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ENHANCED RECOVERY WITH MOBILITY AND
REACTIVE TENSION AGENTS

by

C. J. Radke and W. H. Somerton
Lawrence Berkeley Laboratory and Departments
of Chemical and Mechanical Ingineering
University of California
Berkeley, California 94720

ABSTRACT

To establish and improve recovery efficiencies of acidic crude oils
with alkaline agents this projcct includes studies on displaccment dynamics,
interfacial tensions, emulsion flow and caustic loss. Displacement tests on
restored Wilmington oil-field cores with caustic under anticipated field
operating conditions show recoveries of about 30% of the oil remaining after
water-flooding and caustic loss to the reservoir sand. Displacement results
for synthetic systems show 50% tertiary recovery efficiencies under specific
tailoringof pH and ionic strength. Concomitant experiments with interfacial
tensions, contact angles, and emulsion type and stability demonstrate the
importance of wettability alteration. Dynamic spinning-drop interfacial
tensions of Wilmington crude oils show deep minima whose depth and attainment
time are strong functions of pH and salt content. A mass transfer model,
based on the concept of sorption barriers, correctly reflects these time-
evolving tensions and permits extrapolation of the spinning-drop data to field
conditions. An emulsion flow model based on filtration theory has been devised
and numerically solved to predict correctly permeability behavior. Caustic
adsorption loss on Ranger-zone Wilmington reservoir sand, determined by
frontal-analysis chromatography, is critically dependent on pH.

INTRODUCTION

Use of alkaline solutions to recover selected acid crude oils has con-
siderable economic advantage over commercial surfactant solutions. In spite
of the longevity of the idea, however, considerable question remains as to its
displacement effectiveness (1). The objectives of the present study are (1) to
establish the conditions requisite for tertiary-mode displacement of acidic oils
with high pH agents, and (2) to elucidate the dominant recovery mechanisms
and hence permit development of an improved caustic flooding package. The
overall project includes studies on core displacements from synthetic and
natural systems, interfacial tensions, emulsion rheology and stability in
porous media, and caustic loss. A summary of our progress in these arcas
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since the 1977 report (2) follows.

CORE DISPLACEMENTS

0il Field Studies

Caustic flooding tests have been run at reservoir temperature on a
number of Ranger-:zone cores using Ranger crude oil and simulated formation
water. The test apparatus is similar to that used previously (2) except that
the core is mounted in a water bath maintained at a constant tcmperature of
125 # 1°F. During saturation of the cores with Ranger-zone crude, the temper-
ature of the system is increased to 180°F to ensure that all the asphaltenes
are in solution in the crude since these constituents may play an important
role in the crude oil behavior. This high temperature has led to failure of
several types of plastic core holders which have been used to minimize the
corrosive effects of the caustic solutions. Currently, a thick-walled Teflon
tube is used as the coré holder with moderate success.

Frozen Ranger-zone cores are diamond drilled using liquid nitrogen and
then are quickly packed into the Teflon core holder under moderate pressure.
The packed core is then mounted in the system and slowly brought to reservoir
temperature. 1In the first series of tests, the native state cores werce first
vater-flooded with 1.43% NaCl brine. In all cases, the oil saturation was too
low to recover oil (see Table 1). The water flood was then followed by a
caustic flood (0.1 wt% NaOH in softened Colorado River water followed by 0.1%

NaOH plus 1.0% NaCl in the same waterjat a 1.5 ft/day rate. Again the oil
saturation was too low to recover oil

The native state cores were cxtracted in-situ using toluene followed by
an acetone wash. (Since acetone was contributing to failure of the plastic
tubes, the cleaning procedure was later changed to use Chevron 410H solvent
followed by isopropyl alcohol), After extracting and drying, the cores were
saturated with brine and the brine was displaced with crude oil to irreducible
water saturation. The water flooding and caustic flooding procedures were as
given above, following THUMS planned procedure for field tests (3).

Results of several of the tests are summarized in Table 1. The earlier
test cores (A and B) had high porosities and permeabilities. By improved
packing techniques in later cores (C), the porosity and permeability were
greatly reduced. The resaturated core A-2 recovered 46% of the o0il in place
by water flood and an additional 20% by caustic flood for a total recovery
efficiency of 66%. The second resaturated core gave much lower recovery
efficiencies: 27% by water flood and an additional 10% by caustic. The large
difference in the behavior of these two similar cores can probably be
attributed to the lower initial oil saturation in the latter case.

Test core C-1 was prepared by a modified packing procedure giving much
lower porosity and permeability. Also the core was extracted in-situ directly
without running native state tests. The high recovery by both water flooding
and caustic flooding (51% and 31%, respectively) was surprising for this low-

permeability core. Extraction of the core after the test confirmed the low
residual oil saturation of 18%.
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Figurec 1 shows the recovery history of core C-1 plotted as fraction of ini-
tial oil in place recovered as a function of pore volumes of water and caustic in-
jected. It is intercsting to note that no tertiary oil was recovered until
nearly 2 1/2 porc volumes of caustic had been injected. It should also be
noted that the pll of the effluent remained low until after the first tertiary

0il was recovered. This would indicate a very large consumption of caustic
(probably most of it being adsorbed by thc fine-grained, clayey reservoir rock)
before any oil was produced Thercafter, the pH and recovery curves tend to be
parallcl. It should be noted that the oil was produced in slugs with no sign
of emulsification until the very last oil production increment which was in the
form of a small oil slug followed by a very dilute oil in water emulsion.

In Figure 2 the production performance of core A-2 is compared with C-1.
Recalling that the A-2 corc was much more permeable than C-1, the much earlier
recovery (from a pore volume standpoint) might be cxpected for the A-2 core.
The caustic consumption is also much lower in the case of the more permeable
core, although the pH and oil recovery curves are again parallel with oil pro-
duction ceasing as the effluent pH approaches the value for the injected fluid.
A possible difference between these two cores is that A-2, the lower caustic
consumer, was previously flooded with caustic in the native state and it is
possible that all the adsorption had not been reversed.

No sweeping conclusions can be reached from this limited number of tests
on oil field cores. However, certain observations seem irrefutable. It is
clear that with sufficient initial oil saturation, oil can be recovered in the
tertiary mode by caustic injection, at lcast under laboratory conditions.
Consumption of caustic by the fine-grained, clayey reservoir rock is high,
especially for the low permeability cores. The recovery mechanism with the oil
field cores and fluids does not appear to involve emulsification, at least the
vast majority of the o0il produced was emulsion-free so that if emulsions were
formed in the core, they must have been of the unstable variety. No large
changes in pressure gradients were noted which would have occurred if emulsion
entrapment were present.

The recovery of tertiary oil appears to be associated with caustic con-
sumption. No o0il is recovered until the effective caustic concentration in
the core exceeds a critical level. At this point some o0il is accumulated and
produced in a mini-bank. This process continues in a step-like manner as the
critical caustic saturation level is reached progressively down the tube.
The recovery mechanism in this case may involve wettability reversal with sharp
wettability gradients.

Synthetic System

To understand the complicated chemistry involved in alkali flooding we
are studying the displacement of oleic acid-doped mineral oil (1.5 cp and
acid #2) from Ottawa sand packs (ca. 5 Darcy) at a scaled rate (7 ft/day).
Dctails of the experimental apparatus and procedures are available (2).

Experimental results for the percentage recovery of oil remaining after
water flooding to residual as a function of pH at two NaCl salt contents are
shown in Figure 3. Without salt no recovery of tertiary oil is found. As
discussed previously (2) nonsaline high pH (ca. 12) solutions lead to core
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plugging but not to tertiary oil rccovery. However, high saline solutions
exhibit recovery which is a strong function of pH. At pl valucs below about
11 the alkaline solutions are buffered to provide sufficient neutralizing
capacity.

Interfacial tensions for the solutions in Figure 3 arce all above 0.1
dyne/cm giving Capillary numbers less than 10-3. Hence recovery cannot be
explained by the low tension mechanism. Figurc 4, however, provides consider-
able insight into the underlying surface chemistry., For salt solutions below
1 weight percent emulsions are of the oil-in-water type whereas above 1 weight
percent they invert to the water-in-oil type. Also above 1 weight percent salt
the receding contdct angles (measured through the water-phase against quartz)
show a reversion to oil-wet. The degrce of oil-wetness is a function of
solution pH. Note that the degree of oil wettability ecxactly parallels the
recovery efficiencies in Figure 3. 1In this system only solutions which form
water-in-oil cmulsions and which exhibit strong oil-wet conditions give
tertiary o0il production.

It is well documented (4,5) that water-in-oil emulsions in fatty-acid
soap systems are stabilized by interfacial films. Although the nature of
these films is notwell understood (5), they appear to be caused by a common-
ion precipitation at the oil-water interface and may form a surface "precipi-
tate' before bulk precipitation occurs (4):

+ -
surface *A surface b NaAsurface
film

Na (1)

Apparently these films also cause oil wettability at the solid-liquid boundary.
The dependence of contact angle on pH can be rationalized in terms of the
hydroxyl ion controlling the percentages of hydrolyzed (A-) and unhydrolyzed
(HA) fatty-acid at the interface. Considerable evidence exists in flotation
studies of the interfacial complex (HAZ) at pH's near 8.5 (6).

From these surface chemistry principles we may postulate, but not
establish, the governing recovery mechanism. Swelling of the residual oil
globules occurs because of water-in-oil emulsification. This swelling in com-
bination with an oil-wet solid matrix permits adjacent globules to contact and
form a region of sufficient saturation to permit two-phase flow with establish-
ment of an o0il bank. Not all the tertiary oil is recovered because some
swollen o0il globules are sufficiently far apart that they cannot interconnect,
coalescence between contacting globules may be slow, and fingering of the drive
alkali may occur. The chemistry embodied in the recovery mechanism suggests
that alkali of divalent metal cations, which are known to cause water-in-oil
ecmulsions, should recover tertiary oil. Indeed we have observed that calcium
hydroxide will improve o0il recovery in the synthetic fatty-acid system.

Displacement Modeling

The displacement of acidic crude oil from a porous medium by an alkaline
solution is similar to an immiscible displacement process with chromatographic
separation of the surfactant species between the oil, water, and rock phases.
If the flow properties in an alkaline flood can be represented empirically by
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the relative permeability concept, then it is possible to extend the Buckley-
Leverett waterflood theory by allowing the relative permeability to be a
function of saturation and concentration of the surfactant generated by the
in-situ alkaline chemical reaction. Similar extcnsions of the Buckley-leverett
cquation have been developed for cnriched gas drives (7), detergent (3) polymer
(9), alcohol (10), carbonated watcr (11), surfactant (12) and micellar flooding

(13).

Figure 5 shows dynamic relative permeability curves (14, 15) for a
standard waterflood and a secondary alkaline flood employing 0.1 weight percent
NeOH (pH = 12.5) and 5.8 weight percent NaCl with oleic-acid (#2) doped
mineral oil (1.5 cp) in an Ottawa sand pack. The solid and dashed lines in this
figure correspond to best fits of the empirical forms suggested by Larson and
Hirasaki (12):

~n
kK =k° s
W ™w Sw
- k° (1.5 P
ko * ko 5. (2)
Sw = (Sw—swir)/(l-sor—swir)'

Note that the residual oil saturation has not been improved by the alkaline
flood in agreement with Figure 3 for a tertiary flood with this same system.

If the empirical relative permeabilities for the alkaline flood in Figure 5

are independent of the initial oil saturation (i.e. the displacement mechanism
is independent of the amount of oil in the core) then they may be used to
represent the behavior of any alkaline flood independent of the water-to-oil
ratio at which injection commences. Such an assumption may not be valid when
strong emulsification occurs because classical relative permeabilities probably
cannot correctly describe emulsion flow behavior (see the section on emulsion
flow). :

To predict alkaline flooding performance the Buckley-Leverett continuity
equations and Darcy's law are solved for a shock condition:

(@g) B 4 fw(sw’ COII-) v
3t -
Swf ASw

where A indicates a difference across the shock front. We emphasize that the
fractional flow curves here are functions of saturation and alkali composition,
Thus the transport of the hydroxide ion must be quantified. This is done by
writing a species material balance in reduced form:
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Next, instantaneous equilibrium with no adsorption of HA and A~ is assumed:

Kp
—
- HAW -~ HAo >
K
HA 2 OHY A ,
" (5)
W
H.O & H* + oH" >
2
~ a C.,.
P il ’
1 +Db, c. .~

L "OH

and electroneutrality in the bulk solution and at the aqueous solid-1liquid
boundary is imposed. For excess added salt equations (4) and (5) combine to
give also a shock-front solution:

~ -~

(gg) _ B Aeag/Alen - o * Chaw ” ol

5T (6)

CoH AS, + Blegng ~ ST/ feps - cop- + cypy = S0l

Equations (3), (5), and (6) in conjunction with Figure 5 suffice to predict the
saturation and pH profiles in an alkaline flood.

Figure 6 gives predicted saturation and pH profiles for a caustic flood
with relative permeability curves corresponding to Figure 5. All the param-
eters embodied in equation 5 are obtained by independent experiments. The
alkaline flood encounters a core with a 50 percent o0il saturation and the two
cases of caustic adsorption and no caustic adsorption are compared. Note that
adsorption causes the pH and saturation profiles to lag and delay production.
Also an oil bank is formed directly in front of the caustic. Figure 7 gives
similar profiles for the relative permeability curves of Figure 5 with a
hypothetical residual oil saturation of 0.1. Finally Figure 8 summarizes the
production history of Figures6 and 7. Although, in this case, the caustic
flood with S__ = 0.27 does not displacc any more oil than a plain waterflood,
the productionroccurs earlier as in a polymer flood. This production advantage
is somewhat offset when caustic adsorption is included. Since caustic

adsorption on Ottawa sand is minimal, larger production delays can be expected
in actual reservoir sands.
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The present treatment is preliminary in that a numher of simplifications
are invoked in the instantaneous equilibria of equation 5. The most question-
able assumption is the validity of relative permeabilities in alkaline flooding,
especially if strong emulsification occurs. However, this displaccment nodel
serves a basis for handling more realistic assumptions.

INTERFACIAL TENSION
Crude 0i1l

Spinning drop (16) interfacial tensions of Ranger-zone crude oil against
different sodium hydroxide solutions are shown in Figure 9 at ambient temper-
ature. As previously observed (2, 17) acid crude-o0il tensions show a dynamic
minimum. For the ultralow tensions the return to high tension is not
experimentally available. This is because the contracting drop succumbs to
inevitable external disturbances and breaks into satellite drops.

Figure 9 also indicates the sensitivity of the minimum dynamic tension
to small changes in hydroxyl ion concentration. This sensitivity to pH is
further accentuated in Figure 10 which gives the minimum tension as a function
of caustic pH. Here the narrow range of ultralow tensions typical of
synthetic surfactants is evident.

The effect of aqueous salt content and pH on Ranger-zone crude oil
minimum dynamic tension is portrayed in Figure 11. Addition of sodium
chloride shifts the pH for dynamic minimum tensions less than (10-3) dyne/cm
to lower values. Also for the lower salt concentrations the 10-3 dyne/cm
isotension well broadens. Similar general conclusions can be drawn from the
data of Jennings (18). One important result from Figure 11 is that the original
THUMS flood design does not appear to fall in the lower tension composition
region (i.e. pH ~ 12.5 and [NaCl] = 1 wt%).

Dynamic Tensions

Previous reports (2) as well as literature work (17, 19, 20, 21) show
that "dynamic' tensions can exhibit a sharp minimum. This minimum is
especially dramatic when an acidic California crude oil or synthetic oils con-
taining an oil-soluble hydrolyzable surfactant are brought in contact with an
aqueous alkaline solution (see Figure 9). An appropriate explanation of this
tension minimum is important not only in the proper interpretation of inter-
facial tension measurements, but also in the potential exploitation of this
phenomena for enhanced oil recovery.

A minimum in dynamic tension is indicative of a period where surfactant
concentration at the interface reaches a maximum value (2). During this time
period, emulsification into small oil droplets can occur with negligible shear
energy input (e.g. spontaneous emulsification). If the duration of low inter-
facial tensions is long enough, emulsification may be possible with very low
acid concentrations in the oil phase. However, if after the minimum the
tension rapidly rises back to a high value, propagation of the entrained
droplets cannot take place except through the larger pores or by coalescence
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into an oil bank. A low tension minimum followed by a rapid rise to a high
equilibrium tension seems well-suited to the entrapment recovery mechanism.

To understand the origin of dynamic tension minima, or equilvalently,
surface adsorption maxima, a theoretical analysis has been developed. Follow-
ing the work of England and Berg (21) a five step kinetic sequence with sorp-
tion barriers was prcviously outlined (2). In addition a major factor in the
appearance, duration and value of the tension minimum in the present work is
the volume of the two phases, as well as sorption barriers and interfacial
arca. This is true in the spinning-drop tensiometer, as well as in oil Teser
voirs where a certain average finite volume of aqueous phase can conceptually
be assigned to each entrapped oil ganglia. The details of the model and the
mathematical derivation are now in the final stages of preparation for pub-
lication.

The main assumptions in the model are the following. The two phases
have finite volume V., and V2 (phase 1 is the oil phase and phase 2 is the
water phase) with an interfacial area A. Each well-mixed phase contains an
average surfactant concentration c, and <, with phase 1 containing initially
all the surfactant solute. Solute is transferred into phase 2 through the
interface where adsorption-desorption kinetics of the first order prevail:

1 2
surfactant

in water

surfactant

1 adsorbed -2

surfactant

k k
> ->
“ «
in oil k k

(7

Unsteady state material balances are written for each of the phases and for
the interface. The resulting system of simultaneous differential equations
for a constant area drop admits an analytic solution to predict reduced ad-
sorption, I'*, as a function of reduced time, t*:

* *

* %
I" = Ae®t 4+ BePt & T (8)

* *
where I, is the equilibrium value of T and A, B, a and b are constants
related to three dimensionless parameters. One parameter characterizes the
kinetics: k = k_l/(k_1+k,) ; and two parameters characterize the equilib-

rium state: ¢ = KDA/V1 ; B = HA/KDV2 » where H is Henry's adsorption constant

and K. is Nernst's distribution coefficient. Finally, the surface excess ad-

sorption in equation (8) can be related to the dynamic interfacial tension
using the assumption of instantaneous surface equilibrium and the Gibbs ad-
sorption isotherm:

X=1-er (9
YO
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where ¥ is the initial interfacial tension between the purc phases (no solute)
and § i€ an additional dimensionless parameter relating the initial interfacial
tension to the initial amount of surfactant in the oil phase. Equations (8) and
(9) provide a means for theoretical prediction of the time evolution of the
interfacial tension.

Figure 12 shows typical results for the time behavior of the reduced
surface excess adsorption for given o and B with various reduced sorption
barrier constants k. Note that a large transient maximum in T* appears when a
large desorption barrier exists on the water side of the intecrface (i.e. x
approaches unity). Figure 12 also indicates that the larger the maximum value
of T* the longer is the relative duration of these high values. Of course, as
the desorption barrier diminishes (i.e. x approaches zero) no maxima are evident.

Figure 13 depicts the importance of the volume of water surrounding an
0il droplet. Small values of B correspond to larger water volumes such as in
the spinning drop tensiometer where the volume of water to 0il ratio is above
100. Here once a minimum tension is reached the tension returns almost to its
original value. This is because the copious amount of water dilutes the fixed
amount of surfactant in the system. As the volume of water lessens {i.c. B
increases) the final equilibrium tension plummets to about the minimum value
obtained for high water volumes. Thus, the time evolution tension curve from
a spinning-drop tensiometer is not characteristic of that in an o0il reservoir
where the volume of water to oil ratio is about 3. However, the spinning-drop
tension minimum does appear to be characteristic. Thus, the present simplified
mdbdel untangles some of the puzzling results obtained in interfacial tension
measurements and it indicates direction for application of these results.

EMULSION FLOW AND STABILITY

Porous Media Flow

Two of the fundamental oil recovery mechanisms that have been suggested
for alkali flooding involve emulsions (1). These are emulsification and
entrainment and emulsification and entrapment. The former was first discussed
by Subkow (22), who believed that the crude oil is emulsified in-situ by
lowering the interfacial tension and then entrained as a continuous flowing
alkaline water phase. This mechanism precludes any increase in recovery before
caustic breakthrough, and the oil recovery is as an emulsion flowing with the
caustic front. The latter mechanism was proposed by McAuliffe (23, 24), who
noted that the size of the emulsion droplets generated in-situ is not small
enough to penetrate through all small pore-throat constrictions. Instead
entrapment occurs between sand grains. This causes a reduction of water
mobility and leads to an increase in sweep efficiency and oil recovery in the
low permeability zones of the reservoir. The entrapment mechanism results in
no significant reduction in ultimate residual oil saturation, but rather it
reduces the water-oil ratio required to reach this residual oil saturation.
The oil recovered from this mechanism is as a separate phase.

The primary differences between these two mechanisms are the interfacial
tension and the ratio of drop sizes to pore sizes. High interfacial tension
and large drop-size to pore-size ratio will result in the cntrapment mechanism
and low interfacial tension and small drop-size to pore-size ratio will exhibit
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the entrainment mechanism. Thus, the purpose of this work is to study the
effect of interfacial tension and drop-size to pore-size ratio on emulsion
ftow through porous media.

An experimental system has been constructed, as described previously
(2), to obtain the pressure drop-flow rate relations for dilute stable
emulsion flow in consolidated and unconsolidated porous media. Further a
quantitative model, based on deep bed filtration theory, has been developed
to describe the bed permeability. The rudiments of this theory have becen
enunciated (2) and the details will be available in a forthcoming manuscript.
The model leads to a nonlinear partial intergro-differential equation which
may be solved by a modified method of characteristics (25) to yield:

o
X
K ¢
o _ ~ o do 10
KD 1 - x + 3T$;—?_57A s (10)
(o]
o}
where
O.
[t -9
X = - » (11)
(¢ - o)oh
O' C
X
and
%
(4, - 0,) do,
T = . (12)

o ¢, A £5(0, - o)

In these equations ¢ 1s a critical porosity and is a complicated function of
the Capillary numberand the pore-size distribution. Equations (10) to (12)
may be evaluated numerically to predict the porous medium permeability as a
function of injected pore volumes of emulsion, T.

Figuresl4 and 15 show typical results for a Gaussian pore-size dis-
tribution with a dimensionless variance of 0.5. The extreme sensitivity of
the core permeability to the average drop-size to pore-size ratio is shown in
Figure 14. This figure also shows that the difference between entrainment and
entrapment flow is one of degree with large drops in low permeability media
showing relatively more entrapment than small drops in high permeability media.
Conversely, Figure 15 shows the relative insensitivity of core permeability to
droplet interfacial tension (through the Capillary number). Only for extremely
low interfacial tensions (i.e. very high Capillary numbers) can entrainment
flow be expected when droplets must squeeze through pore constrictions.
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Emulsion Stability

Emulsion stability plays an important role in determining 01l recovery
mechanisms (1). Unstable emulsionsallow 0il drops to coalescence and form an
0il continuous bank. Conversely, stable emulsions may incrcase recovery by the
entrainment and/or entrapment mechanisms. Therefore, an accurate and recliable
method is needed to characterize quantitatively emulsion stability.

Currently, three techniques exist to measure emulsion stability. These
are: (1) coalescence time of an oil drop at a flat oil-aqueous interface (26,
27, 28), (2) microscopic counting of drops as a function of time (29) and
(3) collection of a coalesced oil phase in a centrifugal field (30). Thc first
method suffers from its statistical nature and lack of reproducibility. Both
the first and second methods require a long experimental times (up to weeks)
due to the emulsions generated from alkaline flooding being quite stable. The
centrifuge method, which has the advantage of convenience and speed, has,
however, the difficulty of data interpretation owing to the ambiquity of the
controlling coalescence mechanism. The purpose of this work is to investigate
the dominant mechanism which controls the rate of oil separation.

Mineral oil in water emulsions, stabilized by sodium oleate, were testcd
in an ordinary laboratory centrifuge. Results for the volume of coalesced oil
as a function time are shown in Figuresl6 and 17 for two average drop sizes
(determined by photomicroscopy) and for several centrifugal field strengths.
Note that the volume of 0il collected is a linear function of time indicating
that coalescence is occurring mainly at the oil-water interface and not in the
creamed layer. An increase either in drop size or centrifugal field causes
an increase in coalescence rate.

-Two simplified models have been developed to describe the results of
Figures 16 and 17. The first one takes film thinning as the rate-determining
step for coalescence and utilizes the classic expression for the coalescence
time of an undeformable spherical drop at a flat interface (26). Thus the rate.
of 0il collection is

dv _ 8 R® A Ap Ng (1-n)

dt ~ 27 win (h_/h) (13)

Alternately, if drainage through a packed bed of undeformable spheres is the
coalescence controlling step, then the rate of oil collection may be given by

dv _ RO ABp Ng (1-m)

at = T a5 u(h_h) (14)

Both models show a linear dependence on centrifugal force and a strong drop
size dependence. Unfortunately, data obtained to date cannot distinguish
unambiguously between or reject either of the two models. Thus, although
accurate enulsion stability from the centrifuge method is readily obtained,
further work is nceded to cstablish a correlation with cmulsion stability in
an oil reservoir.
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CAUSTIC LOSS

In this work caustic consumption by rescrvoir rock is measurcd by
frontal-analysis chromatography using a liquid chromatograph. This allows
determination of both cquilibrium consumption and band-broadening resistances
in the same experiment. Equilibrium loss is obtained from the solute-
residence time of an input concentration step-change and an overall solute
material balance (31}.

mas
JAL = TR -1, (15)

k=

where Tr the solute residence time (or pore volumes to breakthrough) is calcu-
lated from the elution curve according to

t
o
Citew - So Cout (B4t

- (16)
R ¢A L c;-¢

o

Notice first that Al'/Ac represents a cord of the adsorption isotherm. Thus,
the number of pore volumes before breakthrough is not a direct indication of
the amount adsorbed. In fact, typical adsorption isotherms have monotonically
decreasing slopes and therefore requirc fewer pore volumes for breakthrough as
the amount adsorbed increases. Second, equation (16) reveals that concentra-
tions and notpH values (15) should be used in determining the pore volumes for
response, T,. Use of pH instead of concentration always under-estimates alkali
loss and we find that errors of up to 50% can readily occur. Strictly, pH
measures hydrogen ion activity not concentration so that an activity coefficient
correction is required. However, in nonsaline solutions of moderate pH this
correction is not large.

Adsorption of sodium hydroxide on oil-free Ranger-zone sand at 20°C is
shown in Figure 18. Because hydroxyl and hydrogen ion concentrations are never
independent, the adsorption in Figure (16), T, is actually the difference between
hydroxyl ion adsorption (I'STOH- - Iy+) and not the hydroxyl ion adsorption alone.
Further, T is measured relative to water of pH seven as hydroxyl ion concen-
tration in water is always finite. Experimental data in Figure 18 include those
obtained after reflushing the column to neutral pH thus indicating reversible
caustic adsorption at ambient temperature. The alkali adsorption loss given
in Figure 18 falls in line with other reported reservoir data (32). However,
Figure 18 shows the strong influence of hydroxyl concentration.

The elution curve also gives information on adsorption kinetics. For
simple external mass transfer controlled adsorption in the linear Henry law
isotherm region, Thomas' analytical solution is applicable (33). Figure 19
compares the experimental caustic elution curve to the theoretical calculation
with the mass transfer coefficient estimated from the work of Tiedemann and
Newman (34). Clearly external mass transfer (and/or axial dispersion) cannot
explain the observed spread and additional resistances must be considered.

The most likely, but unexpected, candidate is an internal particle mass transfer
resistance suggesting porous solids in the Ranger-zone sand. This possibility
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2 -
js strengthened by the high specific surface area of this sand (ca. 7 m gram 1

by nitrogen BET) with particle sizes betwecen 10 and 100 um.

Considerable evidence indicates that caustic loss increases dramatically
as a function of temperature (35). This work is pursuing both the kinetic and
equilibrium aspects of the temperature dependence of alkali loss using frontal-
analysis chromatograph.

TABLE 1. Ranger-zone Core Floods

Test Condition ¢ ;; Swi Soi Erw ErC
Al Native .35 - .24 .25 0 0
A2 Resat. .36 460 .26 .74 .46 .66
B1 Native .39 - .40 .24 0 0
B2 Resat. .40 430 .43 .57 .27 .37
C1 Resat. .27 65 .43 .57 .51 .82
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NOMENCLATURE

a, A constants in Equation 8.

Langmuir adsorption constant

az solid surface area, mzlg

A cross-sectional area, m

b, B constants in Equation 8

bL Langmuir adsorption constant

c concentration, moles/liter

g reduced concentration, c//E;

Ca dimensionaless Capillarynumber, uu/@oy
Dd drop diameter, m

<Dp> average pore diameter, m

E., waterflood recovery efficiency

Ere chemical recovery efficiency

fi inlet emulsion volume fraction

ﬁg fractional flow of water

h film thickness, m

H Henry adsorption constant, m
kysky,k-1,k-2 reaction rate constants, sec”

kr relative permeagility

K permeability, m

KA acid dissociation constant, moles/liter
KD distribution coefficient

Kv -water dissociation constant, molesz/liter2
L core length, m

m mass of solid kg

M molarity

Ng - centrifugal force (number of gravities), kgm/sec2
n,p constants in Equation (2)

o/W 0il in water

Q volumetric flow rate, m3/sec

R drop radius, m

S saturation, volume of fluid/void volume
t time, sec

t* reduced time, t(k;1+k2)

u superficial velocity, m/sec

B-2/14



S
=<

SuHscrints
1

2

c

f

i

ir

min

(o]

or
out

8 X = n

water in oil

reduced axial coordinate, x/L

reduced o0il volume, KDA/V1

reduced water volume HA/KDV2

oil-water interfacial tension

caustic adsorption (TbH - Ty, moles/m2

(1-4) o T

¢ Sw Ky

reduced surfactant adsorption-at the oil-water interface

reduced caustic adsorption,

reduced initial interfacial tension, equation 9
two-dimensional void fraction

reduced rate constant, k-1/(k-1 +kj)

reduced filter coefficient

viscosity, cp

density, kg/m3

local oil retention, o0il volume/bed volume

pore volumes injected or dimensionaless time, ut/¢OL
reduced residence time

bed porosity, void volume/bed volume

Superscripts
oil phase 0 end point
water phase ~ reduced
critical * reduced
front
inlet or initial
irreducible
minimum

oil or initial
residual oil
outlet

solid

water

axial position
infinity
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Figure 13,

Reduced interfacial tension versus logarithmic reduced time.
Decreasing £ corresponds to an increasing aqueous volume for
a fixed oil drop size.
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Permeability reduction due to emulsion flow at varying Capillary
numbers .
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