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Abstract

Ultimate water cut (WCult) defines well’s maximum water production for uncontained oil pay with bottom-water. The WCult is important to determine if the
reservoir development is economical. Since presently-used WCult formula derives from simplifying assumption ignoring the effect of non-radial inflow, the
formula needs to be redefined. A new analytical formula of WCult is developed by considering the inflow of oil and water into separate completions at the top of
oil-zone and aquifer respectively. Then the formula is verified using the design of 46 simulated experiments representing wide variety of reservoir-bottomwater
systems. It was found out that the for light-oil reservoirs, the presently-used theoretical formula may significantly diverge from the proposed formula which
closely matches the simulated data and is more physics driven. Hence the proposed formula should be preferred. However, for the viscous oil reservoirs, the

presently used formula conforms to the proposed formula, which is also proved mathematically.
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Introduction

Ultimate water-cut is a maximum stabilized water cut in an oil-pay
affected by water coning. The scenario is physically modeled by
setting a balanced-oil-rate (BOR) boundary of the well’s drainage area
by replacing the produced oil at the the drainage boundary. After the
water break-through time, there is an initial rapid increase of water-
cut representing the water cone development stage, followed by the
stabilization period until the WC value becomes constant, WCult.

Kuo and Desbrisay' introduced the concept and formula of ultimate
water-cut?:

weuls = — M (1)
Mh, +h,

Shirman and Wojtanowicz® showed that WCult in DWS wells is
always lower than that in conventional wells. Their experimental
results revealed that it is possible to completely reduce WCult to zero
at high drainage rates. Other authors®® showed the dependence of
ultimate water-cut on production rate. For production rates slightly
higher than critical rates (maximum possible production rate without
water breakthrough), water-cut would stabilize at value lower than
that in Eq. (1). After conducting laboratory experiments, Shirman and
Wojtanowicz?® found out that the water-cut stabilization value may not
predict the Kuo and Desbrisay' model at low production rate. They
modified Eq. (1) by including the effect of production-rate as,

Weult = (1 ey M )
Q" Mh, +h,

Both Egs. (1) and (2) assume the radial flow in the oil-zone and
aquifer having a BOR boundary depicted in Figure 1, and there by

ignores any nonradial distorted inflows (in oil-zone and aquifer) to
a partially penetrating well. Prasun and Wojtanowciz®’ attempted
to include the effect of partial-penetration in the closed-boundary
reservoirs. However, they found that the new modified WCult formula
reduces back to the original formula (Eq. (1)); thus disapproving any
effect of partial-penetration on ultimate water-cut in these reservoirs.
Apparently, they verified the effect of partial penetration by comparing
the formula with the results from the wide variety of NFRs. However,
they failed to understand that the generalized consideration of all
attributes of reservoirs while verification, may conceal the partial-
penetration effects for certain types of reservoirs. So, this study derives
a new model of ultimate water-cut for the BOR systems considering
the non-radial inflow to a partial-penetrating well, and then verifies it
with particular types of reservoirs classified as light oil and viscous oil
reservoirs. A good match for the particular reservoir, would justify the
relevance of the partial penetration effects for this reservoir.
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Figure | Oil and water horizontal flow in their respective zones.
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Modified analytical formula of ultimate water-cut

In derivation of a new ultimate water-cut model for a partially
penetrating well in BOR system, we consider the following
assumptions:

There is a piston-like displacement of oil by coned water flowing into
the well. So, the rising water cone development covers larger area of
oil completion before final stabilization. Eventually, the ratio of well
completion producing oil and water becomes equal to the ratio of oil

and water zone thickness, when ultimate water-cut is reached.’

In a piston-like displacement, there is almost no mixing between the
flow regions of oil and water. Assumption 1 follows that the partially
penetrating oil completion region (producing only oil) is at the top of
oil-zone, whereas, for simplicity, we assume the partially penetrating
water completion region (producing only water) is displaced from the
oil-zone to the top of aquifer as shown in Figure 2. This assumption
ignores the additional skin due to the water inflow from aquifer to the
completion in oil-zone.
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Figure 2 Equivalence of oil and water inflow schematic between combined and separate systems.

Darcy-law flow-rate equations of oil (4, ) and water ( 4,,,) well-
inflow (into their respective completions) during ultimate water-cut
stage, at surface conditions, can be given by (Appendix A),

q = 2”khkruho (pe - pw)

) p 3)
,uoBo(ln% + 50)
q. = 27[khkrwhw(pe - pw) (4)
ILlWBW(]n% + Sw)

where, r, is the radial size of reservoir, ft; S, is the skin factor due
to oil-inflow defined by Eq. (A-4); S,, is the skin factor due to water-
inflow defined by Eq. (A-7); r, is the well radius, ft. Now, after
incorporating the above formulas into the ultimate water-cut equation
(as shown in Appendix A), a new model of ultimate water-cut is

developed, given by,

Mh,,
In r@r +5,,
(1= w
WCult = (1-°5) i, i

+
lny +5,, (ln7 +5,) )
rW rW

Validation of the proposed models
experiments

using

For simulation experiments, a 2-D radial-cylindrical model is
built with IMEX simulation model depicted in Figure 3 using

the base case reservoir properties, PVT and simulation grid data
presented in Appendix C. In the model, transition zone is neglected
and the produced oil and water is injected back to the oil drainage
boundary and aquifer respectively at the constant pressure boundary
(representing BOR boundary). The production well is completed in
50% of the total oil-zone thickness.
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Figure 3 Radial model of oil with bottom water.

We compare the ultimate water-cut values from Eq. (2) and Eq. (5) with
the the design of simulated experiments shown in Table 2 representing
wide variety of reservoir/bottom-water systems. For creating matrix
of experiments, we use the 3-level Box-Behnken design®® to consider
any non-linearity of the factors in the design. Three-levels (low,
intermediate and high) of the reservoir parameters are chosed based
on the practical field range values of reservoir properties: Mobility,
horizontal permeability, aquifer thickness, penetration ratio and
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anisotropy ratio, as shown in Table 1. For 5 parameters chosen in this

study, the design stipulates 46 number of runs (reservoir systems). Critical-rate values, g, , for different reservoir systems used in Eq.

(5) are estimated using Eq. A-12.

Table | Three-level values of different reservoir/aquifer system parameters

Levels Mobility Aquifer Horizontal Penetration ratio Anisotropy ratio
thickness (/) permeability (k) oy k,
(M) ) )
ha kh
Low (-1) | 20 50 0.2 0.01
Intermediate (0) 3 75 100 0.5 0.1
High (+1) 10 500 500 0.8 |

Table 2 Simulated and predicted data (WCult, oil-rate and water-rate) for an experimental matrix: s, =25 ft; Q=2000b%ay

Reservoir- Mobility &?:li(':e"ss, :I;v::ontal Penetration Anisotropy Simulated wcult WCult Abs. ::::’s:;:" Simulated Simulated Z’;f.fi‘::d ::;:I::fe
system # - h, k Wcult (From Eq.2) From Discrepancy oil-rate water- (From (From
) (h) ) ratio (%) ratio, v 4-5) (Ba ) (p—p) Eq.3) Eq.4)
W h » X e = Py
h
1 10 75 100 05 10 0968 0967 0958 0010 609 64 1936 70 1940
2 | 75 100 05 00 0720 0745 0713 0,046 680 560 1440 480 1460
3 10 20 100 05 ol 0902 0888 0891 0003 1178 19 1804 182 1800
4 10 75 500 05 ol 0959 0966 0958 0,007 152 8 1918 67 1950
5 | 75 50 05 ol 0720 0748 0708 0057 1147 560 1440 s01 1470
6 3 75 50 08 ol 0905 0.900 0.884 0018 962 1% 1810 19 1790
7 3 75 100 05 ol 0903 0899 0879 0023 702 194 1806 205 1800
8 | 20 100 05 ol 0.465 0442 0450 0017 629 1070 930 970 960
9 10 500 100 05 ol 0974 0995 0989 0006 &5 52 1948 19 1990
10 3 500 100 05 10 0.965 0982 0946 0038 480 70 1930 90 1940
" 3 75 100 05 ol 0903 0899 0879 0023 710 194 1806 207 1820
12 3 75 100 08 10 0909 0899 0.880 002 410 182 1818 206 1820
13 3 75 50 05 10 0916 0899 0873 0030 1137 168 1832 218 1810
14 10 75 100 02 ol 0.968 0967 0957 0011 1535 64 1936 n 1940
15 3 20 500 05 ol 0726 0701 0707 0,009 194 548 1452 498 1480
16 10 75 100 08 ol 0.968 0.968 0962 0,006 524 64 1936 64 1950
17 3 500 100 05 00 0920 0982 0968 0014 716 160 1840 8 1880
18 10 75 50 05 ol 0963 0.968 0960 0,007 1490 74 1926 65 1910
19 3 75 500 05 10 0898 0894 0868 0030 114 204 179 218 1810
20 3 75 50 05 00 0.908 0899 0883 0018 169 184 1816 200 1820
21 3 20 100 08 ol 0753 0705 0710 0006 71 494 1506 522 1535
2 3 75 100 02 00 0.887 0898 0876 0025 1805 26 1774 209 1810
23 3 75 100 08 00 0.887 0899 0886 0015 565 26 1774 193 1810
2 3 20 50 05 ol 0768 0705 0712 0,009 2043 464 1536 525 1560
25 | 500 100 05 ol 0904 0948 0895 0059 575 192 1808 170 1830
26 3 75 500 05 00 0865 0891 0874 0018 166 270 1730 195 1780
27 3 75 500 08 ol 0891 0897 03881 0018 97 218 1782 198 1810
28 | 75 100 08 ol 0720 0748 0716 0045 395 560 1440 483 1470
29 3 75 100 05 ol 0903 0899 0879 0023 714 194 1806 208 1830
30 3 20 100 05 10 0755 0705 0712 0011 846 490 1510 515 1540
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(Table 2 continue..)

31 10 75 100 05 0.0 0.944 0.967 0.961 0.006 899 12 1888 63 1930
32 3 20 100 02 ] 0.753 0.705 0715 0014 1890 494 1506 507 1535
33 3 75 50 02 0.1 0.905 0.899 0.870 0.033 2921 190 1810 227 1845
34 3 500 100 02 ] 0.946 0.982 0.949 0.034 1244 108 1892 82 1910
35 1 75 100 02 0.1 0.700 0.746 0.689 0.083 1132 600 1400 528 1430
36 3 75 100 05 ] 0.903 0.899 0.879 0.023 714 194 1806 208 1830
37 3 75 100 05 0.1 0.903 0.899 0.879 0.023 718 194 1806 209 1840
38 3 500 50 05 ] 0.947 0.983 0.963 0.020 1218 106 1894 60 1940
39 1 75 100 05 1.0 0.710 0.747 0.695 0.075 456 580 1420 523 1450
40 3 75 100 05 ] 0.903 0.899 0.879 0.023 714 194 1806 208 1830
41 3 500 500 05 0.1 0.938 0.976 0.957 0.020 121 124 1876 60 1920
2 3 20 100 05 0.0 0.755 0.704 0710 0.008 1163 490 1510 517 1530
43 3 500 100 08 0.1 0.946 0.983 0.967 0016 413 108 1892 54 1940
44 1 75 500 05 ] 0.700 0733 0.693 0.057 12 600 1400 488 1430
45 3 75 100 02 1.0 0.909 0.898 0.855 0.051 1077 182 1818 256 1840
46 3 75 500 02 0.1 0.891 0891 0.863 0.033 287 218 1782 224 1815

Using the pressure drawdown simulation data for different runs, oil

. . 23500
and water production-rates were calculated using Eqs. (3) and (4) Z w=109838x + 50.506
as shown in Table 2, which were then subsequently compared with o T RT=(.0033
their simulated data (from Table 2) shown in Figures 4 and 5. Near E 2000 ,
unit-slope correlation plot and high R2 value close to 1, approve the 2=
validity of underlying assumptions of these proposed models (Egs. E g 1500 f
(3) and (4)) to a larger extent. The slight discrepancy is due to the =2
assumptions of 1) piston-like displacement process and 2) displaced = ‘? 1000 .
water completion as shown in Figure 2 that neglects the additional = g
skin due to water inflow from aquifer to the oil-zone. Further, the E )
comparison plot between the predicted values of WCult from Egs. (2) = 300
and (5) and the simulated values (from Table 2) is shown in Figure 6. E
0
L 1200 0 1000 2000 3000
= 1000 y=00206x +6.74 Simulated "Water production-rate, bbl'day
z B =0.9560 .
‘E = 200 = Figure 5 Simulated vs. predicted water production rate (Eq. 4).
= = -
23
E.. E 00 1 Y=11i gjj;xggso-_‘oﬁos ------ - Linear (Old formula-Eq.2) .
S % ogt _ _ : -
o [} 09 y=l.0’)91x—0_.04?3 ------ . Lmea.r(.\leﬁ-‘formula—Eq.)). i 0.9
s 400 R=0043 . ﬁ'
E 20 *' 08 0.8

0 500 1000 1500

Simulated Oil production-rate, bbl'day %

06

Pradicted Ultimate water-cut-Fq.2
=
Predicted Ultimate water-cut-Eq. 5

Figure 4 Simulated vs. predicted oil production rate (Eq. 3). 03 0.3
It is clear from the unit-slope correlation plot (Figure 6) that both 04 - 04
the formulas give practically the same result. This infers that though 04 05 0.6 0.7 08 09 1

: L . . Simulated ulti :
the formula 2 ignores the inevitable non-radial flow to a partially mated wimate materent

pene‘Fration well, it still manages to F:onforrr.l to a more realistic  Figyre 6 Simulated vs predicted ultimate water-cut with Eq. (2) and Eq. (5).
physics-based formula 5 and hence predict the simulated WCult value.
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Figure 7a shows the average absolute discrepancy (error), in percentage
between the presently-used formula 2 and the proposed formula 5
using the data from Table 2. Also, Figure 7b shows the discrepancy
between the formulas Eq. (2) and Eq. (5) for light oil reservoirs
(M<3). From these two figures, it can be inferred that for the light oil
reservoirs (when the mobility ratio is <3), the theoretical formula 2
may significantly deviate from the better (physically accurate) formula
5 for some cases (Figure 7a) with discrepancy as high as 8% (Figure
7b), which may not be reflected in Figure 6 due to considerable wide
variety of sample size. In this study, any discrepancy exceeding the
limit of 5% would be considered significant. This implies that for the
light oil reservoir, the simplified assumptions of formula 2 may no
longer allow it to better predict the actual WCult values, for which
the formula 5 can serve better. This can be also be justified by the
mathematical proof in Appendix B. So, in practice, formula 5 should
be preferred for general use.

On the other hand, for moderate to high mobility ratio reservoirs
(M=>3), Figure 7a shows that the average discrepancy between the
formulas is less than 5%, which is insignificant. This implies that in
those conditions, formula (5) can be reduced to formula (2), which is
also shown mathematically in Appendix B. So, Eq. (2), being simpler
than Eq. (5), suffices to predict WCult for viscous oil reservoirs

I
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Figure 7a Average absolute discrepancy, in % between formulas 5 and 2.
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Figure 7b Absolute Discrepancy, in % between formulas 5 and 2 for runs

Conclusions
Results of the study are summarized in the following conclusions:

1. Anew analytical formula for WCult has been proposed including
the physical effect ignored in the presently-used formula:
partial penetration of oil zone, and aquifer. The formula utilizes
the new models of oil and water production-rates during the
ultimate water-cut stage. The derivation of models considers
the piston-like displacement process and the inflow of oil and
water into separate completions at the top of oil-zone and aquifer
respectively.

2. Theproposed formulas are systematically verified for wide variety
of reservoir systems using design of simulated experiments
(IMEX). High R2 value for the plot between the simulated and
the predicted oil and water production-rates approves the validity
of the proposed model’s underlying assumptions to a large
extent. However, sight discrepancy can be attributed to the above
assumptions.

3. In general, both the formulas (proposed and presently-used)
of WCult predicts almost the same results which matches the
simulated WCult values. However, for the light oil reservoirs
(mobility ratio<3), simulations showed that the theoretical
presently used-formula may significantly deviate from the
(physically accurate) proposed formula. This is also confirmed
by mathematical proof, so in practice, proposed formula should
be preferred for the possible avoidance of errors.

4. On the other hand, for viscous oil reservoirs (Mobility ratio>3),
comparison of the simulations with the predicted values
showed that the presently-used formula suffices to predict the
WCult values. This fact that the proposed formula reduces to
presently-used formula for the above reservoirs, can be justified
mathematically.

Nomenclature

M, = viscosity of oil, cp

M, = Viscosity of water, cp

Ap = density difference between water and oil, Ib/ft*
B, = oil formation volume factor, bbl/stb

B,, = water formation volume factor, bbl/stb

BOR = balanced-oil-rate

h, = oil-zone thickness, ft

h,, = perforated length, ft

h,,, = length of well-completion occupied by oil during WCult stage,

=g

hp, = length of well-completion occupied by water during WCult
stage, ft

h,, = aquifer thickness, ft
k, = horizontal permeability, md

k, = effective permeability of oil, md

having M<3. k,, = relative permeability of oil
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k,,, = relative permeability of water

% =Anisotropy ratio, fraction

k,, = effective permeability of water, md

M = mobility ratio between water and oil, fraction
P, = Teservoir pressure, psi

p,, = well-bottomhole pressure, psi

q., =critical oil rate, bbl/day

g, = oil flow rate, bbl/day

q,, = water flow rate, bbl/day

Q = Total production rate, bbl/day

r,, = wellbore radius, ft

r, = reservoir radius, ft

S, = Partial penetration skin due to oil-inflow

S,, = Partial penetration skin due to water-inflow
T = Ratio of aquifer thickness to oil-zone thickness
WC = water-cut, fraction

WCult = Ultimate water cut, fraction
Appendix A: Derivation of new analytical WCult
formula

Assuming piston-like displacement process, the rise of water
cone before final stabilization covers larger area of oil completion.
Eventually, the ratio of well completion producing oil and water
becomes equal to the ratio of oil and water zone thickness, when
ultimate water-cut is reached.’ So, the length of well-completion
occupied by oil during WCult stage:

h

@ " h,
And, the length of well-completion occupied by water during WCult
stage:

X hop

(A-T)

hW
hopw ho + hw x hop (A 2)
This follows that the well completion system during water cone
stabilization stage can be assumed to be the combination of the oil
completion (producing only oil) at the top of oil-zone and the displaced
water completion (producing only water) at the top of aquifer (Figure
2). So, oil inflow rate due to partial penetration in oil-zone (producing
only oil) is given by,
_ 27k,hy(p. — P.)

q,
,(In % + 50)

WCult = (1 Lo J !
0

u,(In % + 50)
27[kwhw(pe - pw)
M, [ln% + sw}

1+

Since, ¥o = Knkro, we get:

_ 27hkrohy (Pe = Pu) (A-3)

9,

1, (In % + 50)

Where, s,, is the skin factor'® due to oil-inflow and is given by,

h 1V
S = (s gy o2 (Qj (A-4)
hopD T oD hopD 2 + hapD B - 1
ot oy From Eq. (A-1 A-5
o= e (omEa.(AD) (A-5)

1
7, k, A .
ToD Z(A)j(%’) ) A:4/h0pD ; B:4/3hopD

Now, again water inflow rate due to partial penetration in an aquifer
(producing only water) is given by,

_ 27k b (P~ Py)

g, -
u,(In % +5,,)

Since, &, = ki Ky, we get:
— 2ﬂ.khk h (pe — pw)

wtw

(A-6)

q,, ;
(0" +5,)

W

So, the skin factor, S, due to water-inflow can be represented by'®:

h V4
R L L S S L7 (Aw 1)
Bp> 2 by | 2k, Bw—1

(A-7)

h —h"P% __tw (From Eq. (A-2)) (A-8)
K h ™ h,+h, 4
)

rop = (% j(% ) S Aw=d/h,,; Bw=4/3h,,
From Egs. (A-5) and (A-8), we get:
hwpD = hnpD = hpD (A_9)

Ultimate Water-cut, during water-cut stabilization stage® is given by:

WCullz[l_qcr] 9 :(l_qcr] 1
Q qw+qo Q 1+q70

qw

(A-10)

Substituting ¢, and g,, from Eqs. (A-3) and (A-6) in (A-10), we get:

(A-11)
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k,

w

Where, M = Hw i Critical rate, g, in above Eq. (A-11) can be substituted by the following formula'':

_re

H,

Apk,(h,*—h,*
M 07311424

4,8, |k,
ho kh

Where, all the parameters are in field units.

q,. =0.0783x107" (A-12)

Appendix B: Mathematical convergence of new formula to presently-used formula

Using Eqgs. (A-4), (A-7) and (A-9), Eq. 5 can be rewritten as:

M,

hyy (A-1Y%
Mh, 1\17 I BRI e I : 4L | Lo [Qj
— 7 g Al | 24y BT

e 1n%+:,, (i) " Zm[%)/ (1) M,
[ o) }h (/h )( o) i, f, [ ) [ ]y
W s, (W s i " o [ i [,n%w, e )+¢.{ b (4 H B.1
{’“/{,‘I]lnzr\{%hf h,l,,,ln{zih,m(%) ” 1"/+[ﬁil}l"2r“(%]%+Ttul"{zih,,,(tl] } Mh, b, " ] Z"‘[A/’fr.)% b |2 h//n[ﬁ 1 (B-1)

. " o (A-1V4
{,n%{h;l}nv [// )%ﬁ{zﬁ o (4] H
A

h _1)2
Substituting 7 = h, ,and C=In"e/ + L—1 lnﬂih"-riln g (A=1 in Eq. (B-1), we get:
k " Y hy |24k, (B-1
° v pD 2 (kv ) 2 pp +hyp \ B —
w kh

qcr 1n / rw + SW — qCY MThO — qC}” MhO (B-2)
1- =|1- =|1-
Q) Mh, h 0 1 0
P - C+|——1|InT InT
ln% +s,, (ln © +s{,j hop T
w Hy MTh, + h, x

1
C h, x /T+ M + :
Cc/|—-1
hyp

0.6 x =
04 LD D037 e Jp (between 0.1 and 1) and for practical value of T (>0.8). Minimum
D'; *-0-e - possible value of 1 tends to O for infinite thick aquifers.
r
0.2
E g4 Now, assuming 5% maximum possible error is permissible in predicted
E 06 WCult value given by Eq. (B-2); for viscous reservoirs (when

Field range InT
1 value of T=0.8 T
12 mobility ratio > 3), any value of 1 would lie withing this
14 Cf|—-1 InT
h,p —
16 T=03g : ! —L
o 5 10 15 20 25 error margin of Eq. (B-2) and hence, the part ° 1 ’ can be
T, Ratio of aquifer thicknessto oil-zone thickness G Z71
P

ignored. So, Eq. (B-2) or Eq. (5) can be rewritten as:
Figure B-1 Pattern graph of log(T)/T vs.T; (T=ratio of aquifer thickness to

oil-zone thickness). Mh,
re
Figure B-1 clearly shows the maximum value of lnTT is 0.37. (1 qcr] In A sy, [1 q"'j Mh,
Subsequently, the approximate maximum possible value of 0 Mh, + hy 0 Mh, + h% (B-3)
InT lny +35,, (lnrer +s0)
— T is0.15 for the practical field operating range values of ]\;h "
I [1 e j .
c/|—-1
/( hop ] Q ) Mh,, +h,
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Above derivation mathematically proves that Eq. (5) reduces to Eq.  Table C-3 Simulation Grid Data
(2) in case of viscous oil reservoirs. However, for mobility ratio<3,
Eq. (5) may or may not reduce to Eq. (2) depending upon the ratio of Region Direction Grid Number

aquifer to oil-zone thickness. R 20
. . . . Oil D |
Appendix C: Complete Reservoir Simulation zone , 2
Input Data
R 29
Table C-1 Reservoir and Well Input data Water zone @ |
z I5
Parameter Unit Value
Datum depth ft 5000 References
Thickness of oil zone fe % 1. Kuo MCT. A simplified method for water coning predictions. In: SPE
Depth of WOC ft 5025 Annual Technical Conference and Exhibition. Society of Petroleum
Thickness of water zone fe 75, varied Engineers; 1983.
Reservoir pressure at datum depth psi 6000 2. Joshi SD. Horizontal Well Technology. PennWell Books; 1991.
Position of top completion from formation top  ft 0 . . . . . )
Perf dl h ft 12 varied 3. Shirman EI, Wojtanowicz AK. More oil using downhole water-sink
erforated lengt »varie technology: a feasibility study. SPE Prod Facil. 2000;15(04):234-240.
Horizontal permeability md 100, varied )
Anisotropy ratio md 0.1, varied 4. ll\gesygjlé (I;I‘I‘,) zfig DF. Analog Study of Water Coning. J Pet Technol.
Porosity fraction 0.3
Well radius fe 0.25 5. Shirmag EI, Wojtanowicz AK. Water coning reversal using downhole
o dius of oil ft 1000 water sink-theory and experimental study. In: SPE Annual Technical
uter radius of oil-zone Conference and Exhibition. Society of Petroleum Engineers; 1997.

Outer radius of water zone ft 1000 ) ) o o )
Total liquid Production rate bpd 2000 6. Prasun S, Wojtanowicz AK. Determination and Implication of Ultimate

Water Cut in Well-Spacing Design for Reservoirs With Water Coning. In:

SPE Eastern Regional Meeting. Society of Petroleum Engineers; 2016.
Table C-2 Fluid Properties Input Data

7. Prasun S, Wojtanowicz AK. Determination and Implication of Ultimate
Property Unit Value Water Cut in Well-Spacing Design for Developed Reservoirs with Water
Coning. J Energy Resour Technol. 2018;140(8):082902.

Reference pressure psi 6000

Formation oil volume factor rb/stb 1.2 8. Cavazzuti M. Design of experiments. In: Optimization Methods. Springer;

Relative oil permeability at connate water fraction | 2013:13-42.

saturation 9. Ferreira SC, Bruns RE, Ferreira HS, et al. Box-Behnken design: an

Water compressibility I/psi 3.3202e--6 alternative for the optimization of analytical methods. Anal Chim Acta.

Oil compressibility I/psi 1.50E-05 2007;597(2):179-186.

water viscosity cp 0.5 10. Papatzacos P. Approximate partial-penetration pseudoskin for infinite-

Oil viscosity p 1.5, varied conductivity wells. SPE Reserv Eng. 1987;2(02):227-234.

oil density Ib/cuft 43.65 11. Chaperon I. Theoretical study of coning toward horizontal and vertical

Water densit Ibleuft 60.55 wells in anisotropic formations: subcritical and critical rates. In: SPE
ater density cu ’ Annual Technical Conference and Exhibition. Society of Petroleum

Bubble point psi 100 Engineers; 1986.
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