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AB S'I;RACT

Phase behaviour studies> were conducted to determine
micellar slug compositions miscible with Bonnie.Glen Crude
and brine. Berea sandstone cores 61/122 cm in length were
saturated with oil and waterflooded to fesidual oil-
saturation. Micellar polymer floods were then initiated to
evaluate  the effectiveness of the wvarious slugs in
recovering tertiary.oil. Effluent samples were collected .and
analyzed to determine sulfonate recovery.

Tertiary oil recovery for all micellar slugs evaluated
was greater than 65% of the oil in place. Core floods were
conducted at various frontal velocities to determiﬁe its
effect on tertiary oil recovery. Oil recovery increasgd with
incfeasing velocity up to a point fhen decreased with

'}ncreasing velocity. This -decrease in oil recbvery was
largely due to fingering of the polyhef solution through the
micellar slug. |

Surfactant loss was found to bé dependent on tHe
micellar slug composition and the mineralogical composition
of the sandstone. Cosurfactéﬁts such as n-Butyl alcohol and
iso-propyl alcohol reduced sulfondtevlosses significantly.
X-ray»analysis of the Berea cores revealed the presence of
illite, chlorite and kaolinite. Although the clay mineral
content of the cores was only 1-3% of the matrix , because
of the lérge surface area -.and high reactivity, they were

partly responsible for the deactivation of the micellar

slqg.
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-In order to reéuce sulfonate 1osses} various prefluéh
solutlons were 1n3ected prlor to 1n3ect10n of the micelia:
”slug Preflushes consisting, of 1% by welght sodlum carbonate,
and 1% by weight ethylenediaminetetracetic acid (EDTA) were
founa to be the most effectlve. Sodlum carbonate preflushes
1ncreased tertlary oil. recove;y. by reduc1ng 01l/water‘
1nterfac1a1 .ﬁensién ‘and sulfonate lqssés. EDTA preflushes
| protected the micellar Slug by' férhiﬁg metallic complexes
with the multivalént\qations.For a given size EbTA préflﬁsh,
adjusting the pH to 11.4 resulted in a further 1increasé in
tertiary oil recovery. Lignosulfonate solutions were fand
to be ineffective preflushes; whilﬁ aqueods, solutioné- of -
Petrostep 465 plugged the cores.

For the system under study,vdisplaceﬁent wés inifialiy
miscible but as the miceilar slug moved through the cores,
‘mixing and sulfonate ‘loss resulted in the diéplacement

reverting to immiscible type displacement.
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1. INTRODUCTION
For every barrel of oil produced at least two barrels
are left behind in the reservoir. With the ever iﬁcreasing
drilling cost and the realization that the world's petroleum
resources are finite, it is becoming mo?e and more important

to find ways of economically producing Sgsidual oil.
\

( . -1 3.0 \\

.Unrecoveréble by

Conventional 420 o
1 <. Qil-originall
Methods - o g y
, - inplace
1012 Barrels
—11.0

Reserves

.

Produced {

Fig. 1. Known World Petroleum Resources of Light and Medium
Qil as of January 1, 1980. (adapted from reference 1).

From the above diag;am'it can be clearly seen that a
large percentage of the oil originall in place is
unrecoverable by conventional means. Quife often light oil
is trapped by capillary forces, so methods of enhanced oil

recovery (EOR) which lower oil/water interfaéial tension are

required. -
Surfactant €1 7 by lowering interfacial tension is
the obvious metho-. - dproaches to surfactant flooding

have evolved in _r= .z, The firs' approach involves the

A



injection of felatively large " pore volumes of low
concentration suffactant soluti&n which mobilize o0il by
reduction of interfacial tension to about 10°*® dynes/cm. The
second approach involves the injectiop " of small volﬁmes
(0.05 to .0.15 pore volumes. (PV)) of high concentration
surfactant solution. These solutions are miscible to some
extent with the formafion water and/or crude oil.
Miscibility between the surfactant slug and the resident
fluids together with low interfacial tensions contribute to
the displacement efficiency.
Micellar solutions genegally include a combination of
surfactant, water, salt,- cdgblvent and hydrocarbon. An
. effective micellar solution}should be capable of producing
vefyc low oil/water intérfacial tensions, should be
relatively nénadsorbent on the rock surface and should be
inexpensive, stabie and sbluble' in reserQoir fluids at
reservoir temperatures. Most often the surfactant used is
petroleum sulfonate. Proper design of surfactant floods are
very difficult, one reason is that interfacial tension must
be of the order of 0.01 dynes/cm and this must be maintained
for a period of years as fhe surfactant slug moves through
th;>reservoir . |
\
} Defining or determining the optimum conditions for a
\\\\gggfactant flooding process is very difficult. In addition
to the coipositidnal variables ‘of the micellar slug many

other parameters such as mobilities of the surfactant slug

and 'polymer solution, surfactant slug size, type and



concentration of polymer, composition, size and pH of the
preflush, salinities of  preflush, surfactant and polymer
buffer must be considered. In addition the iithology,
minerology, pore size distributions and wettability of the
reservoir rock must be considered before commencing a
surfactant flood. Considering the large number of variables,
defining the ' optimal condition for any surfactant flood is
very difficult,

Presently surfactant flooding 1is not economical,the
approximate cost per barrel of 0il(58) 1is between $35-50
U.S. Considerable research is therefore being done with a
view tb solving the technical and economic problems facing
surfactant flooding, thus the future looks bright. It 1is
predicte& that by 1990's when solutions are found for the
many | unanéweréd qﬁestions, surfactant flooaing might
contribute about 10-20% of the total‘oil produc;ion.

Although Bonnie Glen Crude comes from a carbonate
feservoir, core floods Qere ,conducted in Berea sandstone
cores since all efforts. were directed to micellar/polymer
fiooding»qf sandstone resérvoirs. The primary objective of
this" study- was to ‘develop a micellar solution capable of
effec%ively displacing Bonnie Glen Crude. Nﬁmerous core
floodsv were conducted with a view to understanding recovery

mechanisms and optimizing recovery through ‘the use of

various preflushes.



2. LITERATURE REVIEW

Enhanced oil recovery schemes involving surfactants date

-

e

back 56/1927 when Atkinson(zi proposed the. use of aqueous
soap solutions. Since then numerous researchers have
investigated surfactant ‘f100diﬁgﬁ Because of the large
- number 'of‘ publications,this review is limited to selected

works.

v

2.1 PHASE BEHAVIOUR OF MICELLAR FLUIDS

Gogarty and Tosch(3) pfoposed and described micellar
flooding. They studied the effect of cdmposition on the
phase behaviour of miéellar solutions. Heély et al.(4,5)
suggestea tpe use of pseudo-ternary diagrams to represent
the phase béﬁéviour of micellar solutions. The composiﬁions
are considered as consisting of three components :water or
brine,o0il and sﬁrfactant. Various types of surfactant
flooding can be depicted usihg a pseudo-tefnary diagfam.
-‘Point A bn Figure 2 represents the composition §f dilute
surfactant 1in water. Systems with the composition S are
soluble oil systems. Systems with the composition M will
initially displace o0il miscibly. One important point to noée
is thatva smaller mqlgighase area under the binodal curve -
indicates 'longer periods of miscible diplécemenﬁ. Injection
of solutions with compositions i which are near or on the

binodal curve, displace o0il %nd water immiscibly. The dotted

.line represents an economic sulfonate concentration .
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Nelson and Pope(6) described different types of

microemulsion pystems. These are shown in Figure 3,Figure 3a

Figure 3c is a Type II* system where ‘the microemulsion on
the binodal curve is in equilibrium with a lower water rich
phase. Type I1I* has the capac1ty‘to take up additional oil
and thus displace - oil mlsc1bly In Type III systems three
phases can exist in equilibrium, mlcroemulsion,A water rich
phase and a oil rich phase. Type III Systems have areas that
exist in II- and Il* systems. !

BEach -éompone t of a microemulsion has an iﬁfluence on
phase behaviour. The componentlthat‘has the greatest impactx
on a microemulsion's oil or water SOlUblllZlng capac1ty 15\
.the surfactant. So far petroleum sulfonates have been the
surfactants of choice. A few generalizations can be madg
about the effect of petroleum sulfonate structure on 'phése
behaviour (7). With sulfonates - of similaf -structure the
affinity towards oil inéreases with incfeasing equivalent
weight. ' Molecules containing two or more sulfonafe groups
have a mﬁch greate; preferencé éf‘ wate;y thaﬁ similar
monosulfonatesf Also two. sulfonates of widely differing
properfies cah be»blendéd with resulting properties that are
linear interpolation._.-between the ' properties of the
iﬁdiQiapal éulfonétes(8,9,10). - |

R R — -

! Equ1valent weight of the Sulfonate is the molecular wéight,
divided by its valence '



Salt has.la marked effect on the.phase behaviour(3,11)
of a microemulsibn prepared with a petroleum sulfonate. By
altering the electrolyte concentration the single phaée and
multiphase regions of the .pseudo ternary ‘diagram are
- significantly changed.'Healf et al(3,i1) gxamined'the effect
of salinity on ﬁhe multiphase region. They found that when
salt was added to a lower phase microemulsion in equilibrium
with excess hydrocarbon, a brine phase and a middle phase
micfoemﬁlsicn appeared.‘ Further addition of salt led to an
upper phase miéroemulsion in qﬁiiibrium with a brine phase.

Healy et al.(11)_ found that the ”microemUisién/oil
interfacial ufensioﬁ decreased  while picroemuléion/watef
interfacial'tensionbincreasé&‘with inCreriﬁg saiinity; They
also found that the §olume: of ' oil th‘_water éoiubiiized
increases as interfacial tension decreasés, They‘concluded

that ‘there existed an  6ptim§1 salinty 'fpr ihéerfacial
tension and solﬁbiiization. | o

u Th¢ effect of a coéurﬁactant‘ on phase behaviour has
been discussed in a bnumbe:_ of papers(13,14,15,16). In‘
géneral water sdluble alcohols make the microemulsion more
éompatibl? with reservoir brine whereas the 0il soluble
aicoholsyhave the opposite effect -i.e. ;hey, increase the
compatibility .of' microemulsions 'with. hydro;arbons; Also,
higher viscosities are obtained with, water-insoluble
V~alcohgls while the more water-‘solubLL élcohols lower
microemulsion viscosities. Jones:ahd Drehér(S) investigated

!
"the influence of alcohols as cosurfactants. They found that



alcoholé ‘modify bhaée” béhaviodf:and control the amount of
brine or hYdrocafboﬁ that a :micfoemUlsﬁbn can - solubilize.
They concluded thét the»relativéVamohnts 5f oil and water
that a microemulsion caﬁ solubilize was controlled partially
by  cosolvent type and concentration and npt‘by'the,externalf’
\bhase. ‘ | |

Bae(20) et al;'cthared'tbe-peéformaﬁée of oil external
microemulsiopsi.wéfér:extérﬁal microemulsions and aqueéué
su;factan£>systems-dsing tke‘éahe‘concentration of,cosolveﬁt
“and SUlfQﬁate fbr each tYpe of system. They concluded that
the aquebus system would give“better overall performance.
'Aiﬁhough the iiteratﬂre:contains cdnflicting rebdrts on the
merits of oil external and 'w;ter'vexternal micellar
solutions,it is generally believed that the ‘nature of the
éxternal_ phaée is unimportant. The effectiveness of a
mic .ar solution is measured by its ability to/ solubilize
oil and water.Most‘researchers'strive to design a micellar
solution capablé of solubi;iziné“equal amourits of * oil and
water. ' ' = o )

A Kremeagc(21) et al. 6§served‘”increasedr recovery' with
increasedir polymer . concentration in the micellar or
surfactant slug. This iricrease in'feéovery was‘att:ibuted to
the effect of>“mobility control and ;he\higher cépillary
number. Kellerhals(22) like Kremesec(21) et al. énd Hill et
‘al.(23) found’ that kp:lymer‘ present i; a miéellar slug
improved the displacement performance. Kellerhals(22) found

that for surfactant concentration above some critical value,



 polymgr concentration was - more important than surfactant“§
concentration.

Pbpe et al.(24} studied*thg effect of various pol?mers
on the phase§behaviour of various surfactant formulations.
They found that all combinations ofrsurfactant and polymefS
had.regions of compositién that were compatible and ‘some
that wefe not. In agueous systems they found that there was
a well defined critical electrolyte conqentration :(CEC)
where a separate polymer rich phase formed. This CEC was the

same for all polymers and a given surfactant. The CEC was

dependent on temperature affd alcohol concentration.

2.2 MOBILITY CONTROL

The success of any flooding procedure depends on the
attainment of good mobility control. Unfavourable mobility
control results in fingering; low sweep efficiency and poor
‘-perfotmance. Good mobility control improves sweep efficiency
and cqﬁfofmance,thus minimizing the size of micellar and
polymer slug neéessary for maximum oil recovery.

Gogarty et al.(17) described the conéétions necessary
for obtaining mobility control with miscible type
waterfloodé d;ing micellar _solutions; They found that for
stability the mobility of the buffer has to be less tﬁan or
equai :o that of the surfactant slug which must be less than
or'equal to the mobility of‘oil/wate; bank ahead. Gogarty

and Davis(18) studied the éffect of mobility control on oil

recovery. Their results showed that additional oil is

L
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recovered with mobility buffers greater than 50% ‘PV, and
below 50% PV favourable mobility control is moré critical in
two dimensional slabs than in linear | flooding.  They
concluded that larger pore volumes of mébility buffer are
needed in actual reservoirs where 'geometries are more
complex. .

Generally high moleculér weight water soluble polymers
have been used for mobility control. Most often solutions of
polyacrylamides or polysaccharides_ have been used  as
mobility buffers. They improve mobility contfol by
increasing the visqosity of,water/reducing the permeability
of reservoir rock ‘to' water. Table 1 summarizes the
propertiés of current commercial EOR polymers. Even if other
drawbacks can be overcome, thermal stability wili be a
limiting factor. ﬁ

TABLE 1

ENHANCED OIL RECOVERY POLYMERS

POLYACRYLAMIDES  XANTHAN
Thermél stability ) Questionable Poor
Salinity Tolerance | Poor ' Good
Shear stability . ‘ éoor : | Good
Bacterial Degradation- f ? 1 Yés
Injectivity Problem;) : 10ccaéional- Freqﬁent

.Availability Outlook Excellent Good
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2.3 MECHANISMS OF MICELLAR ?FLOODING

Davis and Jones(48) were .the first researchers to
investigate the mechanisms of micellaf flooding..Fo;.their
sxstem,’ they found oil .was' displaced miscibly while
interstitial water was displaced immiscibly

Trushenski(19) et al! examined the mechanisms of
micellar flooding and the iﬁteractions between the different
fluid banks. Long core tests revealed the existence of a
high mobility oil-water bank and a low mobility oil-micellar
mixing zone. A possible explanation for the phenomena was
the formation of*an emulsion. |

Healy(5) et al. conducted experimenﬁs wherein
microemulsions of various compositions and slug sizes were
injected at rates from 0.1 to 6 ft/d into Berea sandstone
cores containing brine and residual oil corresponding to the
components of the microemulsion ternary diagram. They found
v'that | most  of the displacement was undér immisﬁible
conditions. Healy et al.(5) coﬁcluded that microemulsion
fiooding‘ is a locallyfﬁiécible process until slug bréakdown
thereéftef the displacement is immiscible, also the
immiséible aépeét introduces a rate dependence thus méking
it essential to dpnduct. laboratory floods, at reservoir
pressure gracdients and ffontal veloCitigs if results are to
have any significance;\

Willhite et al;k25) studied displacement mechanisms by
detailed analysis of produced effluents. 1In ’the system

studied the principal displacing  fluid was a finely
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dispersed macroemulsion which consisted of two or three .
fluid reéiods when allowed to stand for sufficient time.
 This mac;bemulsion was produced by the mixing of the
injected microemulsion with resident fluids as it was
displaced thrdugh the core.
Althoﬁgh considerable work has been done and is

continuing, ‘the mechanisms of micellar flooding are not-
fully underst§od.Quite often recoveries f}om piiot projects

are significaﬁtly different from that predicted after

extensive laboratory evaluation.

2.4 EFFECT OF SALINITY ON RECOVEEY

Several researchers'have investigated fhe effects of
various salinities for each step i.e. preflush, micellar
slug and polymer drive of a micellar/polymer flood. Paul and
Froning(26). found that maximum recovery was obtained when
the preflush/micellar/polymer salinity sequence was
saline/less ‘sa}ine/fresh. Hurd(27) found that surfactant
transport and oil recovery were improved by usigg freshwater
behind the surfactant slug. Shah et al.(28) found that a
saline polymer dfive produced a higher oil recovery Ithan_ a
fresh water drive. Kellerhalsf22) observed that a low
salinity polymer drive enhance 0il recovery but the optimal
salinity for the polymer drive was a variable Sﬁbject to the
rock and fluid properties of fhe system. | |

It is now believed that one of the essential keys to

- successful o0il recovery is the establishment of a salinity
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gradient. The highest salt concentration should reside in
the  oil ' bank near the leading edge of the micellar slug in”
" order to attain low microemulsion/oil interfacial tensfon.
If a microemulsion containing a high concentration of fresh
water,encounﬁers saline water,fresh water is expelled. This
acfign results in increased surfactant concentration. The
polymer solution following the microemulsion must contain
low“salt concentrations to minimize polymer/microemulsion
interfacial tension .

This type of salinity gradient is achieved by injecting
a microemulsion with a salt concentration lower than that of
the resideht fluids. The polymer solution “§hould be of an
even lower salt concentration.
2.5 EFFECTS OF PREFLUSH ON RECOVERY

" Numerous researchers(zg,. 30, 31, 32, 33, 34) have
investigated the effect of preflush on oil recovery. In
general it has been shown ghat highér oil recoveries afe
obtéined with brine preflushes and that various sacrificial
agents reduce adsorption loss. | |

Holm and Robertson(30) investigated various.preflﬁsh
solutions for use in micella;/polymervflooding. They found
that o0il recovery in laboratory core floods wasfimproyed by
the use of high pH silicate preflush. They concluded that
high pH silicate solutions were more efficient than sodium

chloride as a preflush since it has a . higher <critical
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electrolyte concentration.® Dabbous and Elkins(35) found
that preinjection of polymers in aannce of a micellar slug
improved volumetric sweep effiaiéacy of o0il recovery. )
Holm et al.(49) found that chelatingvagénts present in-
small amounts in the micellar slug or as a preflush improved
0il recovery. This was due to the ability of the chelating
agents ,to form soluble complexes with divaient ions ,thus

’.reducing adsorption losses on the reservoir rock.
Recent studies(50,51) undertaken by the Chemical
_Engineering Department at the University of Ottawa indicate
that the addition of lignosulfonates to petroleum sulfonates
causes a reduction of interfacial tension over that obtained
with the petroleum .sulfonates alone. They found that
lignosulfonates possess highly favourable surfactant and
emulsion stabilizing' propefties. Lignosulfonétes are wood
based chemicals made from the sulfite liquor generated
during the wood,pulping prbcess. Lignosulfonates are water
- soluble éniénic surface active derivati;és of 1lignin with>
molecular ‘weights between 1,000-20,000. Thus incorporating
lignosulfonates in the micellar slug-or as a preflush should
improve o0il recovery by reducing adsorption on the resevoir
rock of the more expensive petroleum gylfonétes by being
pre-adsorbed, and/or acting with the surfactant at liquid

/liquid interface to reduce interfacial tension between oil

and brine.

iCritical electrolyte concentration is the salinity at which
precipitation of the surfactant in the agueous phase occurs
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2.6 RATE EFFECTS OF MICELLAR FLOODING

' Water flood rates in low permeability -formations are
frequehtly less than 1.0 ft/4 . Studiés have been undertaken.
to determine the effect of flow rate on recovery. Taber et
al.(36)" observed that at both higher and lower rates the
displacement by alcohol was efficient. Healy et al.(5) found
that before slﬁg ”breakdowh microemulsion flooding was a -
miscible process and thereafter an‘immiSCible process. They
observed an‘ increase 1in displacement effiéiehcy at high
rates. They concluded that the immiscible aspect introduced
a rate dependence into the overall process. Holm(33) like
Healy et al.(5) found that after‘ slug breakdown, the
displaéement  was rate sensitive and more oil was reéovered
at high flow rates. Sayyouh et al.(37)investigated the

effect of flood advance rate on micellar/polymer

.displacement. They found that oil. recovery decreased with

increasing injection rate up to a point then increased with
increasing rate.

A review of the literature reveal that researchers have
used frontal velocities varying fromFO.S to 80.0 ft/d, for
this study injection rates were comparable to field

injection rates.

‘2.7 EFFECT OF SLUG S1ZE ON RECOVERY
Numerous researchers(3,22,23,37) have investigated the
effect of chemical 51ug'size on recovery. In general they

found that oil recovery increased with slug size up to a



16-"

point, further increases in élug size resulted in
insignificant volumes of  additional oil. Some
researchers(5,34) by using a continual flooding process
séudied fhe effect of surfactant concentration on recovery.
They found thgt increasihg surfactant concentration up toc a
limit increased recovery. Further increases improved oil
recovery 1insignificantly but reduced pore volumes  of

surfactant needed.

2.8 SURFACTANT LOSSES
" Sulfonate "léés is one of ‘the single‘most important

factors in determining the economic success or failure of a
surfactant flooding process. In a typical surfactant flood,
.sulfonate costs are frequently half or more of the ﬁotal
cost. As a result numerous studies have been done in this
area. It is generally accepted that four mechanisms
contribute to surfactant losses: 1) adsorpfion, 2)
surfactant precipitation, 3) an immobile éurfactant—rjch
phase ahd, 4) surfactant dissipation. The literature
conféins many conflicting reports on the. effects of
reservdir parameters on surfactant loss. Some of the
variables(39) affecting the adsorption and retention ‘of
petroleum sulfonates are:

a) Equivalent weight and equivalent weight distribution

b) Minerology and surface area

c) Salinity and divalent cation content of the

reservoir fluids and micellar formulation

-
7



d) Concentration of the petroleum sulfonate
e) Physical characteriétics of the formulation
f) Wettability of the rock and Tesidual oil satUration:
Published results claim that surfactant loss from high oil
contegt microemulsions is both greater(20) and-less(40,41)
than the loss from high water content microemulsions. Still
others(3,43) claim that if both o0il and water are present
surfactant loss can be reduced. Published results have led
to the conclusions that the \presehce of residual oil
decreases(39) or increases(44) and has no effect on
surfactant lo§s. Meyers and Salter(40) found that for a
given surfactant/alcohol/oil/brine system,, structural and
compositional differences among fluids with the same active
surfactant concentrations have no effect on the amount  of
surfactant aasorbed by reservoir rock. Thgy conciuded that
surfactant retention is independént of brine/oil mass ratio.
Somasundaran and Hanna(46) found that suffdééant
v o .
adsorption could be reducgd by the introduction of alkaline
chemicals such as sodium silicate,.phosphate and carbonate;
sodium silicate was shown to be the most.effecti{ggadditive.
It has- been found that an increa_sé'~ in salt
concentration increases the  adsorption tof ., petroleum
sulfbnates(27,29) on the rock surfaces.The adsorption of
petroleum sulfonate was fbund to be a function of its
equivalent weight, Hurd(29) found a sharp increase in

adsorption at a petroleum sulfonate equivalent weight of

450. Foster(27) and Hill et al(23) found that certain
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organic .salts decreased the adsorption of petroleum
sulfoﬁates. Bae vaﬁd Petrick(45) found adsorption to be
dependent on flow rate.
Although there are numerous conflicting reports a few
generalizations can be made,
a) Maximum adsorption occurs near the critical micelle
concentration, - » ?’
b) Maxima in adsorption isqfhérms occur with mixtures of
petroleum sulfonates,
c) Adsorption increases with increasing eqgivalent weight of
the sulfonate ,

d) Electrolyte influences adsorption of sulfonate ,

e) Cosyrfactants tend to decrease sulfonate adsorption.



3. STATEMENT OF THE PROBLEM

The main objectives of this study vere, .

1) To develop a micellar solution capablé of effectively

recovering Bonnie Glen Crude. o

2) To evaluate the performance of the micellar solution by
conducting micellar/polymer floods using Berea sandstone

cores.

3) To evaluate the effectiveness and mechanisms by which

preflush chemicals reduce sulfonate losses.

<

4) To determine the mineralogical composition of the

sandstone cores:and its effect on surfactant loss.

19



t’,EgPERIMENTAL EQUIPMENT, MATERIALS AND PROCEDURE

:.1 EX?ERIMENTAL EQUIPMENT

A schematic diagram of the _eiperimental@ épparatus' is
shown in .Eigure 4. The displadement pump was a constant
injection rate Ruska pump with mercury as the displacing
‘fluid. The phmpé; charged with mercury displacedithe fluid
of interest from 1.0 litre stainless steel. cylinders into
the core _holde}. All injecﬁed fluids were filtefedvusinéra
miiiipore filter. All lines were of high—préssure .staihless
steel tubing. | -

A Heise. pressure gauge was used to measure the pressure

" drop across the core. A pressure transducer connected to
v}

chart recorder provided the pressure history for each run.
: .
An automatic sampler with.a timer capable of providing

24 samples per cycle was used to collect effluent samples.

A vacuum -pump Wwas used to evacuate the $core and “.

connections prior to each run.

™~

' 4.2 POROUS MEDIA

4.2.1 Berea Cores ' _ : K\>v .
| Berea sandstone cores 61 cm or 121 cm in length andtﬁ\j\

cm in diameter were used as received ~in all core |

displacements. fhe propefties of the cores are listed in

‘Table 2. '

20
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TABLE : 2

PROPERTIES OF CORES

’ OIL SAT. OIL SAT.
CORE LENGTH POROSITY PEﬁMEABILITY BEFORE  AFTER
NO - (cm) %) v' o gh=) _ WATER  WATER
| | FLOOD  FLOOD
% PV % PV
1 61 25.3  0.693  64.85 29,54
2 ) 0.650  66.52  34.24
3 0.667 60.00  29.30
2 0.656 .  63.51  31.00
5 | 0.748 . 58.76 26.80
6 61 23.4 0.713 62.50 29.60
7 61 20.9 . 0.656 63.60  27.20
8 61 22.0 . 0.567  64.6% 42.9
e 1 23,1 0.706 63.54 "38.85
10 \ 1d1"> 61 - 22.3 0.676 . . 55.50  '27.20
1o 61 23.5°  0.759 - 67.61 37.36
12 . 81 23.1 . 0.681 63.05 - 31.53
13 o121 24,3 0.716 62.35 32.20
14 61 - 23.8°  0.757 68.42 - 34.74
15 | 61 22.5  0.546 69.62 .  35.55
y 2



TABLE : 2 (CONTINUED)

PROPERTIES OF CORES
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OIL SAT. OIL SAT.
CORE LENGTH POROSITY PERMEABILITY BEFOéE AFTER
NO | (cm) . (%) ( wm®) . WATER  WATER
FLOOD  FLOOD
% PV % PV
16 61 23.0 0.739 68.52 29.82
17 61 22.6 0.716 65.55 31.85
18 61 21.9 0.684  66.32 34.69
19 61 24.5 - 0.679 65.27 37.78
20 61 23.5 0.667 64.06 37.72
21 61 21.1 0.639 67.19 43.51
22 61 23.4 - 0.739 64.64 '  33.93
23 61 21.3 0.722 66.67  34.90
24 61 22.1 0.714 64.15 32.83
25 61 22.6 0.673  65.68 31.73
26 61 21.9 0.814 69.84 35.88
27 /6t - 23.4 0.831  71.42 34,64
28 Cee1 23.0 0.815 69.09 34,90
29 o g2 23,2 0.799 61.26 30.45
23.60

30 - 61 23.2 0.830  68.90
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4.2.2 Coreholders

The cores were hbused'in stainless steel coreholders
having an internal diameter of 5.04 cm and%lengths of 61 cm
: |

or 122 cm. ‘ ) , . 3

4.2.3 Casting the Core .

| . The éores were painted with gpenoline 300 Epoxy Regin
and allowed to dry at room temperatuge. Phenoline 300 Epoxy
was prepared by mixing Phenoline 500 Part A and Phenoline
Part B in the ratio 6:1. A teaspoon of Mica Filler was added
to 250 mls{'of the mixture. The mixture was thinned with
Phenoline thinner to a consistency which can be painted
easily with a paint brush. The core was then'baked in an
oven at 100° F for two héurs. After -cooling to room
temperature a second coat of paint was applied and dried
similarly. |

Each of the cores were then placed in a coreholder and

positioned with a three pin recessed disc at one end. The
ofher end was centered using three pieces of rope placed
between the core aéd the coreholder. Molten Cérrobend alloy
. which has a meltingA point of 158°F wés pourea into each
coreholder. The cores were allowed to cool to - room

temperature. The ends of the core were machined flush to the

coreholder and flanges fitted.
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4.3 FLUIDS

The following fluids were used _ﬁhroughout the

experiments. The physical properties ofvthe fluids are given '

in Table 3. Density of the various fluids were measured
uSing a Paar Digital ' Density Meter. The Brookfield LV
Diéital ViScometerlwith UL Adaptor was used to determine all
viscosities.Dow Corning calibration fluids were used to
calibrate " the ~ 'viscometer _prior to all

measurements.Interfacial tension measurements were made

using a Du Nuoy Tensiometer.

4.3.1 Brine

Reagent grade sodium chloride was used to prepare brine

of various compositions.
4.3.2 0il

-~ . Bonnie Glen 0il was wused as received in all core

floods. The water content was less. than 0.5%.

4,3.3 Preflush

. Reagent grade anhydrous sodium carbonate was used to

prepare a 1% by weight sodium carbohate ,preflush. The
lignosulfonate preflush wasxbrepared using Marasperse C:21
manufactured by the American Can Company. (See Table 4 )

The sodium salt of ethylenediaminetetraacetic,écid was used

to prepare the EDTA preflush. A 1% by weight sodium

¢ . .
orthsilicate preflush = was prepared using Metso
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200(Na,0/8i0,=2.0).

4.3.4 Polymer

The polymer wused for all core floods was partiaily
hydrolyzed polyacrylamide marketed underﬂthe trade name Dow

Pusher 700 supplied by Dowell Chemical Company.

TABLE : 3
PHYSICAL PROPERTIES OF FLUIDS AT 24°¢c {‘
\
Density Viscosity pH
(gm/cc) | (mPa;s)' ~
Distilled Water: ~°0.997 ~1.03 6.8
1% (w) Brine . 1.003 1.07 °
Bonnie Glen Crude ” 0.836 3.5
1% (w) Sodium Carbonate " 1.005 1.08. " 11.8
1% (w) Sodium Ortﬂosilicate ©1.006 :Wﬁ;bQ‘ 12.8
3% (w) tignosulfonate 1.007 ‘ 1,12 7.04
Micellar Slug B, . N 0.960 " 294.0
Micellar Slug B, 0.946 88.0
Micellar slug B, 0.947 : 55.2
250 ppm Polymer | (; : ,9.3.
550 ppm Polymer ) - 13.5

1% w Na,EDTA . - 1.07 5.0
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TABLE : ¢
ANALYSIS OF MARASPERSE C - 21
‘Total Sulfur 5% o 6.8
Sulfate Sulphu;‘as’s, % - ' } 0.3
Sulfite Sulphur as S, % | 0.09
CaO, % , | | 5.2
mg0, % | 0.3
Na, O, % | 6.1
Reducing Sugars, % . ‘ 1.5

OCH,, % : 7.9

4.3.5 Micellar

The surfactant used in preparing the micellar solutions
was Petrostep 465 supplied by, Stepan Chemical Company. The
compositioh of this surfactant is given in Table 5. The
compositions of the miceilar solutions investigated in this
study are shown in Table 6. The rheological behaviour of the
various micellar solutions is shown in Figure 5. All

micellar slugs exhibited Newtonian type behaviour.
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COMPOSITION OF PETROSTEP 465

TABLE

5
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Actives
Free 0il
Water

Inof@anic Salt

58.7%

1

2

4.9%
2.2%

2.2%

TABLE

6

COMPOSITION OF MICELLAR SLUGS

* MICELLAR SLUG B, WAS PREPARED

ALCOHOL TO/MICELLAR SLUG B,.

B, B, B,
Bonnie Glen 0il 55.0% 55.0% 45.0%
Distilled Water 15.0% 15.0% 37.5%
Petrostep 465 30.0% 30.0% 15.0%
Iso Propyl Alcohol 0 0 1.5%
.N-Butyl Alcohol 0 ¥ 1.0%
BY ADDING 3%(V) N-BUTYL
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'4.4’ PREPARATION OF THE POLYMER

Because polyacry%amides are suéceptible to shear
degrada£ion the follbwing procedure was wused 1in the
preparation of the polymer. Dow Pusher 700 was added to
disfilléd watér in a beaker and stirred slowly. The mixture
was then allowed to hydrate -overnight at slow stlirrer
speeds. The polymer solution was fhen made up to the deéired
Eoncentration and filtered usiﬁg medium fast Whatman #1
filter' paper to remove any unhydrétedlpoiymer molecules or
large agglomerates.Because the rate of filtration’was slow,
1ﬁair pressure of 5.0 psi was applied. The rheological
behaviour of the filtered polymer is shown in Figure 6.

4.5 CORE PROPERTY DETERMINATION

4.5.1 Determination of Porosity

The core was evacuated for at least 24 hours and then
allowed to suck 0.5% by weight briﬁe. The quéumei of brine
sucked into the pore space was assumed to be the pore’volume
of the core.

The pore volume as determined b§ the. above procedure
wés checked by miscible displacement of the 0.5% brine by 2%
by weight brine. Eff}uent samples were collectea and their
ref;active index measured using. an Abbe Refractometer.With
‘the use of Figqure 7 a plot of the percent displacing fluid
in the effluent versus cumalative volume producea 'was made

(See Figure 8). The areas above and below the S-shaped curve



AN

31

1000

100

Viscosity mPa-s

S

}—

|

i] Cooy ool | L gl Lo it
01 10 } ' 10 . 100

‘ Shear Rate, sec™!

Fig.6 Rheological behaviour of Dow Pusher Polymer at 24°C.




Refractive Index:

32

1336 .
A: 0.5% (w) Sodium Chloride Brine
B: 2% (w) Sodjum Chloride Brine
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were balanced using a planimeter and the pore volume
determined. Having found the bulk volume by measuring the

dimensions of the core, the porosity was ¢alculated.

4.5.2 Determination of Permeabilitf.

The absolute permeability of the”cofe was obtained by
flowing 2.0% by weight(prine at'va:#ous rates and npting,the
pressure drop at each particular flow rate. Darcy'sﬁ linear
flow eéuation was then used to caléﬁlate' the';bsolute

permeability. (See Table 2) : - -

4.6 DISPLACEMENT PROCEDURE

The properties of the core were measured as outlined
earlier. The cores were then flooded with Bonnie Glen Crude
at 200. cc/hr wuntil the connate wétér saturation ; was
established.‘ This genéf;lly required 5-7 pore volumes of
'oil. Next, the cores were water flooded with 2% by weight
briné to obtain the residual oil saturation.

' The micellar/polymer floods were started at this point
.dr after the specified preflush solution was first injected
into the pérous media..The micellar Slug was first. injected-
followed by the polymer slug. Oné percent by weight brline
was ‘used in all core floods to 'd;splace the polymer and

micellar slugs.Effluent samples were collected and analyzed.

All injected fluids were filtered using a millipore

filter. All rhE?ﬁérﬁmental‘\ggzﬁ was conducted  at room

A )
temperature. |
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4.7 ANALYSIS OF EFFLUENT SAMPLES

The effluent sampleé collected were analyzé@ to
‘determine the ‘sulfgnate. content using a Perkin Elmer
Infrared Spectrophotometer.A known volume of the oleic phése
'wés.dewatered using 50% by weightvcalcium chloride S§1ution,
Athe” VOlume’ of the dewatered oleic phase was noted. A small
volume of the sample wgsfinjedted into a .barium. fluoridev
cell an analyzed by infrared spectrobhotometry. The amount
of sulfonate in the sample was .then determined from the
calibration curve shown in Figure 9 which relate absorbance
‘to the percent of sulphonate7 in a sample. Petrostep 465
ébéo;bed,infrared rédiation at i176 cm~' and 1056 cm~'.Based

on Lambert-Beer's law the following relationships were

N

obt@ined.
Absorbance = A = 10g,0,1/T
where T = Transmittance
i " ,A = acl

where a = absorbtivity coefficient of the sulphonate

l = péth length in the cell..

c = concentration (g/l).

Thus,
c = A/(ba).
Determination of the sulfonate content in the agueous , phase

was similar to that outlined above, except 1-2 mls of

toluene was added and Figuré 11 rather than .Figure 9 was

<

used. Appendix A contains detailed calculatioris.
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5. DISCUSSION OF RESULTS

5.1 GENERAL

Thirty core floods were conducted with three different
micellar slugs. The results of the core floods are listed in
Table 7.

Twelve. core floods(g1-12) were conducted employing
miéelLar slug B,. (See page 26 for propgrties of this slug).
Frontal velocity ranged from 0.53 m/d - iO m/d, buffer size
varied between 25 - 50% PV, tértiary oil recovery-averéged
around 78% of the oil in place. Sulfonate recovery for-theSe'
core floods was loQ,generally >less then 10% of that
injected. Run# 3 was conducted to évaluate the ability of
micellar slug B, to displace Bonnie Glen crude in a
: simﬁléted reser&oir enviroment. B; was injected continuously
until .all the oil _in place was recovered.The recovery
behaviour shown in<Figure 23 (Seé page 122) inaicates a
*highly efficient ﬁ&croemulsion.The miéellar slug displaced
all the oil but left some residual water as can be seen by
extrapolating the straight line portion of the curve.The
rgsidﬁal water saturation (Swrc) was about 10% so that
surfactant = loss  through the rétention of a residual
.microemulsion phase was not significant.

- Micellar slug B, had a composition similar to B, except
3% n-Butyl Qlcohol was added to reduce its viscosigy. This
resulted in better mobility control and consequently was "

I3

mofe effective than B,.Two.-runs #13 and 14 were conducted

39
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with slug B,.

Because of the high costs of sulfonate it was decided
to investigate the effecfiveness of a micellar slug with a
much lower sulfonate concentrétion. Based on phase behavior
studies micellar slug B, was chosen. The properties and
composition of this slug are given in Tables 3 and 6.
Fifﬁeen core flbods(#16-30) wefe cénaucted in an} effort to
evaluate the performance of this slu;.,Various.preflushes
were used in order to reduce sulfonate loés and hence
improve oil recovery. Runs #16,17,18 and 24 were conducted
to evaluate the performance of —high pH. chemicals as
preflushes. Runs #19 to 23 evaluated the performance of
aqueous sulfonate solutions as saérificial adsorbates .

Comparison of the results qf the core floods reveals
tthat‘B; was the most efficient slug based on- percent
| tertiary recovery per graﬁ of sulfonate ihjected.(See Figure
12).The effect of the various parameters on tertiary oil

recovery and sulfonate losses will be discussed in-the

following sections. -

5.2 PHASE BEHAVIOUR

Phase behaviour studies were condabted using Petrosteg
465, Bonnie Glen Crude and distilled Qatef withia view to
seléctiné a_micellar solution miscible with. Bonnie Glen-
Crude and brine. The pha;e behaviour of the system studied
is shown in Figure 13. The éystem was a Type II1 using the

nomenclature discussed 1in chapter 2. Examination of Figure -
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13 reveals the presence of three distinct regions II", II®
and ITI. Consider a formulation of composition A, A was
found to be ‘a two-phase system with an upper phase
micfoemulsion of composition‘A"and a lower oleic phase.
Similarly composition B was made up of an upper phase
microemulsion B' and a lower oleic phase. The tie lines in
the II* region are also shown in Figure 13. Reéion I11I
represented compositiohs where three phases were in
equilibrium, microemulsion, a water rich phase and a oil
rich phase. Vafious micellar formulations were screened to
determine theif'ability to solubilize oil and water.Based on
these studiee micellar slug B, was chosen.The composition
and p;opeftiee of this slug are given in Tables 3 & 6.Core
floods were then conéucted to determine its effectiveness,

Iﬁ order to obtain better mobility control of the
micellar/polymer process the viscosity of slug B, was
V,redneed from 294 mPa.S to 88 mPa.S wusing 3% by weight
n-Butyl alcohol. (See Figure 14).This alcohol concentration
was chosen since it did not significantly affect the slug's
ability to solubilize oil and waeer.Cerefloods #13 and #14
-were undertaken to evaiuate the performance of this slug.

' Because ogfthe high sulfonate content of micellar slugs
B, and B, it was decided to evaluate the effectiveness of
slugs with a lower,eulfonete concentration. Using the phase
diagram as a starting point, various compesition micellar
slugs were evaluated. The'composition of these slugs are

\given in Table 8.
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Fig14 Effect of n — Butyl Alcohol on Viscosity of Micellar Slug‘B{.‘
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Micellar slugs 3,8 and 9 .showed the greatest ability to

solubilize oil and water, based on mobility considerations
slug #9 was chosen. (Referred to as B,).

Anal}sis of the effluent samples revealed that

sulfonate recovery of ﬁiceliaf’ slugs B, and B,; were

significantly greater than that,pf B,. (See Figure 15). This

increase in sulfonate recovery was partly due to the effect

4
of alcohol as a cosurfactant.

5.3 PROPERTIES OF BEREA CORES USED

The mroperties of the sandstone cores afe listed 1in
Table 2. (See~ page 22). Examination of this téble reveaig
that core préperties were uniform except éhaﬁ the
‘permeabiiities of cores #26 to 30 wefe significantly higher
“than the rest. This difference in permeability was noticed
wﬁen .a new batch'of cores was Qmployed,’éémmencing.at run
#26. 'Thg ;average values of porosity and | permeability
together with standard.deviationsbare listed in fable 9. .

TABLE 9 | : :

AVERAGE PROPERTIES OF CORES

AVERAGE  STANDARD = AVERAGE STANDARD

POROSITY DEVIATION PERMEABILITY DEVIATION

CORES 1-25 _  23.1% 1.176-" 0.6865 um®*  0.052 um?
CORES 26-30  23.0% 0.67 0.8178 pm*  0.013 um®
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Samples of the cores were analysed by J~ray analysis Qo

determine clay content. The clay mineral content of the core

‘was found to be a small percentage (1 - 3%) of the total

matrix. Table 10 reveals that kaolinite and illite were the
major constituents of the <20 um portions of the sample.

Traces of chlorite were detected in the,< 2 um sample.

TABLE : 10

'MINERALOGY QOF THE BEREA CORES

D v

- 0 P F c. K I CH
H5-20um M m . m m aQ 10 0
2-5um M . m m  nM 85 15 0 7
<2um M .m 0m M .60, 35 5

K= kaollnlte I= Illute. CH—Chiorite.'

r:-

Q=Quartz. P= Plagloclase. F= Feldspar. C=Clay. (% Abundance)

M=Majopﬁ_anModerate. m=minor. mt= mlnor trace.

<

Although ‘tpe clay mlneral 'dontent of the co
small percentage of the total matrlx, because of the large
surface area and the high reactivity, the response of the
sandstone core to the micellar/polymer process ‘was probably
51gn1f1cantly 1nfluenced by the ‘reactlons\ of the clays.

Surfactants and polymer adsorb réadily ron clay Surfeces'

cthls'gcomblned with the = ion exchange capac1ty of; tﬁe clay

minerals had a“detrimental effect- on the mlcellax/yolymer
. i . -"7-§! . .

SN I .
K . ~

e
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'iprocess. Exchange of divalent ions between clay minerels and
\y the micellar solution results in surfa< ant precipitation,
‘loss of ultralow interfacial tension and evenrually leads to
déactlvatlon of the micellar slug., |

The polymer buffer ;was also influenced by the
miueralogy and clay.cohtent of the sahderone core. Divalent
ions reduce the viscosity of the poaymer. This together with
the adsorption of the anionic polyacrylamide on clay
-minerals leads to an increase. polymer mobility andt?can
eventually result in a Ioss of‘moﬁility control.

| The results of the core floods indicate that
conditionino of the Beréa cores through the use of Na,;CO,;

\ "and EDTA prefiuShes improved tertiary oil recovery. One
factor which contributed to this increase in recovery was
xthe removal of dlvalent cations present within ‘the clays by
the_ preflush Isolutlon,thus the mic_llar solutlon was
”protected from the harmful divalent ionC.The “wechanfsms. by)
“which these preflushes reduce sulfonate losses aﬁd 1mproge

: tertlary ¢il recovery w1ll be discussed in subseguent.

sections.

"~-5 4 GENERAL CHARACTERISTICS OF PRODUCTION HISTORY
~ The productlon hlstorles of the core floods have some?“
common features whlch can be descrlbed as follows.

i

1) In1t1ally only brlne was produced Durlng thlS tlme,

i

I3

xijwater bank was formed o ' ; g"

/

s
k’2}= Apucbank»‘breaknhrough,r both oil andﬁ%éter were

~
T

L . 1' : . B ‘ \ .o .
. ' ) J e B “eiaTel
oL ; S
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i f .
produced simultaneously with an oil cut generally'berwéen 40

and 60%. The Qﬂuctuations in oil cut were due to differences

in phase behaviour of the’fluid system, viscosity of flnids,.

flood advance rate,and»properties'of the porous media.* The

oil 'cut was at first more or less constant. then decreased

gradually.

3) During the injection of the micellar and polymer
slugs, there was a gradual increase of inlet pressures

folloyed by a gradual decrease commencing at the irnjec:.ion

;jthe drlve water. } )
Ty UL n
i 4) Most of -the. su}fodate recovered wasbln the olelc

oy f.\

phase. This wa”* dugm to f%he&amuch higher solubility 1of

éﬁtroscep 46q ;n thF olelc phase as compared to the agueous

Voa
~.~A

phase. -
5.5 EFFECT or FRONTAL VELOCITY ON RECOVERY S

‘1!"'
Based on the results of core floods #4 to 9; a plot of

recovery versus frontal velocity was made. (See Figure 16)

Tertiary oil recovery increased up to a.point then decreased

with' increasing velocity. This' is in conflict with the

results of’other' 1nvest1gators but can be" explained by-

14

' con51der1ng the mobilities of the dlfferent fluids. .

The moblllty of the polymer buffer was estlmated to. be

/

of the order 0.01 to 0. O7(mPa S)" u51ng equatlons derlvedﬂ

i

by Chrlstopher and Mlddleman (54). (See Appendlx 'B) .Assuming

- that the relat1ve permeaballty of the m1cellar slug is one,

then theﬂmob1l1ty.of ;he' slug is ~the rec1pr:oca_l\3 of the

)
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i

viscosity or 0.003 (mPa.S)-'. Thus the mobility of the
polymer buffer was greater than that of the micellar slug.
This ‘resulted in the polymer solution fingering through the
micellar slug.

Another factor wﬁich contributed to thié unfavourable
mobility rdtio is related to the size of polymer molecules.
Quite often ﬂpolymer molecules are larger than the.diameter
of thelbores so that the accessible porel volume to the
polymer buffer is less than that for the micellar slug. This'
results in.the polymer solution propagating';hrough the coref
faster than the micellar slug. This probiam was compounéed
by the fact-'that the pblymer for the first’ thlbé"core
floods was not filtergd,@ so that anyluhhydrated polyﬁer
molecules or large aggrégates could well ﬁave plugged pore:
throats Qithin the core. |

The following steps were ' taken to improve mebility ,
Control; -

15 Viscésity of'ﬁhe micellar slug was reduced.

2) The size and concentration og‘the polymerE@ﬁffer
were increased from 25% PV, 250 "PPM to 50% PV @ a
céncent:ation of 500 PPM. |

3)-all polymer solutions were filfered using Whatman #1
filter' paper. - Because of tﬂg sloﬁ filtration rate of the
polymer,air pressure of 5 - 'ﬁﬁ psi was épplied;» The
filtration pressure was chosen so that (theffhéblogical
behaviour of the polymer before and .after filtratidn were

similar.
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4) Frontal velocities were reduced to values comparable

to field injection rates.

5;6 EFFECT OF MICELLAR SLUGFSIZE ON RECOVERY

Based on core floods #7 and 11 gxclusive of core flood
#8, increasing micellar slug size from 5.0 to 10.0% pore
volume increased oil recovery‘fr;m 76.8 to 80.4% of the oil
in place. This is to be expected since the larger slug has
moré sulfonate, and as a result iﬁ‘cén solubilize 'mofe oil
and water before it phase separates and can travél éreater

distances within the core before slug deactivation takes

PRI
-

place. This 1is 1in .agreement w¥th the results of other

.

investigators(3,22,23,27).

5.7 EFFECT OF 1% BY WEIGHT SODIUM CARBONATE PREFLUSH ON

RECOVERY
Five core floods were conducted with a view to
evaluating the effectiveness of sodium carbonate as a

' ) v
preflush. Coreflood #15 was conducted using micellar slug B,

without a preflpsh;"reCQVery was 67.8% of the oil in place,

whereas 25% and 50% pore volume of 1% by weight sodium
carbonate resulted in recoveries of 72.9% and 98.9% of the
oil in,placé, respgcﬁivély. Analysis of the effluent samples
reveaié?nfhat sulfonate< recovery increased with preflush
size, Qé?%é:of the’sﬁifonate injected was recovered using a
50% pdi#l?g&&mé preﬁlusﬁ. Thus sodium carbonate was an
J effébtivéﬁp;éflﬁsh.ﬁség;?iéu;e 17) )

e , R
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High pH chemicals when injected ‘as preflushes affect
various rock and fluid parameters, such as interfacial
tension, microemulsion stability, rock wettability, hardness
ion reduction, surfactant adsorption and 1ion é}change
cépacity. For the particular system under study the two mogt
important mechanisms by whic. sodium carbonate improoed
recovery were reduction of the interfacial tension between
0i. and water and the removal of divalent ions.

Another féctor that might be responsible for the
improved reoovgry‘ is‘ related to the attractive forces
between the anionic .surfactanp and . the porous media.

Adsorption 1is. due to the electrostatic attraction between

the ohgrged mineral surfaces and the charged surfactant
species. The .generation of a surface charge on the mineral

partlcles 1s thought to be due to hydroly51s ‘of surface

P

species foliowed by pH ﬁlpendent dlssoc1at10naof surface
hydroxyl groups. The follOW1ng equatloﬁﬁ;represents these

reactions,

5 | OH
- M(HQO) ==~ MOH_,, .= — MO e + H2O

sudace H+ surface surface

From the above equation it can be seen that increasing the

-~

pH cause;} the mineral surface to be more fnegatively
charged, thus adsorption between the anionic surfactant and
the minera} surfabes is. reduced. Somasundaran’ and Hanna(SG)
measuréd.theeffecf of pH on adsorptlon of dodecy%iplfonate

on kaolinite.They' observed a decrease in adsorption with

increasing pH as shown in Figure 18 .
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Although = there are &arioﬁé mechanisms by which
5nrﬁa¢tants are lost as described in section 2.8, for the
purposes of this study all surfactant losses are attributed
to adsorption and surfactant precipation since it is
impossible to distinguish between these mechanisms.

5.8 EFFECT OF 1% BY WEIGHT METSO 200 PREFLUSH ON‘RECOVERYv

" Coreflood #16 was conducted using a 1%(w), 25% pore

" volume Metso 200 (Na,0/Si0,=2.0) preflush. It is, generally

.believed that the effectiveness of "alkaline chemical in

conditioning reservoirs can be ranked as phosphates >
silicates >  hydroxide > carbonate. Coreflood #16 was
conducted with a view to compafing the effectiveness of
sodium carbonate and sodium orthosilicate preflushes.
Recovery from this run was‘only 25.6% of the oil in

place.  Inlet presssures increased to about 700 pc’

’

“indicating severe plugging. This plugged condition was

probably due to the formation of precipitates by the

reactions between the divalent ions and the silicate ions.

& r . L
another possibility was the formation of highly complex
silicate structures. These structure can then crosslink and

form gels resultiag in a'plugged core. The-hjdrqusis of tHe
monosilicate .anion in water to form more complex species is‘
shown by the following equations. *
Si0,~ % + 2H,0 = Si0,(OH),~? + 20H"

2Si0,(OH) "% + H,0 = Si,0,(OH)4~? + 20H"

Sizog(OH)n"‘+ Si0,(OH), % + H,0 = Si;0,(0OH)g"? + 20H"
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solution as a‘p;efldsh. o i

60
251203(01'!)31-1 = Squs(OH)s—z + 20H" -

In the published literature reviewed, no investigator
gncountered plugging problems through the use of silicate
solutions, but Holm et el (49) found that silicate solutions

reduced permeability 65% to 75% of the , original

permeability.

5.9 EFE.'ECT‘OF LIGNOSULFONATE PREFLUSH ON RECOVERY
Interfacial .tension between Bonnié Glen Crude and
various concentration lignosulfonate solutions was meésurgd
using a Du Nuoy Tensiometer. Figure 19 shows interfacial
tension decreasing with increasing lignosulfonate
concentration. Further increases in concentration result in
increasing fnfééfacial tension. Minimum interfacial tension
wés obsérvéd between 2 and 3.5% by weight lignosulfonate
concentration. ‘Based on the above, it wag " decided to
evaluaté the effectiveness of a 3% by weighﬁ lignosulfonate
Threé core floods were conducted to evaluate the’
performance of ‘lignosulfonate as a preflush. Coreflbods #19
and 20 were -conducted with 25% PV‘and 5% P& 3% by weigﬁt
lignosulfonate solutions respgetively. Recovery for the‘ 5%
PV slug was 49% of the oil-oh~piace while that for the 25%
By slug was only 22% of the oil . place. Sulfonate recovery

for - both floods was only about 10% of that injected. The

results of these two floods suggest that some mechanism

‘other than sacrificial adsorptionsof -the lignosulfonate was.



n

Apparent Interfacial Tension (mN/m)

61

i)

~

| 1 L [

o] 1

2 3 4 S. .6 7

Concentratlon of ngnosulfonate %(w)

Fig.19 Apparent Interfac:al Tension Between Bonnle Glen Crude and

. Various Concentratlons L;gnosulfonate Solutlon



'

‘ o S ﬂ 62
/

r

dominant. Coreflood #21 was designed to minimﬂze‘
.micellat/preflush interaction: 20% PV of 3% by we1gpt
. ligndsulfonate solution was 1njected followed by 2% ?Y“
weight brlne unt11 no lignosulfonate was in the effluent At
this stage the only lignosulfonate 1in "the core was that
adsorbed irreversibly on the porous medium. The micellar
£lood was then sfarted tertiary oil recovery was only 22% of
the :0il 4in place as compared to 67.8% from run #15 where no

Yy

preflush was used.

A possible explanation _for the decrease in recovery
with  lignosulfonate preflushes is a  change in

wettability(water—wet to 'eilfyetl. Novasad et al (53) in.a
recent publication found that lignosulfonete preflushec
,decreased- oil recovery although surfactant retertion
decreased. In this study both terﬁiary oil recovery aug‘

-

surfactant recovery decreased.

5.10 EFFECT OF 1% BY ﬁElGHT PETROSTEP 465 PREf‘LUSH ON
RECOVERY"™ | | : o
Corefloods #22fand 23 were conaucted with a view to

evaluating the perfermauce of an aqueous solution\centaining

1% bg weight etrbstep 465 as ~a preflush. Terfiaryj oil

recovery - was only 28.6% and 31.7% of the oil in place,

"4respective1yr Inlet pressures were three to four . times

. ) l
higher " than normal 1nd1cat1ng a plugglng problem. The

. results of these two runs 1nd1cate that aqueous solutlons of

the-—surfactant were not effectlve_preflushes and can often
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Y B

lead to plugged cores.

The hlgh inlet pressures observed Pn runs #22 and 23
‘were first thought to be due to the fbrmatlon of insoluble
precipitates as a result of m1cellar/preflush 1nteract10§.
Various ‘propottions of the two fluids wereﬂmlxed to explore
the formation of precipitates but sUrprisindly this was not
observed. An unused core was then evacuated and saturated
with the prefiush. While flowing the prefiush th.ough the
cote, inlet pressuree rose raoidly to 650 psi. At Lhis staée
 the only fluid in the core was the aqueous sol..ion of the

P

sulfohate , sirnce no swelling clays were present, it was
concluded thét precipitation of the Sulfonate from the
agueoué‘woreflush plugged the core. Further inveétigations
revealed that the divaient ions within the core precioitated
the sulfonate. Melster et al (55) found that the célcium ion
tg%erance of petroleum sulfonate decreased logarithmicélly
.agﬁite averege equ1valent weight of the sulfonate increased.

Thus Petrostep 465~w1th its falrly high equivalent weight of

465 has®a low tolerance to multivalent‘cations.

5.1 1' EFFECT OF .1% BY WEIGHT EDTA PREFLUSH ON RECOVERY
Corefloods #25° to 30 were conducted with.a view to

levaiuating the pefforhénce’of chelating ageuts such as the

‘sodium salt of ethylenediamineteraacetic acid (EDTA) as a

pretlush. " | |

| .Cotefloodé #25- to 29 were conducted using a.1% by

weight Eggﬁ/preflush having a pH of 45.6. 'Recoveries for



these four runs ranged frud®
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82% to 90% of the oil in’ place-

"as compared to 67.8% where no preflush was u%ed..Figuré 1ﬁ

_regealS‘the éxlistefce of an
Chelaping

complexes with
W

porous media . The equilibr

EDTA/metal ion

J
that the formation o

for

the multivalent cations

complexes are about

optimum preflush size.

agents improve c©1l recovery by forming stable

2 ' - .
present within the

ium constant for the formation of
times

10 greater than

f metal ions/sulfonate complerxes.

The formation of complexes with metal ions is shown by the

following equations.

v

T00C — CHj | | /CHQ' ) Qoof‘
OOC — CH, ” . CH2 ~ coo-
Metal Cations = m"* - |
Cyd 4+ mS} - MY— , A
YT+ mt = MY ‘{
I [~ . O . - 2— ;
| ¢
5{ AN
o u H,CHy
’C\C2 : :
— )
L cH, |« Al
! O{’C\ C|/ . 2‘:‘ z.). ’A‘f ’
2] Ly Lo
| ‘ \ /CHQ ) . {.L e
e :
Ol ]
° B _ .
Fig.20Structure of ".?.C

\v3

)
R

Metal-EDTA Complex
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'“NXfl"catEOns with the exception of the alkall metals react

';thought~ £

fCOntent

’E16 6 for mlcellar sluq B,. o ¢'} - R ﬂtaf

v
/

wlth EDTA’ to form stable complexes." The stablllty of. the

comp&%xeu is vdue to complex1ng grdUps wlthln the molecule

' . Co. kY
,-surroundlng, and 1solat1ng the catlon as shown in Fiqure 20.

Although tertlary“‘ oil recovery. was significantly

‘greater for floods #25 to 3C as compared to core flood- #15,

total sulfonate recovery vas not 51gnifitantly greater .
except for core flood #26 ThlS 1ncon51tency in results is

be due to” 1naccurac1es in determ1n1ng sulfonate7

content of thehraqueoush phase By 1gnor1ng ‘the' sulfonate-

hefaqugous-phase ooite was found that sulfonatef_

of

recovery he oleic phase 1ncreased with tertlary oil
g . o, B . .

recovery and 1in. all cases was. greater than that recovered

-where no preflush was . used (Seé”Ff%ure 15). The ratio of

tertlary 011 recovery (PV) to sulfonate 1njected was of
1the order of 36 for mlcellar slug 83 w1th an EDTE : Lush,g

as‘ compared to 29 w1thout a preflush y].s‘for Slug.Bz’énd

o N , : ~ . v o
~ The pH of the EDTA preflush Jused, in, core flood #30°wasf

Q

adjusted to 11. 3 u51ng sodlum hgdrox1de. Comparlson ofgjthe

: "z.jtf) -

results «of _core floods #27 and 3Q}neveal that hlgh pH EDTA

<. 9

-'pre’flushes were more effectlve’kThe ma1n reason for the -

-

k-

.1ncrease' kn recovery w1th pH is that the extent cf complex

fformatlon 1s dependent upon the pH of the env1roment, with

h1gh pH : favourlng the formatlon of complexes. Other;

fmechanlsms whlch contrlbuted to- thls increase 'in recOvery

’

'*7W1th pH are descrabed in. Sect1on 5 6 . Holm et al (49) also

[ “ \ B
. . N . . . N

- e



f@und that* adjustmg the pH ‘\E the “EDTA preflush 1mproved
V‘&tertlary oil recovery - *“ ‘ E ' e
Yk L |

5  ZFFECT,OF CORE LENGTH ON RECOVERY o

Comparison of the résults of core floods #27 and 29
reveal that tertlary oil recovery increased w1th an increase
~.(\

24 in core leﬂgth Coreflood #29 was 1dent1cal to- core flood%

E

#27 except a long ' reuwas u%gd dlfferences in recovery

.

was-'about -4%1{ T "Wafference can be related to the,

‘igkdlffer;hces iin‘liengt“;fof the tran51t1on zone and was not
‘belleved to b! gg%;to experlmental error:“ . b;fﬂjv
In the casv of mlsc1ble dlsplacement it can be shown
‘v 'v theoreticaliy that ’thef léngth oT the ﬂééah51tlon:“'zone
,1ncreases *a‘&'the_ square:- root of the core & th: At

Pq

R '*# .
pore volumemof the tran51tlonb;one in terms- of

- volume fbr a long core-is ;ess than Eé?t of a. Short core.

':’

“0

; Thus, th1s observed 1ncrease in recoverY‘wlth length*mag b
\ Rl

. ' due§tp the dlsplacement be1ng 1n1t1ally m13c1ble. FarougpAll_m
’ : ‘ . . rS B B v
- f‘et al (57) observed 1ncreased recovery W1th 1ncreased system

todlv1scous
I‘?;‘;, :1 'Y
. ‘ flngers be1ng d1551pated . or suppressed in longer cor;si asvd

.. result ofr‘dlffu51on‘ and mlcroscoplc dlsper51on . Another
. S I%
nfactor whlch may have been respon51ble for this- 1ncreise ﬁn

/

recovery was contact tlmes Longer contact ‘times betdEen"thﬁu:

Q‘sre51dent fluids and the micellar solutﬁon enaSﬁed greater

m1x1ng Jof- the flulds hence an',;ncreased llkelghood of

?‘..,
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5. 13 REPRODUCIBILITY OF EXPERIMENTAL RESULTS
:‘ri
pore volumes Of cores #3 to 7 were measured by threé -
differeht methods as descrfbedv,in-*sectlon 4.5.(See. page
29) The results show that the pore volnme as measured by the
d;fﬁerent methods were‘wathln 4%. Poraavolumesbof ‘cores #8
. R - ’_.“ra. ‘ s ’oﬂ ;(v
to . 30 weqe measured'by the vacuum gﬁ§-“ ‘double checked
- ST wa
. ?’, Aanisib VR ":h. A
by m15c1ble d1splacement 1f necessary 7”:; . /
O . . Lo ' o e ,// e
,; ; A@” o ;TABLE i£3: o ft_"““ e e
4! a ,( e R N “»\5 'Y . : ..l:. .
QQMPARISON OF PORE VOLUME MEASUREMENTS o B
. . t—: . r Co s B . 4‘ “-'y.t‘ 7 - ' E::_z ' : - ‘ . (‘;}
. ‘ . . ‘ o &:{"\ T . ’ - 6 g ég‘.w h',/i s
CORE - "PORE vbr. o PORE voL, '© “PORE VOL.
TP R S n ~ L
No - soerion | - Eaw. MISC."j’“UNF.:yISC1
o T (mls) L (mls) pISp. (mls) DISP.
_ . ,'. - N“'l .-" ) {‘\i‘l . o ‘
[ N 295 - 300
~ . , : o . ) , : ¢ ; .
ce T T 285 ' o285 - .. 287,
.5 o282 0 291 - - 288
6 276w %280 \7284
N 7 . 262 250 . - 7’250
1 . :

{
!
!

co@itional ‘equilibrium being reached.

In the‘fliterature reviewed several researchers(5,48)

have fouhd'mitellar displacement to be initially miscible

but as the {ugvpropagates thrOUgh the reserv01r, mixing and

/
osses: cause slug breakdown, hence d1splacement

surfactant }
) ' L .
i m
l.

mlsc1ble tyge d1splacement v
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All fluid properties were accurate with’ in % £

68

Sed

Reproducibility of the core floods was good within *3% as

;ndagated by Table 10.

-

AP S TABLE : 10
2 o
REPEATABILITY OF COREFLOODS
0 N ! % . -~ \
™ _ -
" CORE . = :COVERY : " REMARKS
NO % .OIP . e
Y . o ’ g
7 - 72.9 17 and 18
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o8 L7140 47.
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identical
conditions
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6. CONCLUSIONS

Based. on the”experlmental work completed the following

A
conclusions can be“ﬂ%awn.
1. All micellar slugs evaiuated were.capable’of recovering
at least 65% of the tertiary oil in place. Micellar slug B,
(-Pet':rostep 465-15%,>_Oil-_-45%, D. Watgra37;5%, IPA-1._5%,'

NBA-1.0%)‘was the most efficient siug in terms of tertiafy‘
“0il recovery per ,raﬁ of sulfonate injected. |

ZJiIuereasing micellar slug eize increased ‘tertiary oil
recovery’over the range inveetigeted' . | |
3. The preseg@e of cosurfactants such as :n-butyl alcohol and
1so propyl alcohol in. the m1ceilar slug reduced sulfonate,
lﬁ%s. ) - o | |
4. One bercent bf wedght sodium carbonate solutions were
effectlve preflushes. Tertiary oil recovery - 1ncreased with

,,4- uﬂ '.i. "i}z” . . Wi«
}mgﬁﬁﬁg@ng preflush s1ze. Incgeased 011 recovery was due to

th deprease invjo1l/wauﬁr 1ng§§faclal ‘ten51on nand a
. -q > 3 ; i

reductlon*of sulfonate~losses < ,g,w i o o .

. . - /) A g’ . . . 9, .

5. Sqlutions'of Vethylenediamihefetraéetic “acidKEDTA) were

-

~effective preflushes. In small pore volumes Enmbfwas found
to be the ‘most effective preflush. For a given ‘size

preflush .adjusting the- pH to 11.3 ;esulted in a further

\,uz"’ c*j: C .
»1ncrease in 011 recovery»

IPa

. 3
L

6. Aqueous solutions of. Petrostep 465 were poor preflushes
Y

.and resulted in plugged cores. Co :

7. Lignosulfonate ”pifflushes decreased _tertjary. oil
:redoVery. The exact mechanism or mechanisms which resulted

* . s N - B

LA e < el . > - - . :
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AR . “'5’;‘"’;’(,sz‘ =T L ST r"c R R m\i’g EM
M ’ N . T .

-

. ST , f~69T



70
. »
in this decrease in tertiary oil recovery was not determined
but it hd%?been postulated that it was due. to changes in
wetﬁability of the Berea cores.
8. For(,the sysfem studled micellar displdcement was
1n1t1ally gmlsc1b1e,,but as the slug propagated through the

-

core, m1x1ng and 5urfactant loss resulted ‘in the “pfocess

revertlng to 1mm1sc1b1e type dlsplacement. &
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7 . RECOMMENDAT IONS

J, Alternate m1cellar slug comp051t10ns should be evaluated

w1th a view -of comparing. the . effectlveness of low

_.'concentration.5urfactant slugs.

. o g .
2. Phase behav1our studles should be conducted 1ncorporat1ng

preflush chem1cals such as sodlum carbonate and EDTA in the
TS “"'A-"’ R
mlcellarjélug Based on these stpdles, mlcellar,slugs should

be chosen and evaluated by conductlng core floods. The
'»<{

results should then be~ compared to ”the results of this.
” _‘ EA . . * L-,v . T R ' /J »»“Lj ;-‘ L ‘.‘-.“-’- Yo . '
study L T R : . ; G ) me o J
w — ST ri/w AT
D T Tt - o RN T ey

o
W

SO

» a. \‘Qa

-

e :,' . L ) . . . . L
. . R N C "
ot . :

: e

. NN A o

- 4. Floods should be conducted at~reserv01r temperatures to

,‘

determ1ne the 1nfluence of 1ncreased temperature phase

u..u ._'_“_

behavxour, adsorptlon and tert1ary 0il recobery.

o

o . .'4.’.:\:5 P ' N (

-

.b
‘5. Floods should be conducted using scaled models so that

¢

[Lw,—/ o
_’érate techntques such a llquld °chromatography_

“"be '}use\:i*l to determ1ne,;suLfonate content rof Jthegl

‘

the micellar/polymer process is more representatlve of that

" ~

occuring within the reservoir.

- 71



8. NOMENCLATURE

Sodium Salt of ethylenediaminetetracetic-acid

1w EDTA -
{q; 4{ ". i ) . »
.+ K- = absolute-permeability wum*® . .
RIS S 5 . ) v 2 %
B T : o, ~ >
.h - power law index ' e
. / Lf,fgz_#.
JOIP - oil in place q -
P - pressure kPa >
‘ﬁ:;PVfﬁ.poreAvolume : . «
I ‘:‘ .
- So: - initial oil saturatioﬁv% o v
™~ Sor - residual oil saturation %
V - frontal velocity m/d or ft/d
¢ - porosity % 3
:Q‘i,- shear rate Sec~! w
g7 "
~ u - viscosity mPa.s
A - mobility of buffer
‘o K
. g : - .
N '
[ 2
-~ \‘
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APPENDIX A : Determination of Sulfonate Content in effluent

" Samples

Yl

DETERMINATION OF SULFONATE CONTENT IN EFFLUENT SAMPLES

1
N

Determination of Calibration Curve

a) A calibration curve was prepared by mixing -several
sqlutions with known volumes‘of'Qanie Glen Crude and the
micellar éolution.

b) An equal volume of 50% by Qeight calcium chloride was
added to each of the éamples.

c) App}oximat;ly ml of the dewatered oleic phase.was
withdrawn and analysed using the Perkin Elmer 683 Inffared
Spectrophotometef. Petrostep 465 absorbed infrared fadiation
at 1176 Cn-' and at 1056 Cm"'. |

d) The absorbance . of each of the samples was measured. P
e) The calibration curve was obtained by plotting absorbance
versus ccncentration of sulfonate in the sample.(See Figures
9 & 11)

The calibration curve for Petrostep l465 in toluene was
prepared in a similar 'mannef as outlined above, except
sulfonate solutions of diffefent concentrations in toluene
_were used.(See Figure 11). ’ ’

—

Analysis of Effluent Samples

The volume of the aqueou§\\$nd oleic phases for all
effluent samples collec::z duiing the core floods were
recorded. Each of the sampt e analysed wusing infrared

85



spectroscopy as described in section 4.7 (See page 35)

Sample Calculqtion'

Coreflood # 29

Sample # 15 | v
Agqueous Phase Volume = 20.0 mls
Oleic phase Volume = 11.5 mls

Oleic phase pipetted = 2.0 mls

Volume of dewatered oleic phase 1.9

33/3 x 1/100 = 0,11

Infrared absgrbancé as measured
~From Figure 10, %Sulfonate in dewatered phase = 2.5
Voluhe Qf Sulfonate in dewatered phase = 0.0475 mls
Percent sulfonéte in oleic phase pipetted = 2.375%

Volume of Sulfonate in oleic phase = 0.273

Percent Sulfonate in effluent = 0.87%
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APPENDIX B : CALCULATION OF RESERVOIR SHEAR RATES'

Christopher and Midelleman (53) developed equations for
predicting the mobility of polymer bufferé from viscosity
' measurements. Thgg?gssumed parailel cépillary geometr§ for
the porous media So\;hat values obtained are only
approximate. The "capillery model" was used to develop a
modifiéd Blake-Kozeny equation appiicable to laminar flow of
non-ngwtonian-fluids through porous media. They also assumed

- that the power law represents the rheological behaviour of

the fluid.

Reservoir Shear Rate

[ 3v(3+1/n) 1 / [ (150ke¢)°>* 1 .....(1)

Y:
B = KY " ' ettt eneecoennnns R
where n = Power law index
k = Constant’ ¢
¢ = Porosity -

V = Frontal Velocity,ft/d
y = Reservoir Shear Rate,Sec”'

p = Viscosity,mPa.S
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Mobility of 250 PPM Buffer |
X = K/k [ {3V(3+1/n)}/{150k¢}°*]"-" ..... (3)

1}
_ . | 3 ’
~where K = Average Permeability,md Y

A = Mobility of Polymer

N . /i‘

Substituting into equation (3)

-

n = 0,45 from Figure 6

k = 110 from Figufe 6

K = 0.68 md from Table 9
¢ =-0.23 from Table 9

A = (0.68/110)[ {3V(3+1/0.45)}/{(150x110%0,23} %3 Jr-ous

A = 0.00618 x (0.2516)° %5 X V ......(4)

Thus the mobility of the buffer at any frontal velocity

can be estimated.



. APPENDIX C : Préduction Hfstory of the Core Floods

~

Tables Describing the Pro;:zz;Bn/éistory of. Core Floods are

Detailed in thi§>Appéndix'
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APPENDIX D : Graphical Results of the Core Floods
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Production History of all the Floods
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[ [Run # 1 |
Initial Oil Saturation = 29.54% P.V.
- | Slug Size = 5% P.V. PR
Buffer Size = 50% P.V. 7T
Frontal Velocity = 7.73 m/day /
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Fig. 21 Production history for 5% P.V. Micellar Slug B, apd 50% P.V. Dow Pusher Buffer

injected at 7.73 m/day.
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: Run # 2 f : -
Initial Oil Sat{ration = 34.24% P.V.
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Pore Volumes Produced
Fig.22 Production history for25% PV Micellar Slug B, and 50% P.V. Dow Pusher Buffer

injected at 8.08 m/day.
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Run #3
| Initial Oil Saturation= 29.3% P.V. _
: Slug Size - = 107% P.V.
Buffer Size = 0% P.V.
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Tertiary Recovery = 100% OIP
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Fig23Cumulative Oil Recovery VS Pore Volumes of Micellar Soln B, Injected.
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Fi924Production history for 5% P.V. Micellar Slug B, and 50% P.V. Dow Pusher Buffer

" injected at 5.14m/day.
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e — | |
Fig. 25 Production history for$.0% P.'\Nicellar Slug B, and 25.0% P.V. Dow Pusher Buffer
injected at 4.02 m/day.
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Run # 6-
Initial Oil Saturation= 29.6% P.V.
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Fig. 26 Production history for 5% P.V. Micellar Slug B, and 25% P.V. Dow Pusher Buffer f/)

/" injected at 1.31 m/day.
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Run # 7
Initial Oil Saturation= 27.7% P.V.
Slug Size = 5.0% P.V.
Buffer Size = 25.0% P.V. !
Frontal Velocity = 2.92 m/day
Tertiary Recovery = 76.8% P.V.
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27 Production history for 5% Mlcéll
at 2.92 m/day. '

ar Slug and 25% Dow Pusher Buffer injected
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Run # 8

. | Initial Oil Saturation= 42.9% P.V.

ook |Slug Size = 10.0% P.V.
Buffer Size = 50.0% P.V.
‘ Frontal Velocity = 6.94 m/day
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o 02 04 06 98 10 12 14 16 1.8
| Pore Volumes Produced

Fig. 28 Production history for 1 0% P.V. Micellar Slug B, and 50% P.V. Dow Pusher Buffer
injected at 6.94 m/day.
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o

——— Cumulative Oil Recovery

Run # 9
Initial' Oil Saturation = 32.85% P.V.
Slug Size = 5.0 % P.V.
Buffer Size = 25.0 % P.V.
Frontal Velocity = (0.53 m/day
Tertiary Oil Recovery = 64.9 % OIP
g —
//
/
/
/
/
/ .
/
/ —— % Oil in Sample
o/
rJf—l_r—“/‘/ % OIP
' / % Micellar in Sample
/
/
/
/
/
/ /"
/ e
//}//

/ '
/ ~ ,
/
/ : ,
| | 1 o T | ] ]

0.2

0.4 0.6

Pore Volumes Produced

0.8

1.0 1.2

1.4

1.6

Fib. 29 Production history for 5% P.V. Micellar Slug B, and 25% P.V. Dow Pusher Buffer
injected at 0.53 m/day. .

\
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Run # 11

100 ‘ .
| Initial Oil Saturation = = 37.36% P.V.
Slug.Size ~=10.0 % P.V.
oo | Buffer Size = 25.0 % P.V.
Frontal Velocity - = 2.60 m/day
Tertiary Oil Recovery = 80.4 % OlIP
80 ' e
//
V4
_ : ‘// o
‘ / !
, y; o :
: ' //_ — 9% Oil in Sample
501 R V4 ——— Cumulative Oil Recovery
// . %OIP .
/ SN g5 Micellar in Sample
401 / .. . 4
/ —I
/ .
30 / __
: !
//
20 /
/
/
101 v
/ L L -
0 L - L

1
0 0.2 04 0.6 0.8 1.0 1.2 .4 16

Pore Volumes Produced

Fig3iProduction history for 10% P.V. Micellar Slug B, and 25% P.V. Dow Pushér .
Buffer injected at 2.60 m/day. .
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Run # 13 ' ‘ |
Initial Oil Saturation = 32.20% P.V. |- .
Micellar Bo ~ = 6.81% P.V.
Buffer (500 PPM) =272 % P.V.
Frontal Velocity = 2,51 m/day
Tertiary Oil Recovery = 68.4 % OIP

70}

;. % Oil in Sample

- —— Cumulative Oil Recovery
% OIP

% Micellar in Sample

02 04 06 08 10 12 14 16
Pore Volumes Produced‘- °

| Flg&Productlon history for 6.81% P.V. M:cellar Slug 82 and 27 2% P.V. Dow Pusher :
' Buffer injected at 2.51 m/day o )
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Run # 14 ’ : |
Initial Oil Saturation = 34.7% P.V. >
Micellar B, .= 5.0%P.V. |
Buffer (500 PPM) = 50.0% P.V.
100 f Frontal Velocity = 1.28 m/day .
Tertiary Qil Recovery = 94.5% OIP .
o , -~
3 %oF - o :
2 AR
Ps) . / o ‘
> 80| /
)] /
> /
0 : / | .
O : ,
&:J 70 / —— % Oil in Sample
— ‘ ‘ // ——-— Cumulative Oil Recovery
O sof- | / % OIP
o -/ '~
= | / e ,
S 50 /-
> 0 : /7
£ /
3 ‘ /
QO 40 /
) | o/
A -/
& 30 /-
© -/
Lm0 . /
C 20+ /
= -/
— /
_O ‘ /
R 10F /
R 1/
/ .
0 Lo 1 | | ] [ ]

0O 02 04- 06 08 10 12 14 16
Pore Volumes Produced '

) )
Fig34Production history for 5.0% P.V. Micellar Slug B, and 25.0% P.V. Dow Pusher
’ Buffer injected at 1.28 m/day. ' _
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Run # 15 ‘
_Initial Oil Saturation = 35.5% P.V.
T Micellar B3 = 5.0% P.V.
Buffer (500 ppm) = 50.0% P.V.
100 - Frontal Velocity = 1.35 m/Day
S Tertiary Oil Recovery = 67.8% O.l.P.
Q-. e
— 90 . -
o \/ —— % Qil in Sample
2 | / —--- Cumulative Oil Recovery
80 [~/
g _ %. Sulfonate in Effluent
o | .
8 70k
) e
- /”
Ko
=
= 50 - .
3
£
3 40
@)
)
o 30
U(Y)S ,
500 k-
g
O oL
O\O
O i : 3 R 5 X
0- 02 04 06 08 10 12 14 16

Pore Volumes Produced

i

_ Fig. 35 Productuon History for 5.0% P.V. Micellar Slug B3 and 50.0% P. V. Dow Pusher
Q“ Zuffer Injected at 1.35 m/Day , :
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Run # 17
Initial Oil Saturation = 31.85% P.V.
Preflush 1% (W) NaQCO3 = 25.0% P.V.
Micellar B3 = 5.0% P.V.
100 Buffer (500 ppm) = 50.0% P.V
‘ Frontal Velocity = 1.35 m/Day
. Tertiary Oil Recovery = 72.9% O.I.P.
— 90
') % Oil in Sample |
R gyl. ———— Cumulative Oil Recovery, % O.I.P.
g % Sulfonate in Effluent
\ S ' // ——————
3 70 - - e
/
c . | //
= 60} ~.
: /
F 1L
>
= 50 /
c—U / -
| g .
S 40 //
< /
QO » , )
- 301 /
e ' -
0] /
7p) 20 - ‘ //
£ /|
= : ‘ / -
O 1o | /. S
=S S |
. / :
0 I [ R N — | ! [_—I ]
0 0.2 .04 0.6 08 1.0 1.2 1.4 1.6

- Pore Volumes Produced

Flg 37 Productlon History for 5.0% P.V. Micellar Slug B, and 50. O% P.V. Dow Pusher
Buffer Injected at 1.35 m/Day with 25% P.V. 1% (W) Na,COg Preflush.
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% Oil in Sample, Cumulative Oil Recovery 0/; O.LP.

Fig.3
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Run # 18 .
| Initial Oil Saturation = 34.69% P.V.
Preflush 1% (W) NagCOS = 25.0% P.V.
Micellar B3 , =. 5.0% P.V.
Buffer (500 ppm) = 50.0% P.V.
Frontal Velocity = 1.24 m/Day.
| Tertiary Oil Recovery = 71.44% O.I.P.

% Qil in Sample
— — — — Cumulative Qil Récovery, %-O.1.P.

NSNS % Sulfonate in Effluent

e e ———— ——

e
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7/ o
/
/
/
/
/
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// —
/
/
/
//
/ L
/ .
/
/.
/
I | ercobeecschises | o
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02 04 06 08 10 12 14

Pore Volu_mes Produced

8 Production History for 5.0% P.V. Micellar Slug By and 50.0% P.V. Dow Pusher
- ‘Buffer Injected at 1.24 m/Day with 25% P.V. 1% (W) Na,COg4 Preflush.
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Run # 19 :

Initial Oil Saturation = 37.78% P.V.

Preflush 3% (W) L.S. = 25.0% P.V.

Micellar B = 5.0% P.V.

Buffer (500 ppm) = 50.0% P.V.
100~ Frontal Velocity = 1.39 m/Day

Tertiary Oil Recovery = 36.9% O.1.P.
! o
P
% Oil in Sample
———— Cumula'_(ive Oil Recovery, % O.1.P.

0
(@
T

T )
o
1

= % Sulfonate in Effluent

~
o
1

o~
o
I

o
(@
{

w
o
I

20F

1

0 | . [ ! L | ]
0 02 04 06 08 10 12 14 16

Pore Volumes Produced

Fig.39 Production Hié_tory for 5.0% P.V. Micellar Slug B5 and 50.0% P.V. Dow Pusher
Buffer Injected at 1.39 m/Day with 25% P.V. 3% (W) Lignosuifonate Preflush.
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Run # 20 4
Initial Oil Saturation = 37.72% P.V.
Preflush 3% (W) L.S. = 5.0% P.V.

Micellar B3 = 5.0%P.V.
Buffer (500 ppm) = 50.0% P.V.
Frontal Velocity = 1.30 m/Day

TertiarinIRecovery = 49.0% O.I.P.

% Oil in Sample
— — —— Cumulative Qil Recdvery, % O.1.P.

e — e

| I | T e Sl ]

0

0

0.2 04 06 08" 10 1.2 1.4 1.6
Pore Volumes Produced

Fig.40 Production History for 5.0% P.V. Micellar Slug B4 and 50.0% P.V. Dow Pusher
Buffer Injected at 1.30 m/Day with 5% P.V. 3% (W) Lignosulfonate Preflush.
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Run # 21 )
Initial Oil Saturation = 43.5% O.I.P.
Preflush 3% (W) L.S. 20% P.V. + 1.0 P.V.

2% (W) Brine
‘Micellar B3 = 5.0% P.V.
Buffer (500 ppm) = 50.0% P.V.
Frontal Velocity = = 1.44 m/Day

Tertiary Oil Recovery = 21.95% O.I.P. .

3

% QOil in Sample

— — —— Cumulative Oil Recovery, % O.1.P.

P R Ll 1

141

|

02 04 06 08 10 12
Pore Volumes Produced

1.6

Fig.41 Production Histdry for 5.0% P.V. Micellar Slug B3 and 50.0% P.V. Dow Pusher

‘Buffer lnjec_:ted at 1.44 m/Day with a 3% (W) Lignosulfonate Preflush.
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Run # 22 ,
Initial Oil Saturation . =339%PV. '
Preflush 1% (W) Petrostep 465 = 25.0% P.V. |
Micellar Bz~ = 5.0% P.V.
100 - Buffer (500 ppm) = 50.0% P.V.

Frontal Velocity ' = 1.31 m/Day

~ Tertiary Oil Recovery = 28.6% O.1.P.

— 901

O % Qil in Sample

(@]

; 80+ — — _ — Cumulative Oil Recovery, % O.l.P.

S .

3 10

o 701

)

m '

8 60

)

2

E S50

3

e

35 40

O

[)

- 30+ 1 _

. g /// ——————————— -

v

2 20} 7

- —— - / I .

= ' 7

O 10+ ' 7

o // )

(@) 7/

/s
7
ob—g—1 L ! ! L I i _
0 04 . 06 0.8 1.0 1.2 1.4 16 18

Pore Volumes Produced

Fig.4 2 Production History for 5.0% P.V. Micellar Slug B3 and 50.0% P.V. Dow Pusher
' Buffer Injected at 1.31 m/Day with 25% P.V. 1% (W) Petrostep Preflush.
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% Oil in Sample,

Pore Volumes Produce

Fig.44 Production History for 5.0% P.V.

" Buffer Injected at 1.38 m/Day with a 50.0% P.V. 1% (W)

Run # 24
Initial Oil Saturation. = 32.83% O.I.P.
Preflush 1% (W) Na,CO3z= 50.0% P.V.
Micellar B3 = 5.0% P.V.
| | Buffer (500 ppm) =50.0% P.V.
100 i-| Frontal Velocity = 1.38 m/Day Jp—
Tertiary Oil Recovery ='98.9% O.1.P. yid
a 7/
— 90 — .y ' //
O' % Qil in Sample y
N — — == Cumulative Oil Recovery, //
- 80 % O.1.P.
- | -
o , SN % Sulfonate in Effluent '// y
-9 ; /
Aol /
=\:‘é€)" f //
P 2 ’-
"2 ok N SRR /
T 7
= /
= /
3 40 -/
O /
//_
30 [
! -
/.
20 - / .
_ i o
/ .
al , —L, i
/ ‘
, / ,
, /
0 l ] } B SN L ]
0 0.25 0.5 0.75 10 1.25 1.5 1.75 » 20

¢

d

Micellar Slug By and 50.0% P.V, Dow Pushe’

Na2003" Preflush.
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% Oil in Sample, Cumulativé Oil Recovéry % OIP

100 Run # 25
Initial Oil Saturation= 31.7% P.V.
_ | Preflush 1% (w) EDTA= 50.0% P.V.
90 | MicellarBg = 5.0% P.V.
' Buffer 500 P.P.M. = 50.0% P.V. v ‘
Frontal Velocity = 1.35 m/day- e ———
801~ | Tertiary Oil Recovery= 82.0% OIP -7
It : . s
2oL T % Oil in Sample //
— — — Cumulative Oil Recovery % OIP /
% Sulfonate in Effluent // . \
60
50 — 4
40+
30
201
10
0 | ! ! l - ._?‘—_'U
-0 02 04 0.6 0.8 1.0 1.2 14 16 _1‘.8. '

Pore Volumes Produced

Figas Production history for 5.0 P.V. Micellar Slug B, and 50.0% P.V. Dow Pusher Bufferinjected
' at 1.35 m/day with 50.0%P.V. EDTA Preflush. :

=



 %.0il in Sample, Cumulative Oil Recovery % OIP

Run # 26
Initial Qil Saturation = 35.9% P.V.
Preflush 1%(w) EDTA= 25.0% P.V.

Micellar Bg = 56.0% P.V.
Buffer 500 R.P.M. = 50.0% P.V.
Frontal Velocity = 1.40 m/déy

100 | Tertiary Oil Recovery=,90.8% OIP
ool — %Oi in Sample P
— — — Cumulative Oil Recovery % OIP _
Y % Sulfonate in Effluent // '

8ol - M.S. A ”

Preflush 1 Poiymer Buffer_l y 1% Brine

‘ /
70+ / _

/
/
60 - / ]
N/
./ v
./'/ ; )‘ -
. I // \»
Yol ’ / o .
| / \.
/ \
| /

30— 1 o J 7]

) . / .

-

: : / .
20+ / / N\ ..... .
, / /

| j e

10— '// ——L__ : .

/ | / .
P A 1 Lo R

0] 0.2 04 . 06 . 0.8 1.0 2 1.4 1.6

Pore Volumes Produced

Flg 46Product|on history for 5.0 P.V. Micellar Siug B and 50.0% P.V. Dow Pusher Buffer

|n1ected at’1.40 m/day with 25% P.V. 19%(w) EDTA Preflush."
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‘ Run # 27 a
o Initial Oil Saturatlon = 34 6% P.V.
100 Preflush 1%(w) EDTA= 5.0% P.V.
Micellar Bz = 5.0% P.V.
| |Buffer 500 P.P.M. = 50.0% P.V..
90|  |Frontal Velocn,ty . = 1.30 m/day
~ | {Tertiary oil Recovery-— 83 9% OIP
80|~ —— % Oil in Sample | -// o
——f— Cumulative Oil -~ ~ /
70 Bec_oyery % O_IP‘
Sy
60~ _ .
.:" o /
e I
50 - : //' .
,” : ‘ l /1
"v!l:u;'.. /
o ";,v;,"“'-"_?" ¥
ok o o
30: - /
o /-
: /
| /
) “_f:r‘—'/ - /
by / -
A V4
L E— | 1 L |
o0 . 02 0.4 0.6 0.8 1.0 1.2 14. 1.6

Pore Volumes Produced

Fig. 47Product|on hnstory for 5.0 P.V. Mncellar Slug B4 and 50. O% P.V. Dow Pusher

Buffer m;ected at 1.30 m/day wnh a 5.0% P.V. EDTA Preflush.
) . S-*

& o
il
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Run # 28 s
A\ | Initial Oil Saturation = 34.9% P.V.
100 | Preflush 1%(w) EDTA= 50.0% P.V.
| Micellar Bg = 5.0% P.V.
) Buffer 500 P.P.Ma 50.0% P.V.
90t | Frontal Velocity .. = 1.33 m/day

//

I

Tertiary Oil Recovery= 83.3% OIP =

[

o
@)
X ‘
Z.. 80F /’ﬂ i 4 . ‘ //
g) ———— 0 Qil in Sample //
9 — — — Cumulative Oil ~ /
o O Recovery % O\P 7/
= /
O 60} /
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\ ; | /
© 50
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£ 201 e
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s
i im0
[ ?;' .
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é' . ‘/‘l . R . ) LI ko ‘0’4 .

16~ 18 C200 3

‘.,«;g-‘ o Pore Volumes Produced

’ F|g 4éProduct|on hlstory for 5.0 P.V. Micellar Slug B, and 50 O% P V. Dow Pusher
- Buffer injected At 1.33 m/day with 50.0% P.V. EDTA Preflush. '
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°
100 -
Run # 29 -
Core Length = 122 cm
90 - Initial Oil Saturation = 30.5% P.V. -
Preflush 1% (W)EDTA= 51.0% P.V. P -
| Micellar Bg- = 5.0% P.V. %
80 | Buffer 500 P.P.M. = 50.0% P.V.
Frontal Velocity = 1.31 m/day
Tertlary OlIRecovery— 87.6% QIP b
70 /
) % OI| A Sample s o // ,
60 _. s — Cumulatlve Oil Recovery” % / |
A B OIP . N
CsQEE T "
REE
401 .
30 -
20} @
101~
Y ! e 1 | |
10 1.2 1.4 1.6 1.8

0O 02 -04 . 06/ 08

Pore Volumés Produced

' FugAQProductlon history for5 0% P. V Mucellaremg B and 50. O%P V. Dow Pusher Buffer

' m;ected at 1 31 m/day with 51% P’\/ 1%(w’f E

T

L oA7
e s
e

DTA Prefiush.
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’ - JRun # 30
Initial Oil Saturation = 34.3% P.V.
Preflush 1%(w) EDTA = 5.0%.P.V.
100 — Micellar B3 = 5.0% P.V.
Buffer 500 P.P.M. = 50% P.V.
Frontal Velocity = 1.29 m/day
00 Tertiary Oil Recouvery = 88.4%OI\P el
> | Y
1>> % Oi ~ ~ple // o ‘ff«’"ii@?
8 80 ——-— Cumulative Oil / ’ ’-:s.wﬂ |
g Recovery % OIP ‘ S
= 70 //
O e
o -/ .
2 60~ /
«© /
3 /
E so |
3 Y s
O . / B
< @ o // , ‘ o
_C—l 40+ 7 | /
& , / J
= oy R
D 30+ S
k= - o
— ' / ‘
.O 20F //
: o / o ﬂ:~
o / ' _ by A )
]O - . // ) . " \«“"s;';*.
0 Lo b | R B s s WO ! N

o 02 04 06 08 10 12 4 16 18
Pore Volumes Produced -

,Fig.SOProductio‘n history for 5.0 P.V. Miéeilér éiUg B, and 50% P.V. Dow Pusher Bufferinjected at
1.29 m/day with 5.0% P.V. 1%(w) EDTA Preflush, o



