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Among various techniques suggested for tertiary oil re-
covery, the microemulsion flooding has received considerable

attention in recent years.

applied over a wide range ‘of reserv01r conditions (1).

149

In "Microemulsions: Theory and Practice,"

ed. by Leon M. Prince, Academic Press, 1977

Microemulsion flooding can be

The
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‘use of microemulsions for oil recovery is not a recent deve-
lopment in petroleum technology. In 1959 Holm and Bernard (2)
filed for a patent in which'the use of surfactant dissolved in
low-viscosity hydrocarbon solvent was proposed. In 1962
) Gogarty and Olson (3) filed a patent describing the use of
- microemulsions in a new miscible-type recovery process known i
" as Maraflood. In the late sixties more patents were issued ;
to Jones, Cooke and Holm involving microemulsions for improved
0il recovery (4). Recently Gogarty has reviewed the status
and current appraisal of the microemulsion flooding process !
(5). . ;

Generally speaking, wherever a water flood has been suc-: '
cessful, microemulsion flooding will probably be applicable,
and in many cases where water flooding has failed because of
poor mobility relationships, microemulsion flooding can be
successful because of the required mobility control. The re-
covery of oil from a reservoir is basically. accomplished in
three stages. In the primary oil recovery process, oil is
recovered due to the pressure of natural gases which- force .
the oil out through production wells. When this pressure is
reduced to a point where it is no longer capable of pushing
the oil out, water is injected to build up the necessary pres- |
sure to force the oil out. This is generally called the sec-
ondary oil recovery or watédr flooding -process. The average !
0il recovery during the primary'and secondary stages is about
30% of oil-in-place. To recover at least a part of the re-
maining 70% oil is the purpose of the tertiary 0il recovery
process. Various techniques used at this stage ‘include car-
bon dioxide lnjectlon, steam flooding (thermal recovery) and
surfactant flooding by either micellar or microemulsion solu=-
tions. The microemulsion flooding technique involves a de-
crease of capillary forces on oil droplets in the reservoir,
thus improving oil recovery.

The microemulsion flooding process is a miscible-type
displacement process. Two basic well conflguratlons-—the
"five spot" pattern or the "line drive" pattern--are used for
the microemulsion flooding process. In the "five spot" pat-
tern (Fig. 1), four productlon wells are drilled at the cor-
ners of a square, and the injection well, through which the
microemulsion is pumped, is at the center of this square.  In
the "line drive" pattern, production and injection wells are
drilled in alternate rows.

In the microemulsion floodlng process, the m1croemu151on!
slug is injected into the reservoir apd is followed by a
polymer solution for mobility control. This is in turn fol-
lowed by the injection of water (Fig. 2). Microemulsions are
optlcally transparent isotropic oil-water dispersions which
can be formed spontaneously by using a combination of emulsi-
fiers. The microemulsions used for oil recovery are composed
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Fig. 1. The fiize-spot pattern of oil wells for dis-
placement of oil in reservoirs.

INJ

ECTION STABILIZED OIL PRODUCTION
WELL BANK WELL

BUFFER MICROEMULSION SLUG
(Polymer Solution)

Fig. 2. A schematic presentation of microemulsion
flooding process.
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of hydrocarbons, surfactants, water and 'other organic liquids
(alcohols) and are generally miscible with the reservoir oil
and water. Microemulsions employed in this process may be
either oil external (also called soluble oil) or water exter-
nal. In most cases they contain crude oil from the reservoir
in which they are to be injected: '

The design of a microemulsion for a specific reservoir is
basically a trial and error procedure. The formulation of the
microemulsion slug for a particular reservoir depends upon thel
reservoir condition after the secondary recovery process and |
the properties of the microemulsion slugritself. §

Petroleum sulfonates are the most widely used surfactants%
in the preparation of a microemulsion slug. The chemistry of |
these petroleum sulfonates and the interfacial properties of
the system have to be fully understood for any successful mi-
croemulsion flooding process. Unfortunately our understanding
of the theoretical aspect of the microemulsion flooding pro-
cess is far from clear. .

In section 2 of this chapter, the role of the capillary
and hydrostatic forces on the entrapment of oil in the reser-
voir, and the necessary conditions for the displacement of
"this entrapped 0il will be discussed. Following this, sec—
tions 3 and 4 will deal with important properties of a mi-
croemulsion slug required for the tertiary 0il recovery.
Finally, the economic aspect of the process (profitable micro-
emulsion slug) will be discussed. :

II. ROLE OF CAPILLARY AND VISCOUS FORCES ON OIL RECOVERY

Under ordinary flooding conditions (water or immiscible
fluid), surface forces (capillary forces) dominate the macro-
scopic displacement process and are responsible for trapping
a large portion of the oil within the pore structure of the
reservoir rocks. The microscopic distribution of the trapped
0il depends upon the hydrostatic equilibrium condition and is
a function of factors such as wettability of the rock and
pressure in the fluid phases. If the flood rate is made suf-
ficiently high, howevei, the viscous forces dominate the
macroscopic displacement process .(6). In order to determine
whether viscous or capillary forces are dominating the dis- :
placement process, it is convenient to consider the depen-
dence of the displacement efficiency on a suitable dimension-
less parameter. -Such a number is the capillary number (Ngg)
which is defined as

Nca = Ml
PYow

(1)
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where u, and U, are the aqueous phase viscosity and flow rate
per unit cross sectional area, Yo is the interfacial tension
between oil and water and ¢ is the porosity of the reservoir
rock structure (7). Physically, the capillary number repre-
sents the ratio of viscous to capillary forces. The capillary
number for an ordinary waterfloodlng process is of the order
of 1076 (7).

Laboratory studies, using either sandpacks or Berea
cores, to determine the relationship between ‘the capillary
number and the percent residual oil saturation have been car-
ried out by various workers (6,7). The studies involved in-
creasing the flood rate, and/or decreasing the interfacial
tension. Sometimes an increased aqueous phase viscosity, Uy,
was also used. All these studies were preceded by a conven-
tional water flooding. As the capillary number was increased
by adjusting uy,, Uy, and Yg, the displacement efficiency also
increased. It appears that in order to reduce the value of
the residual oil saturation by a factor of about one half, it
is necessary to increase the capillary number (Ngg) by ,a fac-
tor of 1000. Work reported by.Foster (Fig. 3) indicates that
increasing Nz by a factor of 10,000 will result in a micro-
scopic displacement efficiency approaching 100% (7). .The dis-
placement efficiency is basically the percentage of the oil
recovered by this method. The upper critical value of the
capillary number for 100% efficiency was found to be of the
order of 102 to 10~l. The correlation between displacement
efficiency (percent residual o0il) and capillary number, as
obtained from laboratory experiments under tertiary recovery
conditions, strongly suggests that the process of mobilizing
residual oil depends on a competition between viscous and
capillary forces.

Figure 4 illustrates the interplay of capillary and vis-
cous forces in the water flooding process. Shown in the fig-
ure is water displacing oil in two caplllarles of radii I;
and rp, respectively.

. The relationship between the velocity ratio of these two
interfaces in the pore structure, and the viscous and capil-
lary forces is given below (8):

arL 2 4
e B e ,

mry“ocosh

V2 arLgu - rl2 (l_l' lm)
nrlzccose r; Iy
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where V] and V2 are the velocities of the interface in capil-
laries 1 and 2 of radii r; and rj, respectively; g is the
fluid (aqueous phase) flow ratei; M is the viscosity of the flu-
id, L is the distance over which the capillary and viscous
forces are competing (length of pore); 0 is the interfacial
tension between cil and water; and 6 is the contact angle mea-

sured in the displacing phase.
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RESIDUAL OIL, PERCENT PORE VOLUME
Fig. 3. The dependence of residual oil saturation

of capillary number; Reproduced from Foster (7),
courtesy of Society of Petroleum Engineers of A.I.M.E.

: When capillary forces are negligible in comparison to the
viscous forces, the last term in both the numerator and denomi-
nator in the above equation may be neglected. 1In such a case,
the equation reduces to:

1 ' .
| | (3
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Under these conditions the rate of flow is proportional to the
square of the radius and consequently the residual oil is’ left
in the smaller openings. ‘

CAPILLARY 1{
of radii r,

q —
Flow rate

of wat -
water CAPILLARY 2

of radii 2

Fig. 4. A model of capillaries in a porous medium.
Reproduced by Moor and Slobod (8), courtesy of
Producers Publishing Co., Inc.

When the capillary forces ‘are large compared to the vis-
cous forces, the first term in both numerator and denominator
“in the equation (2) may be neglected. In such a case, equa-
tion (2) reduces to

V:-

(4)

Hl N
O NN

This suggests that the flow will be faster in the smaller ca-
pillaries and the residual oil will be left in the larger
capillaries.

Taber et al. (9) correlated the oil displacement with the
ratio AP/Lo, where AP is the pressure drop across the distance
L and o0 is the interfacial tension between the oil and water.
The critical ratio of AP/Lo is defined as that value below
which no residual oil is produced from any of the porous me-
dia. After the critical pressure gradient was exceeded for
each sample, it was possible to produce larger quantities of
the residual o0il by merely increasing the value of AP/Lo.

Taber et al. (9) have shown a correlation between the
(AP/Lo) critical and the viscosity of aqueous phase and oil
and the permeability of porous media. The value of the criti-
cal AP/Lo ratio increases with either an increase in viscosity
of the o0il or aqueous phase or with a decrease in the perme-
ability of the porous media. Their results for the residual
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0il displacement from rock samples of different permeabilities
appear to have much more relevance to oil recovery than the
modest viscosity effects noted with either the aqueous or oil
fluids. The critical values of AP/L0 ranged from a high value
of 23.28 for a core with an air permeability of 95 md to a low
value of 0.31 for the most permeable sample (2190 md). The
correlation between permeability and the critical displacement
ratio AP/LO is shown in Fig. 5. .The lower permeabilitv values

CRITAL DISPLACEMENTRATIO

L " o Q

0500 1000 1500 2000
AIR PERMEABILITY - MILIDARCIES

Fig. 5. The relationship between permeability and the
critical value of AP/Lo. Taber, Kirby and Schroeder (9),
courtesy of the American Institute of Chemical Engineers.

mean that significantly higher values of AP/Lo must be
achieved before any residual oil can be displaced from a po-
rous rock. ' ‘

Stegemeier (10) has presented an "alternate path" theory
for residual oil saturation and petrophysical properties over
a broad range of varying interfacial and viscous conditions.
His model allows for intermediate water wetting up to 90°
(contact angle) and discontinuous trapped oil in single or in
interconnected pores. A quantitative expression relating the
capillary pressure to various properties of fluid and rock
was derived by Stegemeier. It was concluded that for a given
combination of fluid properties and applied pressure differen-
tial, all of the non-wetting phase will be removed from pores
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having capillary pressures less than that calculated from his
equation.

Slattery and Oh (l1) carried out theoretical analysis for
the critical pressure gradient on an ideal system of pores
where the pore radius is a sinusoidal function of axial posi-
tion. He .concluded that for the most efficient displacement
of residual oil, the porous structure should be water-wet and
that intermediate wettability may be less desirable than ei-’
ther oil wet or water wet behavior. His estimate of the cri-
tical value of the pressure gradient agrees with the experi-
mental data of Taber et al. (9) to within 50%.

III. DESIRABLE PHYSICO-CHEMICAL PROPERTIES OF
MICROEMULSION SLUG

The design of a microemuléion.slug for the tertiary oil
recovery process is basically a trial and error procedure.
However, there are some basic properties of a microemulsion
slug and the effect of some particular variables on these pro-’
perties that have to be studied before any laboratory and
field test of a particular microemulsion slug is warranted.
The success of the microemulsion flooding process for tertiary
oil recovery depends on a proper choice of the chemicals that
go into the formation of the microemulsion slug The composi-
tion of the mlcroemu151on slug is dependent upon the proper-
ties required of the microemulsion slug as well as on the con-
ditions prevalent in the reservoir. In this section some im-
portant properties of microemulsions, as applicable' to terti-
ary oil recovery, will be discussed.

A. Phase-equilibrium and Solubilization

Microemulsions used for improved oil ‘recovery contain at
least three components: oil, surfactant, and brine. Hence,
the compositional state of the system must be specified by at
least three numbers. It is, therefore, both convenient and

-instructive to employ a ternary replesentatlon for a phase
equilibrium study.

Several studies (12-18) on ternary diagrams of microemul-
sion systems having application to oil recovery have been done.
Using measurements of viscosity, electrical resistivity, opti-
cal birefringence and a phase disappearance technique, these
studies have investigated structural changes in the microemul-
sion as ‘a function of composition. A simple ternary diagram
for such a three component system is shown in Fig. 6, where S,
W, O and M represent surfactant, water, oil and microemulsion,
respectively.

The effectiveness of the microemulsion floodlng process

-
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depends upon the extent of the single phase region in the ter-'
nary diagram of interest. The microemulsion flooding process
can be prolonged by minimizing the vertical extent of the mul-
tiphase region in the ternary diagram. Reed et al. (15) in-
troduced the concept of optimal sallnlty for a microemulsion'

SINGLE PHASE

W
-2 PHASE

M/w

2 PHASE
3 PHASE

w

Fig. 6. Idealized ternary diagram for surfactant-oil-:
water systems. . Reproduced from Robbins (12), courtesy
of the Society of the Petroleum Engineers of A.I.M.E.

1

51ngle phase to determine the minimum area of the multiphase
region. As defined by them, the optimal salinity can be de-
termined by plotting the surfactant concentration requlred to
make a 50:50 water:oil mixture a single phase as a function of
salt concentration as “shown in Fig. 7. For this case, the
graph exhibited a minimum near 1.25% NaCl and this salt con-
centratlon was defined as the "optimal salinity" for the given
system. From the ternary diagram of the same system it was
found that the minimum area of the multiphase region also oc-
curred at 1.25% NaCl. Thus the determination of the optimal.
salinity for a given system assists in the determination of
the formulation of a microemulsion for the tertiary oil recov-
ery process. The effect of divalent ions (Ca**) on the opti-
mal salinity was also 1nvestlgated by Reed et al. (15) (Fig.
8). They observed that ca’t reduced the optimum salinity from
1.25% NaCl to 1.1% total soldid (1.0% ‘NaCl + 0.1% CaCl,) .
These microemulsions have a salt tolerance limit beyond which
they are not stable. To increase the salt tolerance of these
microemulsions various alcohols (cosolvent) are added. The
salt tolerance of a microemulsion is an important considera-
tion, since the natural salt concentratlon in the reservoir
can be very high.

The effect of various .alcohols on the solubilization of
brine has been studied by Jones and Dreher (19). It was ob-
served that water soluble alcohols solubilize additional brine
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into a microemulsion. Water insoluble alcohols, however,
cause solubilization of hydrocarbon, while decreasing the
brine solubility. It was also observed that for a stable mi-
croemulsion, an increase in electrolyte concentration de-
creases the water-insoluble alcohol requirements and reduces
the breadth of the single phase region. Conversely, an in-
crease in electrolyte concentration increases . the water- -
soluble alcohol requirements.

T T v T v T T T T v

132 9

L24
L20
Lie

H2

ts -
OIL PHASE WATER PHASE
[ DISAPPEARS — =~ DisappPeARS

PERCENT CONCENTRATION OF 63/37 SURFACTANT /COSURFACTANT
REQUIRED TO MAKE 50:50 WATER OIL MIXTURE SINGLE PHASE

0

G 02 04 06 08 10 "z 14 16 18 20 22
% NaCl

Fig. 7. The optimum salinity for mixtures of oil

and water. Réproduced from Healy and Reed (15),

courtesy of the Society of Petroleum Engineers of

A.I.M.E. '

B. Phase Volume Ratio and Bulk Rheological Properties

As was discussed in the previous section the important
region of the ternary diagram. for the tertiary oil recovery
process is the single phase region. In ‘this single phase re-
gion, the microemulsion goes through a number of structural
changes between the water external and 0il external extremes.
In a recent study Shah et al. (20) have shown, using electri-
cal,birefringence and high resolution NMR measurements, that
upon increasing the amount of water in an o0il external micro-
emulsion, the structure of the microemulsion passes through
transitions from water spheres (oil external) to water cylin-
ders to water lamellae and finally to a continuous water
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SINGLE PHASE — PERCENT

OIL PHASE WATER PHASE
4% DisaPPEARS 1 M DisaPPEARS

CONCENTRATIO!‘:J OF 63/37 SURFACTANT/ COSURFANT

REQUIRED TO MAKE 50:50 WATER-OIL MIXTURE

O 02040608 10 12 14 16 18 20 22

" % ToTAL soLIp (N2%-) = 10 wiw
CﬂCl2 )

Fig. 8. Effects of Ca** on optimum salinity for
mixtures of oil and water. Reproduced from Healy
and Reed (15) , courtesy of the Society of Petroleum
Engineers of A.I.M.E. -

external phase. (The figure was shown previously in Chapter
1.) The addition of water to an oil external microemulsion
causes an increase in the size and number of dispersed water
droplets. Since the total amount of surface active agent in
the system remains constant, further addition of water would
increase the interfacial area of the water spheres, decrease
the surface concentration of the surfactant, and hence in-
crease the interfacial tension. At some concentration of
water the intermolecular forces at the oil-water interface
would be insufficient td hold the interface together, and the
spherical droplets of water would collapse to form cylinders
of water. Using the same reasoning, further dilution with
water will cause a transition from the cylindrical structure
to a lamellar structure. Upon still further addition of water
the lamellar structure changes to spherical oil droplets which
are dispersed in a water phase.

The effect of interfacial forces and the structural
changes discussed above on the bulk viscosity of microemul-
sions is shown in Fig. 9 (21). The system used for relative
. viscosity measurements consisted of Hexadecane (oil) + Hexanol
(cosolvent) + K-oleate (surfactant). The microemulsion used
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Fig. 9. The effect of water-oil ratio on viscosity

of microemulsions and phase-inversion region of Hexa-
decane-water-oleate-hexanol system. Reproduced from
Shah, Falco and Walker (21), courtesy of American

Institute of Chemical Engineers.

had a constant ratio of 10 ml hexadecane: 4 ml hexanol: 2 gm
of K-oleate. The relative viscosity data for different water/
oil ratios is shown in Fig. 9. From this figure it is seen

that there is a maximum in the relative viscosity at a water/
This maximum in the relative viscosity cor-

oil ratio of 1.4.
The

responds to a lamellar structure occurring at this ratio.
viscosity peak observed between the water/oil ratios of 2.0
and 3.5 was beyond the experimentally measurable limit. It
was found that both these viscosity peaks were observed upon
either increasjng or decreasing the water to oil (Hexadecane)
ratio. It was also observed that the dispersion having a la-
mellar structure at the water:oil ratio of 1.4 was very vis-
cous upon its formation, with the viscosity subsequently -

decreasing with time.
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The effect of shearing time, at a constant shear rate, on
the viscosity of these lamellar structures is shown in Fig.
10. The viscosity initially increases with shearing time and
then levels off to a steady value. The effect of age of the
solution on'the viscosity shows that as the age increases the
v1scosity of these lamellar structures decreases. The initial
'increase in the viscosity with shearing time can be attributed
to dlsorderlng and entanglement of the lamellar structure upon

shearrng (Fig. 11)

65 T T T - T T T

. R WATER -ADDED TO OIL
60 ' Vn,0/ Vo * 1-4 )
50+ b

%
a
2
L
o )
x
5
32 HRS
0 1 —l ' 1 1 1 1
5 10 15 20 25 30 35

SHEARING TIME (MIN)

Fig. 10. The effect of shearing time on viscosity of
microemulsions. - Reproduced from Shah, Falco and Wal-
ker (21), courtesy of American Institute of Chemical

Engineers.

In tertiary oil recovery by microemulsion flooding, the
stability of the microemulsion slug is an important considera-
tion. In particular its mobility (as defined in a later sec-
tion) has to be controlled. The mobility is inversely propor-
tional to its viscosity and hence a very large viscosity is
undesirable. This would cause plugging of the pores with con-
sequent loss of surfactant. Hence it is advisable to stay out
of the range of gel formation (lamellar structure) or to avoid
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it by adjusting the composition of the microemulsion. Alter-
natively, a shift in the viscosity peak could be achieved
through a manipulation of the salt, oil, surfactant or co-
solvent concentrations. '

BEAKER WALL
SPINDLE

LAMELLAR
STRUCTURE

LAMELLAR
STRUCTURE

BEFORE SHEARING DURING SHEARING
(ORIENTED) (DISORIENTED)

TOP VIEW OF VISCOMETER.

Fig. 11. The effect of shear time on the orientation
of lamellae in a lamellar liquid-crystalline phase.
Reproduced from Shah, Falco and Walker (21), courtesy
of American Institute of Chemical Engineers.

C. Interfacial Tension

The interfacial tension between the crude oil and the
displacing liquid (microemulsion) is one of the major para-
meters which has to be controlled and fully determined before
the microemulsion slug can be used for any tertiary oil recov-
ery process. Healy and Reed (22) used the Laplace equation

1 1 . :
AP = 2y (rl - rz) o (5)

to calculate the pressure difference (Ap) across an oil drop
having a curved interface with principal radii r; and r,, and
an interfacial tension Yy between the cil and water. Using an
electroscan micrograph of a cross section of the porous medium
they calculated the pressure the water would have to develop
in order to displace the largest entrapped oil droplet observ-
able in the micrograph. This would correspond to the lowest
pressure drop (largest drop size) .necessory tc begin displac-
ing the oil. Using a normal oil/water interfacial tension of
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the order of 10 dynes/cm, the calculated pressure drop turned
out to be *¥5 X 102 pSl/ft, while a practical limit to pres-
sure drops achievable under field conditions is about 1-2 psi/
ft. .Under this practical limitation, the host obvious solu-
tion to displacement of the entrapped oil is through a reduc-
tion in the crude oil/displacing liquid interfacial tension to
about 0.001 dyne/cm.

The microemulsion slug used in the tertiary oil recovery
process should effectively displace o0il at the front, and
should be effectively displaced by drive water at the back, as
illustrated in Fig. 2. For an efficient process, both these
are essential requirements, and therefore the interfacial ten-
sions at the microemulsion-oil interface (Ymo) and the micro-
emulsion-buffer solution interface (y,,) should be very low as
has already been discussed. The conditions where these two
interfacial tensions are both low and equal to each other is.
of particular 51gn1f1cance in deSLgnlng a microemulsion slug
for the process. The equality condition arises from the defi-
nition of the capillary number and helps to ensure stable’
movement of various banks. A large difference in N_, at the
‘two interfaces would lead to different pressure gradient re=-
quirements for each interface.

Healy and Reed (22) have studied the effect of NaCl con—
centration on the interfadial tension Y mo and Ym& and the ef-
fect on the solubilization parameters V,/Vg and V /V, (where
Vg = volume of surfactant in the microemulsion not including
cosolvent, and V, and V., are the volumes of oil and water in
the microemulsion phase, respectively). The results obtained
by them are shown in Fig. 12. It was found that an increase
in salinity decreases Ymo @nd increases Yp,. The point of
intersection of y,, and Y, was defined as the "interfacial
tension optimal salinity" (C,). Determination of the inter-
facial tension optimal salinity assists us in designing a mi-
croemulsion‘slug because of the above stated conditions for
Ymo @nd Yp,,. The phase behavior optimal salinity, C¢, is de-
fined by the intersection of V. /Vg with Vw/Vs. The correla-
tion between C, and Cy is apparent, and this indicates that
phase volumes can replace interfacial tension measurements as
a preliminary measure of interfacial act1v1ty, thus markedly
reducing ‘the labor involved.

The effect of hexanol (cosolvent) and K-oleate (surfac-
tant) on the interfacial tension was determined by measuring
the average, drop volume of water in hexadecane by Shah (20).
This method consists of squeezing ‘the smallest possible water
drop out of a microsyringe into a bath of hexadecane. The
smaller the drop volume of water, the lower is the interfacial
tension. The results of these measurements are given in Table
I. This table illustrates -the effect of the various constitu-
ents in a microemulsion (Hexadecane + Hexanol + K-oleate +
water) on the average drop volume of water (with or without
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Fig. 12. The effect of salt concentration on the
interfacial tension and solubilization parameter in
oil-brine-surfactant-alcohol system. Reproduced
from Healy and Reed (22), courtesy of American
Institute of Chemical Engineers. .

additives) in hexadecane (with or without additives). The re-
sults show that Potassium oleate, even at low concentrations,
is more effective than hexanol in decreasing the average drop-
volume of the water drops. However, the presence of hexanol
and potassium oleate in hexadecane and water, respectively,
decreases the drop volume to less than 10'6 ml. This decrease
in drop volume by the addition of both hexanol and K-oleate
indicates the drastic decrease in interfacial tension between
Hexadecane and water made possible by this addition.

In practice various petroleum sulfonates have been em-
ployed in the formulation of microemulsions which exhibit
ultra-low interfacial tension with oil as well as with the
" aqueous phases. It has been shown. (23) that a petroleum sul-
fonate with an equivalent ‘weight distribution that is rela-
tively narrow and/or symmetrical about the median is the most
effective in lowering interfacial tensions. A minimum in in-
terfacial tension can also be achieved through an adjustment
of the electrolyte content of the agueous phase (23). Sodium
chloride was found to be more effective than sodium sulfate,
carbo?ate,or tripolyphosphate in decreasing the interfacial
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tensions between the oil and the aqheous phase (23).

TABLE I

.Efféct of Hexanol and Potassium Oléate on the Average

Volume of Water Drops in Hexadecane

Average
Interfacial Composition . Drop-Volume
Hexadecane (oil) Water
No additive No additive © 2.8 X102 ml
Hexanol )
0.1 ml/ml of oil " 6.0 X 10-3 ml
0.4 ml/ml of oil ) " 5.0 X 10=3 ml
0.6 ml/ml of oil " 5.0 X 1073 m1
No additive K-oleate '
" 0.02 gm/ml of water 8.0 X 10-4 ml
" 0.56 gm/ml of water 8.0 X 104 ml
"o . 0.1 gm/ml of water 4.4 X 1074 m1
- ‘Hexanol ‘ K-oleate
0.025 ml/ml of oil 0.06 gm/ml of water 1 X 10-4 ml
0.05 ml/ml of oil " 6.6 X 10-5 ml

0.075 ml/ml of oil " ~ volume <10-6 ml

IV. MOBILITY CONTROL DESIGN FOR THE MICROEMULSION PROCESS

Adequate mobility control is an important requirement for
any microemulsion flooding process. Mobility control of the
process implies changing the properties of the injected fluids
such that a stable movement of the separate banks is achieved
with a minimum of mixing and dispersion. The mobility of a
fluid is defined by X\ = k/u, where X is. the relative mobility
of the fluid with a relative permeability of k and a viscosity
H. Without a mobility control slug following the microemul-
sion slug, the integrity of the microemulsion slug is jeopar-
dized after its injection into the reservoir, and large pore
volumes of the microemulsion slug are required for the process
to proceed. Mobility control for the process is based upon
the total mobility of the oil and water flowing ahead of the
slug in a stabilized bank. For. an ideal system, the mobility
of the microemulsion slug is made equal to or less than that
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of the oil bank. .The mobility of the buffer is made equal to
or less than that of the microemulsion siug. _

The mobility of a stabilized.oil bank is calculated (24)
using the following equation

' ‘I' . (AP)

9¢p = KA ((A ))b(xrw + Aroly . (6) °
where g¢p = Total flow rate in the stabilized 01l/water bank
K = Absolute permeability
A = Cross sectional area v
’ Egi;b— Average pressure gradient in the stabilized

oil/water bank

o Xrw Kro , o
Ay Aro)b =EE—— + ;——Jb = Total re}aFlve m?blllty in
w o the stabilized oil bank

where K, = Relative permeability with respect to water

Kro Relative permeability with respect to oil
and y,, and u, are the viscosity of water and oil, respectively.
: The total relative mobility can be obtained as a function
of water saturation from relative permeability data for. the
aqueous phase and the oil phases (24). The use of such data
enables the appropriate fluid visecosity and total relative
mobility to be plotted as a function of water saturation. A
typical curve for a reservoir plotting the total relative
mobility as a function of water saturation is shown in Fig.
13. The stabilized o0il bank should not have a mobility less
than the minimum seen in the figure, and thus this minimum
mobility value represents a design mobility value.

A. Microemulsion Slug Mobility

The first step in a mobility design procedure is the con-
trol of the mobility of the microemulsion slug. The mobility
of a microemulsion is a function of its- composition and can be
controlled to fit a specific application. The parameters that
can be varied to control the mobility of the microemulsion
slug are the amount of water, the electrolyte concentration,
the type of hydrocarbon and surfactant used and the use of co-
surfactants. Care should be taken not to make a change in
mobility control that adversely affects the other properties
of the microemulsion and consequently its ability to displace
the oil.

Figure 14 (25) illustrates the effect of water content on
the viscosity of a microemulsion. The microemulsion contained
a constant ratio of 76% Pentane .to 19% sulfonate to 5% Isopro-
panol. Pentane, sulfonate and- Isopropanol together represent
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MINIMUM  MOBILITY

TOTAL RELATIVE MOBILITY Arwsekro
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0 1 1 1 1 1 Il 1 1 1
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% WATER SATURATION

Fig. 13. The effect of percent water' saturation on
the total relative mobility of oil and water. Repro-
duced from Gogarty, Meabon and Milton (24), courtesy
of the Society of Petroleum Institute of A.I.M.E.

one component and the water content (the second component) was
varied to obtain different compositions. Upon addition of
water to an oil external microemulsion there is an exponential
increase in the microemulsion viscosity up to a water concen-
tration of about 45%. This is the inversion point for thls
system and represents the point where the oil-external charac-
ter of the system switches over to a water external one. Fig-
ure 14 also illustrates the use of electrolyte in controlling
the viscosity. It was found that the viscosity could be re-
duced by up to two orders of magnitude with the addition of
less than 0.3% NaySO4 to the above microemulsion. It was also
observed that the addition of cosurfactant caused a reduction
in viscosity. Usually. an order of magnltude reduction in vis-
cosity is not uncommon 'with the addition of 1 to 2 percent of
either isopropanol or normal butyl alcohol.

‘B. Mobility of Buffer (Polymer) Slug

For an efficient microemulsion flooding process. the mobi-
lity of the buffer displacing the microemulsion slug is one of
the important factors to be taken into account in designing
the process. As mentloned for a stable system, the mobility
of the buffer solution must be equal to or less than the mobi-
lity of the microemulsion slug (24). Higher mobility of
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buffer solution causes the "fingering" of polymer solution
into the microemulsion slug. Water thickened by the addition
of a polymer serves as an effective mobility buffer solution.
Many polymers have been reported to be effective mobility
control agents (26). However, polyacrylamides are the only
polymers that have been used as mobility control agents on a
larde scale. Mobility control with poiyacrylamides is
achieved through a reduction in both the viscosity and the per-
meability (27). Both the molecular weight and the degree of
hydrolysis of the polymer are important characteristics in the
design of a mobility control solution (27).

2O~ IM<Z—

VISCOSITY, CENTIPOISE
S

10 20 30 40 50 60 70 80 90 100
% WATER

Fig. 14. The effect of percent water on the viscosity
of microemulsions. Reproduced from Gogarty and Tosch
(25), courtesy of the Society of Petroleum Institute

of A, I.M.E.

V. ECONOMIC ASPECTS OF THE PROCESS

A. Economic Aspects of Mobility Control

. The cost of the mobility buffer solution and microemulsion
slug depends upon their respective compositions. The
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microemulsion slug mobility can be reduced to almost any value
by changing the composition of the microemulsion, and normally
the cost variation entailed in changing the composition of the:
microemulsion is insignificant. The mobility of the micro-
emulsion slug can thus be adjusted to a value much lower than
the design mobility without significantly affecting its cost.
However, a low value for the mobility of the microemulsion
slug requires a higher concentration of polymer (in the buffer
solution) in order to ensure adequate mobility control at the
buffer-microemulsion slug interface. From an economic stand-
point, the cost of the mobility buffer solution is related to
its polymer concentration, and hence, the polymer concentra-
tion should be kept to a minimum (1). The cost of the polymer
used in the mobility buffer imposes a restraint upon the low-
ering of the slug mobility. For this reason the mobility of
the buffer solution is made only slightly less than. the design
mobility. Cost of buffer permitting, buffer injection con-
tinues until the flood is completed. This is because the in-
jection of drive water behind the mobility buffer can cause an
unfavorable condition, since the drive water can penetrate and
‘bypass the mobility buffer and slug and change the process
from tertiary to ordinary water flooding.

B. Economic Aspects of the Microemulsion Slug

The cost of the chemicals used in the formulation of mi-
croemulsions for the flooding process and the oil saturation
in the reservoir at the time the process is initiated deter-
mine whether the process is economically feasible or not. Of
all the chemical components making up a microemulsion slug,
the surfactant, petroleum sulfonate, is the most expensive
component. The cost of the microemulsion can be decreased
considerably by developing a new formulation that uses a lower
surfactant concentration, lower cosurfactant concentration and
also by using the crude oil in place of refined hydrocarbons.
Economic success or failure of the microemulsion flooding pro-
cess depends largely upon the proper choice of a microemulsion
slug size. Jones (28) describes a simple technique for esti-
mating "optimum slug size." Optimum slug size is defined as
that slug size that will maximize ﬁhe‘profit. The data re-
quired to determine the "optimum slug size" includes oil price,
average oil saturation, per-barrel slug cost, and a‘slug size
vs. oil recovery curve. The slug size versus oil recovery
curve can be obtained either from laboratory tests or pilot
field tests, preferably from the latter. According to his
derivation maximum profit would occur when the following con-
dition is satisfied:

§Rp Cg (7)
§Vs = SoPo
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where CS/SOPO represents the slope of the oil recovery vs.
slug size curve
and R, = oil recovery as fractlon of oil in place before

the flood :
= slug volume, fraction of reservoir pore volume
cost of injected microemulsion slug
average oil saturation before flooding
price received for oil after royalties.
The p01nt where the tangent having a slope C /SOPo touches the
0il recovery vs. slug size curve represents the most profit-~
able slug size (Fig. 15). The intercept of the tangent with
the ordinate represents the net oil recovery after subtracting
slug costs. It can be seen from Fig. 15 that the greater the
slope,-CS/SoPo, the higher the slug cost and the lower the net
oil recovery. If the slope of the tangent is greater than the
slope of any portion of the oil recovery-slug size curve the
“process will not be economically feasible. Though this tech-
nique is very quick and convenient to determine the optimum
slug size for an economically feasible process, other economic
factors, such as time value, sometimes make the process un-
economical.
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Fig. 15. The determination of most profitable slug
size for tertiary oil recovery. Reproduced from
~Jones (28), courtesy of the Society of Petroleum
'Instltute of A.I.M.E.
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