A Superposition Method for :
Representing Wellbore Crossflow
in Reservoir Simulation

M. Ooals,** SPE, and M,W. Wells t Scientific Software-Intercomp

o | FEgRN B
1ids MUQINSy el WPdalsy oy QAL

INAEES = W wrsusry - (e L
i

Summary. Production from highly stratified reservoirs can result in significant crossflow between layers through wellbores. This
paper describesa new, relatively simple superposition method to represent this erossflow in a numerical simulator. The method calcu-
lates 'vertical wellbore saturation variations throughout the wellbore and gives more accurate results than a fally mixed wellbore method.

Equations are given for the new method, a fully mixed wellbore

method, and the exact solution for crossflow in a well completed in

a column of gridblocks. Three examples, including a field-scale depletion, are given comparing exact results with those from the super-

position and fully mixed wellbore methads.

introduciion ] )

The aim of simulating wellbore and near-wellbore behavior in a
field-scale-model is to attain accuracy and stability with numerica]
efficiency. The introduction of the strongly coupled well model 1,2
provided stability by simultaneously solving the well target rate con-
straints with the reservoir pressure and saturation equations. Later,
Folmes3 described a fully mixed wellbore model to treat intetlayer
crossflow through wellbores. This approach increased accuracy in
simulating highly stratified reservoirs where significant interlayer
flow may occur throngh the wellbore of a shut-in or flowing weil.
However, this fully mixed approach can give erroneous saturations
for the wellbore-to-formation outflow-layer flow stream because
it assumes vertically uniform saturation of each phase throughout
the wellbore. _

This paper presents a new superposition method that includes a
layer-by-layer mass balance to calculate the variation of wellbore
saturations arnong the layers. The well target rate is allocated among
perforated layers with implicit bottomhole constraints imposed to
preserve that rate, Additional interlayer flow terms then are super-

.posed on those allocated layer rates to obtain total layer rates that

reflect the sum of the well target rate and crossflow.

Equations are presented describing this superposition method,
2 folly mixed wellbore method, and the exact solution for instanta-
neous layer total and individual-phase rates of a .well completed
in a column of gridblocks. A stand-alone program that uses these
equations was run to compare the three methods for many cross-
flow -cases having various layer properties and well rates.

An eight-layer example presented in detail illustrates the general
finding that the exact results are approximated more accurately by
the superposition method than by the fully mixed welibore methad.

A procedure is described whereby the simulator can be used to
calculate the exact crossflow behavior for a single-well or multiwell
field-scale cross section. Two examples where this procedure is
used are presented that compare superposition method results with
the exact behavior of a single-well shut-in transient and a 10-year
field-scale depletion case. '

The superposition method described here applies to black-oil or
compositional simulation models. The simulator results presented
wete obtained from the method programmed in a fully implicit com-
positional model.4 .

. The, superposition method accounts for the role or effect of well-
bore gradient. This paper, however, does not address the separate
problem of formulating a general and accurate method of calculat-
ing that gradient.

. Development of Equations.

Consider a producing well that penetrates r contiguous grid layers
and produces a target rate of g. For any individual Layer %, the
total layer rate is
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Summing.g; in Eq. 1 over all layers and using the relation Zq,=q
allows calenlation of the following wellbore pressure:

PO eA NI )Y) 119 VRSO e (3)

I p,, is greater than the smallest Py, then crossflow exists with

some (inflow) layers producing into the wellbore and other (out-

flow or crossflow) layers accepting fluid from the wellbore.
The individual phase layer rates are given by :

k=T h g Pre—Pgds MTW,0,8, «veenenciaae s @)
where imkz}‘mk ............... e, {3
for an inflow layer and '

Rpg=heS22 e (B

for an outflow layer.

The individual phase rates given in Eq. 4 can be used in steady-
state phase mass balances written for each layer of the wellbore
to obtain a reservoir-volume-unit wellbore mass balance that can
easily be used to calculate the layer-dependent wellbore saturations,
S},"i. These mass balances neglect compressibility and mass-
transfer effacts within the wellbore and require no assignment of
wellbore cell volumes. Egs. 1, 3, and 4 then give an exact solation
to the crossflow problem in terms of instantaneous fotal and
individual-phase layer flow rates. .

A mixed wellbore approximate method is similar to the above
dacarintion. excant that 2 ginele get of wellbore satrations, S:lfb,

GBIV, LDALLEY Linl & DLIpes 950 L0 WRILARE 2

*is used in place of the layer-dependent values in Eq. 6. A total well-

bore mass balance for each phase is . :
E+qu+E—qu-qS,‘:b =0, M=W,0,8, « vnnsrrrarnnnns (7}

where £+ and £~ denote summation over inflow and outflow lay-
ers, respectively. Expansion of the outflow sum gives

E+qu+S;;bE‘Jk}\k(Pk—pw)—qS,‘;‘:b=0. ............. LB
Solving for the average wellbore saturation gives
S;'n”b =E¥g o llg—E T dfPr—Dw)l ooriiins veeans )

Egs. 1 and 4, with this layer-independent, or single-saturation,
set used in place of §¥% given in Eq. 6, then give the approximate
mixed wellbore crossflow sclution. Again, no wellbore cell volumes
are required to calculate the mixed wellbore saturations given in

" Eqg. 9. ‘

The approximate superposition method combines two calculations.
First, the target rate is allocated only among inflow layers as

Q’f =Jk7\k(Pk‘-p;5) if Pk >_P$ ......... levvsnseeannran (10)
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TABLE 1—EXAMPLE PROBLEth PROPERTIES,
* - EIGHT-LAYER TEST PROBLEM
Matrix Relative Permeabilities  parix Pressure

Layer Ko Ky Kny (psia}
1 0.100 0.020 0.010 2,000
2 0.020 0.400 0.100 6,000
3 0.200 0.300 0.020 3,000
4 0020 . 00100 0.600 1,500
5.0 0800 T 0100 0.100 4,000
6 0.600 0.050 0.050 2,500
7 0.300 0.010 0.500 1,500
8 0 Q 1.000 5,500

Pl for all layers, RB-cp/D-psi 0.10

Ol viscosity, cp 0.50

Gas viscosity, cp 0.05

Water viscosity, cp 0.25

cad gF=0if Pr=spk, .o (11)
with p% easily determined as
p$=(E+thkPk—q)/E +Jk)\k! ...................... (12)

where It again denotes sumrgation over inflow layers only. The
calculation given in Eqs. 10 through 12 satisfies target rate exastly
but ignores all crossflow. The second calculation seeks a form of
additional interlayer (matrix layers) flow terms between Layers &
and j:

qxj =Txj @r—9)) _
which when added to or superposed on the rates gj* gives an ap-
proximation to the exact crossflow solution. Egs. 10 through 12
are straightforward, and Eq. 13 is equally simple in simulators with
linear solvers accepting off-band connection terms (e.g., for faults
or well-implicit bottomhole-constraint terms).

To develop the relations necessary to include Eq. 13 in a simula-
tor, layer rates §,, which sum to Zero, are defined by

FLOW INTO
WELL BORE
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A 4
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TOTAL FLOW RATE EB/DAY

—1000

Fig. 1—Total flow rate profile for ¢=1,000 RE/D.

G =T NP =P o)y < e (14)
where Bp=min(Py,p. ...ovviiiiiiiaaiiL, B (15)
Because the §;, sum to zero, ] _ S

P =T BT N e (16)
It can be showu that p,, from Eq. 16 exacily equals that of Eq. 3
A0 GFFGE=Gg e eeeare e D

from Eq. 1.

LAYER

-} 100 00

2+ ] 400 -] 00
CUTFLOW CAS RATE RH/DAY

Fig. 2—Results for g=1,000 RB/D.

LAYER iE]
i

o 100 200 - 300 400 HD 0
OUTFLOW WATER RATE RB/DAY -

Fig. 3--Results for 1,000-RB/D withdrawal with pump at Lay-
er .
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TABLE 2—EXAMPLE PROBLEM CALCULATED WELLBOFIE SATURATIONS
: EIGHT-LAYER TEST. PROBLEM
. Well Production Rate at Well Production Rate,
. 1,000 RB/D Rate Shut-In Well
Layer Qil Gas  Water Gl N Gas 0 Water
' 1 0.0047 09479 00474~ 0.0047 0.947¢  0.0474
2 p.0047 0.8479 0.0474 0.0047° 0.9472 0.0474
3 0.0047 0.947¢ 0.0474 0.0047 0.9479 0.0474
4 0.0225 0.9258 0.0517 0.0047 0.9479 0.0474
5 0.2941 0.5882 0.1176 0.0214 0.9271 0.0514
5] - 0.1087 0.2194 0.6708 0.0214 0.9271 0.0514
7 o] 0 1.0000 0.0017 0.0736 0.9247
8 o . 0 1.0000 0 0 1.0000
TABLE 3—RESERVOIR PROPERTIES FOR FIELD EXAMPLE* ..
€ Honzontal Vert[cal
Thickness Permeability Permeability Porosity
Layer (ft) (md) {md} (Fraction)
1 80 ' 6.0 T 0.02 ' 0.35
2 50 10.0 0.05 0.31
3 50 12.8 . 0.06 0.35
4 10 13.7 0.04 0.31
5 160 4.8 0.20 0.37
8 220 ' 2.0 0.11 0.27-
*The Interblock vertical transmissibility betwsen Layers 4 and 5 is zero, and the grid system Is 16x 6 with é
constant x-dirgction grid cell size of 152 {t and a y-diregtion width of 2,800 it

\ Substituting'pw from Eq. 16 into: Eq. 14 yields

Gp= —— e EJ;C?\;JJ JB=B. ... e .. (18)

RN
i
Therefore, the superposition soluuon qF +4; with g, given by Eq.
14 or 18 is identical to the exact solut:on for single-phase ﬂow and
for total layer rates’in the multiphase case.
Comparing Eqs. 13 and 18 shows that the interblock (layer) trans-
Imssxbﬂn:y should be

Tkj=Jijh,,>\ji)_f} TN e (19)
7

and the layer potential, ¢, should be Fy.
The superposition method is approxunate only when applied to

- individual-phase outflow layer rates in the multiphase case. From

Eq. 14, the individual-phase layer rates are

qu“_‘fk)\mk(Pk pw) A T T T I W U (. 20)

with ?\mk given by Eq. 6. The layer—dependent wellbore saturations
are calculated by the mass balance with the §,,; rates. These well-

TABLE 4—MISCELLANEOUS PROPERTIES -
FOR FIELD EXAMPLE
Rock compressibility, psi~! 8.8x10-¢
Water comprassibility, psi ! 3.02x10-%
Water viscosity, cp : 0.22
Water FVF at initial pressure of 1.035
6,568.4 psia, RB/STB
Water density at stock-tank conditions, 63.65
Ibm/ft® ;
Raservoir temperaturs, °F 245
Top of formation, ft ss* 9,186.4
GOC, ft ss . 8,335
WOC, ftss 10,050
initial pressure at 8,335 ft, psia 6,568.4
"85 =5ubsaea.

bore saturations reflecting §,,,;. differ from the exact wellbore satu-

_rations reflecting g,,; from Eq. 4. The wellbore saturations,

however, are identical when the well target rate is zero (crossflow
is 2 maximum) and differ the most as the crossflow approaches zero.
Because the individual phase rates, §,,., sum to zero, pw in Bq.
20 can be expressed by Eq. 16 or
pw=EJk}\mPk/EJk)\mk, M=W,0,8. ~..... LR (21)

Substituting Eq. 21 iato Eq. 20 gives the individual-phase super-

. position interblock (layer) rates as

In the simulator, the right-side mass interlayer phase flow rates
given in Eq. 22 are calculated with the addition of upstream phase
densities and the use of implicit upstream A, and explicit down-
stream A,. No effect of the latter explicit term on convergence

rate has been noticed. The potential P}, terms are taken implicitly.

’

_ FLOW INTO FLOW INTO o
~ FORMATION WElL BORE
LAYER

_WELL BORE PRESSURE
WITH CROSS FLOW 3933 PSI

~1000 —800 o aco 1000
TOTAL FLOW RATE RB/DAY

Fig. 4—Total flow rate profile for shut-in well. '
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o 10a OO 300 400 800

OUTFLOW GAS RATE RE/DAY

Fig. 5—Gas rate results for shut-in welt.

For all inflow layers, the superposition method is identical to the
exact solution for both total and individual-layer phase rates. For
cases with more than one outflow (crossflow) layer, the method
is-approximate because at least one term (each outflow pair term)
in Eq. 22 contains a layer upstream value for A,, when it should
contain the wellbore A, value. )

Inspection of the above equations shows that all three methods
give the same inflow-layer total and individual-phase rates. They
also give the same outflow-layer total rates. They differ only in
the individual-phase layer outflow rates. )

Discussion

The superposition method (Egs. 10 through 22 above) applies for
target rate g expressed in any units. For any such units, the target
rate calculation for p} is an jterative calculation, which is a nec-
essary capability of any numerical simulator. After that p} calcu-
lation, Egs. 10 and 11 apply in units of reservoir barrels per day
and the method continues as above. .

For the injection-well case, the above equations and logic apply
with trivial differences. The only basic difference is that the well
rate g is negative and must be identjfied by phase.

The presence of wellbore-gradient effects in the above equations

is a simple consequence of the definition of Py. The wellbore pres-

sure gradient equation is

Pk =PutADugs e e @3
where p,, is wellbore pressure at some arbitrary Layer &* and
Apoi I8 pup—P.- The layer rate is ‘

=T Pr—Puid =M Pe—Pw— APty - ee N )

and with the definition Pr=p;—Ap,, Eq. 24 becomes Eq. 1.
There are many different ways of calculating or estimating the
wellbore gradient, Ap,.., a topic not addressed in this paper.

Tasting the Superposition Method

Instantaneous Crossflow Rates. The accuracy of the superposi- -
_ tionmethod was examined first by comparing instantaneous (steady- |

state) layer rates for the exact, mixed-wellbore, and superposition
methods. A stand-alone program based on Eqs. 1 through 22 was
written to calculate these rates for the three methods. This program

338 . e
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Fig. 6—Water rate results for shut-in well.

PRESSURE FSIA

TIME DAYS

Fig. 7—Pressure-transient comparison of gridded model and
superposition method.
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GRID SYSTEM
AY = 152 FEET {CONSTANT)

AZ = 60, 50, 50, 10D,
160, 220 FEET
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i

g
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s ]
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Fig. 8—Grid system details for field example.

Fig. 9—Pressure vs. time for field-scale cross section.

requires input data specifying water, oil, and gas &, and viscosity
values; PI; and pressure for each layer. Well rate, g, and with-
drawal point (layer) also require specification.

This stand-alone program allowed many cases with different sets
of input data to be run rapidly. In all cases, the superposition method
gave somewhat better to much better agreement with exact results
than the mixed-wellbore method. Only one three-phase example
is presented here. Table 1 gives fluid and reservoir layer data for
a well completed in eight reservoir grid layers. Layer pressures
are far from equilibrinm, varying from 1,500 to 6,000 psia. Pres-
sures and phase mobilities were assigned arbitrarily throughout the
layers. Note that the only communication between layers is through
the wellbore.

Results are presented for well rates of 1,000 and 0 RB/D, with
withdrawal from the wellbore in the top layer. Fig. 1 shows the

layer total flow rates for the case of g=1,000 RB/D. Positive rates
represent production (inflow} into the wellbore, and negative rates
represent outflow into the formation. All three methods give the
same layer (total) rates and flowing wellbore pressure, p,,=3,608
psia, and the arithmetic sum of the layer rates is 1,000. ’
Figs. 2 and 3 compare the outflow-layer individual gas- and
water-phase rates. Inflow-(producing)-layer phase rates are omit-
ted becanse all three methods give identical values of those rates,
as previously mentioned. Figs. 2 and 3 show better agreement with
exact results for the superposition method than for the mixed-
wellbore method. The overail crossflow rate, defined as total in-
flow rate minus well rate, for this case is 1,909 RB/D for all three
methods. ‘
Figs. 4 through 6 show results for the shut-in case where cross-
flow is a maximum. Fig. 4 shows the layer total flow rate profile

| ] ]
T ] 1
— EIACT SOLUTION

= SUPERPOSITION SOLUTION

-— NO CROJSFLOW

FIELD GOR MCF/STB

GOR WELL 1 MCF/STB

TIME YEARS

Fig. 10—Field GOR.

Fig. 11—GOR for Well 1.
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"TABLE 5—COMPOSITIONAL DATA FOR FIELD EXAMPLE PROBLEM*

Number of components=6 (G, Gz, Ca, C4, Cs.s: Cr4)
Bubblepoint Variation With Depth

Ve A
URGN IeYUEaL.

Elevation Bubblepoint
{ft 59) {psia) ) Initial Compositions
9,338 6,568.4 0.55987 0.09298 0.04309 0.02188 0.03369 0.14217
$,400 6,500.0 0.65481 0.09305 0.04329 0.02846 0.03413 0.14626
9,600 5,650.0 0.59522 0.09349 0.04561 003163 0.03946 0.19460
9,800 4,600.0 052027 0.09277 004829 0.03570 0.04678 . 0.25620
10,100 2,450.0 0.33037 0.08210 0.05261 0.04585 0.06898 0.41999
11,000 2,000.0 0.2803¢ 0.07628 0.05231 0.04807 0.07538 0.46768
Properties at Reservoir Conditions and 6,568.4 psia
Ol molecular weight, Ibm/lbm mol 50.62
Gas molecular weight, Ibm/flbm mol 27.75
Oil density, [bm/t? 32.42
Gas density, lom/ft? 21.1¢
Qii z factor 1.3585
Gas z factor 1.1420
0il viscosity, cp 0.0948
Gas viscosity, cp 0.0434

*Tha full set of PVT data Is not included in the paper owing fo space limitations, These data are avallable from the authors

TABLE 6—SATURATION DATA FOR FIELD EXAMPLE
Water Saturation Koy K ow P owe
0.1 0.000 1.000 1.000
0.30 0.005 0.400 0.200
0.40 0.020 0.180 0.100
6.50 D.050 0.080 0.050
0.60 0.100 0.020 0.010
0.70 0.250 0.007 0.005
0.76 0.350 0.000 0.000
1.00 1.000 0.000 0.000
Liquid Saturation Krog Krg Pogs
*0.11 0.0000 1.0000 4.000
0.26 0.0000 0.4000 2.500
0.35 0.0002 0.3600 1.500

0.4 0.0017 0.3300 1.080 -
0.51 0.0130 0.2100 0.796
0.54 0.0210 0.1600 0.720
0.61 0.0500 0.1110 0.650
0.64 0.0760 0.0900 0.620
0.71 0.1367 0.0550 0.585
0.74 0.1873 (.0400 0.570
0.81 0.3052 0.0327 0513
0.85 0.4212 0.0200 0.480
0.91 0.5953 0.0133 0.460
0.94 0.7300 0.0100 0.450
1.00 1.0000 0.0000 0:430

and Figs. 5 and 6 show the outflow gas- and water-phase rate pro-
files. These figures shiow better superposition/exact method agree-
ment than for the previous case with g=1,G00 RB/D. Also, the
relative accuracy of the superposition vs. the mixed-wellbore method
is greater than in the previous case. The overall crossflow rate is
2,395 RB/D. :

Table 2 shows the calculated wellbore saturation profiles for the
1,000- and 0-RB/D well rate cases obtained from the exact solu-
tion. The superposition method wellbore saturations equal the ex-
act saturations for the shut-in case and are close to the exact values
for the flowing case. The mixed-wellbore method gives a single
set of saturations for the entire wellbore.

In this particular example, the oil cutflow rates were much smaller
than the gas and water rates and are omitted for brevity, The ac-
curacy of the outflow-layer oil rates is similar to that of the gas
and water rates.

Transient Response to Shut-In With Crossflow, A second proce-
dure for examining the accuracy of the superposition method is use
of the simulator to compare field-scale transient behavior calculat-
ed “‘exactly”” and that calculated with the superposition method.
Simulator results ““exactly”’ reflecting crossflow are obtained in
the following manner for 2D r-z single-well or 2D x-z cross-sectional
cases. The wellbores are included directly in the grid. Vertical per-
meability in each wellbore is very large to achieve negligible or
small vertical viscons pressure gradients in the wellbore, Wellbore
cell volurmes are very small, reflecting actual wellbore radius. The
transmissibility connecting 2 wellbore cell to its adjacent matrix
gridblock equals the layer PI of that wellbore layer. No-slip flow
(fractional flow=saturation) is used vertically within each wellbare
and for lateral flow out of a wellbore cell into its adjacent matrix
gridblock. Zero capillary pressure is used in wellbore cells. While
each wellbore cell is a distinct cell in the grid, it represents a well-
bore in the center of its adjacent matrix gridblock. This approach
accounts rigorously for wellbore pressure gradient and includes com-
pressibility and mass-transfer effects within the wellbore. Further
explanation is given in the iwo exampies below.

The simulator used here'is a previously described fully implicit
compositional model.4 Detailed equation-of-state PVT data for the
examples below are omitted for brevity but axe available from the
authors.

TABLE 7—FIELD EXAMPLE WELL DATA
Ol Rate lndividual Layér Jk
Well (STB/D) 2 3 4 ' 5 6
1 200 — 06962 1.490 — —
. 2 500 — — — 0.8355 0.4787
3 800 — 0.6962 1.490 0.8355 0.4787
4 1,000 . — — -— 0.8355 0.4787:
5 150 0.5439 0.6962 1.490 0.8355 —




Our second example used the simulator to calculate a simple
single-phase well transient. A well is completed in four layers at
the center of a cylinder with r,,=0.25 ft and closed r,=564.2 fi.
Vertical permeability is zero, so the layers communicate only
through the wellbore. For each layer, the thickness and the PI are
200 ft and 0.2032 RB-cp/D-psi, respectively. Porosity is 0.2,
8, =0.2 (immobile), §,=0.8, and k,,=1.0. Initial pressures in
Layers 1 through 4-are 4,000, 3,800, 3,600, and 3,400 psia, re-
spectivély. Corresponding initial ofl viscosities are 0.1549, 0.1477,
0.1399, and 0.1326 cp. Oil gradient at the initial average pressure
of 3,700 psia is 0.2322 psi/ft. B

The first model run was on a I x4 rz (1D vertical) grid with
the superposmon method activated to allow crossflow. The second
model run used a 2X4 r-z grid. The first radial increment epre-
sented the wellbore; the second radial increment represented the

- reservoir (matrix). This second 2 X4 run represents the exact solu-

tion in this example. Each layer®s radial transmissibility was 0.2032
RB-cp/D-psi.

_ Fig. 7 shows calculated pressures for Layers 1 and 4 vs. time
for the two model runs. The superposition method pressures are
virtually identical to the 2% 4 grid model resvits. The other two
layers show equally good -agreement.

Ten-Year Depletion of Field-Seale Cross Section. The third test
example for the superposition method is a field-scale x-z cross sec-
tion 2,432 ft in length and 2,800 ft wide with a total thickness of
640 ft. The cross section has a constant dip angle of 16.7°. Fig.
8 shows the 16 X6 x-z grid. Table 3 gives reservoir stratification
and properties. A shale barrier between Layers 4 and 5 separates

the structure into two isolated zones that communicate only throngh

wellbores. This fact, together with low vertical permeability
throughout, gives rise to significant crossflow effects.

Table 4 gives additional reservoir data, including initial pres-
sure and water/oil contact (WOC) and gas/oil contact (GOC) depths.
The initial bubblepoint varies with depth from 6,558 psia at the
GOC to 2,000 psia at the bottom of the structure, as shown in Ta-

ble 5. Table 6 gives relative permeability and capillary pressure
data. Fig. 8 shows the five producing wells, and Table 7 gives ad-

"ditional well information. Since vertical permeability is zero be-

tween Layers 4 and 5, we define Zone 1 as the top four layers and

© Fown Y nn tha hatbos foom Tavare Wall 1 30 samanlatad ander i Zan,

LU L Al LI LAUJLLULIL AWU I Y LED,. YY DAL L 1D LULLIEFICAC VLAY 1L .c..uue
1, Wells 2 and 4 only in Zone 2, and Wells 3 and 5 are perforated
in both zones. The only interzone communication is therefore
through the wellbores of Wells 3 and 5.

The exact model run used a 3D-16 X2 X6 grid with the second
(y-direction) stice simoulating the wellbores. The second slice con-
tains only wellbores with all PV's zero except all cells adjacent to
the original well locations. Wells are completed only in the second
slice. Vertical wellbore permeabilities are very large to minimize
vertical wellbore viscous gradients, and y-direction transmissibili-
ties are equal to the well PI’s at the wellbore cell locations. Well-

prumep—— mnnn maflot aairal seallleama s o Tppp—

T Ton
UUI.E Ceu VOIIIMES IeLCCl aciial weubore Ad-ul.l J..U. SULLLLALY , LI.lI'.‘p.

second slice was added to mode] the wellbores in the reservoir
rigorously.

Three 10-year simulation runs were made with the well rates given
in Table 7. One ron was made with the exact 3D 16 X2 x6 grid.
A second run was made with the superposition method activated
for all wells, and a third run was made allowing no crossflow. These
last two rons used the 2D. 166 x-z grid. In the third run, when
a layer tried to accept fluid from a wellbore, the layer simply was
shut in,

Fig. 9 shows the average pressure vs. time for both zones and
all three simulation runs. The values from the exact solution and
the superposition method are virtually identical, while the shut-in-
procedure results vary significantly from the true solution. After
10 years, the correct solution gives a 98-psia difference in pres-
sure between the two zones, while merely shutting in crossflowing

layers gives a pressure difference of 582 psia. Fig. 10 shows the

field average GOR vs. time for the three runs, where again the ex-
cellent agreement between the exact and superposition methods may
be seen. Fig. 11 shows a similar plot for the highest GOR well
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(Well I). Again, excellent agresment may be observed. No results
are shown for water production because this particular problem pro-

- duced little water.

Because the mixed-wellbore method is unavmlable in the simu-
Tator, it is difficult to comment or to predict what this method would
have done in this simulation. However, the results presented earli-

er on' the instantaneous individual phase rates showed 51g111ﬁcant'

differences between the methods.

Conclusions

1. Reservoirs exhibiting significant wellbore crossflow require
simulators that accurately treat crossflow to predict correct reser-
voir performance. Simply shutting in backflowing layers may yield
erroneons results. .

2. The superposition method appears to be a good compromise
between a shut-in procedure and a full simulation of the wellbore
within the grid. The method is reasonably aceurate and relatively
straightforwa:d to implement in a reservoir simulator.

3. The buperTJ(‘JSﬁlel method does not require additional matrix
algebra and therefore ‘costs little in computing time or storage.

Nomenciature
Jp = well layer PI, RB- cplD-psi

k= relative permeability, fraction
P = Teservoir pressure at Layer &, psia - '
Py = wellbore pressure, psia
p¥ = layer shut-in method wellbore pressure, psia
P = wellbore pressure at Layer &, psia :
Ap,. = wellbore gradient term, psi -
P, = capillary pressure, psi
P, = pk—Ap,;, psi .
P; = minimum of Py and pX, psia
g = total target well production rate, RB/D
gy = total flow rate at Layer £, RB/D
g = layer flow rates that sum to zero over layers, RB/D
‘g¥ = layer -shut-in method rate at Layer &k, RB/D
g7 = flow rate between Layers & and j, RB/D

gy = flow rate of Phase m at Layer &k, RB/D
r,z = radial coordinates

r, = exterior radius, ft

r, = wellbore radius, ft

.

S = saturation, fraction

§¥> = average wellbore saturation of Phase m, fraction
ngg = wellbore gsaturation of Phase m at Layer %, fraction

Ty = transmissibility between Layers & and j, RB-
cp/D-psi ‘ .

x,y = coordinates .

total three-phase mobility at Layer k, cp -1

- Az = upstream total mobility at Layer £, c:tr—I

34 Licalil bl INODUIY dbl Lay

Ami = Upstream mobility for Phase m at Layer k, cp—!
1 = viscosity, cp ‘ o
¢y = flow potential at Layer &, psi
Subscripts

k.j =Layerkorj
m = water, oil, or gas phase’
w = wellbore value
w,0,g = water, ofl, gas

Superscripts
ma = value within reservon or matrix
wh = value within wellbore
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