CHEMICAL FLOODING

FUNDAMENTAL ASPECTS OF SURFACTANT-POLYMER
FLOODING PROCESS

D. 0. SHAH

Department of Chemical Engineering and Anesthesiology,
University of Florida, Gainesville, Florida 32611

ABSTRACT

Surfactant-polymer flooding process offers a promising approach to
recover additional oil from the water flooded reservoirs which may con-
tain as much as 70% of original oil-in-place. The capillary number,
which determines the microscopic displacement efficiency of oil, can be
jncreased by 3 to 4 orders of magnitude by reducing the interfacial ten-
sion (IFT) of oil ganglia below 10-3 dynes/cm. Conceptual events
involved in the mobilization and displacement of o0il ganglia are de-
scribed including the role of ultralow interfacial tension, the role of
interfacial viscosity in coalescence of oil ganglia and formation of the
0il bank, the propagation of the oil bank, the surfactant-polymer incom-
patibility, the formation and flow of emulsions in porous media, the role
of wettability as well as the influence of surface charge density of the
rock/fluid interface and oil-brine interface in oil displacement effi-
ciency. It is shown that there are two regions of ultra-low IFT; 1) in
the low surfactant concentration (0.1-0.2%) and the other in the high
surfactant concentration region (2.0%-10.0%). In the low concentration
systems, the ultra-low interfacial tension occurs when the aqueous phase
of the surfactant solution is about the apparent critical micelle concen-
tration. And, the salinity is at the critical electrolyte concentration
for the coacervation process. The migration of surfactant from the
aqueous phase to the oil phase via coacervation process appears to be re-
sponsible for the ultralow interfacial tension.

In high surfactant concentration systems, a middle phase microemul -
sion in equilibrium with excess oil and brine forms in a narrow salinity
range. The salinity at which equal volumes of oil and brine are solubi-
lized in the middle phase microemulsion is referred to as the optimal
salinity of the system. At the optimal salinity, the interfacial tension
at both interfaces is equal. Evidence is presented that the middle
phase microemulsion at the optimal salinity is a water external micro- -
emulsion formed due to coacervation and subsequent phase separation of
micelles from the aqueous phase. The optimal salinity can be shifted to
a desired value by varying the structure and concentration of alcohol.
The shift in optimal salinity can be correlated with the brine solubility
of the alcohol used in a given surfactant formulation. It was further
observed that the optimal salinity increases with the oil chain length.
In order to form middle phase microemulsions at very high salinity,
ethoxylated surfactants or alcohols can be incorporated into a surfactant
formulation which can shift the optimal salinity to as high as 32% NaCl
concentration. Such high salinity formulations consisting of petroleum
sulfonates and ethoxylated sulfonates are relatively insensitive to diva-

lent cations.



The coalescence rate or the phase separation time was minimum at op-
timal salinity. It was also observed that the apparent viscosity was
minimal at the optimal salinity for the flow of microemulsions through
porous media. The rate of flattening of an oil drop in a surfactant for-
mulation increases strikingly in the presence of alcohol. It appears
_ that the presence of alcohol promotes the mass transfer of surfactant

from the aqueous phase to the interface. The addition of alcohol also
promotes the coalescence of oil drops, presumably due to a decrease in
the interfacial viscosity.

The surfactant-polymer incompatibility can lead to a phase separa-
tion of a surfactant and polymer even in the absence of oil. In the pre-
sence of oil, the formation of middle phase microemulsion is promoted by
the presence of polymer in the aqueous phase. The surfactant-polymer
incompatibility is explained in terms of excluded volume effects and the
maximization of solvent for polymer molecules.

Some novel concepts for surfactant-polymer flooding process have
been discussed including the use of two different surfactant slugs, two
different polymer slugs, salinity gradient design and the injection of-an
oil bank to promote o0il recovery.

WELLS

o
N

PRODUCTION WATER
WELLS

A B C D

Fig. 1 Schematic diagram of an oil reservoir and the displacement of
oil by water or chemical flooding.



A. INTRODUCTION

It is well recognized that the energy consumption per capita and the
standard of living of a society are interrelated. Among various sources
of energy, fossil fuels or crude oils play an important role in providing
the energy supply of the world. It also serves as a raw material for
feed stocks in chemical industry. In view of the worldwide energy cri-
sis, the importance of enhanced oil recovery to increase the supply of
crude oil is obvious and various enhanced oil recovery processes have
been proposed and tested both on a laboratory scale and in the field.

For heavy oils, thermal processes have been used extensively whereas for
light oils, chemical processes such as polymer flooding, caustic flood-
ing, miscible flooding and surfactant-polymer flooding have attracted
great interest.. The major research findings in the enhanced oil recovery
area have been reported in recent literature and the symposia proceedings
of various conferences during the last decade (1-11). The present paper
focuses on the fundamental aspects of the surfactant-polymer flooding
process and related phenomena.

Figure 1 schematically shows a three-dimensional view of a petroleum
reservoir.

At the end of water-flooding, the oil that remains in the reservoir
is believed to be in the form of o0il ganglia trapped in the pore structure
of the rock as shown in Figure 1A. These oil ganglia are entrapped due
to capillary forces. However, if a surfactant solution is injected to
lower the interfacial tension of the oil ganglia from its value of 20-30
dynes/cm to 10-3 dynes/cm, the oil ganglia can be mobilized and can
move through narrow necks of the pores. Such mobilized oil ganglia form
an oil bank as shown in Figure 1B. Figures 1C and 1D schematically show
the 01l bank approaching the production well and the subsequent break-
through of the drive water. Figure 2 schematically illustrates a two-
dimensional view of the surfactant-polymer flooding process.
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Fig. 2 Schematic diagram of the surfactant-polymer flooding process.

The surfactant slug is followed by a polymer slug for a proper mobility
control of the process.
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B. CAPILLARY-NUMBER AND CONCEPTUAL ASPECTS OF THE PROCESS

Recently, in an excellent review article, Taber (12) has summarized
various emperical dimensionless numbers proposed by several investigators
to correlate the oil displacement "efficiency in porous media. Figure 3
shows such a correlation reported by Foster (13) between the capillary
number and residual oil in porous media. .
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Fig. 3 Dependence of residual oil saturation on Capillary Number
(Foster, W.R., J. Pet. Tech., p. 206, Feb. 1973).

The capillary number represents the ratio of viscous to capillary forces
(i.e. Nca = uv/od where y and v are the viscosity and velocity of

the disp?acing fluid, o is the interfacial tension and ¢ is the pore
volume). At the end of water flooding, the capillary number is around
10-6 and this number has to be increased by 3 to 4 orders of magni-

tude for tertiary oil recovery processes (14). Under practical reservoir
conditions, the reduction in jnterfacial tension from a high value of 20
or 30 dynes/cm to 10-3 or 10-4 dynes/cm offers such a possibili-

ty. Therefore, the main function of the surfactant is to produce such an
ultra-Tow interfacial tension at the oil ganglia/surfactant formulation
interface. Figure 4 schematically shows the role of ultralow interfacial
tension in promoting the mobilization of o0il ganglia in porous media.
Subsequently, the displaced oil ganglia must coalesce to form an o0il
bank. For this a very low interfacial viscosity is desirable (Figure 5).
It is known that high interfacial viscosity results in the formatin of
stable emulsion (15).
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Fig. 4 Schematic diagram of the role of low interfacial tension in the
surfactant-polymer flooding process.
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Fig. 5 Schematic diagram of the role of low interfacial viscosity in
the surfactant-polymer flooding process.

Once an oil bank is formed in the porous medium, it has to be pro-
pagated through the porous medium without increasing the entrapment of
oil at the trailing edge of the oil bank. As shown in Figure 6, the
maintenance of ultralow interfacial tension at the oil bank/surfactant/
slug interface is essential for minimizing the entrapment of the oil in
the porous medium whereas the leading edge will coalesce with the oil

ganglia.
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BANK CAUSES FURTHER DISPLACEMENT OF OIL

Fig. 6 Schematic. diagram of the role of coalescence of oil ganglia in
the surfactant-polymer flooding process.



Figure 7 schematically illustrates the movement of the oil bank,
surfactant slug and the mobility control polymer slug in the porous
medium. ’

INTERFACES.
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Since the flow is through porous media, the
effect of dispersion for emulsification should
be minimized at all 3 interfaces. Also avoid
the formation of high viscosity structures

in the oil - water - surfactant dispersions in
porous media. .
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Fig. 7 - Schematic illustration of the effects of dispersion and emulsi-
fication between the various slugs during the surfactant-poly-
mer flooding process.

Since the flow through the porous medium causes dispersion of these
fluids, emulsions will be formed at the oil bank/surfactant slug inter-
face and a mixed surfactant-polymer zone will occur at the surfactant-
polymer solution interface. High viscosity structures at both these
interfaces should be avoided in order to improve the efficiency of the
process. The mass transfer of surfactant to the oil bank can influence
the magnitude of interfacial tension (16). Trushenski (17) has shown
that surfactant-polymer incompatibility leading to a phase separation of
surfactant and polymer strikingly reduces the efficiency of the process.
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Fig. 8 The role of wettability and contact angle on o0il displacement.



Figure 8 schematically illustrates the role of wettability of solid
surface on the oil ganglia. '

The choice of surfactant can influence the wettability of the rock
surface to oil and brine (12).

Another parameter that we have found (18, 19) that influences the
interfacial tension and interfacial viscosity and oil recovery is the
surface charge at the oil-brine as well as rock-brine interfaces. We
found that a high surface charge density leads to a lower interfacial
tension, lower interfacial viscosity and higher 0il recovery (Figure 9).
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Fig. 9 Schematic diagram of the role of surface charge in the oil dis-
placement process.

The conceptual processes described in Figures 3 to 9 are supported by the
results of our studies described in the following sections.

C. LOW SURFACTANT CONCENTRATION SYSTEMS

Figure 10 shows the interfacial tension as a function of surfactant
concentration in a dodecane/brine system.

It is evident that there are two regions of ultra-low interfacial tension
(IFT). At low surfactant concentrations, the system appears to be a
two-phase system, namely, oil and brine in equilibrium with each other,
whereas at high surfactant concentration systems (around 4 to 8%
surfactant concentration), a middle phase microemulsion exists in
equilibrium with excess oil and brine. The formation of middle phase
microemulsion and related phenomena will be discussed in section D.
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For low surfactant concentration systems, we have shown that the
ultralow IFT occurs when surfactant molecules migrate from the aqueous
phase to the oil phase (19-21). Figure 11 shows the interfacial tension
and the partition coefficient of a surfactant in an octane/brine system.
The ultra low IFT occurred around a partition coefficient of unity in
this system (19,20). However, it should be emphasized that since the
partition coefficient changes abruptly in this region the exact value of

partition coefficient can vary significantly around ultralow IFT. We be-

lieve that a reasonable conclusion is that lowering of interfacial ten-
sion is observed when micelles leave the agueous phase due to coacerva-
tion process (19-23).
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Fig. 11  Effect of added electrolyte on interfacial tension and surfac-
tant partition coefficient of the system 0.2%TRS 10-80 + brine
+ octane.

Since commercial petroleum sulfonates involve a distribution of
molecular weights and isomeric structures we also investigated the inter-
facial tension using isomerically pure sulfonates. Figure 12 shows the
IFT behavior as -a function of salinity, oil chain length and surfactant
concentration using petroleum sulfonates (TRS 10-80 or TRS 10-410 and an
jsomerically pure surfactant UT-1). It is evident that both the salinity
and oi1 chain length effects were similar for both these classes of sur-,

SURFACTANT IN OIL (CONC.)
' "SURFACTANT IN WATER (CONC.)

PARTITION COEFFICIENT
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Fig. 12 Schematic diagram of the effect of salt concentration, oil
chain length and surfactant concentration on the interfacial
tension of pure and impure alkyl benzene sulfonates.

factants, namely, there is a specific salinity and specific oil chain
length where we obtain an ultralow IFT. However, the effect of surfac-
tant concentration on IFT was different for commercial and isomerically
pure surfactants. For low surfactant concentration systems, we also ob-
served that the ultra low IFT appears when the agueous phase is at the

. apparent cmc for the surfactant remaining in the aqueous phase. These
conclusions were in aggreement with osmotic pressure, light scattering
and spectroscopic measurements on the equilibrated aqueous phase (22).

Figure 13 is a generalized diagram showing the IFT, phase behavior
and the two critical electrolyte concentrations for both pure and commer-
cial surfactants at low as well as high surfactant concentrations.

By direct analysis of surfactant concentrations in each phase, we found
(21) that the salinity at which surfactant molecules leave the aqueous
phase is lower than the salinity at which they enter the oil phase.

Thus, we define two critical electrolyte concentrations, namely, CECy,
and CECp, to represent the electrolyte concentrations at which the sur-
factant concentration begins to decrease in the aqueous phase and begin
to increase in the oil phase respectively. We further observed that the
minimun interfacial tension occurs in the vicinity of the first critical
electrolyte concentration. In between CECy and CECp, the surfactant

may precipitate or may form a coacervate phase below the aqueous phase or
in between the aqueous and the oil phase depending upon its density (21).
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In low concentration systems, it is possible that an extremely small
volume of middle phase may exist between the oil and brine phases even
though it may not be visible. This suggestion is in agreement with ob-
servation that the volume of the middle phase microemulsion increases
linearly with the surfactant concentration and the straight line passes
through the origin (24). It should be emphasized that the general be-
havior and inter-relationship shown in Figure 13 is valid for both com-
mercial and isomerically pure surfactants (21).
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Fig. 13 Generalized diagram of the effect of salt concentration on sur-
factant partitioning, phase behavior and interfacial tension.

Figure 14 shows the effect of oil chain length on CECy and CECp
in Aerosol OT/brine/oil systems. It is evident that the CECy in-
creases with oil chain length until it reaches the critical oil chain
length (Cy7) above which the value of CECy remains constant. On
the other hand, CECy continues to increase with the oil chain length.
Interestingly, we observed that the ultralow IFT only occurs for oil
chain lengths below the critical oil chain length (< Cyy), whereas
the interfacial tension remains high for oils above the critical oil
chain length (21).

We propose that all the oils below the critical oil chain length are
able to solubilize in the micelles whereas the oils having chain length
above the critical oil chain length are unable to solubilize in the micellar
solution. Thus, it appears that solubilization of oil within the mi-
celles is an important requirement for producing ultralow IFT. From our
extensive studies on interfacial tension and partitioning of surfactant
in relation to many parameters, we have proposed the following 5 necessa-
ry conditions to achieve ultralow IFT's.



12

AQT/BRINE/OIL

¢

CEC5

o

NaCl CONCENTRATION (wt.°/o)
U‘ — -

1 s I 1 !
R 8 012 (7

OL CHAIN LENGTH

Fig. 14 Effect of oil chain length on the first and second critical
electrolyte concentrations of Aerosol OT.
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Fig. 15 Effect of oil chain length on the interfacial tension of the
systems 1.0% AOT/brine/oil.




1) The total surfactant concentration should be appreciably above the
apparent cmc in the aqueous phase.

2) The surfactant should be soluble in both the agueous and the hydro-
carbon phase.

3) Micelles in the aqueous phase should be able to solubilize oil from
the hydrocarbon phase.

4) The aqueous phase salinity should be near the first critical electro-
1yte concentration (CECy).

5) There should be a large slope in the surfactant partition coefficient
curve in the region of the ultralow IFT. (i.e. a steep partition co-
efficient curve for surfactant).
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Figure 16 shows the correlation of interfacial tension with electro-
phoretic mobility in crude oil/caustic systems (18,19,25,26). We have
observed for several crude oils that the ultra low IFT occurs in the re-
gion where the electrophoretic mobility is maximum. This suggests that
the maximum in surface charge density coincides with the minimum in in-
terfacial tension. This correlation was also observed for the effect of
salinity and surfactant concentration (19). Figure 17 schematically
illustrates 3 components of the interfacial tension, namely, 1) surface
concentration of the surfactant, 2) surface charge density, and 3) mutual
solubilization of oil and brine. We propose that by adjusting any of
these variables one can influence the magnitude of interfacial tension.

Using the conceptual approach shown in Figure 17, we were able to
broaden and Tower the magnitude of interfacial tension- as well as in-
crease the salt tolerance limit of the surfactant formulation.

SURFACE CONCENTRATION

OF SURFACTANT \ .

SURFACE

CHARGE DENSITY
dynes/cm

SOLUBILIZATION OF
OIL OR BRINE

Fig. 17 A schematic illustration of the factors affecting the magnitude
of the interfacial tension.

Figure 18 shows the interfacial tension of a petroleum sulfonate
TRS 10-410/n-octane/brine system when gradually the petroleum sulfonate
is replaced with an ethoxylated phosphate ester (Klearfac AA-270).

The Kiearfac AA-270 containing a phosphate group possesses two ionic
oxygen atoms and hence can generate a high surface charge density at the
interface. This presumably is responsible for lowering the magnitude of
IFT and broadening the salinity range over which the ultralow IFT occurs
for the mixed surfactant systems (27).
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D. HIGH SURFACTANT CONCENTRATION SYSTEMS AND THE OPTIMAL SALINITY

Many surfactant formulations exhibit extreme flow or static
birefringence in a given salinity range or in a given temperature range.
Often these optically anisotropic formulations exhibit ultralow IFT with
0oil. The microstructure of such birefringent formulations should be of
interest in understanding the changes in molecular associations occurring
in these systems.

Figures 19-21 illustrate the microstructure of a birefringent
surfactant formulation consisting of 5% TRS 10-410 + 3% isobutanol and 2%
NaCl brine.

Fig. 19 Freeze-fracture electron micrograph of the anisotropic system
5% TRS 10-410 + 3% Isobutanol + 2% NaCl (8550 x).

The freeze-fracture electron microscopic technique used to obtain these
pictures is believed to preserve the microstructure of the samples due to
the very rapid cooling rate (24). These electron micrographs clearly
indicate that the birefringent formulations consist of bubbles filled
with  brine and separated from each other by a thin surfactant membrane.
Figure 21 clearly shows the structure of this membrane consisting of
several thin layers. The dimension of each layer is close to a surfac-
tant bilayer (approximately 70A). Therefore, it appears that when the
salinity is increased in the surfactant formulation, the surfactant mole-
cules form the multilayer structure while keeping their polar groups in
contact with brine and form such cells or foamlike stable structure.

We have called these structures birefringent cellular fluids (24).



Fig. 20

Fig. 21

Freeze-fracture electron micrograph of the above system at
18,000X.

Freeze-fracture electron micrograph of the above system at
30,000X.

17



18

Figure 22 shows the similarity between coacervation of a micellar
solution in the absence of o0il and the formation of a middle phase micro-
emulsion in the presence of oil. The lower part of Figure 22 shows the
transition of a birefringent surfactant formulation to an isotropic coa-
cervate phase upon addition of salt. On the other hand, the same
formulation in the presence of an equal volume of dodecane shows the
formation of lower phase, middle phase and upper phase microemulsions.

We propose that the middle phase microemulsion is similar to the coacer-
vated phase containing some solubilized 0il. Additional studies in
support of these models have been reported elsewhere (21, 23, 24).

Fig. 22 A comparison of coacervation in agueous solution with middle
phase formation in surfactant/oil/brine/alcohol systems.
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Figure 23 schematically shows the mechanism of formation of middle
phase microemulsions as salinity is increased.

® oil swollen micelles {microdroplets of oil)

O reverse micelles (microdroplets of water)

Fig. 23 A schematic illustration of the 1-m->u transition for the TRS
10-410/Isobutano1/0i1/Brine System.

As one increases the salinity, the cmc decreases, the aggregation number
of the micelles increases and the solubilization of oil within micelles
increases. The compression of the electrical double layer around mi-
celles will occur, hence reducing the repulsive forces between the mi-
celles. Thus the reduction in the repulsive forces and increase in the
attractive forces between the micelles will bring the micelles closer and
ultimately lead to a separation of a micelle rich phase forming the
middle phase microemulsion. Upon further increase in salinity, the solu-
bilization of 0il in this middle phase increases whereas that of brine
decreases. The magnitude of interfacial tension of the middle phase with
0il or brine depends upon the extent of solubilization of oil and brine
in the middle phase. In general, the higher the solubilization of oil or
brine in the middle phase microemulsion, the lower is the interfacial
tension with respect to these excess phases (28). The salinity at which
equal volumes of o0il and brine are solubilized in the middle phase micro-
emulsion is referred to as optimal salinity for the surfactant-oil-brine
systems under given physical chemical conditions (29, 30).

Figure 24 shows the freeze-fracture electron micrograph of a middle
phase microemulsion formed in the system extensively studied by Reed and
Healy (28-30).

It clearly shows the discrete spherical structures embedded in a con-
tinuous aqueous phase consistent with the mechanism proposed in Figure
23. It should be pointed out that other investigators (40-47) have pro-
posed the possibility of bicontinuous structure or the coexistance of oil
external and water external microemulsions in the middle phase. In very
high surfactant concentration systems, (15-20%) the existence of anama-
lous structure which are neither conventional water external or oil ex-
ternal microemulsions have been proposed to account for some unusual pro-
perties of these systems (43-46).

Figure 25 shows that the transition 1+m->u is not only achieved by
increasing the salinity but is also possible by changing any of the other
8 variables.
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Freeze-fracture electron micrograph of the middle phase of the
Exxon system at the optimal salinity.

Qil

Brine

Fig. 25

Parameter Increasing

The transition | —s m —> u occurs by:

1
2
3
4.
5.
6
7
8

Increasing Salinity

Decreasing oil chain length .

Increasing alcohol concentration (C,, C;, C¢)
Decreasing temperature

Increasing total surfactant concentration
Increasing brine/oil ratio

Increasing surfactant solution/oil ratio

Increasing molecular weight of surfactant

Schematic illustration of the factors influencing the 1-m->u
transition in surfactant/oil/brine/alcohol systems.
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Thus, by choice of a suitable parameter, one can obtain the transition in
the structure of these microemulsions. At optimal salinity, the parti-
tion coefficient of surfactant in the excess oil and brine phases is
found to be near unity and the.interfacial tension between the excess oil
and excess brine is also minimum (19).

The importance of the optimal salinity concept for enhanced 0il re-
covery is shown in the data illustrated in Figure 26.
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Fig. 26 Effect of salinity on the capillary number and tertiary oil re-
covery in sand packs.

It is evident that the oil recovery is maximum at optimal salinity for
the systems reported here. An excellent correlation between the capil-
lary number and oil recovery is also evident from Figure 26 (48). In
view of this observation, the surfactant formulation for a practical
application should be designed such that the reservoir salinity becomes
the optimal salinity under the given reservoir conditions.

Figure 27 shows the effect of 0il chain length on optimal salinity
of the TRS 10-410 + isobutanol systems (49) and the corresponding inter-
facial tension at the optimal salinity for each oil chain length. It was
observed that as the oil chain length increases, the optimal salinity in-
creases and the volume of the middle phase decreases. The range over
which the middle phase microemulsion exists also increases as the oil
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chain length increases. It should be pointed out that from extensive
studies on mixed alkanes, the concept of ‘Equivalent Alkane Carbon Number
(EACN) has been proposed to correlate the interfacial tension of pure
alkanes with those of the mixtures (50). Many light crude oils have been
simulated by the mixtures of pure hydrocarbons (51). Most light oils or
the EACN for most light- crude oils were found to be between C; and

C11- .

Figure 28 shows the correlation of optimal salinity in the presence
of various alcohols with their solubility in brine.
Figure 28 summarizes the data obtained by three research groups (49,52,
53). It is interesting that the optimal salinity of a given oil and sur-
factant formulation lies near the intersection of the brine solubility.
This correlation suggests that if one determines the optimal salinity in
the presence of 2 or 3 alcohols, one can predict the optimal salinity in
the presence of other alcohols from their brine solubility data. This is
a very useful correlation and eliminates the time consuming and laborious
ﬁrocedure of obtaining the optimal salinity in the presence of each alco-
ol.

E. TRANSIENT PROCESSES

There are several transient processes, such as the formation and
coalescence of drops as well as their flow through porous media, that are
1ikely to occur in the surfactant-polymer flooding process. Figure 29
shows the coalescence or phase separation time of handshaken and sonica-
ted macroemulsions as a function of salinity.
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Fig. 29 Effect of salinity on the phase separation or coalescence rate
' of sonicated and hand-shaken emulsions.



It is obvious that minimal phase separation time or the fastest coales-
cence rate occurs at the optimal salinity (54). The rapid coalescence

could contribute significantly to the formation of an oil bank from the
mobilized 0il ganglia. This also suggest that at the optimal salinity

the interfacial viscosity must be very low to promote the rapid coales-
cence.

Figure 30 shows the pressure drop across a porous medium when emul-
sions prepared at various salinities flow through it. It is evident that
the minimum pressure drop occurs at and around the optimal salinity of
the surfactant formulation. This also suggests that the interfacial ten-
sion is an important factor influencing the pressure drop across porous
media (54).

|
SONICATED EMULSION CONTAINING /8%
EQUAL VOLUME OF DODECANE AND /o
™ AQUEOUS PHASE: TRS 10-410+IBA(5'3 w/w) /
L +NaCl + WATER /
/
30— 05% o [NacCI]
T+ ‘ /
S /
e / /
5 / /
£ / / o 6%
4 / / e
° ~
S @ - ¢ 3.5%
wl / -
a 20— / v
d / S _2%
s I / Y, e
& S e - —1.2%]
a — // // s ~ _®
e -~ _-» ~
& // / A o~ 1%
= 7 ~
? g ¢ T8 - -
b / s e e
@ SN e -~
S S e —
e /’///’z/’ "
W,
L //’é/ - __e-15%
/ 0/4 // __e--—~ ®—1.8%
-/ /& // o~ e o—
I —
7.2
0 =8 | ! 1 I
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EMULSION FLOW RATE Qp (m!/min)

Fig. 30 Effect of salinity on the pressure drop-flow rate curves of
sonicated emulsions.
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Figure 31 shows a very interesting and important correlation between
the coalescence rate in emulsions and the apparent viscosity in the flow
through porous media. The minimum apparent viscosity for the flow of
emulsions in porous media coincides with minimum phase separation time at
the optimal salinity.

|\‘ Over {0 days (0% NaCl)

SYSTEM: SONICATED EMULSION CONTAINING
TRS 10-410 + IBA(5:3 w/w) + WATER _
+NaCl (x%) AND EQUAL VOLUME OF DODECANE

30

Q=4 mli/min

TIME TAKEN FOR 50% SEPARATION (MIN.)

0 1 1 | I 1 1 1
(o] 2 4 6 8
NaCl CONCENTRATION (WT. %)

Fig. 31 A correlation between the apparent viscosity and coalescence
rate of sonicated emulsions.

This correlation between the phenomena occurring in porous media and out-
side the porous medium allows us to use coalescence measurements as a
screening criterion for many surfactant formulations for their possible
behavior in porous media. It is likely that a rapidly coalescing emul -
sion will give a lower apparent viscosity for the flow in porous media
(54).



Figure 32 summarizes all the phenomena occurring at the optimal
salinity in relation to enhanced oil recovery by surfactant-polymer
flooding.

Qil Recovery Efficiency

__>_

Apparent viscosity (or AP) of
emulsions in porous media

Coalescence or phase-separation time
of emulsions

<

Surfactant loss in Porous Media

p

O solubilization of Oil and Brine in
m¢ microemulsions

w

m

£

Interfacial tension

Tmo

vl

Tow

P

SALINITY ———

Fig. 32 A summary of various phenomena occurring at the optimal salini-
ty in relation to enhanced oil recovery by surfactant-polymer
flooding.

OPTIMAL SALINITY

It is evident that the maximum in oil recovery efficiency correlates well
with transient and equilibrium properties of surfactant-oil-brine sys-
tems. In our preliminary studies, we have found that the surfactant loss
in porous media is also minimum at the optimal salinity presumably due to
reduction in the entrapment process for the surfactant phase. Therefore,
the maximum in 0il recovery at optimal salinity might be a combined
effect of all these processes taking place at the optimal salinity.

Since optimal salinity leads to favorable conditions for optimal 0il
recovery, one would like to design approaches to alter the optimal sali-
nity of a given surfactant formulation (55-57). Figure 33 shows the
optimal salinity of a mixed surfactant formulation consisting of a petro-
Jeum sulfonate and ethoxylated sulfonate (EOR-200).

27
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Fig. 33. Increase in the optimal salinity of surfactant formulation by
addition of EOR-200.

As one replaces petroleum sulfonates with the ethoxylated sulfonate the
optimal salinity increases and can reach as high as 32% NaCl brine.
Interestingly, these formulations when egquilibrated with oil produced
middle phase microemulsions having very low interfacial tension. Thus,
the mixed surfactant formulations containing petroleum sulfonates and
ethoxylated sulfonates or alcohol are promising candidates for high
salinity formulations (55,56).

Figure 34 shows the shape of an oil drop upon contacting a surfac-
tant formulation consisting of 0.05% TRS 10-80 in 1% NaCl. It is evi-
dent that as surfactant molecules migrate from the aqueous phase to the
interface and subsequently to the oil phase the interfacial tension de-
creases and the spherical drop gradually flattens out. This flattening

s
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LR

Fig. 34. An illustration of the drop flattening phenomenon for a drop of
octane in an equilibrated solutrion of 0.05% TRS 10-80 in 1%
NaCl.

time reflects the rate at which molecules accumulate at the oil-brine
interface. As shown in Table 1, there is a good correlation between the
flattening time, IFT and the oil recovery. The reduction in the flatten-
ing time leads to favorable 0il recovery efficiency (16,48).
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TABLE 1

IFT, Flattening Time and Qil Recovery Efficiency of 0. 05% TRS 10-80 in 1% NaCl vs. n-Octane at 25°¢

SYSTEM IFT FLATIENING TIME*  OIL RECOVERY "
(mN/m) (seconds) (%0IP)
1. Fresh Oil/1% NaCl ~50,8** oo 61-63
1. Fresh Qil/Equili-
brated Surfactant 0.731 6600 44-52
Solution

Il.  Fresh OillFresh

Surfactant Solution 0.627 480 15-11
IV.  Equilibrated Oil/%
NaCl 0.121 900 83
V. Equilibrated Oil/
: Equilibrated Surfac- 0. 0267 240 ’ 94
tant Solution
Vi.  Equilibrated Oil/
Fresh Surfactant 0. 00209 15 -

Solution

*Flattening time is defined as the time reguired for the n-octane drop to
gradually flatten out.

* *Octane/H20, 20° C, IFT = 50.8 mN/m, "Interfacial Phenomena", Davies and
Rideal, Chapter I, p. 17 Table |, Academic Press, N.Y. 1963.

+Sanq)ack dimensions: I. 06" dia. x 7" long; Permeability= 3 darcy; flow rate:
2.3 ft. /day.

In general, a surfactant formulation for enhanced oil recovery in-
cludes a short chain alcohol. The possible effect of alcohol can be the
change in viscosity, lowering of the interfacial tension, reduction in
-~ interfacial viscosity or change in surfactant partitioning and modifying
the solubility of surfactant in oil or brine phase. Interestingly, we
have observed that the presence of alcohol has a much more striking
effect on the flattening time of an o0il drop in the presence of a surfac-
tant formulation. As shown in Table 2 it compares the many interfacial
properties, flattening time and oil recovery efficiency in the presence
and absence of alcohol (16). It is evident that the flattening time de-
creases strikingly in the presence of alcohol suggesting that the alcohol
promotes the mass transfer to the interface and a rapid reduction in the
magnitude of the interfacial tension.

There are also time dependent changes in the surface properties of a
surfactant formulation. This include the chemical degradation (58,59),
or changes in the aggregation process of micelles (60). Several investi-
gators have shown that the interfacial tension changes with time (61).

We have also shown that using several physical techniques that molecular
association also changes with time leading to the aging effects of the
surfactant formulation (58). The aging processes may occur over a period
of months or years.
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Table 2

The Effect of IBA on Flattening Time,
IFT, IFV, Partition Coefficient, and 01l
Displacement Efficiency

SYSTEM 0.1% TRS 10-410 0.1% TRS 10-410 0.05% TRS 10-80 0.05% TRS 10-80
in 1.5% NaCl vs, + 0,06% IBA in 1.5% in 1% NaCl vs. + 0.04% IBA in
n-Dodecane NaCl vs. n-Dodecane n-Octane 1%Z NaCl vs. n-
Octane
Run 5$100-48 $100-43 © 8100-02 $100-44
Flattening
Time 90 sec <1 sec 420 sec _ <1 sec
IFT
(dynes/cm) 0.086 0.088 0.025 0.024
Interfacial
Viscosity
(s.p.) 0.096 0.086 0.023 0.018
Partition
Coefficient 0.010 0.009 0.3 1.36
Secondary
Recovery
)
By Brine
Flooding - - 61.2% 60.08%

By Surfactant
Soln Flooding 84.37% 98,32% 607% 912%

Tertiary

Recovery - - 0 76.842%

Final 01l
Saturation 11.73% 1.28% 30% 5.36%

*All displacement experiments are carried out with nonequilibrated systems in sand
packs at 25°C; Dimensions and flow rates same as given in Table 2.

Secondary and tértiary 01l recovery values are percent of oil-in-place, whereas final
oil saturation is percent of total pore volume.
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F. SURFACTANT-POLYMER INCOMPATIBILITY

Trushenski (17) has shown that surfactant-polymer incompatibility
can lead to a considerable reduction in the efficiency of the process.
The surfactant-polymer incompatibility manifests itself as a phase sepa-
ration and alteration of the viscosity of the separated phases. The en-
trapment of the high viscosity phase will effectively remove that compo-
nent from the flooding process. The mixing of the surfactant and polymer
in the porous medium occurs due to both dispersion effects as well as ex-
cluded volume effects for the flow of polymer molecules in porous media.

Figure 35 shows the effect of mixing surfactant and a polymer solu-
tion in the absence of oil.

[ 54 TRS lo-tio+37% TBA + |5oo
e opm POLYMER (C—835)

Fig. 35. Effect of addition of polymer on the phase behavior of aqueous
surfactant solutions.

It is evident that there are two regions of phase separation, one at Tow
salinity and the other at high salinity separated by a metastable colloi-
dal dispersion. We refer to the separation at the lower salinity as re-
gion 1 and those at high salinity as region 2. The separation of a sur-
factant-rich phase in region 2 is similar to that in coacervation pro-
cess, whereas the separation of micelles in region 1 is induced by the
presence of polymer molecules. The surfactant-polymer incompatibility
shows up strikingly in the formation of region 1 (62).

The addition of polymer to an oil/brine/surfactant/alcohol system
shows that the formation of middle phase microemulsion is promoted by the
presence of polymer (Figure 36). However, the transition middle phase to
upper phase microemulsion is not influenced at all by the presence of
polymer. We have further shown (62,63) that the optimal salinity is not
significantly influenced by the presence of polymer in the oil/brine/sur-
factant/alcohol system.
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Volume Fraction of Middle Phase
fa
N

5% w/v TRS 10-410 - Polymer Concentration

3% w/v IBA
0i1: n-dodecane (WNR=1.0)

! 2500 ppm

v 1500 ppm

. , No polymer

I l l I ] I I

Fig. 36.

Figure

0.5 0.75 1.0 1.25 1.5 1.75 2.0
Salinity: “ (w/v) NaCl

Effect of polymer concentration on the salinity range for for-

mation of middle-phase microemulsion.

37 shows the schematic explanation of the surfactant polymer

incompatibility and concomittant phase separation.
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Fig. 37. Schematic illustration of surfactant-polymer incompatibility
leading to phase separation in mixed surfactant-polymer sys-
tems.

We propose that around each micelle there is a region of solvent that is
excluded to polymer molecules. However, when these micelles approach
each other there is overlapping of this excluded region. Thus if all
micelles separate out then the excluded region diminishes due to the
overlap of the shell and more solvent becomes available for the polymer
molecules. This effect is similar to what is called polymer depletion
stabilization (61). Thus in a way, this is similar to osmotic effect
where the polymer molecule tends to maximize the solvent for all possible
configurations.

G. NEW CONCEPTS IN EOR PROCESS DESIGN

The formation of an oil bank is a very important event in the sur-
factant-polymer flooding process. This was established from studies on
the injection of an artificial oil bank followed by the surfactant formu-
lation that can produce ultralow IFT with the injected oil. We found
that the oil recovery increased substantially and the residual oil satu-
ration decreased with the fnjection of oil bank as compared to the same
studies carried out in the absence of an injected oil bank (48).



Figure 38 schematically shows that the oil bank formation and its
propagation is analogous to "snowball effect".
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Fig. 38. Schematic illustration of the injection of an oil bank and the

subsequent "snowball effect" in enhanced oil recovery.

If an early oil bank forms as it moves through the porous medium, it

accumulates additional oil ganglia resulting in an excellent oil recovery

whereas a late oil bank formation will result in a poor oil recovery.

We have shown that the salinity of polymer solution is far more im-

portant than the salinity of connate water {23). When the salinity of
polymer solution was at the optimal salinity of the surfactant formula-

tion, high oil recovery efficiency was obtained over a wide range of con-

nate water salinities. Evidence showed that the phase behavior of the
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surfactant slug in porous media is largely determined by the salinity of
the polymer solution (65). For better mobility control and minimal sur-
factant loss a two-slug design of a surfactant formulation was employed
(23). In this design, the first.surfactant slug has an optimal salinity
close to the connate water salinity and the second surfactant slug has a
much lower optimal salinity. The polymer solution salinity is made equal
to the optimal salinity of the second surfactant slug. With this design,
high oil recovery in berea cores can be obtained even in the presence of
high salinity (6% NaCl + 1% calcium chloride) connate water.

The optimal salinity concept is further extended to include the
effect of mobility control and surfactant dispersion and entrappment in
porous media (65). The proposed salinity shock design of mobility poly-
mer solutions employs two slugs of polymer solutions in which the first
polymer slug is at the optimal salinity of the preceeding surfactant for-
mulation and the second polymer slug is at a much lower salinity.

INJECTION PRODUCTION

4 FLOW
7117

POLYMER |SURFA
CHASE POLYMER SOLUTION SOLUTION J<TANT

WATER I I SLUG

OIL-WATER RESIDUAL
BANKS OolIL

2l{=— OPTIMAL SALINITY

0
SALINITY, %NaCl

Fig. 39. Schematic representation of the graded-salinity design of poly-
mer buffer solution for enhanced oil recovery.

With this unique design high oil recovery and high surfactant recovery
can be obtained for soluble oil flooding in sandpacks, while the polymer
consumption can be greatly reduced.

Figure 40 schematically shows our results obtained using the salini-
ty shock design. The optimal salinity for the surfactant formulation
used was 2.1% NaCl and the reservoir brine was 3% NaCl plus 1% calcium
chloride. By the use of two polymer slugs we were able to obtain in
berea cores 88% tertiary oil recovery and 48% surfactant recovery.

For aqueous micellar-polymer flooding with crude oil in Berea cores,
it has been shown (66-69) that a contrast salinity design of the preflush
micellar-polymer flooding process may produce a better oil recovery than
that obtained from a constant salinity process. In the contrast salinity
design, the salinity of the preflush water is made higher while the sali-
nity of the polymer solution is made lower than the optimal salinity of
the surfactant formulation. The rationale of this design is that an op-
timal salinity profile can be established in the vicinity of the surfac-
tant slug upon mixing of the injected fluids in the porous medium.
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Fig. 40. The effect of salinity shock of polymer buffer solution an oil
displacement efficiency and surfactant loss.

It is hoped that the experimental results presented in this paper
contribute in a small way to increasing our understanding of phenomena
occurring in porous media. It should be emphasized that results we have
obtained using laboratory scale experiments are neither conducted nor
intended to be extrapolated to the oil field processes. It is recognized
that the processes occuring in petroleum reservoirs are far more complex
than those that we can design and control using a laboratory setup.
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