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ABSTRACT

A predictlon method based on the use of perform-
ance history of a waterflood proposed in 1978 by
Ershagh! and Omoregie® is scrutinized here. Using a
reservoir simulation approach, performance data for
some hypothetical waterfioods are generated to test
the application of the proposed technique to various
flood patterns, reservoir properties, and fleld
operating conditions. Recently published results on
the behavior of relative permeability curves for
immiscible processes are used to further substantiate
the assumptions Inherent in the proposed technique.
The limitations of the technique are discussed and
application to some actual case studies are presented.

INTRODUCTION

Conventional waterfloods and modified waterfloods
using various additives still constitute the bulk of
the fluld injection projects active in the Unlted
States and elsewhere.? During the history of a water
injectlon project, reservoir englineers are expected
to predict the future performance using the past
response data., A review of literature shows that over
the last forty years, there have been many techniques
proposed for such prediction purposes.® These tech-
niques range from empirical correlations to varlous
analytical models, In addition to these techniques,
the advent of reservolr simulation has resulted in
the availability of a very powerful tool for perform-
ance prediction,

Many operators are still reluctant to use reser-
voir simulators because of insufficlient reservolr
data or insufficiently trained personnel to conduct
simulation studies. The simple models often fail
because of the assumptions inherent in such models as
to the nature of the displacement mechanism or the
Inadequate representation of the real reservoir
conditions.

Many years of field and laboratory research by
the petroleum industry and the academia has resulted
in a better understanding of the multitude of

References and illustrations at end of paper.

parameters influencing the efficliency of fluid Injec-
tion projects. It has become a well-established fact
that for 'mmiscible displacements, reservolr hetero-

genelty, relative permeabllity characteristics, fluid
viscosities and flood pattern are the most important

factors,

No prediction method can successfully be used
In a field project where the real reservoir is repre-
sented by laboratory derived data and inadequately
defined reservolr heterogeneity. A successful
prediction technique requires Iuput from the real
reservoir performance., A lumped parameter model that
would embody all properties of the reservoir and the
operating conditions can lead us to a realistic
estimation of future performance.

In 1978, Ershaghi and Omoregie! presented a
technique for extrapolation of water-cut vs. recovery
curves in waterflood operations. The technique
allows one to generate a fleld composite relative
permeability ratio curve that includes reservoir
properties as well as operational problems. T7he main
assumptions were that first the plot of

k
log(EE!) vs. S 1s a straight 1lne and second the
ro
leaky=piston displacement concept of Buckley and
Leverett* Is appllicable.

Since the origlnal publication, many operators
have contacted the authors with questions and comments
relative to the application of the technique to their

_specific cases ranging from natural bottom water drive

to modifled waterfloods. Two additlonal papers about
the technlque have appeared in the literature by
others, 3¢

This publication is almed at clarifylng certain
ambigulties about the technlque and to provide helpful
guidellnes for its application,

REVIEW OF THE TECHNIQUE

k
Assuming the Iog(EL!

) vs. Sw is a straight line,
ro
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the concepts of fractional flow and the frontal
advance theory proposed by Buckley and Leverett may
be used to derive the following relationship between
the recovery and the fractional water cut:

E,=m+«X+n

R

where

= = nl -1 -1
Ep = recovery X=1InlzZ-1-5
w w

-
"

fractional water cut

me—— o= (5 + ;‘ 1n(A))
Swi

b(1~ Sw;) l-
H k bS
A=a.2 a and b from rr-9=ae v
o rw
When some performance data on a developed water-
flood are avallable, the data may be plotted on a
cartesian paper (ERvs. X) and from the slope and the
intercept of the straight line values of a and b may

be obtained., The plot itself can be used for extrap-
olation to higher water cuts. The values of a and b
may be used to generate an effective field relative
permeability plot given the estimates of Swi and the
viscosity ratio.

The generated plot, unlike the laboratory
derived curves, is a composite curve which includes
not only the displacement characteristics of the
fluids, but also the reservoir geometry, heterogeneity
and the operational conditions of the field.

Because of the nature of the function X, it was
recommended In the original paper to restrict the
use of the technique to fractional cuts above 50%.
ISSUES RAISED

The general questions raised with respect to

the proposed technique and its application include
the following:

1. Validity of the straight line assumption
for the plot of the relative permeability ratio.

2. Lower limit of the 50% water cut.

3. Application to non-linear reservoirs and
causes of deviations of the E, vs. X plot from a
straight line for some field applications.

in the following sections, we intend to respond
to the above questions:

1 - Relative-Premeability Ratio Plot

The linearity of relative permeability plots vs.
saturation on a semi-log graph can be observed on
conventional laboratory derived plots. This issue
has, in recent years, been treated extensively by
Bardon and Longeron, Asar,® and Amaefule and Handy.®
These authors have reported on the effect of inter-
facial tension on the relative permeability ratio

plots. In general, for high tension floods, such as
a waterflood, the linearity is maintained to oll
saturations close to the residual. For low tension
floods, however, a curvature develops on the plots.
The amount of curvature Is inversely related to the
interfacial tension.

2 - Water Cut >50%

The lower limit of fw = 0,50 has some practical
implications. In a perfectly homogeneous system,
one expects some clean oil proeduction before the water
breakthrough. 0il production before water break-
through is controlled by the oil velocity exceeding
water velocity. At brzakthrough and afterwards, the
water veloclity is higher than the oll and from the

definlition of fractional flow fw = !

1 soro M
k. ' W
rw [+

fw {s above 0.5. This can be further substantiated

from a typical fractional flow curve where the tangent
to the curve at breakthrough results In a fw larger

than the fw at the point of inflection (i.e., fw==0.5).

In real systems, because of substantial permea-
bility variation, water channeling may occur before
the oil bank is reached to the producing well and
the water cut may Increase before any substantial
oil is produced.

The attainment of f = 0.5 signifies the over-
taking of oil flow by water. It Is this stage and
beyond which is modeled by the proposed technique.

3 - Application to Non-Linear Reservoirs and
Causes of Deviation from a Linear Trend

Studies conducted using reservoir simulation show
that the original model developed for linear systems
applies equally well for non-linear systems.

The effect of flood patterns, relative permea-
bility curves, and permeability variations were
studied for various hypothetical reservoirs using a
reservoir simulation approach.

In the cases studied, we considered the displace-
ment of a 20°AP| gravity ofl by water. The fluid
properties are shown in Table 1. Relative permeabil-
ity data ranged from those shown in Fig. 1 {(base case)
to other variations incorporating changes in the
curvature. A summary of cases run is shown in
Table 2.

For cases 1, 2, 4, and 5 a single layer with a
permeability of 350 md was modeled, The total injec-
tion rate was maintained at 600 BPD. Other properties
of the model included an area of 120 x 120 sq, ft.,

a thickness of 28 ft., a porosity of 0.25 and an
Initlal oil saturation of 0.8088.

In Case 1, the model considered four corner
producing wells with a central injection well,
Figure 2 shows the E, vs. X plot for this case.
relative permeability ratio plot was made linear
above kg/k, = 0.06. Thus in the transition region
from fw = 0.5 (X = .2) to fw = ,832 (X = -2,805)

The
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the E, plot shows a curvature. After a cut of 0.832
and td values as high as 0.98 the linearity of the
plot is maintained.

Changing the pattern to a peripheral flood
(Case 2), has very little Influence on the projected
recoveries under similar injection-production
schedule, Fig. 3. In Case 3, the incorporation of a
second layer with high permeability results in a
straight line with a change of slope indicating
higher water cuts at similar recoveries, Fig. 4. A
comparison of the recovery plots for Cases 1 and 3
Is shown on Fig. 5. The change of slope indicates
that the composite relative permeability curve repre-
senting Case 3 is different from the data used in the
model reflecting the higher velocities in the more
permeable layer.

To further Investigate the effect of the opera-
tional aspects two additional cases were studied for
the model represented by Case 1. Using the same
basic data, the InJection was stopped after 7 years.
The model performance was monitored and the ER vs. X
is shown in Fig. 6. A drop In cut results In the
deviation from the straight line. Another case
included a variable injection history. The effect of
variable injection rate was investigated. ‘The change
In the level of injection results In a slight varia-
tion in the slope of E_vs. X, Fig. 7. Resumption of
the initial injection rate results in the formation
of the initial slope on the E, plot. The next test
case included the effect of sﬁutting-in one of the
producers. Again a change in the slope results which
Is totally independent of the basic reservolr proper~
ties used, Fig. 8.

To generate data for low tension floods, the
following equations were used for derivation of the
base relative-permeability ratio plot.

o

S -§
K = W “we
rw 1= Syc - Sor
8

kK =(1 - Sw-ch
re 1= Syc= Sor

Low tension floods are characterized with low
exponents of & and B in the order of unity.!® These
equations are not applicable at the end points, thus
we examined the graphs in the mid to upper ranges.
Using o = B = 1.5 results in a slight curvature in
the shape of the relative permeability ratio plot,
Fig. 9. Applying this plot to a model like Case 1
the E, plot shown for Case 4 is obtained, Fig. 10.
The deviation from a straight line is evident at
recoveries above 32%.

If the waterflood is converted to a viscous
flood, the E, plot will show a change in the trend.
This can be §een in Fig. 11 where a model similar to
the Case 1 experiences a viscous waterflood of
M, = 6 c.p. The plots of Fig. 2 and Fig. 11 are
compared in Fig., 12, The two straight lines maintain
the same slopes. lIncrease in water viscosity results
in the shifting of the curve to higher recoveries.

* behavior of a reservoir under water Influx.

From the case studies shown above, it is clear
that the linéarity of £, vs. X Is a function of the
l1inearity of the relatiSe permeability ratio plot
and the field operational program. Anytime that the
plot of the field data deviates from a straight line,
a change in the propertles of the Injected fluid or
in production-injection scheduling should be suspected.

In general, where the deviation from the E, plot
indicates a definite new trend because of changgs in
the field conditions, the new trend must be used for
extrapolation purposes, Fig. 13.

IMPROVED GRAPHICAL TECHNIQUE

An improved graphical technique for the E_, plot
was suggested by Robertson.® In this approach, a
special coordinate system is created where one works
directly with cut values and no conversion to X is
required. A sample graph paper for use by the reader
is shown In Fig. 4. Also a tabulation of X versus
cut values from 0.501 to 0.999 is shown in Table 3.

CASE STUDIES

The application of the proposed method to various
published waterfloods is reviewed below. The data
are plotted as water cut In fraction versus recovery.
0il recoveries, depending on the source of the
orlginal data, are elther in terms of fraction of
original oll in place or in terms of cumulative
production. For each case, if the data points deviate
from a straight line, explanation from the source
publication are included.

1 - Placer Lease, Tensleep

This study reported by Thompsonl2 is about the
Perform-
ance history plotted on the cut-cum plot shows a
linear trend. The effect of shutting-in of the high
water cut producers can be seen from the points above
the straight line, Fig. 15.

2 - Fast Burbank®?®

This is the case of a stratified reservoir being
waterflooded with numerous corrective actions through-
out its life for minimizing water channeling.

Figure 16 shows the cut vs. recovery plot. Two
parallel straight lines are evident from the graph.
The shifting of the original straight line to the
right indicates the success of the stimulation job.

3 - Olympic Pool, Oklahoma ‘and Main and
99 East Pool, Californial®

Terrebonne®® reported on the application of the
proposed technique to the Olympic pool and the Main
and East pool. Figures 17 and 18 show the cut-cum
plots. For the Olympic pool, the data points form a
linear trend. For the Main and 99 East pool the trend
is deviated from the straight line by injectivity
reduction into low permeability sands and the high
tnjectivity of thief zones. Selective plugging opera-
tion resulted in the return of the performance plot
to the basic trend.
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SUMMARY AND CONCLUSIONS

The proposed method of cut-cum plot reviewed In
this paper Is applicable to waterficods or modified
waterflood at cut values above 50%. The exact
starting point of the linear plot depends on the
starting point of the linear trend of the relative-
permeabillity ratio curve. The higher the water cut,
the better the linearity of the cut-cum plot.

In real systems, the changes in volumetric sweep
efficiency may cause deviation from an establlished
linear trend for a glven reservoir. Corrective
actions such as selective plugging and shutting-in
high water cut wells may result in the reestablish-
ment of the original linear trend.

For prediction purposes, the late performance
data may be extrapolated to high water cuts. Since
for high tension floods relative permeability ratio
curve approaches a linear trend at high water satura-
tions, the proposed method should not be used during
the early stages of a waterflood.
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EQUALLY SPACED PRISSURE TABLE (DEPLETION MATA)
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Connate water saturation 0.1910
Residual oll saturation tooll 0.3}
Inltial reservolr pressure 3563 psi
Water viscosity 0.45 cp
Table 2
e
Cuse FPottern Rate Schedule Remarks
T ——————— ——

Injection 600 B/D/W . - )
i o Y- o Production 150 B/D/W Relafive Permeability of Fig. |

> Ll Injection 150 B/D/W ) " )
g° B Production 300 B/D/W Relative Permeability of Fig. 1

3 Injection 600 B/D/W . -
Layer | |k = 350 md]h = 23 f1 Production 150 B/D/W Relative Permeability of Fig. |

Loyer 2 (k 3500 md|h = 5 ft

_ ( Sw - Swe O
4 ° 4° Injection 600 B/D/W Krw = )

o o Production 150 B/D/W

I~Swe = Sor

o © (l" W wC )

I -Swr -~ Sor
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TABLE 3 (cont.)

Cut X Cut X Cut X Cut X Cut X

771 T =2.3110 0L ~2.7027 879 =3,1207 <733 -3.7055  .987 =-%5.3430
772 =2.5150 8926 <=2.7682 .8680 ~-3.1288 « P34 =3,7205 ,988 55,4230
773 =2.5190 827 =2.7737 881 =3.1370 .935 -3. 3‘7 .939 -s 5100
7785 =2.85271 « 829 <2.78482 . 883 '-3.1537 937 -3 7663 .991 -5 7107
776 =-2,5312 «830 =2.7908 884 -3,1621 2938 S3.7827 L9922 «%,828%
. -2.5353 «831 =2.7%61 .88%5 =3.1706 CcT3T  =3. 7787 993 -85.9620
. 778 ~=2.53%4 932 -2.8018 «.886 =3,1792 « P40 =3.81%4 994 -5,1142
77% ~=2.5425 .8933 -2.8075 887 ~-3.1879 « P41 =3,8321 ,99%5 =46,2985
. =< 834 ~2,8133 +888 =3.19466 782 =3.84Y1 ~ ,996 <=46.5217
«781 ~2.5519 .835 -2.8191 889 =3,2054 P43 =3,8845 ,997  =46.8095
782 -2.5%561 836 -2.8249 ' 890 =2,2143 . 944 " =3,8341 P98 -7.2181

" —~ N -2.8508 891 ~3.2233 785 -~3.9021 ,999 -~7.%088
+784 =2.5446 ,838 -2.8367 @92 =3,2324  .946 =3.9204

788 =2.%43% «839 =2.8427 ' ,893 =3.241% «947 =3,9390
) . 736 —2. 5732 . gza ‘2- °4§’ =3, 2508 « P43 -3 5’53&5

737 =2.8776 841" T=2.8535" -3.2602 497 =3.,9773

L7838 -2.581% L984d T=2,8608" -3.2 .9%0‘ =3.9971

. -2, 986. . =2 [»]

£ 790 =2.5908 844 =2,8738 T 79T -3.058 9%.

.77 =2, 5952 845 <-2.8793 899 -=3,2985 .953

. ~-e . __- ¢ . 900 -3 3033 . :

W793 -2,6041 847 72,8919 901 =3,3183 955

J794 T~2.6087 -849"-‘-998‘ 902 =3,3283 ;955 1“46

. 1 . [ bt 1 . had. X
W76 =2.4178 + 850 -2.9111 .704 =3,3487 ,9%58 -4,1710
797 =2,6224 +851 =2.9176 P05 =3.3590 ,959 =-4,1951
. ~2.6 (852 CZLVAAl Y08 —3.3695 760 A 2197
. 799 . -'2_..§_31 6 . ssg "‘ . 9307 . 907 "3. 380 1 . 961 -40 2450
800 -3,6363 L8954 =2,9373° ,708 =3,3908 ,962 -4,2710
2801 <2.5810 558 =2.9330 .09 =3,4016 .963 -4,2976
«802 ~=2.64%7 856 -2,9507 910 =3.4125 T ,963 -4,3247
« 803 -2.650S5 857 =-2,9575 P11 =3.4236 P68  =4,3831
«804 _~2.68553 358, =2,78643 912 =37R3RE T L9446 =4,2820
WBOS T=2,8801 859 7=2,9712° .913 -3.4461 ,967 -4.,4118
L8046 T=2.6547 B0 =2.9781 914 -3.4576 ,963 -4.4426
. 807 -2a 6693 L §6 1 -20 ;§31 W M 569 —z. 4743
308 ~2,6747 .862 =2.9521 « 916 =3.4809%9 .970 ~4.507%
809 =2.467%6 863 =2,99%2 P17 =3,4928 P71 -4,5409
810 =2.6336 ,964 =3.0063 918 =3:00388 972 -4,5760
.811° =2.58%6 865 =3,0135° ,91% -3.5170 ,973 -4,6123
T, S12 To2.6986 L8646 <3,0208° ,.920 © -3.85293 ,974° -3.8500
813 =2.8996 + 867 =~3,0281 TL92T =3.5419 .9/ -4,
w814 =2.7047 .868 =3.0335 P22 -3.5544 976 - =4,.7300
815 -2.70%8 + 869 =3,0429 P23 -=3.5473 .977 -4,7726
LB81da ~=2.7150  .970 <3.0504 .93 =3.5802 =3,
817 -2 7201 871 -3.0579 ,928 -2.57934 .979 11.9635
.813 .7.44 872 =3.0656 926 =3,8067 P80 T =4.7123
: 2. 7306 . 873 -~3.0732 Tl —3.6203
—a. 7412 875 -~3.03288 P29 =2.46477
-‘ . 74"‘--‘ . 87&! -3c O’?66 o o) -t B0
—— 7Tl 27T =3.10486 OB ~3LATAS
=2, 75T L3783 =3.1126 .32 -2,4%08
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Fig. 2—Cut-Cum plot for Case 1
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Fig. 3—Cut-Cum plot for Case 2
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Fig. 4 - Cut-Cum plot for Case 3
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Fig. 6 ~Cut-Cum plot for Case 1 if the injection stops after 7 years




- 6 '
: = 9 : )
: < ¢
= 1 4r = -
4 = !
I

3l -

‘ : V
=
£ 2 ! i

-E 1] 1 lv o]
d * - % 10 20
E TIME, YEARS

0 i | |
- 0o 10 20 30 40 50
) RECOVERY, %
_ Fig. 7 - Effect of variable injection rate on the Cut-Cum plot of Case 1

6 | | | T

| 2 1.SHUT IN WELL NO. 2 1
5 °3° AFTER 7 YEARS —

' o] 11. SHUT IN WELLS NO. 2 /

3
> [+
v 4 4 5 NO.5 AFTER I2 YRS, ]
N
z 3 -
<
E 2 |
)
{{]
» I - T
o I I l L
0 10 20 20 40 50

RECOVERY, %

Fig. 8- Cut-Cum plot for Case 1 if one or two producers are shut-in after some period
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Fig. 9 - Relative permeability ratio plot generated for low tension floods
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Flg. 10 - Performance of a low tension flood
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Fig. 11— Cut-Cum plot for Case One under a viscous waterflood
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Flg. 12 - Comparison of Cut-Cum plots for low and high viscosity waters
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Fig. 13— Changes in the trend of Cut-Cum plot
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Fig. 14— Improved graphical scale for plotting the Cut-Cum data
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Fig. 15— Performance of the Placer Lease, Tensleep on the Cut-Cum plot
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Fig. 16 - Performance of the East Burbank flood on the Cut-Cum plot
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Fig. 17 — Performance of the Olympic Pool on the Cut-Cum plot
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Fig. 18— Performance of the Main and 99 East Pool on the Cut-Cum plot




