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Summary. The x-plot technique is extended and a- relatjonship is developed between water throughput and
water cut by use of field performance data. This relationship allows the estimation of water that has invaded the
drainage area of a well,’a group of wells, or a field under water injéction or natural water influx. Applications

reservoir in Tunisia are discussed.

.to a simulated waterflood, an actual waterflood in Long Beach, CA, and the water influx in the Sidi El-Ttayem

Introduction

The x—plot technique introduced by . Ershaghi and
Omoregie " and Ershaghi and Abdassah? is a convenient
method for representing oilfield performance history un-

der water injection or natural water drive. The procedure -

is a linearization of water cut vs. recovery plot, allowing
extrapolation to higher cuts. From the relationship

one may also derive a ﬁeld comp051te, relanve—perme—
‘ability-ratio curve.

Flood pot test data are often used to derive a relanonshlp
between water throughput and water cut. This approach
requires the availability of core material representative

- of reservoir properties. Additionally. such core-derived

correlations, which are based on laboratory relative-per-
meability curves, may not be gxtrapolated to actual field
conditions becanse of layering and pérmeability variations

that affect the field composite relative permeabilities.
" Our experimentation with Eq. 1 in which both a reser-
voir simulation approach and actual field performance data
were used shows that one may obtain-a fair estimate of
the cumulative water throughput at any high water cut
from the slope of the x-plot. |

This paper describes the proposed technique and its ap-
plication to the Sidi El-ltayem reservoir in Tunisia, which
is under a strong water drive.

‘Method Description

The x-plot procedure requires plotting x=In{1/f,, —1)—1/

fw vs. fractional fecovery. In the absence of layering ef-
fects and remedial profile corrections, a linear plot is ob-
tained for cut values above 50%.
straight line indicates that the performance is being con-
trolled by the relatwe—permeablllty ratio characterlstlcs
of the reservoir.

Capyright 1987 Society of Petroleurn Engineers

Journal of Petroleum Technology, September 1987

The formation of a -

If the oil recovery is expressed in terms of the fraction
of oil in place (Eg. 1), then m and n may be used to obtam
a field relative-permeability-ratio curve.

The amount of water throughput at any f,, from the
frontal advance equation may be expressed as . '

-
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In practice, Eq. 2 requires a fieldwide relative-permeabil-
ity-ratio curve. With a simple transformation of Eq. 1 and
the derivation shown in Ref. 1 for df,,/dS,,, we have de-

veloped a procedure to obtain estimates of water through— '

put from the slope of the x-plot. If we express oil recovery

in.terms of actual volumes produced Eq.' 1 can be written

as x=m'Np+n’, where m'= lf(Nm) and n =-—n/m
From Ref. 1, '

Vpi=~1tf 1 fw)] ..... 3)

and b= ll[m(l .S'w,)] Thcrefore with the definition
for m', .

Vi =~m(l '—Swf)ftf;vu —fw)] '
== _'Swi)/,[mNﬁﬂq _fw:’l

Now the water throughput in terms of actual volume can

be estimated from

W;=—Byl/[m I.'fw(l ~fwll.
where m' is in 1/vol.

Application to Waterflood

Application of Eq. 4 to both a simulated and an actual

waterflood is demonstrated here. Fig. 1 shows the x-plot
of Case 1, a simulated flood example discussed in Ref.
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" TABLE 1—PERFORMANCE OF THE
" SIMULATEDR WATERFLOOD
} . . ) L " Cumulative Oil .
] Year Water Gut X (STB)
e T I : 3 0.8881 3.1975 | 204,228
h=28f ‘ . 3.5 0.9066 3.3758 212,776
s3] q=I50,8PD/W : 4 0.9200  -3.5293 220,109
"4 | ly=€00 B/D . . - 4.5 0.9295 3.6549 226,530
sk o _af A®]0BO x 1080 12 B 5 0.9369 3.7652 232,747
NI $2025 - | ) 5.5 0.9429 3.8647 237,408
L, Swross | 6 0.9478 3.9541 242,106
e o © *By=l258 v 6.5 0.9520 40378 246,422
: =m':' a8 t0-5 7 0-9_556 4.1156 250,409
: 75 0.9588 41854 - 254,113
4= - 8 0.9614 4.2553 257 570
8.5 0.9637 4.3166 280,810
9 0.9657 4,372 263,864
10 0.9691 44775 260,506
1. | S ¥ 12 0.9742 46577 - 279,288
———— BTS00 — 15 0.9794 4.8877 291,250 J
. Corg 0il; MSTB o ' 1.958 . -
: S S— —— Wis aex 10" - m ='3,316,427 bbl
Fig. 1—x-plot of the simulated waterfiood. 1. x‘10 ’{1 =0.9784){0.9794)
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Fig. 4—x~p!ot for a 10-layer reservoir wlth rqoblllty ratio =
0:125 (data from Snyder and Rameya)

*

2. Table- 1 shows the simulated performance. data. The
m’ :computed from the plot is 1.842x1073 1/bbl
[11.6x10 9 1/m3] At a water cut of 0.9794, this cor-
respbnds to a tdtal injéction of 3,316,427 bbl [527 %10
m®>], verifying the actual IIl_]E".CthIl of 3,285,000 bbl
[522x10% m?] (one injector at 600 BWED {95 m3/d
water] for [3 years) Similar computahqns may be done
for-other, supulate:d cases' in Refl 2. -

F1g 2 shows the x-plot for a waterflood in the HXVB
sand in the Wﬂmmgton field, CA * From the W; calculg-

"Data are avgilab!e 1rorn the California State Land Comymission, Lcng Bedch.
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MEGITERRANEAN SEA -
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‘TABLE 2—BASIC RESERVOIR ROCK: AND
FLUID PROPERTIES

Average formation thickness, ft

¢ : ;17
* QOriginal reservoir pressure, psi 3,385
Reservoir temperature, °F - . 246
Average porosity, % 8.4
Average matrix permeability, md 1.3
Average initial water saturation, % . 0.2
Qil gravity, "API 40
Qil viscosity, cp - 0.44
Water viscosity, cp 0.4.
Bubblepoint pressure, psi ' 1,195
Initial oil FVE, RB/STB - 1.24
Estimated initial oil in place. STB 132x 10°
o 100F .
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Fig. 8—Performance of the Sidi El-ltayem reservoir.
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Fig. 8—Structural location of wells in Sidi El-ltayem.

Fig. 10—Pressure history of thé Sidi E_l-‘lt'ayem' reservoir.

tion, the total influx at a cut of 0.9103 is estimated to be
76,530,431 bbl [12.2X10% m?3]. This is in excellent
agreement with the actual injection volume of 77,516,746
bbl [12.3x10% m3], cons1der1ng the errors in the esti-
Vmatlon of B,; and m

Appilication to Water-Influx Calculations
Several techniques have been proposed to estimate cu-

mulative water influx into oil and gas reservoirs. Among

these are van Everdingen and Hurst’s® unsteady-state the-
ory, Fetkovitch’s™ approximate method, Carter and Tra-
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cy’s method,” and the material-balance method. o8
Estimation of cumulative influx at any time with these
techniques requires reservoir pressuré data in addition to
performance history.

The tcchmque proposed here ‘considers a water—dnve
reservoir to be analogous to a reservoir under water in-
Jjection, Regardless of the injection rate and pressure, the
cumulative water produced is controlled by the composite
relative-permeability curve describing oil and water flow
in the reservoir. The composite field relative-permeability
ratio includes the influence of vertical’ sweep efficiency
in the gystem. ‘

Journal of Petroleum Technology, September 1987




TABLE 3—SUMMARY OF W, COMPUTATIONS FOR SIDI EL-ITAYEM FIELD
o oW, W, N, G,
“x-plot - . {1/m?) (Dec. o83y (105 m®)  (10° 'm?) (10° m%)  (10° 'm?)
Entire. field 1.7x107%  0.8209 10.013 699 . 258 = 1224
Southern part (Wells . ,
. Sit-06, 08, 10 and 11) 6.47%107° 0.9487 3.79 335 - 0.843 . 0,433
- Northern part (Wells Sit-01, . . : Co. "
02, 04, 05, 07, and 09) 1.885 % 10 ~° 0.8757 “8.215 3.64 1.74 0.79 . s -
Well Sit-01 1.204x10~¢ 0.8507 0.517 0.173 00807 - 0.028 - o
Well Sit-02 1.204%10°%  0.9410 1.726 1.987 0978 0.533 .
- well Sit04 2.022x107%  0.7106 0.240 0.054  '0.189 0.056 . B
T well Sit-05 2.547x10~° 0.9471 0934 . 0844 0224 0.106.
Well -Sit-G8 © 2.847x107° 0.973. 1.438 1.436 0. 449 0.242 -
Well Sit-07 1.655% 105 0.8209 0.410 0.396 0. 214 0.049 -
i Wwell sit-08 9.1% 1_0' -5 0.9524 0.30, 0.353 0.145 0.065
" Well Sit-09 8.5%10° Q.8841 2.199 0.183 0.042 0.0169 i
. Well Sit-10 410t x10 -6 0.9515° 0.654 =~ 0.49.  0Oi0 0.054
. - Well Sit-11- 269110 0.9641 1.238 + 1.076 0.149 0.071
I - ’ — v 1 17 1 1 1T T T T ] — 3 7 1 1 1 T 1 T 7 _]
co8f- . ! — 098 -
k=
I S 098l . S o =
- o
Q = — 5 . -
- | : g
@ 0.841- . e 094 -
f— v -— [T - —
= 092: , 7 iy ez e |
8 .00~ - S — = nook . ) o =
: , - o - ' : rd
: ggg — : . 3 - 088 £= -
- & — 086~ . : 7]
_ Q84 ;" - §.84 - o - =
8%%: L e I B0 e p
amsE . eg 3 a7SE as S 3
OT0F - §<F°o, ° 5 OT0F & .o .
B 820- W AN S - 8?8& | 8 1opee Led ) g 1
8 18 24 32 40 - 2 4 6 8 10
' Cum oif 105 m3 cum oil 105 m3
I Fig. 11—x-plot &of entire reservoir. Fig. 'i2—x;plo=t 6f __sc-:-u-l_illlern wells. '
¢ . - . B ..
Con: _d_,r an x-plot for a three-layer reservoir. As shown of 0.125, 1, and 10, respectively: The curvature at the
in Fig. 3, the breakthrough from successive layers results  end of the plot is caused by the nature of the relative-
_ in a shifting of the plot. If the relative-permeability ratios ~ permeability equations used by Snyder and Ramey.
characteristic of the thrée layers are identical, then the . , R .
trends remain parallel. The final straight line represents  APplication to the Sidi El-ltayem Reservoir
the composite behavior of the reservoir. The slope of this  The Sidi El-Itayem reservoir is located on the north side ~
composite trend is used to estimate the water influx at any of Sfax, Tunisia (Fig. 7) This reservoir, discovered in
- high water cut. July 1971, is a faulted carbonite reservoir consisting of
As Snyder and Ramey8 discussed for layered systems,  Several blotks (Fig. §). The producing interval is num-
the mobility ratio between water and oil also affects the  mulitic limestone consisting of thiee layets with a total
shape of the curve of WOR vs. recovery. At mobility ra- thickness of 171 ft [52 m] Core arialysis data from tliree
tios of more than one, the step-function nature of the plot  wells indicate low matrix permeabilities, ranging from 0.6
. of x vs. recovery disapjjears and a smoother shape devel- to2.4md, and porosities from 3.8 to 14.4% . Other details
ops. Figs. 4 through 6 show the x-plot for mobility ratios  about reservoir properties are listed in Table 2.
l . ~ Journal of Petroleumn Technology, September 1987 1131 )




TABLE 4—DATA FOR WATER INFLUX ESTIMATION
FROM THE MATERIAL-BALANCE METHOD
N, STB " 16.24x 108
N, STB 132x10° : —_— —
B, RB/STB T 124 TABLE 5—RESERVOIR DATA FOR CALCULATION.
B,, RB/STB : : - 1.25 OF WATER INFLUX USING THE
o opypsia . g:gg UNSTEADY-STATE APPROACH -
-, . -P, psia S e 3, -
o psi ™! . 5%10°® g, psic! . . 8Bx10°F
wf' : . b2 /360 - E 1
3.6x10-¢ ro ft - 6,100
: w bbl 43.9%10° B, RB/STB 1,00 -
Cor vouvol -psi 1.047x 10~ U, bbl/psi : 5,113
: B, _ k, md 300
y ‘ : 10
Wy =NoB, +W,B,, # —2—(p,~p)cys(1 - Sw) fao
. _SWI . n=1 '
050,801 Wot)=U 2 sp,Wolto=ta) 7
— T 1T 1 1 1T T 1 1 1 1 | -
098~ — Q98- -
= = '
S 096 — 2 ose S
15 . _ Q | i
= = -
@ 0944 - T 094k -
- 092 - E  oszF =
o 090F = ©  os0F -
088 — 088~ -
oser = 086( -
84— ' - o84l -
85 282 - B8a °o° o4 ]
Q75 o £ - - 0751 o ° .
, 70 343‘9 o B OTFE o oo _ 3
8283&@ QP R T T T = g gg Fo 1 1 1 L
g o 14 18 22 26 5 7 ‘N 13
Cum oil 105 m3 CUM x (0%, m3
Fig. 1§—x-plot of northern wells. Fig. 14—x-plot of Well Sit-01.

The preserice of an active aquifer in the field can be
detected by exartiination of performance hlstory Increas-
ing trends in WOR and a stabilization of reservoir pressure
aré shown in Figs. 9 and 10, respectwely

The rate of water tut increase vs. cumulative production ’

in various wells shows a honuniform pattern. Wells in
" the southern part of the reservoir have shown much greater
increase rates than those in the north, Water productxon
has been partially controlled throtigh shuttmg down h1gh—,
. cut wells.
Table 3 shoiws a summary of the calculation of water,

influx volumes for the reservoir and individual wells es- -
‘timated with the proposed procedure. Examination of the -
x-plot for the entire field (Fig. 11) shows an early trend

relating to combined behavior of Wells Sit-01 through

1132

Sit-05. The addition of Well Sit-06 stabilized the cut, but
-a similar trend then developed and continued to the latter
part of 1977. After that, the addition of Wells Sit-07 -

through Sit-11 resulted in a period of fluctuating cut. Well
Slt-ll was completed in Oct. 1979, and a relatively sta-

~ ble trend developed with m'=0.27x10~% 1/bbl [1.70x

1075 1/m?]. This corresponds to an estimated water in-
flux volume of 63108 bbl [10.013 X 10® m>] at a2 water
cut of 0.9209 as shown below:

124 ‘
W,'= = 3 g g -
1.7X107°x0.9209(1 -0.9209)

=10.013% 105 m?

Journal of Petrolenin Technolegy, September 1987




I T T 4 =
0.98— - 0.98 -
- — z -
= =]
2 oosl i = 096
- o
Q B _ = = -
o & osal :
w 094}~ — U- A ~ :
~ ogef - 5 092- -
3 ogof 3 090} -
. 088 - 088 -
L - QBer -]
8,86 N ] Q84 -
8’ 2: : 838: 7]
ot 1| o z
0.651 - 065r. 3
050 | 1 ] | | - 050
T4 6 8 10 12 14 40
CUM x 109, m3 , . : CUM X |04' s
Fig. 15—x-plot of Well Sit-02. B , Fig. 17—x-plot of Well Sit-05.
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orsfF - 075f ° o -
C - Q7OfF ° 3
8’5% - N OS5 o o® | N
X N = 0s50—a_=1 >
Q.50 S 20 R 5
CUM x 104, m® ‘ CUM x |05, m3
Fig. 16—x-plot of Well Sit-04. ‘ Fig. 18—x-plot of Well Sit-06.
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Fig. 19—x-plot of Well Sit-07. [ Fig. 21—x-plot of Well Sit-09.
. From a material-balance calculation for this reservoir,
- 1 P LI which is above the bubblepoint, we obtained an influx of
65x 105 bbl [10.399x 10¢ m>]. Basic data used in the
material-balance calculation are shown in Table 4.
We also nsed the unsteady-state equation of the van
ossk _ Everdingen and Hurst® method to verify the results. Ta-
i | ble 5 shows the additional information used for this ap-
proach. If one uses a matrix permeability of 1 to 2 md,
- - very unreasonable answers are obtained at any acceptable .
z range of r,p. By a trial-and-error procedure, we noticed
E 095 - that, for example, use of k=200 md and rp =10 results
g N _ in W;=63x10% bbl [10.07x 105 m3]. This permeability
£ qoqk B is much larger than the matrix permeability, which indi-
""_ N _ cates the presence of a high-permeability fracture network
E  og2- - in the reservoir. '
© asof - ) .
: Analysis of W; Calculations
osgf- ~ e ) N .
086k _ - The ability to estimate water influx into the drainage area
Q844 - of individual wells opens up new possibilities for reservoir
888: ~ characterization. For example, the directional trend of
= 3 water movement can be mapped and the performance of
075 " 3 wells can be compared at similar positions with respect
8%%: 7 to the water/oil contact. If the slopes of the x-plots for
: 0'5 ob—L _lo'§ ° ' individual wells were equivalent, then the chronological
o 5 10 14 18 20 |  contours of the W;’s would have the same features as the
PV . contours of the equivalent water cuts. But when wells ex-
CUM X 107, m : i e W
hibit different slopes, at a given water cut the W;’s for
Fig. 20—x-plot of Well Sit-08. individual wells would be different. This is an important
— diagnostic tool for estimating reservoir heterogeneities.

For the Sidi El-Itayem field, we computed a total of -
23.8x10%-bbl [3.79x 10%-m?] influx from the south,
using the combined performance of Wells Sit-06, 08, 10,
and 11 shown in Fig. 11. In a separate calculation, we

1134 : ' Journal of Pgtrolgum Technology, September 1987
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7 Fig. éé—x'—pht of Weﬂ Sit-10. - Fig. 23—x-;plot' o-f Wei[ Sit-11. ‘
) Uut.aulcu 39x10° bbl {6 215%108 1113] of influx from Fio = fractional water cut
the northern wells (Sit-01, 02, 04, 03, 07, and 09) shown - Gp = cumulative gas produced, scf [std m?]
in Fig. 12. The sum of the two agrees reasonably well h = thickness, ft [m]
with the influx computed for the entire reservoir. The k = permeability, md
slope of the combined performance of the southern wells m = slope in Eq. 1, dimensionless
:;:iic;t;fts poorer recoveries than for the wells in the north- m’ = slope of x \;s. ,N S vel
Similarly, thc x-plot slope for individual wells and n, i 3ntercept }n Elq l,fdlmen;jronlzss !
groups of wells may be compared (Figs. 11 through 23). 7’ = Intercept in plot o1 X vs 1rnen3103n £ss
Among the southitn wells, for example, Well 8it-08 with N = initial oil in place, STB [5t°°k ~tank m~]
the largest c]r\pn shows.a lower W; than Well Sit-10 at N, = cumulative oil production, bbl [m3]
a similar water cut. This means that if Well Sit-08 had p = pressure, psi [kPa]
continued producing, one would have expected a water g = flow rate, B/D [m3/d]
cut of 0.98 by the time 4 x 10 bbl [0.654 % 106 m?3] of r = radius, ft [m]
water had invaded its drainage area. Well Sit-10 showed rep = Fe/To, dimensionless aquifer ratio
a'cut of only 0.9515 for this amount of invasion. S = saturation, fraction
) . ’ r = time, years
Conclusions tp = dimensionless time
1. As an extension of the x-plot technique, a method U = 2xher,26/360, aquifer constant
is proposed that allows estimation of water throughput at - V,; = number of PV's invaded
VH.HY Wa[f:I' Ccut Dy [ﬂe use Uf IIE.I.U. pﬂrluﬂ'ﬂdﬂbﬂ Ud(d’. W, = . t d f t . ﬂ , bbl 3
2. Application of the procedure has been demonstrated W" _ estimated volume o water X [r;) ]
; = actual volume of water invaded, bbl [m~]
for waterflood and water-influx calculations. | W = comualati duced. bbl fm?
3. Comparison of W;’s computed for individual wells p = cumulative water produced, bbl [m*]
in a given field can serve as a measure of dxrectxonal x = l'f(l‘rf 'y"‘l)_l /f
movement of water and reservoir heterogeneities. = viscosity, cp [Pa-s] -
¢ = porosity, fraction
Nomenclature . ¢ = encroachment angle, degrees [rad)
b = slope of k,/k,, vs. S,, on semilog paper L
B = FVF, RB/STB [res m?/stock-tank m°] Subscripts
¢ = compressibility, vol/vol-psi [vol/vol-kPa] L = dimensionless
Er = overall reservoir recovery efficiency, ~e = external

N, /N, bbl [m3] f = fracture

Journal of Petrolebm Technology, September 1987 1135




i = initial

o = oil

t = total

w = water <
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S1 Metric Conversion Factors

°API  141.5/(131.5+"API) = g.”c_m3
bbl X 1.589 873 E-01 = m?
cp X 1.0 E—~03 = Pa-s
ft % 3.048% E-0! = m
ft2 x 9.290 304* E~02 = m?
°F  (°F-32)/1.8 ] = °C
in. X 2.54% E+00 = cm
mile x 1.609 344% CE4H00 = kmm
psi X 6.894 757 E+00 = kPa .
psi—t X 1.450 377 E—01 = kPa~!
*Caonversion factor is exact. JPT
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