plays an’ 1mportant roie. ThlS leads to - the ch 1¢e of

quever,‘scallng foam " 1n3ect1on would need a mo careful
treatment because the recovery depends largely.on actors;
such .as type aﬂd‘concentrat1on of surfactant, absolute
permeab111ty, and even 1n3ect1on pressure. - The same‘

concentrat;on and quallty of foam is needed in order to -

c

ensure a sxmllar block1ng actlon with respect to nitrogen.

Th1s will also ensure s1m11ar foam stab111ty and bubble

f51ze, factors that play an’ 1mportant role in the blocklng

Y

Y

act1on of the. foam. Also the type of pfrous medxum plays

an 1mportant role unlpss the permeab111ty Qens1t1ve reg1on
. o .

. is avoided,

Ta2 ; - ' S
As has been p01nted out, if four dlfferent phases are

B
e

”£low1ng s1multaneously, a more’ deta1led study is. necessary

' '“Jln order t& match the relat1ve permeablllty data. This

g!

-

v
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In ‘this(é)i/tuation, a foam 'ﬁod may be treated as a
thieé-phase*problem, if e‘single set of relative -

V pefmeability data'is-eapaole of‘representing the process

?

adequately.
‘A puzzling factor is that the behaviour of~all three

moby&uty control agents is different in homogeneous' and

™ ¢
: heteré%eneous porous medla. It vas observed in the
g »'n. '
experlmental part of th&s study that the 1mprovement for

/

foam 1s better in the presence of a bottom water zone. . For

polymer floods, thxs is a well-known fact These
observatlons suggest that the ex1stence of a bottom vater
zone’ should be cons1dered as a global phenomenon and the

scalxng groups have to be recohs:oered. It is postulated »
Tthat when a bottom-water zone is present its existence does
oot show only in.tefms of the oil-to-water zone thickness
ratio and that the resistance factor or'blockingﬂmechsnlsm

‘have to be considered. - | S



) s 9. SUMKARY AND CONCLUS!ONS o N
'Based on the experlmental results presented here’ the ‘
, follow1ng observat1ons'and conclus1ons can be made.
' (1) The presence of a bottom-water layer adversely
affects the waterflood performance of a reservoxr model e
permeab111tyv(ko/kb), th1ckness (hb/ho), and viscosity |
ratios (u,/u,) being the controlling parameters. For very
hxgh value of any of these parameters the waterflood
recovery is very small (kg and ky, are the absolute /'
: permeabilities'and h, and hb_are'thetthickneSSes of the oil.
and‘water-zones, respectively); )

(2) For‘ko/kb=f, polymer/flood giveS'the~highestroil'
_recovery improvement over .a waterflood, vith increasing
improvement a’s the hb/h value lncreases‘ ThiS'trend is
followed by emu151on, s111ca gel and foam - floods. Air and
blopolymer gel glve improvements %omparable to the others
only for smaller values of hb/h

For a permeab111ty ratio of 2 67 the relative'
improvement over ‘a waterflood is the hlghest with a polymer
flood even thoﬁéﬁ'air injection gives~the highest‘oil : é%“v
.recovery durlng the - 1n1t1al stages of the displacement test. |

Silica gel 1n3ect10n also shows good performance.ﬂ However,

the max1mal 1mprovement over a waterflood is less than
. T (&

Wnce for

\ﬂ%%ﬁa air

‘this range of permeahility ratios. Only emulsidg

two- fold ‘mainly due to the good waterflood per

show decreasing improvement as the thicknessﬁra‘”o
- Y ‘ ST @ 4
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.control agent.

4
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L]

increases. Foam flood performance is the pborest over most

of,therthicknessvratio, For a value of kd/kb-0.0G, the best
improveméntyis shown by pofymer and €ilica gel., ‘
-. I " - | . N } .
“For a high‘oil viséosity (200 mPa.s), emulsion,

polymer, and foam floods., 1mprove oil reCOVery sxgnlfxcantly

as compared to a waterflood (around 15-fola 1mprovement over

waterflood) “The emulsion Eloods perform better than either

’poiymer or foam floods.

‘d\‘

For very: low values of the viscosity ratlo, Bo/My
N

(e.g., 1.0 and 7.5), ‘and for an hb/h value of 0.33 and a

ko/kp value of 1,.a waterflood outperforms any mobility

‘| \l
L,

W

(3) For'p01ymer=injeCtion, a slug of 0.75 PVb and of
v1scosxty of around 60 mPa.s is optimal for hb/h =0.33,

Injectlon of a polymer slug at the beg1nn1ng of a

'drsplacement test is more advantageops than the injection .

after an 1n1t1al waterflood unless the waterflood

’performance is extremely poor. Injecting polymer slugs

alternating with.water aoes-notzperform as well as

I

‘continuous polymer injection. It is preferable to inject,
; er ron. ’

polymer closer.to the bottom-water zone only for thickness
ratios smaller than one. ,
" (4) .A 10% O/W emulsion (200'ppm-§urfectant in the water

phase) is most effectlve 1n blocking the bot t om- water zone.,

The m1n1ma1 volume of emulsion slug fequired to produce any

o blockage is one pore ‘volume of the bottom water zone.



However, an emulsién slugcof 2.5 PV isﬁoptimal-and reddces
the bottQ@ water zone permeabilxty permanently ‘

| (5) Aﬁ\{@permeable barr1er length of around 50% of
toéal flow path is requxred before any s1gn1f1cant oil
recovery occurs for a th;ckness ratio of 0.33. However, a
cons1derable 1mprovement over a waterflood 1s observed with
smaller barriers for a th1ckness ratio of 0. 33.

(6) Air injection 1mproves the efficiency of a .
nwaterflood in all cases stud1ed ThlS is mainly due to the
presence of an extra (gaso phase‘in the bottom-watgr zone.r
Injecting air khrough a production wéli is more beneficial
than injecting through the injection well. ’

(7) Injection‘of_gel produced from biopol'ymer with Cr*?
cross-linking is nat efféctibe in blocking the bottom-water:
zone., I e o |

(8) Foam.generated in éitu.performs the best wﬁen the
botfom water permeabiiity is the same as the oil zone
permeability. Alternating surfactant water with hitrogen
‘gives §ood results, whereas-alternating with slugs of water
‘washeé'awéy' the foam. | |

(9) The new approach devéloped-cah numericéliy'simulate
polymertbiqckage'in the presence of a bdttom-water zone.

" The agreemeﬁ; betwegn expefiméntal=and numerical results was
found to be eXcéllent. \ ; | | |
(10) Emulsion flow in an 6illreservqiribone can be

effectively simulated by employing‘authree—phase; 7
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I

three—dimensional model, wh1ch 1ncorporates a novel approach
for absolute permeability reduction. The amount of
reduction in permeability depends on the initial value of
the permeability and the'emulsion thfoughput.

(11) Different possible theoretical representations of
poiymer, emulsion, and foam flow are investfgated to obtain,
for the flrst time, a complete set of scanng groups for
these processes. Five different approaches are con51dered
\1n order to scale'the different mechanisms properly. Iuvis”
Shown that, in‘order to scale a eerfain phenemenon properly,,~
certain scaling reQuirements'must‘be relaxed. The sets of
scal1ng groups depend on the’ nature of the flow occurr1ng.

(12) The scaling of a heterogeneous (e g. an oil
reserv01r with a bottom water zone) porous medlum needs
careful con51derat10n because heterogeneity does not appear
as a.single scaling group. Polymer,}emu151on, and foam are
all vefy effectiye‘mobility control’agents in hetergeneous
porous media.due to their ability to reduce the effects of:
heterogeneity. ConSeQUently, while scaling'heterogeneous
pdrous media, the spec1f1c mechanlsms that make these agents

effectlve in moblllty control must be scaled properly

) ’ .
-
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11 1.1 DERIVATION OF THE .FLOW EQUATION
o". )
11.1.1 Mass Balance X . = ' .
) ) : _
LR A mass bafancé will be considered about a small control

-»a

. volume as shown in Figure A=1 with length Ax}.width Ay, and - |
hed‘ight Az For all \phases a mass balance can be wrif_:te.n as ‘

Ly

£ollow5° -

v ‘ o . | i ‘ /
L “b S }:'ﬁ ‘ "0
: v ¢ * .
'Mass enter1ng the block - Mass leavxng the block + net - &
il e ‘/' v ' 'ﬁ Ly
DU / change’over time in the con@rol volume =0

S pek unit

f q is the fluid flux (rate of flow o

crossisectional atea normal to the direétio ovw), the

, mdss entering the blot¢k in a tiﬁ?ﬁipterval of* At ﬁ%y be %
/’,"’.w rli t ten " . 'v' | ) , - tl * % Qe '..‘ &'{"‘:
/ .
// “ b ‘- ' ! !
va . L - . . .
y/” . Uay),ay0z + (gy) Axaz + (g,),AxAyfht = Mass in S
/ | ‘ o
.- wher& (qy); denotes the i-direction flux at location i, for
@ . . . . e ° . . ~

' - . :

i=x, y, or %.-
FRE ) ‘

On the other hand, mass leaving the control volume is.

given by,

’ .' ' z '
-3 ] i~

[ty x+AxAYAz ¥ (qY)y+AyAxAz/+ (qz)z+AzAxAy]At * |
q AXAYAZAt = Mass ngt - - L ) E‘: ’ (A.Z)

¢ . 543
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whqre q represents the mass flow into or out of a well.. A

-’ . . .* T
producer is represented by g>0, and an injector is o

~

represented by g<0.

Accumulation of mass in the block is the change.in
. concentration ofyphase i (Ci‘in the‘blbck over the tihe i hﬁf
e interval At). If the .saturation Cs is defined aé the total }
| mass of phase i (oil, wat\e‘rﬂ or emulsion or polymer) in theé

block divided by the block volumé» Ehen the accumulation

N "'. -
term becomes:’

T [(c )t,,At - (C) Jaxayaz: , B S (AL3)
Cl 'n;".'.' ", ] -
IR N
051ng Equ%p1ons A1 through A.3 in the mass conservatlon
] ‘ ' . s
Ct equallty, one obtalns :
\ 2
' #
. ; - ' ' ’ ¢ . —
e T(qx) AyAz:+ (qy) AxAz + (q,) ,8xay]At - ©
[(%x)x+AxAyAz f (qy y+AyAxAz + (qz)z+AzAxAy]At —‘ (A, 4) '
. L
Dividing Equation (A.4) by AxAyAzAt and,rearranging
. s £ L O )
P (ay)y ( '
L S . s') :
5 .'_','(_qz)."z'-!-'A‘z -* (Qz)z i ik, "' . SRR “;;‘?A?.‘s E
: DI TR _'<.§ f' s Seamarnel ,r—
In the Ilmlt as Ox, Ay, Az and At go to zero Equatlon A. 5
r 3

becbmes the cont1n01ty equatlon glven hs'

 r



RIS ‘ml.“f . ST e

N w‘° R
, 2q aq _ aq e"‘ ac o A
X Yy z o \ N
R TR e ik ALl Y (a.6)

I

Each phasefsatisfies a mass‘cons"batxon equation having the
form of”Eqﬁatioq:(&rﬁ). M

In the present system 1t has been assumed that oil,”> water
and emulsion or polymer form a threeﬁphase system very

“s1m1lar to oil, water and gas, . The flow equations for each

' phase will be determined by specifying the fluxes and
conéentratlons of the conservat1on equat1ons correspondlng
to each phase. A flix in a given direction can be yr;rten
as rhe dehsity of the,fluia Qimes its‘velocity in the giuen
direction. Letting a, 1’and m denotFlaqueous,.oleic ahd
emulsion'(or polymer), respectiuelx; ;hen the‘fluxes become:

3

;b.){ | Plsc . B ’ . !

. 1 ‘ _ I
i p ) M l ] v
(@), = —5— v, . (A.8) -
£y z i a ~
' P s1Pmsc  RgaPmsc 7L e '
(q) = —2£ y 4+ 2 T5C o v, S (AL 9)
m B 'm - B,y o1 B, a C

s where Rg) and Rgay- aEE emu{%:on (or polymer) solub111t1es,

B .
s PR

L and Bl' B, Bm are formatlon volume factors in: reservozr

v s
-

4
' vblume/standard volume. The den51t1es eon51dered above are

o measured at standard condt1ons., The veloc1t1es y are - ;f’

RN

aésumeglto be Darcy velocxt1és and their x- components are
. . - -.‘1

. , v - h ) . - B
given by - A : & L

¢ ¢

A
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- 0leic phase

d1rect1ons as well ' .

Ll rl 3 T T -.\ e
Vele® T Ry ey [pl = plgz] B DR (A.IO).'

. sz.-,\.= “'":-'F‘x ""‘;'5;(' (p, B po9z] - R '(A.Jvl‘);

_—rm . s . ' i 4 . B L

. . ' 1 -
#

Similar expreesions may be written for theﬁy aﬁd,z,1
E »v..'\‘b . . .

On the other hand, concentrations are given by

1

S - -

o
4!-4
!

'f.¢pisl/81 B LT (a3

o
!

a’f;¢pasa/Ba o . e o (A.14)

- j R - . E
. : . -S . R / : '
e m sl l sa . ‘ . ' Sy
,’Cm d=¢pm (EE Ao Bl _——_Eﬂ '» : - v‘(A.IS)z

A

>’where'¢ is the‘porosity and-S; is the‘saturation for- the

phase i (a 011 water, ‘emulsion or polymer) The‘

saturat1ons sat1sfy the constra1@i

Syt S, 4§ = o T 7 VR 1 B
Comblnlng Equat1ons (A 6) (A 7) through (A .9). and (A 13)

through (A 15) glves a mass conservatmon eguat1on for each

%

L

_phase: . . - h s ST | Y
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ls

L F_( Ve1) * 5;(‘,Blle1):+Jgg( 7§vazlgl -:qI =

2 ., $P3scS1 : e L -
3t ( T—) o - , : _ ‘ (A.17)

o o SV . . fx’ " . . N
N, S ' 4 ' o
N . . N . s H N o

Aqueous phase BN A e

R

pasc

S

L 5. Vxa) * 33 B Vya) T el TB_Vzall 7 4 -

0 ( ¢pascSa LA i - X v . (A.18) "
at B, S f : T - (180

? N /' /
o / -
- . [
N ) : . ;

Agqueous phase - T ,f o
c .ci'_, R, R _
' ',”‘u .‘ “ / . [l
Tt Pmsc +,ﬁslpmsc,v . Nbafmsc
-,Exb R: xm . Ei”- xl - ‘B, Xa )
. - o/ ~ o ,
p /ReqPro R..p
. %y( g§gvAm ¥ s; msc . + sg msc a) +
. m y 1 y | a - 'y i
. R
! ) msc / :

o In. ‘the abqbe equatlons, the dén51t1es (subscrlpted by ")
g ‘

.'*”fﬁare at standard condxtlons A much s1mpler appearlng/form N

x

~

‘ of,the/abova eQUap1on§ iss- o o . o . v

t S & 1
(4 : ’ v a ¢S y e e i - ‘j s . .
/ o 1 - qll s e 1. N o R
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’; \\ . o : v .
v q 3 ¢S ] o
a a a e
= Veg- - — = () T (A.21) .
a Pasc EFVBa , R
~and - L
' o L. l e .
Cge(dmor Rsy ) Rsa, y o Sm o %Sp Rs181 |
Bp. By 1 By a‘ Pmsc . Ot Bp By
! ) : . T .
Rsasé ’k°" ‘
5 )1 B (A.22)
a
: S { L
where the symbol V.v is. defined by: o -
;‘ . , X » . R- )
. : - . ‘ . . ", . .
o V“v._:ﬁivx - 35"y tEsv, W | o (ﬁf23)
Also“the Darcy:veldcjties'may be simplified byfdefining the
potential of ‘phase i as J“' R o
' ®; = pj 39z ' o (e v
. L 3
;'.1{ . . (rk ’
- By using this definition, one bkiiins:
bkt N SR SR § (h.25)
By © . Plgc Ot Bi b
Tk e ,’q e , . . - ”‘m-
22 - e (D) _— (h.26)
B 0 9t '¥B o : > + 40 o

. Pa v Pase %t Pg
- A V& R_;\Vé, R_AVE - g
*\MV*k['m mo_ sl 171, "sa"a""a m

_ : 2] - .=
Bm' Bl” . Ba ' Pmsc




— . o

5?< Bm B) - Ba‘V; '
Using capilléry preésuresydefined‘és~ '
' ‘ o P
. . 3 ‘ o . _— -"“
-and o : - ' _ S V
Peml = Pp TP Y " -
" the phase'poténti815§become: : ‘Q' L
: e ' J
<7 S o
%3 =Py " Pcla Pa9z
and
| . . -
®n = P1 *Pem1 " PRz X

‘Therefqre, the flow, equations become: =~
B : ) - ] N .

Oleic phase .

-

Pk (

Ay :
=)Vp, + CG, -
By 1 ; 1 Pisc

o . . ,

‘Aquecus phase

A . Qg. T8 s, -
. a, - a a
Veke(go)Ups * CG, -2 = (g2d)
B,” 74 a «pgscf t "By

S
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3 )
\

oA

Emulsion or polymer phase - L o B 581 7

< A RaqAy  R.A. #‘ gl
g M 5171 sa a =amo .
Velke (e ¢ - ‘+ 1Ry b Gy Nt -

R A
0 , sl 1 sa a
[o(— +
5tf B By R

m :

©

In the above equat1ons the’ grav1ty and caplllary
contr1but1ons to the phase pressures have been collected 1n
‘the terms CGy, an' and GG, :

. «'/ ‘ A , " , .‘ / Yo . )
. 1 / : . |
"CGy = ~Y-k-(§I) Vieygz) : (A.34)

. . . \ . -
’ - . IR
'
,

. ' ) a - - ) . “

v»sCGa = —V-k-(gg) V(pagz'+‘ .(A.35)
N\ and A f&
o - A :
: Rg 1 \
CGp, =;Y'{ S )V(pcml - pp9z) - By v nigz ,
o , ’ (A.36)
R_.A . : '
sa"a R
- g V{po1a ¥ P92)1}

"a b o S
3 " ,'

o , S |
‘The task ilvolved is to solve'equations (A.31) through

(A.33) and (A, 35) for the four unknowns Py Sl' Sy an%’S
%

‘All other phy51ca1 propertles in the equatlons are known, in

pr1nc1ple, as functlons of" the four unknowns, or from
laboratory data. o A

Recogn121ng thar the formation volume factors,
solub111t1es, and por051ty are funct1ons of pressure, one
can use the cha1n rule to. expand the accumulatlon terms‘i

(time der1vat1ves) of the flow equatlons.'

C T (A
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Oleic phase aQCUmulat1on term , '
- | Cglesy [51 06 Sy¢ 831 %y, . SN ;7) N
' ' Ly = + [ »— .37)
VR R g wmlE
. . \ * ‘ ) CooL T
ﬁéﬁeousgphasélaccumulétion Eenmj: R CL ., T . .
® 35, 5,00 S, 06 - S.4 2B, ®y -
Lg= ‘s-‘ssr*[_ 5,90, B, Fb;';:sf»‘;]a—t— (A.38)

Pqiymer or emulsion.phase accumulation term

. U.’ : . ° :‘) -:‘.f . ' v L \k’ -
: o eesp s Sm¢ 8Bp dp,  ¢Rg) "9 +" |

’ 0¢.
m m
L = ' +[__ ] 4
L " A = 55” 3 % 3T 52 T

'% R51 0% . ¢61,3R51 _ ¢SlelaBl 0Py | SaRga. 0¢
‘ BL 5p1: »Bl bp; | Blz BleEEZ B~ ‘apa
R . $Sa §Rsa _ ¢SaRééaBa”apam ” T (A.39)
B, 9p; 5 2,0p, ot y _ o '
z a , \ .‘? - i
The eqUaiity' | :' - ‘ - .
i S) + S, +‘Sm = L e (R40)
»a‘ T C Y S ' 7
is now used to remove 3s /at from Equation (A.38).
7D1fferent1at1ng Equatlon (A, 40) w.r.t. t and rearranging;
ohe obtains - -
R : ' o o.. . o
S R S | T (A.41)
T ) . dt = dt at . . . - ‘~ L
' dﬁ“ThlS expre551on permzts further 51mpluf1cat10n of Equat1on
(A.39); that is: |
Vo ¢R 2s R 35, - Spd¢
i o le'-k%')3t1‘+ ( Bsa B "_)5—‘ { _—5—_
— , 1 m ‘ . .a
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3

v ‘,v“ R K . . + o ‘ ) Ny . .
L4 TS 096 S\R_.,9¢  ¢Sy3¢- . T R )
o omtT o, 217sl A 20 , ' (A.42)
Vo Bﬁ'z?Pl By 9pp By opy.- - AR
Y _ ¢Slela?l . SaRgad? . - ¢SaRsaaB ; a saa¢ 1 aplﬁ.
' Bl2 . ap1 Ba .apl“j"- '."Baz Bpa » Ba pa ot .
. . , < |
‘Now, mu1t1ply1ng the 011 equatzon by (Bl - slB ), the water
‘equatzon(by (B, RsaBm)' and the emuls1on ‘or polymer equatlon
by B, and- adding the re5ults, one obtains after '
si_mpllfgcat1on. ,
2 -
(By-RgyBp)Ly # (B -Ry B )L, + B L. =
0 és’sm , B ORg) ¢ 4 8By
[(s +S *51)5“‘ -5t ¢'Sl(B %5, BiBL3p (A.43) .
T 1 B1Byopy .
- ¢S (Bma'Rsa - a'Ba]apl ~ : ’
“1'B_3p; . B B 0p, 0t / \. e .
Different fluid dnd rock compfessibilities are identified {
S a'B"B-aR S ‘ o '
1 1 m-"sl . , N
c = - + . . ’ (A.BT)
o %17 TUBTepy T Byepy . / c
» . -' < ' ﬂ‘ : . ‘/// . A’ .
, o 3B,  BioR o /
e : a’P1 a%P1 T~ _ ‘ ' ,
7 1 9B, ' ) ‘ X( ) |
e = - —_ A.46
o~y ~/,cm B 3p,
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Cp =Cp ¥ €151"* €39 * SpSp - : a (.48)
Employing these definitions, the.pressure, equation becomes:

Ve 9 . . . . : h

LA

¢ ”F . . xfl—
(8) -

Rsle? L‘V'k'EIVpl * €G- 5

R )\'. ‘. q l
sa a)vpl + CG _ m

a. . Pmsc

This three-phade, three-dimensional fléw-equatiqn is solved

numeficalfyﬂfor Py. -Then, using this'feéult théuphase

. _ | \
saturations are dete€rmined. - : . B NPL,

. 11.2 Finite Difference Equations
Using finite difference approkimatioqs the abové

mentioned partial differential equations are convertedfintO'\

i .

algebfait equétions. Thg equation%)to ?e‘sblved are the.
pressure equation (A.49), and the water equation. Theée
&equationg‘arg'first multiplied‘throﬁéh_by:the bulk volumel
element V; i,ﬁ,k’ Neit; 3 linear difference operator is .

defined as fo;lows:

AAAD

L]

D A, Op, +.AyAyApy}+ Bphz8p, | - (A.50)

where T . -
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| \ ‘ ) . ) . ’ : R .
| / TPy T i gk Pior g P )t ALy
’ R JJ - 4

v, v . ‘  E ' (A.51)
APie1;9,k7 Pi Ly Lk

—

‘Usinq the above notation,-the resulting difference equations-

become: . SRR L ‘ o

e r * 4+ e ‘ : Y ‘
:ﬁgessure it 1 |
. " ;"!! . .
. ’A ' q V . .
n _ gNgn n+1 _ *17b . .
- (B} = ByR 1) 13k (AAlAp + GLAT Prociik :
R . Pbsc
+ (B - BgRga) 5k (aADap"* !+ gLar (A.52)
'/ - . . . B .o :
*® 0
- _ 9%V ny n,.n+1t N ,n, N+l -
—épbscijk-+ (Bm)1]k(AAmAp * ARg)Aj4p *
n+4 n n+1 _mby, _
Ap St AR, AaAp + GGAT 3;;;)13k
v e » . ‘
n_n
( vper Wy .
At ijk p P.7 ijk . _ .
0il o :
) Qv
(2aTap*1 + gLar i b)ljk = (A.53)
‘ sc
VS T
L (B in* <——) ]
At By 1jk
Water
a ’q" .V ) 4
(aA"Ap"*! 4+ gaar - 2 bifk ]
] . . :
asc™ C ‘ ‘
| . - : L : (A.54)
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where Vp is the grid block pore .volume:

gt Vpe . ~ (A.55)

, B o - R
NQte that a forward d1fference approx1mat1dn has been used
for represent1ng ‘the t1me der1vat1ves . The'supgrscrxpts;n

nd n+1 denote thg\present and next fu;ufe‘time lever— ’
espebtively.‘ Quanéities with sUpérscrigt n can be computed
\sing ex?éting data, whereas duanti;ies with superscript n+1

i
are unknown variables to be determined.

\
\

Gravity and capillary pressure effects are contained in

GLAT, GAAT and GGAT:

GLAT = -AAJA(p;gz)" . (A.56)
 GAAT = —AA"A(p 292 * Peyg)" (A.57)
| n_ n, L n _ vn n N
GGAT = A[AmA(pcml 'pmgz) Rg1A14(p;92)
. _ )
>S\\\ T Rgah aA(pcla e QZ)Q] _ — ' (A.SB)%
\ ~ We now have all of the basic elements necessary for%

wr1t1ng down the algebralc system of equations corresponding

e

to the nonlxnear ‘partial dlfferentlal flow equatzons.
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11.3Soluti§f Methods /

¥

The finite difference form of the pressure equation

1

lead® to a system of linear equations for the I:J-K unknowns
Pi, 5, k¢ 1sisi), 1<j<J, | 1SksK, Herelpi'j'k denotges the

pressure at grid block (i,j,k) at the new (n+1) time level,
‘ . . \ i e . . )
Such a system of equations may be written as

—

v

A
i

’

. > . N
a; 1py ¥ ad,kpz* R alf:BN = qy

a2,1Py * @y oPp* ...* @y \Py = Q

7

(3N, 1Py * 2y, 2P2* -..* ay yPy = d,

where N = I-J-K, and the new (n+1) time level superscripts
have been supressed.
Alternatively, the same set of equations may be

expressed in a more compact form using matrix notation as

follows: .

Ap = g ' | ' . (A.60)
where A is the coefficient matrix, and p, g are column .

vectors as given below,



(a a
1,1 1,2
a a
2,1 2,2
A = .
a - a
N, 1 0N, 2

o oo
i

a.

N, NJ

P

\ N

Q
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C\‘N,

Thia sysfem of linear equations is solved by the direct

method (Peaceman,

1977).

—~——— a—

The

ails of the direct method

‘are readily availéble in the literature and, therefore, are

not repeated here.

-

11.4 Well Representation

There are essentially two methods for representing a

well in a simulator: by rate constraint, or by pressure

constraint.

_ | A
11.4.1 0il Production .Rate Specified

*In this representation, rates may be specified for

(A.61)

injectors or producers. If the well of interest is a ‘

producer, its specified rate may be either the oil rate Q,

or the taqtal fluid,ra:e Qt'

Aésuming the well may be

complefed in K layers, the production rates of layer k for a

specified oil rate are:
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Qo -
¥
—_

o [(PI)N,/By] \ _
Qe = 9 ~ Lk ' (A.62)
((P1)X,/By] : : .
Q=1 1781y (
‘Water
T N\, /B, -
Qak = Akix7E )k |  (ae63)
polymer.ér emulsion ’ -
}.}m/Bm '
Omk = (X17Bl)k Qi * Ry @ik * (Rga)yQay . (A.68)

Y
Thé above formulation allows PI's to be specified by layers.

Therefore, permeability contrast may be taken into account.

 11.4°Z Injection Rate Specified

¢
If the well is a water or gas injector, the total water
- or emulsion (or polymer) injection rates must be specified™

along with injectivity indices for ‘each layer. The

injeCtioH rate for each layer is then allocated as follows:

Water Injection Rate

[WI'()\1 + ka + km)]k

(A.65)
n

\ L WIOG N, ) T
i=1

. .
Py -



 Emulsion of Polymér_;ﬁjection Rete - e ‘K SRR
| o : 3 '[Wi(k1’+ )‘a"‘+ RE)]R : - o N
" Omk = O T — " (A.66)
' i=1.[ wx(xlrftxa ) 1y : :

-~

Yoo

11, 4. 3 lmplrcxt Pressurewtonstra1nt Representatlon
. I |
- The source/s1nk terms may be wrltten as ‘

TN

p'% = [-PID (——]n (pn+1 = PWF) R | . (Aa.67)

.y
18C \
lwhere the subscr1pt i 51gn1f1es the appropr1ate 0il, water,.

_or emu151on (or polymerl_phase. If the well is a producer,

PID PI and pn+1 > PWF where PWF Ls the well flow1ng Y

pressure. If the weil 15 an 1n3ector PID Wl and’ p ,1 <

PWF. | |
o Equat1on (A 67) may be used to’ to solve T pressure L
‘ -

:.1mp11c1tIy The computed pressure pn v

‘ is. then replaced 1n'
*quuat1on-(A 67) to yneld rates. Thls procedﬁre\}s_

'accompllshed s1mply by redefznlng the coeff1c1ents of the,

v

vﬂpressure equatlon such’ that ‘

 Lnew . _old g SRR T R )

Eljkv— Eljk : CPI . S = = (A.68):
and ,gf,° R f\?‘-_;j
o new - O DT EDWE ' s N T ,

*,3;3\k‘ank CPLAWE L (e

“where T R

‘,:_cgr = Rinkg(al 51).(—I + (B | BPRSl)}(E—). S



v The new B and B terms are defxﬂed 1"“T“edlately before 501"1“9:“‘
‘the lmear system of pressure equatlons ang after the E and’
\B matrlces are first computed LT e Sy

-

.



’ A ) A
\

" \\\' 12, APPENDIX-B

2.1 Govern1ng Equatlons in Terms of Their Dxﬁens1onless

«
I8

Varxables - S
Each variable or property can be written in
fdlmenélonless form by d1v1d1ng -it by sometpharacter1st1c
referenee—quantjty For example, for the property P, PD
~P/PR, where Pp-is the dlmen51onlees form of the pfoperty P,

‘and PR is some constant, characterst1c referende quantlty

!

By substltutlng PRPD for P in the part1al dlffefence

equatlons, the set of equatlons take the fo

12.1. -1 Polymer Flood

The equatlon for the mass balance of oaw in terms of

the d1mens1onless varlables and thelr reference quantltles

T

R E-

PrS1uP v D Py oK1 oP . d p1kyr 3P -
(~R-1R7IR lRla—'g.‘%SlnPln’- = [ZARYRTIR)Z.C (210D ZPip, ‘@‘

trR o Btp - XyR ‘IR 9X1p <1p axlD

L2

(1R KlnngR]a‘* (Pln Ki1p9p 3zp
7 )3 ,; ~ 2

HIR*RT ax1n‘ “1p - 9xyp

. [leKlRPlR] 9 _~iofin aPlD) | o ' SRR
Xor“M1p %zp  H1p xyp ”
. o 2 . B . . :
. [le K1R9Rz ]a‘ _ (2 ®ap9p ¥2p
R x2R _ B%p Mjp o ¥xpp
S, et e,
~ 3R Mip. 9%3p Mip ¥xgp

o o 562

ol
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N [er KleRzR] (P19 %%p
M1R X3R° ax3D “1p  ¥x3p

N [¢R 1RDLloRpfh]
x1R

(¢D510DL1005;*‘§P19))
T9X4p

. [¢R51RDT10R91R]

D R
(¢pS1pPr1opy—(P1p))
\——2R ZD : A 2D :

. [¢R lRDTloRle]

' . a .
(65S1pPp1op—(P1pn))
D“1D"TloD 1D’

[

The egpatlon for the mass balance of polym#r in terms of the
e 4

d1mip$1onless varlables and thelr reference quant1t1es is:
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The equation for_the mass baIanée of water in Eéfms_of the

dimensionless variables and their reference quantities is:

s

(65S.1p.ny) =
D aD*aD

[CapraRiaRpaRa]a.‘ (CapraDKaD aPaD) +

IR Mar  qp  mypt o dxyp’
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BaRX 1R OXip T Hgp 9x%4p
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.
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2, 2 3
(2aR CawRKaRngR] (Pap ®ap9pCawp 22p | , 1
HaRX3R 0X3p - Hap 9x3p
¢RSaRCawRDLapraR 9
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2R 2Xop X2D B
¢SC D fel 0
[ R aRxawR LawR"’ aR]a (¢D aDDLawDa (Capr D)) |
3R *3p ~-%%3p -

"The reference quantities in the square brackets represent
thé coefficient for that term in theé equation. All -
" coefficients have the same dimensions. Consequently,

simi}arityﬁgroups may be determined by dividing the enpiré'

equation-by one of thdse c efficiénts This yielés the'

,dlmen51onless form of the equatlon and the s1m11ar1ty groups'

" . or dlmen51onless coeff1c1 nts. Once the d1mens1onless

‘;ggroups are obtéined the

et may be replaced by any other
set obtalned\from the pr ducts of the’ groups w1th any other

group ralsed to any pow r.

P1rF1RPIR
—=— =,

f the 0il equation by
‘ - ¥1R M1R

ﬁivididg.both sides

one obtains ‘the folloying dimensionless groups:

, 2 ) 2 2
[¢RSle1R ulR]' ‘ '[x1R ] [x1R ]
trK1RPIR , fﬁR o ngz» 2

X3R
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Dividing both s1des of the polymer equat1on by

apRpaRKaRpaR
aRXIR -

C

one obtains the following dimensionless

groups:
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. . 2 2 b
p z X X o

(2aRIRTR) (ZiR gy, (ZIR g (e, 9
p . X X : PR
aR : 123 1R

D1v1d1ng both 51des of the water equatlon by

C P K P : ‘ S
awR 3R aR aB_Qne'obtain.‘s the following
¥R Har '«'f-F. '
-dimensionless groups: ;"‘
2 T S S
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» . ’

€ ' : ‘ .
- The dimensionless groups that arise from the boundary

and initial conditions are:
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The d1menslonless groups obtained from constralnts and

[N

const1tut1ve relatlonshlps are:

*

c Coo pim. P p*
[-2BR), (-apRy [iR} [-8Rj, [4.], [g¥R], (R]
Cawr Cawr P1R Pir - -~ Dapr

12.1.2‘Emulsion Flood

12. 1 2 1 Emulsion Flood Two- Phase Flow

The equation for the mass balance of oil in terms of

- the dimensionless variables and thelr reference quantity is:
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D |
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The equation for the mass balance of emulsion ig/terms of-

the dimensionless variables and their reference quantity is: .
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The equation for the mass balance of water in terms of the

dimensionless variables and their reference ‘quantities is:
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Dividing both sides of the mass balance equation

o

21rC1 oRK1RP
for oil by Z1RC1oRM1RPIR

one obtains the following
X1R ¥1R ,

.

dimensionless groups:

2

2
[“¢RS].R“1RX1R 1, [ 9dr? Rle] [x1R ] [x1R ]
tRM1RPIR Pir X2R X3R ,
. o R}
[¢RSlRDL16R“lR]' [¢R51RDT10R“1R] -
KirP1r K1rP1R

Dividing both sides of the mass balance equation for-
w

. P1Cq - nKqioP
emulsion by lR lmRle 1R

, one obtains the following
X1R ¥1R

dimensionless groups:

2 2
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. [

\

Dividing both sides of the mass balance equation for

paRCagRKaRPaR

X1R HMar

ﬁater by . oneiobtains the following

dimensionless groups: o
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' 2 2 2 -
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From the inésial and boundary conditions, constitutive .

relationships and constraints, one obtains the following

dimensionless groups: ' g
(2aR), (ZloR), Camky (f1R)’ (Fim),
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g ' *
PIR D) or D_wR ¥amRr
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KarFar*injr, ' * P1n * Pc1ar Sar | S PiR
1 H L

12.1.2.2 Emulsion Flobd+~quiSidh Miscible‘in Aqueous Phase
Only / | |

In a similar way one may.wrﬁte down the_governing;
equations for fhis case in dimensiénless form, ﬂ%élmass

balance equation for oil gives fise to the following

dimensionless groups:

2 - 2 . 2
r®RS1R*1R* 1R (9RZRPIR, (¥iR Sy ,
[ K ’ R ) ]' [ 2]' [~—2’]

PIR %R *3R

trK1rPIR

[

The mass balance equation for emulsion gives rise to the ..
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following dimensionless groups: __ ,
' — “

. ) . 2 2
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The mass balance equatjon for water gives rise to the
. A
following dimensionléess groups:
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From the initial and boundary conditions, constitutive
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‘".d1men51onless groups.

12,1,2;3-Enu1sion’§1obd. Threééphase F16W'1‘

;n a 51m11ar way one may wflte down the governlng

N

méns for the case of three*phase flow | The mass

. balance eduatlon for 011 g1ves rlse to the follow1ng

. k ’
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o
The mass balance equat1on for emulslon g1ves rlSe to thev

fOllOWlng dlmenS1onless groups.
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From the 1n1t1a1 and boundary condltlons éonsbitutive

relat1onsh1ps and constraqnts,’one obtalns the followlng

. £}
d .

dlmen51onless groups,

gé  ; n‘Tnﬁi,‘n'JHﬁ4ﬂh
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12 1.3 Foam Inject1on

Two dlfferent poss1b111t1es vere 1nvest1gated for the

3

foam 1n3ect10n. They are descrlbed in the f?llow1ng.
. ca o EAERE '

12 1 3. 1 Foam Inject1on-’Four Phase Flow

The equat1on for the mass balance of o11 in terms of . .

’the dlmensxonless vai/dbles and the1r reference quant1ty is:
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The equatlon for the mass balance of surfactant in terms of
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- the d1mens1onless variables and thelr reference quantlty isi—
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12.1.3.2;Foam Injection: Three-Phase Flow
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