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A REVIEW AND STATISTICAL ANALYSIS
OF MICELLAR-POLYMER FIELD TEST DATA

SUMMARY

A statistical analysis study has been made of 21 micellar-polymer field
test projects to evaluate the significance of key parameters upon
performance. In this study, the term micellar-polymer is used to
describe surfactant recovery processes of which the most common are the
water phase low tension and the soluble oil. The micellar slug is
usually followed by a drive slug containing a polymer for mobility
control. The data include 10 projects that were used in a previous
study and 11 other well documented projects which have been completed
recently.

A major effort in the study was to collect and convert the data into a
consistent form which would allow for statistical analysis. The study
was conducted by correlating oil recovery efficiency and various
parameters with a linear regression analysis using the least squares
method. The accuracy of a particular correlation is expressed in terms
of the "correlation coefficient" and the "confidence limit", which are
discussed in the report.

The study indicates three significant correlations. The most important
of these is the correlation showing that oil recovery is inversely
related to the log of the reservoir connate water salinity. This
suggests that prior flooding with a water near the design salinity or
use of preflushes to adjust salinity and remove hardness have, at best,
been only partially effective. Exxon was successful in their second

. Loudon pilot when using a specifically designed salt tolerant
surfactant, with no preflush. The results of this study, coupled with
the results of the Exxon second Loudon pilot, suggest that future
research in micellar-polymer flooding should focus on the development of
surfactants which can tolerate the connate water salinity and hardness
in the reservoir.

A second correlation showed that oil recovery increased as the pattern
size was decreased. This is attributed to the higher frontal velocities
and to the reduced tendency of slug breakdown in smaller patterns. Low
0il cuts at the beginning of the micellar-polymer floods indicated that
higher recovery efficiency could not be attributed to infill drilling.

The third correlation showed the expected result that oil recovery is
related to the quantity of surfactant used. This quantity is the
product of the surfactant slug volume (Vps) and the concentration of
surfactant (Cs).



A significant correlation was not observed between recovery efficiency
and capillary number. This was surprising since the frontal velocity
(which is a function of pattern area) and the interfacial tension (which
is related to the quantity of surfactant) are components of the
capillary number. The lack of correlation apparently was caused by
inappropriate values for interfacial tension under flowing reservoir
conditions.

In addition to capillary number, suitable correlations were not found
for other theoretically important parameters, including temperature,
viscosity ratio, bond number, adsorption, and heterogeneity. The
failure to obtain definitive correlations with parameters proven in the
laboratory to be significant implies the inability to predict variable
behavior in the reservoir, rather than a contradiction of theory.



INTRODUCTION AND PURPOSE

The primary goal of this study is to identify, using statistical
methods, variables limiting oil recovery of a micellar-polymer process.
There arelsivgril statistical analyses of micellar-polymer projects
available ’>"’7° ., However, these studies showed either weak
correlations or failed to examine relationgh%ps indicated by laboratory
and simulation studies to control recovery .

Data from 12 additional micellar-polymer flood field tests have become
available since the latest statistical analyses. These data are
generally for the larger Department of Energy and industry cost-shared
projects, in more diverse geographical areas, and in which more advanced
technology was applied. Another purpose of this study is to collect
these new data and convert them to a consistent form which would allow
for statistical analysis. Data for all projects reviewed are included
in Table 1. The 12 projects not included in previous statistical
studies are listed in Table 1 with asterisks.

Another purpose of this study is to re-evaluate, in the light of the new
data, possible correlations between recovery efficiency and the
variables which control the performance of the micellar-polymer process.

The success of the Exxon second Loudon high salinity test, which
utilized a salt tolerant surfactant, necessitates a review of current
micellar-polymer technology. The second Loudon test was not completed
at the time of previous studies. Of the 22 projects selected for
analysis, the second Loudon test had a higher recovery by 21 percent,
making it far more successful than the remainder of more recently
completed projects and clearly demonstrating the importance of
considering salinity in micellar fluid design.

The results of this study will be useful in identifying the parameters
which are critical to the success of micellar-polymer flooding. The
analysis will also be helpful in setting the directions and priorities
of research to insure that maximum benefit is derived.



METHODS

A micellar-polymer project should recover about 60 percent of the
residual oil after waterflood and achieve an oil cut upward of 20
percent in order to be of commercial interest. Although laboratory
experiments and computer simulation model studies indicate that this
performance is achievable, only three floods in sandstones have been
reported with recoveries near 60 percent:

Exxon Second Loudon10
1
Marathon Henry West
. . 12
Pennzoil Bingham

After closer inspection, we believe that only the Exxon second Loudon
test had consistent, unqualified performance data to support the high
recovery. Recovery estimates for the Henry West were clouded because of
inconsistencies in oil cuts and production rates from each of the four
pilot producers in the inverted 5-spot pattern. Because of these
inconsistencies, Henry West was not used in the study. Recovery from
the Bingham project was drastically revised from 57 to 39 percent
because the reported high recovery was extrapolated. The peak oil cuts
only reached about 12 percent, suggesting that the extrapolated recovery
was optimistic. The Bingham project was used in this study with the
revised recovery figures.

The Exxon second Loudon high salinity test was not used in this analysis
since it used a surfactant which jis greatly different from the
conventional petroleum sulfonates ~. Various conventional sur{ictants
are discussed in the_ literature including petfgleum sulfonates ,
alkylaryl sulfonates ~, and olefin sulfonates .

Keplinger Technology Consultants, Inc. has identified 21 projects (not
including the Exxon second Loudon) for which design, implementation, and
production data are comprehensively reported. Data for all 21 projects
were used for the analysis of salinity. The surfacgtant concentration
was not available for the Amoco Torchlight project . Therefore, it was
not included in the_analysis of the quantity of surfactant. The Gary
Bell Creek project appeared to be well designed and operated; however,
it was on a much larger spacing than the other projects. The 40-acre
pattern is anomalously high with respect to the next smaller pattern
area (10 acres). Because of the distortion of the area data
distribution caused by the 40-acre pattern, the Bell Creek project was
dropped from the analysis of pattern area, leaving 20 projects. Only
the above criteria were used for data screening. Table 1 includes the
list of project data and literature references.



Data were collected in four basic categories: Field/Project
identification, reservoir characteristics, injected chemicals, and
project performance. The data were obtained from published sources and
converted to a consistent format or calculated from data presented. The
data from the field tests were often not reported in a consistent manner
or in the terms necessary for statistical analysis and in some cases
could not be obtained directly. A detailed understanding of
micellar-polymer flood technology was necessary to obtain consistent
data from literature. Although data were not independently checked for
accuracy, every effort was made to be consistent and accurate.

In order to determine the correlation between recovery efficiency and
various parameters, linear regression analysis was performed using the
least squares method. The line that represents the best fit to the data
is described by a y intercept and slope. It is comprised of a locus of
points includin§8regression values for recovery efficiency at each known
parameter value .

The correlation coefficient, r, was calculated during the regression
analysis and was used as the indicator of a relationship between the
recovery efficiency and a parameter. The value of r ranges from -1,
indicating an inverse correlation, to 0 indicating no correlation, and
to 1 which indicates a perfect direct correlation.

If the absolute value of the correlation coefficient has a value less
than 1, the magnitude of the coefficient does not accurately relate the
reliability of the correlation. To express this reliability, a
probability value is calculated from the r value and number of samples
which is called the confidence limit. The confidence limit is the
probability, expressed as a percent, that a straight ljpe better
describes the data set than does a normal distribution . A confidence
limit of 90 percent or higher indicates that a linear relationship
exists between the recovery efficiency and the parameter. Table 2
includes the parameters analyzed for correlation with recovery
efficiency, the r values, sample sizes, and confidence limits for the r
values, sorted by confidence limit.



DISCUSSION
SALINITY

Connate water salinity values for 21 projects were obtained. The values
range from a minimum of 2,500 ppm to a maximum of 150,000 ppm. The mean
salinity is 51,004 ppm and the standard deviation is 49,702 ppm. The
regression between recovery efficiency and the common log of salinity
yielded an r value of 0.47 for 21 samples which has a confidence limit
of 96 percent (see Figure 1). Visually, the data appear to be
scattered. However, the confidence limit of 96 percent indicates a
significant correlation between the data and the regression line.

This study showed the overwhelming effect of original or connate
reservoir salinity on oil recovery by micellar processes. It should be
emphasized that the correlation is with the connate water, and not the
water which is resident in the reservoir from waterflooding. This
result was somewhat surprising since other works have shown only a minor
effect of salinity on recovery . O0il recovery versus the log of the
original reservoir salinity is also shown in Figure 2, which is the same
as Figure 1 except that Exxon's Loudon salt resistant surfactant test is
included. The Loudon salt resistant test stands strikingly above the
other projects. An attempt to understand why, brought the significance
of salinity into perspective.

If the reservoir salinity and/or hardness are different from the design
criteria, the micellar solution will lose effectiveness and encounter
high adsorption. Changes in optimal conditions may occur because of
unexpected mixing with reservoir water or because of ion exchange from
clays and dissolution of multivalent ions from the rock surface into the
micellar fluid.

Another relationship evaluated was the oil recovery and the absolute
difference between the connate water and design water salinities. A
design salinity of 15,000 ppm was assumed, although it is recognized
that the optimum salinity level can vary. A confidence limit of 90.5
percent was obtained as shown in Table 2, indicating a significant
inverse relationship between recovery efficiency and divergence of
connate water salinity from the design level. This relationship is not
as significant as with salinity alone, probably reflecting the variances
in optimum design salinity and also indicating that the higher level
salinities (rather than the lower levels) are controlling the
performance.

Various techniques of preflushing and additive agents were used in most
of the field tests in an attempt to offset the deleterious effect of
salinity and hardness. For the most part, efforts to nullify salinity



have failed, as exemplified by two marginal projects ich found that
the preflush volume was too small (first &Yudon test) or the
sequestering agent was lost (Benton test) .

The role of salinity on the physical and chemical propertigs8of9the

micellar solution have been2 ep rted: interfacial t s%gn 2y
adsorptiog TTdé8r retention s pgTss relationship s

Py . s ’ v b 2 .
viscosity » and co-surfactant . In spite of the awareness of

the effect of salinity on micellar properties, it is believed that the
full impact of salinity on o0il recovery has generally not been
perceived.

Healy and Reed33 showed that all micellar recovery processes may be
studied in terms of a ternary diagram. The oil external microemulsions
are diluted with brine at both the leading and trailing boundaries of
the micellar slug and form two phases in the reservoir. Likewise, the
water—-external microemulsion formulations pass into the multiphase
region by mixing with oil at the leading boundary. The displacement
process in either case can become predominantly an immiscible
displacement.

Therefore, it is important to minimize the multiphase region described
on the ternarysgiagram to prolong a miscible displacement. However,
Healy and Reed and Nelson showed that the salt concentration had a
dominant effect on the size and shape of the multiphase region on the
ternary diagram and that both the magnitude and the distribution of the
interfacial tension were greatly affected by salinity. In another work,
Healy, Reed, and Carpenter established experimentally that much of the
0il is recovered by an immiscible displacement. It is important that
the interfacial tension remain very low, even after dilution occurs.
Displacement efficiency is often related to the capillary number (N ),
which is defined as follows: ¢

N = V¢

c ©
34 . . .

Healy, et al., showed that surfactant retggtlon 1ncrea§fs with
increased slug deterioration, and Gilliland ~ and Salter” showed that
the retention is sensitive to the surfactant:co-surfactant ratio.
However, for a constant surfactant:co-surfactant ratio, the sulfonate
retention nearly doublegd as the salinity increased from 5,000 ppm to
20,000 ppm. Gilliland ~ also showed that interfacial tension was
affected by both total salinity and surfactant concentrations. Paul
showed that the surfactant retention was generally much higher in the
reservoir than measured in the laboratory suggesting, as Gilliland and
Healy indicated, that some of the sulfonate loss is apparently due to
partitioning into the oil phase.
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In summary, the above discussion demonstrates that the micellar slug is
diluted with reservoir brine and oil. Multiphase solutions can form as
dilution occurs, resulting in a loss of miscibility. Additional
dilution greatly increases the surfactant retention and greatly
increases the interfacial tension. Further, if the connate water
salinity is different from the laboratory design, the deleterious effect
on retention and interfacial tension is multiplied.

The performance of the Exxon second Loudon test which used surfactants
tolerant to the original reservoir cannate water salinity nearly matched
predictions, but the tests embodying preflushes all fell short of
predictions, with some recovering only about 20 percent of predicted.

A possible explanation of this contrast may be that zones or pockets of
reservoir connate water are trapped during waterflooding. The
preflushes had the same mobility and interfacial properties as the
waterflood and, therefore, also failed to sweep out the trapped connate
water. On the other hand, the micellar solution having lower mobility
and very much lower interfacial tension probably contacted and mixed
with the trapped connate water.

Seen in the perspective discussed above, the reservoir salinity is a
controlling process variable. Based upon these results, it appears that
preflushes have been only partially successful in removing excessive
salinity and hardness. Therefore, the process can best be improved by
developing chemical compositions which are effective at the salinity and
hardness levels which exist in the reservoir.

PATTERN AREA

The second most significant relationship is between recovery efficiency
and the log of the pattern area. The pattern areas of the 20 projects
analyzed range from 0.68 acres to 10 acres. The mean area is 4.98
acres, and the standard deviation is 3.59 acres. The correlation of
recovery efficiency to the log of the pattern area has an r value of
0.46 and a confidence limit of 95 percent.

These results indicated that displacement efficiency is higher as the
pattern size is decreased. This is attributed to the higher frontal
velocities which can be achieved in the smaller patterns and the
experimental obsergag%on that recovery is more efficient at higher
displacement rates™’~ . 1In addition, micellar floods conducted in
larger patterns have a greater probability of incurring higher than
predicted heterogeneity, adsorption, contact with undiluted connate
water, and loss of fluid viscosity, all of which tend to reduce recovery
efficiency. Infill drilling is not thought to have caused the higher
recovery efficiency. High oil cuts indicative of additional reserves

not displaced by waterflood were not observed.



SURFACTANT QUANTITY

Lake and Pope1 and Selvidge4 studied the relationship of recovery
efficiency to the quantity of surfactant. The quantity of surfactant is
defined as the product of the volume of micellar slug in pore volume
(Vps) and the concentration of active surfactant in weight percent (Cs).
The previous studies did not show a significant correlation.

The values for quantity of surfactant used in 20 projects vary over an
order of magnitude from 0.002 to 0.0l1. Therefore, the log of the
quantity of surfactant was used in relation to recovery efficiency. The
regression is significant with an r value of 0.40 with a confidence
limit of 91 percent.

This analysis showed the expected result that oil recovery is increased
with larger quantities of the surfactant. These results indicate that
sufficient surfactant is required to maintain a single phase with low
interfacial tension by offsetting losses due to adsorption, phase
transfer, or dilution.

OTHER PARAMETERS

There was an attempt to correlate recovery efficiency (E_) with the
parameters listed in Table 2. The parameters are listed in decreasing
order of the confidence limits. Table 2 shows the r value calculated,
the number of samples, and the confidence limits for each of the tests
performed. Several important design parameters in micellar-polymer
recovery processes, including capillary number, viscosity ratio, bond
number, reservoir temperature, heterogeneity and adsorption, failed to
show a significant relationship to recovery efficiency.

Capillary Number

Our work failed to show a significant correlation with cgpillary number.
This finding appearf Sontradictory to laboratory studies™  and previous
statistical studies™’”. We believe the contradictjon can be explained
by examination of the equation which Lake and Pope derived for
capillary number from Muskat's equation for velocity in a 5-spot

pattern:

N5 = (5.5% 10°) C'pKDo
VA (5.58 + %41nA)

In this equation, capillary number (Nc) is expressed as a function of
area, depth, average injection pressure gradient (C'p), and interfacial
tension. The equation is valid and would give acceptable results,
except that there were some inconsistencies in the methods used to
handle some of the data.



One of the major variables is interfacial tension. Only a few of the
projects reported laboratory values and the others were assumed to have
an interfacial tension of 0.001 dyne/cm. Even the few measured values
were at optimum conditions and probably do not reflect the value in the
reservoir, particularly after some dilution and phase separation occurs.

Consideration of the effect of salinity suggests that the theoretically
attainable interfacial tension may not have been reached in the
reservoir. The capillary numbers used in the correlation probably do
not represent reservoir conditions and, therefore, have little
relationship to recovery efficiency.

Another critical parameter to the calculation of the capillary number is
the injection pressure gradient (C'p). In calculating C'p the average
injection rate per injection well per flood pattern must be known.
Unfortunately, some publications on projects report injection rate as a
per well average, but others report it by well for the entire project
and by pattern. Thereby, the researcher has to calculate the required
average well injection rate. Examination of the data presented by Lake
and Pope  indicated that some injection rates were for more than omne
well, leading to a calculated average C'p of 0.33 psia per foot which
exceeds fracture pressure for most of the projects analyzed. Per well
average injection rates for 19 of the projects in this study gave an
average C'p of 0.17 psia per foot, which is significantly lower and does
not exceed fracture pressure. Therefore, 0.17 psia per foot appears to
be a more accurate value and was used in calculation of the capillary
number.

Even with the corrected C'p, the capillary number does not correlate
with recovery efficiency. Allowing for a small margin of error in
permeability (K), thickness (h), depth (D), and pressure (C'p), the
failure to correlate capillary number implies that the actual in situ
interfacial tension (o) is far less than predicted from laboratory data.
Contact and mixing with solutions of different salinity and hardness
could be a possible explanations for the lower interfacial tension under
reservoir flowing conditions.

Viscosity Ratio

The ratio of the viscosity of the surfactant slug to that of the
reservoir oil (p /p ) should have a bearing on the ability of the
micellar slug to resist fingering and to mobilize an oil bank . The
regression of recovery efficiency to the viscosity ratio did not yield a
significant correlation. Salinity may be the overriding factor causing
failure of the micellar slug in ways described above, as well as
possibly altering slug viscosity unpredictably. The lack of correlation
of field test recovery efficiency to viscosity ratio suggests that the
flowing viscosities in the reservoir are probably different than
estimated rather than the theoretical relationship being in doubt.

10



Bond Number

The bond number (Pw - Po) g> a theoretical dimensionless group of the
do

] . . 6 .
gravity and interfacial tension discussed by Foster was studied.

Like the variables of capillary number and viscosity ratio, the bond
number may also be dominated by the effects of salinity. The buoyancy
effects, due to density differences between different phases of the
micellar slug, may not come into play because the micellar slug is
involved in salinity related reactions. The interfacial tension which
would be reached due to the micellar slug may not be reached due to
breakdown of the micellar solution.

Adsorption and Heterogeneity

24,2 s
Theoretically, adsorption (a or D ) 425 and heterogeneity (DP)36 37

should also have a bearing on the success of the micellar-polymer flood.
However, these parameters showed no significant correlation. An attempt
was made to correlate adsorption expressed as surfactant retention per
gram of rock (a ) to recovery efficiency. After a simple direct
relationship failed to correlate, a more complex relationship involving
the ratio (Vps/Ds) which is analogous to the excess surfactant injected
above that requjred for adsorption was tested. The adsorption (Ds) term
taken from Paul”™™ is defined as:

D 1-¢ pras 1
) pC 1,000
s s

This ratio failed to improve the correlation.

Heterogeneity was assumed to be expressed by the Dykstra-Parsons
coefficient (DP). Since both adsorption and heterogeneity individually
failed to correlate, a compound variable combining both was tested. The
compound variable wag adsorption (Vps/Ds) divided by heterogeneity (H),
where H is the Koval expression for heterogeneity derived from the
Dykstra-Parsons coefficient (DP). It was reasoned that heterogeneity
should interact with adsorption since the practical correction for each
was a larger slug size; however, the combined term also failed to
correlate with recovery.

11



CONCLUSIONS

A statistical analysis of 21 micellar—polymer field test projects which
used a micellar solution composed of a conventional sulfonate indicated
that several parameters significantly affect the process performance.
These parameters, listed in the order of significance, are as follows:

1. Salinity of Connate Reservoir Water. The study indicates that the
salinity of the connate water is a dominant factor in oil recovery
performance. A statistically significant inverse correlation was
developed between the recovery efficiency and the log of connate
water salinity for 21 projects. An inverse relationship was also
seen between recovery efficiency and the absolute value of the
difference between the connate water salinity and an estimated
average design salinity. This observation indicates that
preflushes to adjust salinity and hardness have been only partially
effective.

2. Pattern Area. The study further indicates that oil recovery is
higher in the smaller pattern areas. The higher recovery is
attributed primarily to the higher frontal velocities that are
achieved and, secondarily, to the reduced effects of other
parameters such as heterogeneity, adsorption, dilution with
formation water, and loss of fluid viscosity.

3. Surfactant Quantity. This study also shows the expected effect
that oil recovery is increased with larger quantities of
surfactants.

We were unable to establish significant correlations with other
parameters which are theoretically significant, including capillary
number, temperature, viscosity ratio, bond number, adsorption, and
heterogeneity. Lack of correlation with these parameters suggests
either an interference with other parameters or that important reservoir
variables are not accurately known.

The agreement between predicted and actual performance of the field test
by Exxon of a salt tolerant surfactant demonstrates that micellar
flooding can be very effective in recovering oil. Salt tolerant
surfactants have not yet been used in other field tests, and the
properties, performance, and design of micellar solutions using these
surfactants have seldom been mentioned in the publications normally
referred to by technical people in the industry. There does appear to
be an active on-going research program by a few companies to develop
salt tolerant surfactant, as shown by patents (Referemces 13, 39, 40,
41, 42, and 43).

12



We believe that an important area for further research is the
development of surfactants which are effective at the salinity and
hardness levels which exist in the reservoir. We recommend that the DOE
support research into the manufacturing and use of salt tolerant
surfactants to hasten this technology into development by industry.

13
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Parameter

TABLE 2

STATISTICAL DATA

Log (Salinity)
Log (Patn Area)
Patn Size (AP)
Salinity
Log-Vps*Cs

Salinity deviation from
design (est. design sal.

15,000 ppm TDS)
Cs
Vmb
Vps*Cs
Vmb*Cp
Residual 0il
Thickness (h)
Pore Volume
Vmb /Vps
Log (Depth)
VEA (Vs/Dx'H)
us
K*h
Dykstra-Parsons (DP)
Clay (Fraction)
Log (Ncap)
Depth (D)
Vps/Ds
Temperature
Cp
as
ps/po
Log (Vps)
Log (K)
Permeability (K)
1/po
Vps
Bond Number

Correlation
Coefficient

r

-0.47
-0.46
-0.45
-0.43

0.40
-0.39

0.37
0.35
0.33
0.35
0.27
0.27
0.25
0.23
0.22
0.29
0.29
0.17
0.19
0.21
0.13
0.13
0.13
0.10
0.10
0.102
0.08
0.03
0.02
0.01
0.01
0.01
0.003

22

Number of
Projects

With Data

21
20
20
21
20
21

20
21
20
17
21
21
21
20
21
11
11
21
16
13
21
21
13
19
17
13
10
21
21
21
20
21
21

Confidence
Limit,

Eercent

96.2
95.1
94.5
94.0
90.7
90.5

87.5
86.
82.
80.
74.
74.
70.
64.
63.
56.
56.
51.
49.
47.
40.
40.
30.
29.
28.
23.
15.
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DEFINITIONS

A - Area

AP - Pattern area

as - Surfactant retention in mq surfactant/g rock
Cp - Polymer concentration, ppm

Cs - Weight fraction surfactant in slug

D - Depth

D - Dimensionless adsorption (Reference 22)
DB ~ Dykstra-Parsons coefficient 2

g —~ Gravitational acceleration (ft/sec”)

H - Koval heterogeneity factor derived from DP (Reference 38)
h - Thickness, feet
K - Permeability, md

Nc, Ncap = Capillary number

PV - Pore volume

\) - Frontal velocity

VEA - Multiple component parameter, Vps/Ds*H
Vps - Pore volume surfactant slug

Vmb - Pore volume mobility buffer

) - Porosity

B - Viscosity

[0 - Density

o - Interfacial tension, dynes/cm
Subscripts

o - 0il

P - Polymer

r - Rock

s - Surfactant
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