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ABSTRACT

The extent of caustic reaction with silica at elevated
temperatures was investigated under static and batch conditions
in fired Berea cores. Significant progress has been made but the
ultimate pH which can be perpetuated through the reservoir in a
solution buffered with dissolved silica has not as yet been
established as a function of the many fluid and reservoir

properties which determine that PpH.

Displacement experiments have shown that pH in excess of 11
will recover waterflood residual oil for specific Long Beach
crudes. Recoveries at pH less than 11 may be obtained with
buffered solutions containing carbonates in addition to

silicates.

The measurement of relative o0il and water permeabilities at
elevated temperatures and reduced interfacial tensions has been
completed and the results are summarized. Increasing temperature
at normal interfacial tensions gives relative permeabilities
which appear characteristic of more water wet systems. Decreased
interfacial tensions, on the other hand, give results which shift
the crossover points in a direction indicating less water
wettability. The combination of temperature and interfacial
tension reduction results in various shifts in the observed
relative permeabilities measured. The results of these relative
permeability measurements have been correlated for use in

reservoir simulators.



The development of the chemical steam stimulators continues.
Although this is proving to be, as anticipated, a complicated

problem, progress is being made.
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INTRODUCTION

Although the interest in surfactants has not been abandoned,
much of the effort this year has been devoted to the
investigation of various caustics as steamflood additives. These
have included sodium hydroxide, sodium carbonates and sodium
silicates. To date the silicates have been generated in situ
from the interaction between caustic and silica. The high pH
sodium hydroxide solutions react with reservoir rock silica. The
nature of this reaction has been investigated both experimentally
and theoretically:. The results of these studies are included in

the first portions of this report.

High pH solutions have been used in hot water floods with
Wilmington crudes. These data have shown that residual crude oil
can be moved at pH's in excess of 11. Total alkalinity appears
also to be an important concept. The more buffered solutions

have proven more effective in recovering oil.

The final portions of the report are devoted to the
measurement of relative 0il and water permeabilities at steam
temperatures and reduced temperatures. The particular
contribution this year was the measurement at both high
temperature and reduced interfacial tension. These data have not

appeared in the literature previously.

Finally the available data were correlated for use in the
chemical-steamflood simulator. Progress on the simulator has

improved significantly, but results are not as yet available.



I. CAUSTIC CONSUMPTION

Caustic consumption was evaluated both experimentally and
theoretically. The experiments were of two types - - dynamic
experiments in Berea sandstone cores and batch experiments with
disaggregated Berea sandstone. The theoretical investigations
were restricted to the kinetics of solution for batch processes

at temperatures somewhat in excess of room temperature.
A. Experimental Studies

An experimental study of caustic consumption in fired Berea
cores was completed for temperatures from 80°C to 180°C and for
caustic concentrations from 0.01 to 0.1 N. The results of these

experiments have been reportedl.

Quartz goes into solution as a silicate. The reactions

which result in the different silicate species are

510, (quartz) + 2H30 ----> Si(0H) 4 (1)

xSi (OH) 4 (aq) + yOH™ "'*>Six(OH)4x+yY‘ (2)

Depending on temperature and solution pH these reactions result
in a certain concentration of monomeric and multimeric silicates.
The only data available are from potentiometric studies of
silicate solutions at elevated temperatures by Busey and Mesmer?.

They found the equilibrium constant of the reactions of Si(OH) 4



with OH™ ion for generation of SiO(OH)3 and Si04(0H) 52~ and

polyanion Si406(OH)62" at temperatures as high as 290°C for 1 M
NaCl media. Using their data on equilibrium gquotients and Van

Lier's equation for solubility of quartz in water one obtains3

log C = 0.151 - 1162 T3 ' (3)

absolute temperature, °K

=
i

@]
I

Si(0H) 4 concentration, moles/liter

with this equation along with the ionization constant of water at
different temperatures, we can generate the distribution curves
of silicate species at different temperatures. Note that in
presence of solid silica one can assume a constant concentration

of silicic acid. The curves for 200°C are shown on Figure 1.

Two factors control pH as a function of distance in the
reservoir. The first of these is ion exchange. Na% exchanges
with HY in solution. The second is the reaction of the OH” with
810, in the sequence of reactions discussed above. The ion
exchange reactions result in a chromatographic lag in the advance
of the pH front. The silicate reaction results in an overall

decrease in pH which should tend towards an equilibrium value.

B. Ion Exchandge Isotherms

High flow rate experiments with different caustic injection
concentrations were conducted at temperatures of 80°, 100°, 150°

and 180°C., An effluent hydroxide concentration versus time curve



was generated for each experiment. The amount of ion exchange
was calculated by integrating this curve. Figure 2 shows ion
exchange isotherms for tested temperatures. The shape of the
curve suggests a Langmuir type isotherm, An increase 1in

temperature causes an increase in the amount of ion exchange.

The effect of salt concentration on ion exchange was
investigated at higher temperature (180°C) by injecting caustic
solutions into the core made with three different brine solutions
at concentrations of 5,000, 10,000, and 20,000 ppm. The core
sample was saturated with brine of the same concentration as that
used to prepare the caustic solution. The results are shown on
Figure 3. One can see a qualitative decrease in the amount of
ion exchange with an increase in salt concentration although the

data are scattered.

During caustic flow two trends are always seen in flow
experiments. First, hydroxide ion exchange breakthrough 1is
delayed due to ion exchange and, second, the produced hydroxide
ion concentration stabilizes at a level lower than the injection
concentration. The difference between the effluent final
hydroxide concentration and the injection concentratipn is caused

by the silica dissolution reaction.

Flow experiments have been conducted for three injection
concentrations. For every injection concentration the effect of

temperature and flow rate as well as the presence of clay



minerals in the porous medium have been examined. Figures 4 and
5 show the result of this set of experiments for injection
concentration of 0.1 N (pH=13). Figure 4 shows that an increase
in temperature from 150° to 180°C shifted the final pH value from
12.65 to 12.00. This shows that an increase 1in temperature
causes more dissolution. The effect of flow rate has been
evaluated by conducting experiments at rates of 5.0, 1.0, and 0.5
ft/day for 180°C. Figure 5 shows the results of these
experiments for injection concentration of 0.1 N. A decrease in
the rate from 5 to 1 ft/day shifted the plateau from a value of
12.69 down to 12.25. At a rate of 0.5 ft/day the final pH
plateau is 12.00. The results indicate that when the rate is
decreased, the increased contact time between the caustic and

rock results in more rock solution and corresponding lower pH's.

The rate of dissolution can be evaluated by plotting the log
of hydroxide concentration versus time. A semi-log plot of the
final hydroxide concentration plateau as a fraction of initial
hydroxide concentration versus residence time has been generated
for 180°C and three different caustic initial concentrations of
0.1, 0.0316 and 0.01 N. This plot is shown on Figure 6. This
figure shows that for the lower injection concentration the data
points can be approximated by a straight line. The plot also
shows that there is a larger slope or higher rate of dissolution

for the higher injection concentrations.

A series of flow experiments were conducted with the

injection concentration of 0.1 N at four different temperatures



to investigate the effect of temperature on rate of dissolution.
The results are presented on Figure 7. These experiments showed
that the higher the temperature the bigher the rate of

dissolution as would be expected.

C.Kinetics of Silica Dissolution

A mathematical model describing the kinetics of silica
dissolution was developed and tested for a batch process. We
considered the dissolution mechanism to occur in two elementary
steps, one involving the rapid formation of a complex (adsorbed
silicic acid on the silica surface), and a slower rate-
determining step that governs the partition of the complex
between the silica surface and the solution. In the absence of
subsequent reactions of silicic acid in solution, the

mathematical model is formulated as follows:

dnA _

dCB

- = [KznA - KlCA(nO - nA)] - (5)
dt A

Where:

A = total silica surface (L2)

C = total dissolved silica (moles/L3)

Cp = silicic acid concentration (moles/L3)

K = kinetic constant (time“l)



n. = number of available sites (m/L2)

V = volume of solution (L3)

Wwhen hydrolysis and ionizatibn reactions are considered, the
above equations are supplemented by a set of thermodynamic
equilibrium conditions involving the various ionic species. For
Equation (4) being the fast step we have

dnp
dt

=0

which further implies

KaK
- 2301
1 Ca

——————————————————————————————————— (6)

Ky + K3 + Ky

Equation {(6) was solved analytically to determine the equilibrium
value Cp, = KK 4/K3K; and the kinetic constants Ky, Ky, K3,‘
K4. Comparison with experimental data that report equilibrium
values for Cp and np resulted in the following kinetic constants
at room temperature:4

0.2623 (day™ 1)

If

Ky = 3.49 (day™ 1) K

Il

1.3355 (day~ 1) Kg = 0.6975 (day™1)

K2

We next considered the effect of the pH of the solution on
the rate of dissolution and consumption. We examined the
subsequent hydrolysis and ionic reactions of the silicic acid in
solution following the equilibrium reaction scheme proposed by
Southwick®., A general mathematical model was developed for the

silica dissolution in a batch reactor. Seven hydrolysis and



jonization reactions were considered. The model was solved
numerically using the reported values for the equilibrium
constants of the hydrolysis and ionic reaction at room

temperature. The following conclusions were reached:

1. Total dissolved silica increases with time, original pH level
and number of active sites. It generally decreases with an
increase in the number of the ionization reactions in solution.
Typically, one ionization reaction predominates at lower PpH,
while two ionization reactions are sufficient at higher pH

levels.

2. The time required for equilibrium increases significantly as

the original pH level increases.

3. The equilibrium concentration is equal to K9K4/K3Kj. However,
the time required for equilibrium is very sensitive to the

variation in the ratio ngA/vV  (Fig. 8).

4, sSignificant reduction of the original pH level occurs as the

system approaches equilibrium.

Typical numerical results for several runs are shown in
Table 1 for a dissolution process at room temperature.

The above model can be used to determine the effect of
temperature on the kinetic constant, by comparison with
experimental results at higher temperatures. If one uses
previously reported correlations for the variation of the

equilibrium constants of the two dominant ionization reactions



with temperature,6r7 the following values for the Kkinetic
constants at T = 150°C available equilibrium data at higher
ltemperaturesl are matched approximately (in parentheses are the

values obtained at 24°QC).

Kq
Kl T e e i ——— — = 0.2(1-5)
K2 + K3 + Ka
KKy
K" = ccmcete e = 8(0.404) (day"l)

Typical values for the equilibrium hydrogen ion
concentration, the total dissolved silica and the time required
for equilibrium are shown in Table 2 and in Figures 9 and 10 as a
function of the original pH level and the number of ionization
reactions considered. It should be mentioned that the
equilibrium time was determined as the value beyond which
relative changes in the silicic acid concentration become smaller
than 1073. It is noticed that at elevated tempefatures, total
dissolved silica and caustic consumption increase, particularly
at low pH levels. A significant reduction in the time required
for equilibrium was also observed.

A complete study of the effect of temperature on the kinetic
constants is still in progress. It should be pointed out that,
since present pH electrode technology does not allow for accurate
pH measurements at high temperature, the available experimental
data to date have been collected by measuring the pH of the
solution after it has been cooled to room temperature. For a
meaningful quantitative study of the effect of temperature on

silica dissolution it is, then, necessary to adjust the available



experimental results to the respective values corresponding to
higher temperatures. This process can be readily implemented if
the temperature dependence of the equilibrium constants is knownt
and provided that the total amount of dissolved silica remains
constant. The validity of the latter hypothesis is guestionable,
as during the cooling period some dissolved silica is expected to

precipitate from the solution.

II. O0il Recovery from Alkaline Hot Water Floods

Effectiveness of alkalies such as Na)»SiO3 and Na2C03 in
recovering oil were compared with results obtained earlier with
NaOH. Results from core floods were evaluated with respect to
recovery efficiency, water-oil ratios and alkali consumption.
The results of the flood experiments are summarized on Table 3.
On this table the symbols are:

Epc = recovery efficiency after high temperature

SOi

(100) %

Egr = recovery efficiency of residual oil =

(100) %
SOorw
Epw = recovery efficiency after high temperature
waterflood

Soj = initial oil saturation

10



Ll

So

re observed residual o0il saturation after high temperature

alkaline flood.

So

rw observed residual o0il saturation after high temperature

waterflood

A summary of the data in this table follows.

A. Caustic Floods

Runs #1 and #2 were performed at 52°C. Injection pH's for
these two runs were 13 and 12.8, respectively. Run #3 was
performed at 1259C with an injection pH = 13. Tertiary flood
rates were 5 ft/day for runs #1 and #2 and 7 ft/day for run #3.
Run #1 recovered 37 percent of the residual oil. Recoveries for
runs #2 and #3 were similar (32 percent). An increase in pH
occurred after 0.76 pore volumes of caustic injection. A plateau
of 12.74 was obtained. For run #3, when no more residual oil was
being recovered, the flood temperature was increased from 125°C
to 180°C in 24 minutes. Five pore volumes of caustic were then
injected at 180°. No additional o¢il was recovered and the
effluent pH decreased from 12,74 to 12.46 at 180°C. No pressure
buildup was observed across the cores. Recovery reported as
fraction of oil-in-place for runs #1 through #3 and effluent pH
are plotted versus total pore volumes injected on Figures 11l and
12. The water-o0il ratios at the time of 0il production dropped
to 5.5 and 6 for runs #2 and #3, respectively. Water-oil ratio

plots.for run #2 and for a run at 180°cll are given on Figure 13.

B. Sodium Metasilicate Floods

11



Runs #4 through #6 investigated the effectiveness of using
sodium metasilicate to recover residual oil after hot
waterflooding. These runs were carried out at 180°C. In run #4
no oil recovery was observed at an injection pH = i2 and at a 2
ft/day tertiary flooding rate. When the pH was changed to 13,
30.4 percent of the residual oil was recovered (run #5). In run
#6, flood rate was increased to 7 ft/day. For injection pH = 13,
40.7 percent of the residual oil was recovered. NO pressure
buildup was observed across the cores. For run #4 effluent pH
reached a value of 11.2 after 10 pore volumes of silicate
injection.

An increase in pH occurred after 0.75 and 0.33 pore volumes
injection of the silicate solution for runs #5 and #6. The pH
plateaus were 12.55 and 12.75, respectively. Recovery as
fraction of oil-in-place and effluent pH for the above three runs
are plotted versus total pore volume injected on Figure 1l4. The
water—-oil ratios dropped to 6.4 and 5.8 at the time of oil
production. For runs #5 and #6 oil recovery took place at lower
WOR's compared to the run using caustic under the same
experimental conditions. The WOR curve is shown on Figure 15.
No salt was added to the alkaline solutions for runs #4 through

$#6.

C. Sodium Carbonate Floods
Runs #7 through #9 investigated the effectiveness of sodium
carbonate on residual o0il recovery after hot waterflooding at

180°C. In run #7, 13.3 percent of residual oil was recovered at

12



pH = 11.25. The flood rate was 2 ft/day. pH was increased to
11.45 in run #8 and as a result 18.3 percent of the residual oil
was recovered. In run #9 flood rate was increased to 7 ft/day
and the injection pH was kept at 11.45. 31.5 percent of the
residual o0il was recovered. For run #7 the injection pH was
11.25. No increase in pH occurred until 1.35 pore volumes of
sodium carbonate were injected. The maximum obtained in the
effluent was 10. In run #8, an increase in pH occurred after 1
pore volume of injection. In run #9, an increase in pH occurred
after 0.7 pore volume injection. pH plateau values were 10.1 and
10.25 for runs 8 and 9, respectively. Recovery as a fraction of
oil-in—-place and the effluent pH for the above three runs are
plotted versus total pore volume injected on Figure 16. Water-
0il ratio dropped to 19, 6 and 7.4 at the time of tertiary oil
production for runs 6 through 8. 0il production took place at
higher WOR's compared to floods using caustic at the same
experimental conditions. WOR curves for runs #7 through #9 are

shown on Figures 17 and 18. No salt was added to the alkaline

solution for runs #7 through #9.

D. DISCUSSIONS

Interfacial tensions between alkaline solutions and the Long
Beach acidic crude ©0il increased with increasing temperature.
This is due to more complete extraction from the interface at
higher temperatures of the surfactant formed from the reaction of
the acidic components in the 0il with the hydroxide ion in the
alkaline solution. This extraction procéss is discussed in terms

of the role of desorption by Ramakrishnan and Wasan 9 who have

13



proposed the following desorption kinetics for caustic crude oil

system:

'dnA— W

T ko(np) exp (- —ﬁi—)

This effect of temperature on the desorption rate seems to be
higher for caustic than sodium metasilicate and sodium carbonate
solutions. For this reason, at higher temperatures the same
values of IFT can be obtained for lower pH values of sodium
metasilicate and sodium carbonate when compared to those obtained
for caustic. The values reported in this study are non-
equilibrium IFT values but the equilibrium values are even
higher. We observed this in IFT measurements with the spinning
drop method.

Useful alkalinity of the alkaline solutions, which 1is
important to the success of the oil recovery process, decreases
through consumption and ion exchange with the rock and reservoir
fluids. These losses are higher at higher temperatures. As a
result, IFT inside the core is not constant.

Presence of higher IFT's and consumption of alkalies at
higher temperatures make emulsification and entrainment and/or
emulsification and coalescence possible recovery mechanisms.
Although shear rate and interfacial tension are important
parameters, viscosity ratio of the continuous and discontinuous
phases is an important factor, also. Our estimates of viscosity
ratios at temperatures of 52, 125 and 18Q°C are 64, 8.6 and 2.8,
respectively. Ease of emulsification increases as the ratio

decreases. Since at higher temperatures the viscosity ratio

14



decreases, floods at higher temperatures may yield satisfactory
recoveries due to the greater ease of emulsification.

No recovery of the residual oil took place using caustic at
pH = 13 for a tertiary flood rate of 2 ft/day at 180°C. 18
percent recovery of the residual oil was observed when 20,000 ppm
salt was added. On the other hand, floods at 2 ft/day recovered
residual o0il using sodium metasilicate and sodium carbonate. No
salt was needed for these two alkalies. Although 0il recovery
obtained from sodium carbonate is lower than that with sodium
metasilicate at 180°C, recovery took place at lower pH values
than those required for sodium metasilicate.

Consumption of these alkalies is a strong function of
temperature and flood rates. For high tertiary flood rate (7
ft/day) at 180°C, 56, 35 and 6 percent of the initial OH™ icn was
present at the effluent for sodium metasilicate, caustic and
sodium carbonate, respectively. These values dropped to 30, 10,
and 5.6 percent when the rate was decreased to 2 ft/day.
Injection pH was 13 for sodium metasilicate and caustic. For
sodium carbonate it was 11.45. No matter what alkali was
injected, o0il was produced with the injected chemicals and no

significant o0il bank was formed.

ITII. Relative Water and 0il Permeabilities at Elevated

Temperatures and Low Interfacial Tension

Steady-state imbibition and drainage relative permeabilities

for high and low tension systems were obtained experimentally on

15



fired Berea sandstone at temperatures from 220C to 175°C.10 A1l
experiments were conducted at 300 psig fluid pressure and 650
psig overburden pressure. The core and fluid properties and
summary of experimental results for high and low tension systems
are given in Tables 4 and 5, respectively. for the low—tension
system, the o1l was n-dodecane with a surfactant solution of 0.2
wt.percent. Petrostep 465 in 1 wt.percent NaCl brine was used as
the aqueous phase. The two phases were equilibrated prior to
experiment. Steady-state experiments were conducted using an
experimental procedure discussed in an earlier report. Both
imbibition and drainage relative permeability curves were
generated to investigate the hysteresis effect. Relative
permeabilities were calculated based on the absolute permeability
of the core. Experimental results on the combined effects of
temperature and interfacial tension on residual saturations and

relative permeability curves are discussed in the following

sections.

A. Irreducible Water Saturation

Irreducible water saturations obtained at different
temperatures are shown in Figure 19. These saturations were
established by injecting 50 pore volumes of oil at 120 cc/hr.
For the high-tension system, irreducible water saturation
increased from 28 percent pore volume at 229C to 38 percent at
175°9C. Upon increasing oil flow rate to 200 cc/hr, no more water
was produced at low temperatures. At high temperatures, the

additional water produced was less than 1 percent pore volume.

16



In addition, the irreducible water saturation obtained at the end
of the drainage cycle for steady-state experiments at any
temperature was within 0.5 percent pore volume of the S...,
established by oil flood. This indicates that capillary end
effect was not significant for the system and that the observed
increase in irreducible water saturation with temperature was not
due to changes in viscous forces only as reported by Sufi et
al.ll The increase in Swi with temperature suggests an increase
in water wetness of the sandstone with increasing temperature.
For the low—tension system, the changes in Sy with
temperature were not significant, but, at all temperatures,
irreducible water saturation for low tensions were lower than
those at high tensions. This suggests that the increase 1in
temperature and decrease in IFT have opposite effects on Syjr-
Increasing temperature, increases S,;, but lowering of IFT
decreases Syjr- Therefore, it is speculated that the irreducible
water saturation in the low-tension system at elevated
temperatures is controlled by the IFT level and wettability

changes due to temperature.

B. Residual 0Qil Saturation

Residual o0il saturations obtained at the end of the steady-
state imbibition cycles are plotted vs. temperature on Figure 20
for both high- and low-tension systems. S, decreased with
increasing temperature for both systems but the reduction was
much greater for the low-tension system. Residual o0il saturation
decreased from 33 percent PV at 22°C to 25 percent at 175°C for

the high-tension system. The reduction for the low—-tension
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system was from 23 percent at 279C to 2 percent at 1759C., The
large decrease in the S, for the low-tension system is mainly
caused by the reduction of interfacial tension with increasing
temperature (0.187 mN/m at 27°C to 0.015 mN/m at 175°¢C).
Increasing temperature and decreasing IFT both favor reduction of
residual oil. A significant reduction in S,,. was observed at IFT
values less than 0.117 mN/m corresponding to temperatures above
100°C) showing a synergistic effect of temperature and
interfacial tension in mobilizing residual oil. This is also an
indication that S, in water/oil system can be greatly affected
by IFT values less than 101 mN/m at elevated temperatures.'
Residual oil saturations obtained by unsteady-state displacement
experiments given in Table 6 are slightly higher than those of

the steady-state.

C. Relative Permeability Curves

The relative permeability curves for the low—tension system
at different temperatures are shown in Figure 21. Relative
permeability to both phases, at a given saturation, increases
with increasing temperature up to 100°C. Above 100°C relative
permeability to oil still increases while relative permeability
to water decreases in the middle range of saturations. Relative
permeability to water at residual oil saturation is still higher
for higher temperatures. A possible explanation of the decrease
in k,, at temperatures above 100°C could be the change in
wettability of the rock as indicated by the shift in the

crossover point toward higher water saturations. Increase in

water-wetness opposes the effect of reduced IFT on relative
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permeability to water. Comparing the relative permeability
curves for high- and low-tension systems at a given temperature,
it can be shown that relative permeability to both o0il and water

increases as the interfacial tension decreases.

D. lati bili .
Water/o0il relative permeabiltiy ratios for low-tension

systems at different temperatures are shown in Figure 22.

K k decreases with increasing temperature at a given

rw/ ro

saturation.
E. Hystersis Effect in Relative Permeability Curves

Hystersis was observed in relative permeability curves for
both wetting and nonwetting phases at low tensions and elevated
temperatures as shown in Fiqures 23 and 24. The effect appeared
to be more pronounced for the nonwetting phase (0il) at any
temperature. The hysteresis effect was more significant at lower
temperatures and higher IFT's and decreased with increasing
temperature and decreasing IFT. The effect disappeared at 175°C
for the low-tension system. Secondary drainage relative
permeabilities were lower than imbibition relative permeabilities
for both o0il and water. However, first drainage relative
permeabilities (starting with a 100% saturated core) were higher
than imbibition values (Figure 23). Hystersis between imbibition
and secondary drainage was more pronounced at lower water
saturations while the reverse was true for hysteresis between

first drainage and imbibition relative permeabilities.
F. Summary of High Temperature and Low Interfacial Tension Results
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Experimental results for the low-tension system indicate

that with increasing temperature (decreasing interfacial tension)

a) The relative permeability to oil increases at a given

saturation. |
b) The relative permeability to water inCreases in a temperature
range up to 100°C. Above 100°C, k,, decreases in the middle
range of saturations, possibly due to wettability alteration, but
it is still consistently higher at S5, for higher temperatures.
¢) The water/oil relative permeability ratio decreases while the
curve shifts towards higher water saturations.
d) The residual o0il saturation decreases significantly due to
very low IFTs.
e) The irreducible water saturation does not change
significantly, probably due to opposite effects of temperature on
interfacial tension and wettability of the system.
The reduction of interfacial tension with temperature (0.19 mN/m
at 22°C to 0.015 mN/m at 175°C) and the change in wettability of
the rock (indicated by the shift of the crossover point of the
relative permeability curves) are mainly responsible for the
above results.

Comparison of the results of low-tension system with those
of a high-tension system (reported earlier) shows that at a
certain temperature, with decreasing IFT, the relative
permeability to both oil and water increases, while both the
irreducible water saturation and the residual oil saturation

decrease. This is mainly caused by the reduction of capillary
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forces at lower interfacial tensions.

Hysteresis between imbibition and drainage relative
permeability curves was observed for both high- and low-tension
systems at all temperatures. The effect decreases at higher
temperatures and lower IFTs. Hysteresis was absent at 1759C (IFT

of 0.015 mN/m).

IV. Simulation of Steam-Surfactant Flooding of a Petroleum

Reservoir

Empirical correlations of relative permeability data at
elevated temperatures and at both high and low interfacial
tensions are required for the steam-chemical simulation model.
These correlations have been developed to fit the data of
Torabzadeh and Handylo.

Relative permeability functions can be generated using the
residual saturations. The general relationship has been found by
almost all investigators to be exponential in a 'normalized’
saturation which, however, has been defined in several different
ways. The important idea in modeling relative permeabilities is
to replicate the end-point permeabilities as accurately as
possible, and to approximate the region in between with standard
mathematical functions.

End point relative o0il permeability was correlated against
the residual water saturation and the mobile water saturation

range, S =1 - The latter two parameters closely

wm Sor = Swr-
represent the nature of the system:

1. For ideal system (low IFT, high temperature), S, approaches
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a very small nonzero value €, and Syp approaches 1 - ¢. The
relative oil permeability approaches 1.

2. For the high tension system, with increasing temperature, Syr
increases and S, decreases. However, for the system we studied,
Swm decreases due to a smaller decrease in Sgy with temperature.
The relative o0il permeability 1increases with increasing
temperature.

3. With increasing temperature, S, increases then decreases 1n
the low tension region, and for the system we studied, Syp

increases due to a significantly strong decrease in S, with IFT.

The relative oil permeability increases with decreasing IFT.

Thus, the end point relative oil permeabilities are directly
related to residual saturation valués and the mobile water
saturation. The end point relative water permeabilities could
also be similarly correlated, but they are more complex.to
relate. Increasing temperature and decreasing IFT have opposing
effects bn this paramter. A‘better relationship would be to
correlate the end point relative oil to water permeability ratio,
which reflects’the wettability of the system and is, therefore,
predictable with more certainty. From a theoreticai standpoint,
this ratio should decrease with increasing watef wetness, i.e”‘
with increasing temperature. Thus, the end point relative
permeability ratio cansalso be correlated as a function of Syy
and S, . The equations used for fitting the end point relative
permeabiiities are as below: ‘

_ V W
kro(swr) - Uswrswm

Y 2
Kro(Syr) /kry(Sor) = XSyrSum
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Table 7 shows the results of the regression analysis carried out
uéing the data of Torabzadeh and Handy.lo The fit is quite
satisfactory for most practical applications.

To generate the intermediate relative permeability values
and the curvature of the permeability versus saturation

relationship, we found it entirely staisfactory to use the

following model first proposed by Chierici:1?
* **_..N
Ky = exp (-MSy )
* *

kKro = exp (-PSy )

where M, N, P, Q are constants, and
*

krw = Krw/kprw(Sor)
*

kKro = kro/kKpo{Syr)!
* %
Sy = (Sy - Syp)/(1 = Sgr - Sy

* %
Note that S, unlike the 'normalized' saturations used elsewhere,

has a value from 0 to ®. This kind of relationship implicitly

satisfies the end points:
* %

*
(1) At S, = S Sy = 0, and kyy = € = 0, implying that k., =

w wLf

0, which is the condition desired.

*x &

1.0-Sgrr Sy = and kyy = exp(-M ~Ny = 0

(ii) At s =1,

implying that k:w = krw(Sgr)s which is the condition desired.
Similar conclusions can easily be verified for oil relative
permeability at the end points.

The correlations obtained using this model agree very well
with experimental daﬁa. Table 8'outlines the results. There are
no universal M, N, P, Q constants; they very with each case

considered. A close look at the variations in these constants,

M, N, P, Q shows that they exhibit some sort of maxima/minima as



a function of IFT and temperature and do not follow any
simplistic correlatable behavoir. The data from Torabzadeh and
Handy2 show that the trend in the shift of the relative
permeability curves with decreasing IFT and increasing
temperature is not unidirectional. To suitably decipher and
simulate the behavior of the complex interaction of temperature
and interfacial tension, the combined effects of these two
independent variables on relative permeabilities need to be
studied in greater detail for a wider variety of systems. To
conclude from a single study could be quite erroneous.

For the same reasons, correlations that use the capillary
number, or IFT[‘O: residual saturations, or combinations of
these, fail to duplicate the relative permeability curves with
acceptable accuracy. The results obtained using one such
correlation by Amaefule et al.? resulted in curve fits with an
error of almost 70-80%, with certain values in the ultralow
tension and high temperature range, yielding errors in excess of
250¢%.

The simulation model has reached the stage where all the
routines worked together for the case of no fluid injection and
no fluid production. This indicates that all the routines work
satisfactorily, the matrix is set-up and solved correctly and the
material balance equations have been properly developed and
implemented. Testing has begqgun for fluid injection and
production. The errors encountered in this portion of the
simulator are generally more complex than those encountered in

the no injection—no production case.
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Table 1

Equilibrium Concentration of [H'] and Total Dissolved

Silica as a Function of pH

Total Dissocolved Equilibrium Concentration Time

Silica (moles/l1lit) of [H*](mole/lit)
9 1.32424x1074 4.129607x1079 34
10 2.004216x40~4 4.130569x40710 40
11 8.813080x10™4 4.118146x40711 92
11.5 2.523015x10~3 1.308572x10711 320
12.0  7.687502x1073 4.104911x10°12 626
12.5 2.388777x1072 1.273x10712 1568
13.0 7.151269x10~2 3.998928x10°13 4720
T = 24°C .
K' = 1.53
K" = 0.404 (day~ 1)
A2 _ 90.0 ug/m
v
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Table 2

Equilibrium Concentration of (gt1 and Total

Dissolved Silica as a Function of pH

Original Number of

pH Reactions
Considered

13.5 1

13 1

12.5 1

12 1

11.5 1

11 1

13.5 2

13 2

12.5 2

12 2

11.5 2

11 2

T = 150°C

K' = 0.2

K" = 8 (day~1)

522 = 90.9 ug/m

\'

and Number of Reactions

Total
Dissolved

Silica

(mole/1)

0.2864051
9.230293x1072
3.091952x1072
1.150841x1072
5.370078x1073
3.428974x1073
0.1778490x10~2
2.315930x1072
2.299180x1072
9.731996x1073
5.048601x1073

3.383475x1073

28

Equilibrium
[H] (mole/l)

3.090884x10711
9.776351x10711
3.091675x10710
9.776740x10710
3.091681x1079
9.776676x107°

2.260018x10710

4.2547702x10710

8.363627x10710
1.766838x1079
4.153302x1079

1.103967x1078

Time
(day)

98
38
18
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TABLE 7 : Coefficients for End-point Relatfve Permeabilities
FOR COEFFLCIENTS RES. SUM ST.
OF SQUARES DEV.
kro(swr) U=2.3136, V = Q.49684, W = 0.53469 0.03269 0.0361
= = - Z =9 -2 -
SNCUR VS X = 0.12423, ¥ = -0.88298, Z = -3.4126 0.20669 0.0982
TABLE 8 : Coefficients for Relative Permeabilities
T IFT M N p Q . RES. SUM OF SQUARES
WATER OIL
22 33.6 0.862550 0.719850 1.320100 0.465620 0.2049E-04 0.2038E-02
51 33.2 1.263844 0.679430 0.975609 0.675500 0.9590E-04 0.3555E-02
100 30.3 1.487805 0.921840 0.900854 0.711040 0.7224E-04 0.5524E-03
150 24.7 1.895688 0.886160 1.031071 0.682590 0.4178E-04 0. 1475E-02
175 20.4 1.668699 0.550060 0.881612 0.599080 0.3690E-03 0.6195E-02
21 0.187 1.573349 0.468350 2.557017 0.821530 0.2449E-03 0.5211E-02
51 0.165 1.411201 0.492470 2.055394 0.914590 0.2853E-02 0.9666E-02
100 0.117 0.669958 0.867850 0.716122 0.660820 0.2322E-02 0.6844E-02
150 0.050 1.012500 0.732370 0.688937 0.6T70450 0.1355E-01 0.4804E-02
175 0.015 1.436809 0.643660 0.704069 0.643220 0.3232E-01 0.6827E-02
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HYDROXIDE CONCENTRATION, C/C,
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Figure 6 Log of fraction of hydroxide concentration vs. residence time for
three different initial caustic concentrations, 0.0, 0,316, and
0.1 N at 180°C for fired Berea samples
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Figure 10 Total dissolved silica vs. original pH for different
temperatures
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WOR
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 oTemperature = 52°C —
— Alkaline Solution: NaOH, pH=128, ]
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|
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102]_ | f |
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Fraction of Oil-in-Place Recovered

Figure 13 Comparison between WOR curves for caustic floods at
52°C and 180°C
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WOR

= ] l l l I | -
— Temperature = 180°C -
— Alkaline Solution: N025i03, pH=13, B
B O ppm Salt ]
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Figure 15 Comparison between WOR curves for sodium metasilicate
floods at two different tertiary flood rates at 180°C
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Figure 17 Comparison between WOR curves for sodium carbonate
floods at different tertiary flood rates at 180°C
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Figure 18 Comparison between WOR curves for sodium carbonate
floods at different injection pH's at 180°C
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Irreducible Water Saturation,
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Figure 19 Irreducible water saturation vs. temperature
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Figure 20 Steady-state residual oil saturation vs. temperature
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Figure 21 Steady-state imbibition water—oil
relative permeability curves at
elevated temperatures (low-tension)
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Relative Permeability Ratio, Krw / Kro
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Figure 22 Water/oil relative permeability ratios
at elevated temperatures (low-tension)
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Oil Relative Permeability, Kyq

1.0 T
08
T=100°C
06 o=0N7/mN/m
o Ist Drainage
04 o Imbibition
a 2nd Drainage
02
00 L
Q0 02

Water Saturation, Sy

Figure 23 Hysteresis effect on relative permeability curves
(T=100°C, 0=0.117 ‘mN/m)
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Figure 24 Hysteresis effect on relative permeability curves
(T=175°C, 0=0.015 mN/m)
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