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Summary. Production from highly stratified reservoirs can result in significant crossflow between layers through wellbores. TId$

paper describes a new, relatively simple superposition method to represent this crossflow in a numerical simulator. The method calcu-

lates’verdcal wellbore saturation variations throughout the wellbore and gives more accurate results than a fully mixed wellbore method.

Equations are given for the new method, a fully mixad wellbore method, and the exact solution for crossflow in a well completed in

a cokrmn of gridblock. Tbme exampl es, including a field-scale depletion, are given comparing exact results with those from tic super-

position and fully mixed wellbore methods.
.,

Introduction

TM aim of simulating wellbore and near-we131xme behavior in a

field-swdemodel is to attain accuracy and stabtily with numerical

efficiency. The introduction of the strongly coupled weU model 1.2

provided stability by simultaneously solving the well target rate con-

straints witMthe resemoir pressure and saturation equations. Later,

fMInes3 described a fbUy mixsd wellbore mo&l to treat intedayer

crossflow through weflbore.% This approach increased accuracy in

simulating highly stratified reservoirs where significant interlayex

flow may occur through the wellbore of a shut-in or tlowing well.

However, this fnUy 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 weUbore.

‘TMS paper presents a new supe~osition method that includes a

fayer-by-layer. mass balance to calculate the variation of weUbore

satumdons among tie layers. ,The weU target rate is aflocated among

perforated layers with implicit bottomhole constraints imposed to

preserve that rate. Additional interlayer flow terms then ure super-

posed on those aflocated fayer rates to obtain total layer rates that

reflect the sum of the weU target rate and crossflow.

Equations are presented describing, W ~peqOsitio~ methOd,

a fully mixed wellbore method, and the exact solution for bmtanta-

neous layer total aud individud-phase rates of a .weU completed

in a column of gridblock?.. A stand-alone program that uses these

equations was run to compare the three methods for many cross-

flow cases having various kiyer properties and weU rates.

AII 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 My mix~ weUbore method.

k procedure is described whereby the simulator cau be used to

calculate the exact crossflow behavior for a single-well or multiwell

field-scale cress section. Two exampIes where this procedure is

used are presented +at compare supe@sition method results .wifi

the exa~ behavior of k single-weU shut-in transient and a 10-yea.r

field-scale depletion case.

The superposition method described here applies to black-oil or

compositional simulation mcdels. The simulator results presented

were obtained from tie method progmmmd in a fully implicit com-

positional model. 4

The superposition mctiod accounts for the @e or effe~ Of weU-

bmre gradient. This paper, however, does not address the separaie

problem of formulating a general and accurate method of calculat-

ing that gradient.

Development. of Equations

Consider a producing weU that penetrates n contiguous grid layers

aud produces a target rate of q. For any individual Layer k, the

total layer rate is
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qk=J!A(Pk-pw), ., . . . . . . . . . . . . . . . . . . . . . . . ...’ . . . . . ...(1)

()

ma

where k~= z 5 ,m=w, o,~. . . . . . . . . . . . . . (2
m ~ m,k

suruming.qk in Eq. 1 over all layers and using tie relation Zq~=q

allows calculation of the following weUbore pressure

p,v=(EJ@~P~-q)/EJ&. . . . . . . . . . . . . . . . . . . . . . . . . ...(3)

If p. is greater than the smallest Pk, then crossflow exists with

some (bdfow) layers producing into the weUbore and other (out-

flow or crossflow) layers accepting fluid from the weUbore.

The individual phase layer rates are given by

qti=J~kti(P~-pW), m=w,o,g: . . . . . . . . . . . . . . . . . . . . . (4)

where ~ti=kti . . . . . . . . . . . . ...'......................(5).

for w inflow layer and

~ti=Aks~.,.., . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . ..($.

for an outtlow layer.

The individual phase rates given in Eq. 4 can be id in steady-

state phase mass balances +rftten for each layer of the w’eUbore

to obtain a resemoir-vohune-urdt weUbore m~s balance that cm

easily be used to caicukte the layerdependent weUbore satumtiom,

.$~. These mass balances neglect compressibility md mass-

tmnsfer effects within the weUbore and requue no assignment Of.

weUbore ceU volumes. Eqs. 1, 3, and 4 then give an exact solution

to the crossflow problem in terms of instaiianeous totaf and

indlvidml-phase layer flow rates.

A mixed weUbore approximate methcd is similar to the above

description, except that a siagle set of wellbore saturations, S#,

is :sed in place of the layer-dependent values in Eq. 6. A total weU-

bore mass balance for each phase is

.b-13m=w,o,g, . . . . . . . . . . . . . ...(7)E+q~+E–q&–qsm – ,

where E+ and E - denote siunmation over intlow and outflow lay-

ers, respecdvely. Expansion of the outilow sum gives

~+;ti+s;b~-jk~k(pL_pW) -qS:b=O. . . . . . . . .. . . . . . .($

Solving for the avefageweUbore saturation gives

sw~=z+qmk,[q–~-Jk~k(pk–pw)]. . . . . . . . . . . ~ (9)
m

Eqi. 1 and 4, with this layer-independent, or single-saturation,

set used in place of ~~ given in Eq. 6, then give the approximate

mixed weUbore crossflow solution. Again, no weUh~.@U vOl~es

are required to ialcukite the mixed weUbore saturations given in

Eq. 9.

The approximate superposition method combines two calcvhtions.

First, the target rite is +ocated on3y among Mow layers +

. .
q~=JLhb(P~–pv)lfP~>p: . . . . . . . . . . . . . . . . . . . . . ..(10)
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TABLE l-EXAMPLE PROBLEM PROPERTIES,

EIGHT-LAYER TEST PROBLEM

Matrix Relative Permeabilities Matdx Pressure

Layer &&. & (psia)

0.100 0.020 0.010 2,000

; 0,020 0.400 0.100 6,000

3 0,200 0.300 0.020 3,000

.4 0.020 0.010 0.600 1,500

.5. ..;: ‘ 0:500, 0.100 0.100 4,000

6 0.600 0.050 0.050 2,500

7 0.300 0.010 0.500 1,500

8 0 0 -i .000 5,500

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

Oil vi3c0sity, op 0.50

Gss viscosity, cp 0.05

Water viscosity, cp, 0.25

and@= Oif Pksp& . . . .. . . . . . . .. (11)

ivi~ p$ easily detepmihed as

P$=(~+Jk~kPk-q)/x+J~k~, . . . ..’ . . . . . . . . . . . . . . . ..(12)

where E + again denotes sumaf ion over inflow layers only. The

calculation jven in Eqs. 10 tiough 12 satisfies ~rget rate ;xaetIy L

but ienores all crossflow. The second calculation seeks s form of
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Fig. l—Total flow rate profile for q= 1,000 RB/D.

,

qkj=Tkj(@k–@j), . . . . . .. . . . . ..” . . .. . . . .. . . . . . . . . . ..(13)
where Pi=min(Pk,pj). . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. (15)

Because the ~k sum to zero,
which when added to or superposed on the rates q~ gives an ap-

proximation to the exact ciossflow solution. Eqs. 10 through 12

are straightfom, and Eq. 13 is equally simple in simulators with
Pw=EJ&iVzJkAk. . . . . . . . . . . . . . . . . . . . . . . . . . . . ..(16)

linear solvers accepting off-band connection terms (e.g., for fauks Itcanbe shovmthatpWfmm Eq. 16exactly equals thatof Eq.3

or well-implicit bottomhole-constraint terms).

To develop the relatioris nezessarv to iitlude 13J. 13 in a simula-
andq~+qk=qk . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . ..(17)

tor, layerr~tesjk, which’swnto~ero, aredeti&dby frOm Eq. 1.

,
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Fig. 2—Results for q= 1,000 RB/D.
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TABLE, 2–EXAMPLE PROBLEM CALCULATED WELLBORE” SATURATIONS,

EIGHT-LAYER TEST. PROBLEM

Layer

T

2

3

4

5

6

7

8

Well Production Rate at

1,000 RB/O Rate

oil Gas water

0.0047 =“”” —0.0474

0.0047 0.9479 0.0474

0,0047 0.9479 0.0474

0.0225 0.9258 0.0517

0,2941 0.5882 0.1176

0,1097 0.2194 0.6709

0 0. 1.0000

00 1.0000

Well Production Rate,

Shut-In Well

oi Gas Water

0.0047 0.9479”” 0,0474

0.0047 0.9479 0.0474

0.0047 0.9479 0.0474

0.0047 0.9479 0.0474

0,0214 0.9271 0.0514

0.0214 0.9271 0.0514

0.0017 0.0736 0.9247

0 0 1.0000

I TABLE 3–RESERVOIR PROPERTIES FOR FIELD EXAMPLE’

Layer

7

4

6

6

Thickness

(n)

60

50

50

10

160

220

Horizontal

Permeability

(red)

6.0

10.0

12.8.

13.7

4.8
.2.0

Vertical

Permeability

(red)
_

0.02

0.05

0.06

0.04

0.20

0.11

71W lnlerb!ock vetical Imnsnks!tibly between Layers 4 and 5 is zero, and the grid system 1$

constant Mreclion gfld cell size of i 52 it and a Ydlreai.n wid!h of 2,800 ft.

Porosity

(Fraction)

0,35

0.31

0.35

0.31

0.37

0,27.

,16x6 with a

, Substituting pw from E.q, 16 into: Eq. 14 yields

‘~JJ#jhj(P~-~j). . . ..(18)~k._!__

zJj hi ‘

?

Theief..re, the superposition scdntion @ +& with +k given by Eq.

14 or 18 is identical to the exact solution for single-phase flow and

for total layer rates:in the multiphase case.

Comparing Eqs. 13 and 18 shows that tbeinterblock (layer) trans-

missibili~ should be

Tkj=JkJjAkhj/~Jjkj ..,.; . . . . . . . .. . . . . . . . . . . . ..(19)

j

and the layer potential, @k, should be ~ti

The superpositimi method is approximate only when applied to

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

Eq. 14, the individual-phase layer rates are

---
%k={kAti(Pk-Pw)> . . . . . . . .. . . . . . . . . . . . . . . . . . . . . ..(20)

with ~ti given by Eq. 6. The Iayerdependent wellbore saturation

are calculated by the mass balance with the jti rates. These wel

TABLE 4–MISCELLANEOUS PROPERTIES

FOR FIELD EXAMPLE .

Rock compressibility, psi’[

Water compressibility, psi -1

Water viscosity, cp

Water FVF at initial pressure of

6,568.4 psia, RB/STB

Water densitv at stock-tank conditions,

6,6 X1 O-6

3.02x 10 ‘6

0.22

1.035

63.65

lbm/ft3 -

Resetvoir temperature, OF 245

Top of formation, fl SS. 9,186.4

GOC, ft SS :9,335

woc, n ss 10,050

Initial pressure at 9,335 ft, psia 6,568.4

.Ss=sub~a,
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bore saturations reflecting ~ti differ from the exact wellbore satu-

rations reflecting “qti from Eq. 4. The we12bore saturations,

however, are identical when the well target rate is zero (crossflow

is a maximum) and differ the most as the crossflow approaches zero. ~

Because the individual phase rates, Gmk, sum to zero, PW in Eq.

20 can be expressed by Eq. 16 or
.-

PW=~JkhEpWJfihW m=w.0z8. . . . . . . . . . . . . . . . . . . (21)

Substimtig Eq. 21 into Eq. 20 giives the individual-phase super-

position interlock (layer) rates as

1

%=
-~JkxtiJj~mj(&~j). . . . . . . . . . . ..(22)

~Jj~mj j

j

In the simulator, the right-side mass interlayer phase flow rates

given in Eq. 22 we calculated with the addi:ion of upstream phase

densitie:and theuseofimplicit upstream Amand explicit down- ‘

stream Am. No effictof the latter e~piicit term onccmvcrgence

rate has been noticed. The potentiaf Pk terms are taken implicitly.

4
F20w m’ro mu NKl

b
FORMAT20N WELL BORE I

WEIL BORE PF3SSURE

s 1 WITH CROSS F2Dw 30s6 PSI I I

=.....
Fig. 4—Total flow rate profile for shut-in well.
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Fig. 5–Gas rate results for shut-in well.

For all inflow layers, the superposition me~Od is iden:ic~ tO fie

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 guttlow pair te_@

in Ea. 22 cdntains a layer uvstream value for. Am when it shOuld

contk the welfbore ;m v;ue.

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 onIy in

the individual-phase layer outflow rates.

Discussion

The superposition metlod (Eqs. 10 through 22 above) applies for

tasget rate q expressed in any units. For any such units, the target

mti cakulation for p; is an iterative caIc~atiOn, w~ch is a nec-

essary capability of any numerical simulator. After that pj Calcu-

lation, Eqs. 10 and 11 apply in units of reservok barrels per day

and the method continues as above.

For tie injection-weIl case, the above equations and logic apply

with trivial differences. The only basic difference is that the well

rate q is negative and must be identified by phase.

The presence of weUbore-gradient effects in the above equations

is a simple consequence of the de fnition of Pk. The wellbore pres-

sure gradient equation is

PWk=PW+APW+, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (23)

where PW is wellbore pressure at some arbitrary Layer k“ and

ApWk is pWk -pW. The layer rate is

q~=J~hJpt-pWL) =J@~(p~-PW-ApW~), . . . . . . . . . . . (24)

and with the definition Pk=pk –Apwk, M. 24 becOmcs Eq. 1.

There ~e miny different ways of calculating or estimating tie

wellbore gradient, ApWk, a topic not addressed iII his PaPer.

Tefting the Superposition Method

instantaneous Crosstlow Rates. The accuracy of the superposi-

tionmethod was examined ti by compatig imtqmneous (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
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Fig. 9—Pressure vs. time for field-scale cross section.

requires input data specifying water, oil, and gas k, and viscosity layer total flbw rates for the case of q = 1,000 RR/D. Positive rates

values; PI; and pressure for each layer. Well rate, q, and with- represent production (inflow) into the wellbore, and negative rates

drawal point (layer) also require specification. represent outflow into the formation. All three methods give the

This stand-alone program Wowed many cases with different sets same layer (total) rates and flowing wellbore pressure, P,. =3,608

of input &ta to be nm rapidly. 10 all cases, the superposition methcd psia, and the arithmetic sum of the layer rates is 1,000.

gave somewhat better to much better agreement with exact results Figs. 2 and 3 compare the outflow-layer individual gas- and

than the mixed-wellbore method. Only one three-phase example water-phase rates. fnflow-(producing) -layer phase rates are omit-

is mesented here. Table 1 gives fluid and reservoir layer data for ted because all three methods give identical values of those rates,

a well completed in eight reservoir grid layers. fay~r pressures as previously mentioned. Figs .-2 and 3 show better agreement witi

are far from equilibrium, vmying from 1,500 to 6,oOO psia. Pre.s- exact results for the superposition method than for the mixed-

SUES and phase nobilities were assigned arbitrarily throughout the wellbore method. The overall crossflow rate, defined as total in-

layers. Note that the only communication between layers is through flow rate minus well rate, for this case is 1,909 RB/D for all three

the wellbore. methods.

Results are presented for well mtes of 1,000 and O RB/D, with Figs. 4 through 6 show results for the shut-in case where cross-

withdrawal from the wellbore in the top layer. Fig. 1 shows the flow is a maximum. Fig. 4 shows the layer total flow rate profile
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TABLE 5—COMPOSlT10f4AL DATA FOR FIELD EXAMPLE PROBLEM’

Number of components=6 (C,, C,, C3, C4, C-, C,+)

Bubblepoint Variation With Depth

Elevation Bubblepoint

(n 5+ (psi.) Initial Compositions

— — 0,65987 0.09298 0.04309 0.02189 0.03369 0.142179,335 6,568.4

9,400 6,500.0 0.65481 0,09305 0.04329 0.02846 0.02413 0.14626

9,600 5,660.0 0.59522 0.09349 0.0456! 0.03163 0.03946 0.19460

9,800 4,600.0 0.52027 0.09277 0:04829 0.03570 0.04678 , 0.25620

10,100 2,450.0 0.23037 0.08210 0.05261 0.04595 0.06899 0.41999

11,000 2,000.0 0.28030 0.07626 0.05231 0.04807 0.07538 0.46768

PrOpO files at Reservoir Conditions and 6,568.4 psia

Oil molecular weight, Ibmllbm mol 50.69

Gas molecular weight, Ibmllbm ma] 27.75

Oi density, Ibmlft3 32.42

Gas density, lbm/ft3 21.10

Oil z faotor 1.3585

Gas z factor 1.1420

Oil viscosity, cp 0.0946

Gas viscosity, CP 0.0434

‘The full set .f PVT dam h ..1 included In the paper owing m space Ilmifatims. These d.b am avallti. Own M authors

up.. ,eq.=t.

TABLE 6—Saturation DATA FOR FIELO EXAMPLE

Water Saturation

0,17

0.30

0,40

0.50

0.60

0.70

0.76

1.00

Liquid Saturation

0.11

0.26

0.35

0.41

0.51

0.54

0.61

0.64

0.71

0.74

0.81

0.85

0.91

0.94

.1.00

kw

0.000

0,005

0.020

0.050

0.100

0,250

0.350

1.000

k.
0.0000

0.0000

0.0002

0.0017

0.0130

0.0210

0.0500

0,0760

0.1367

0.1873

0,3052

0.4212

0.5953

0.7300

1.0000

k
4

1.000

0.400

0,180

0.080
0.020

0.007

0.000

0.000

k
~

i .0000

0.4000

0,3600

0.3300

0.2100

0.1600

0.1110

0.0900

0.0550

0.0400

0,0327

0.0200

0.0133

0.0100

0.0000

&

1.000
0.200

0.100

0.050

0.010

0.005

0.000

0.000

Ice
4.000

2.500

1,500

1.050

0.796

0.720

0.650

0.620

0.585

0.570

0.513

0.480

0.460

0.450

0.430

Table 2 shows the calculated wellborosamcation profiles for the

1.000- and O-RR/f) 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-weflbore method gives a single

set of saturations for the entire weUbore.

7.0 this pwdcular example, the oi3 OUMOW 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 simiiar to tit of the gas

and water rates.

Transient Response to Shut-In With Crossflow. A second proce-

dure for examinin g the accuracy of the superposition method is use

of tAe simolator to compiue field-scale transient behavior calculat-

ed “exactIy” and that calculated with the superposition method.

Simulator results “exactly” reelecting crossflow are obtained in

tie followiog manner for 2D r-z single-well or 2D x-z cross-sectional

cases. The wellbores are included duecdy in the grid. Vertical per-

meability in each wellbore is very large to achieve negligible or

snmll verdcaf viscous pressure gradients in the weUbore. Wellbore

cell volumes =e very small, reflecting actwaf wellbore radius. The

transmissibility comecting a weUbore cell to its adjacent matrix

gridblock equals the layer PI of that wellbore layer. Nwslip flow

(fractional tlow=saturation) is used vertically within each wellbore

and for lateral flow out of a wellbore cell into its adjacent matrix

gridblock. Zero capillary pressure is used in weLlbore cells. WbiLe

each wellbore ceU is a distinct cell in the grid, it ~m?sents a weU-

bore in the center of its adjacent matrix ~ridblock~ ‘fhk approach

accoun~ ri!zorouslv for wellbore. !mssure mdient and includes com-

and Figs. 5 and 6 show the outflow gas- md water-phase rate prO- pressibiIi~-and ~ss-transfer effects wi~ the wellbore. Further

ffles. These figures show better superpositionlexact method agree- explanation is given in the two examples below.

ment than for the previous case with q= 1,000 RR/71. Also, the The simdator used here”is a previously described fully implicit

relative accuracv of the surmmosition vs. the mixe+wellmre method conmositional mwfel. 4 Detailed cauation-of-stde PVT data for the. .
is greater tbao in the previous case. The overall crossflow rate is ex&ples below are omitted for b;evity but are ava.if able from the

2,395 RR/D. authors

TABLE 7—FfELD EXAMPLE WELL DATA

1
oil Rate

Individual Layer J8

well (STBID) 2“ 3 4 5 6
—.

T 200 — 0.6962 ZZ6– —

n A7!772 600 0.8355 . . ..-.

3 800 — 0.6962 1,490 0.8355

4

0,4787

1,000 — 0.8335 0.4787

5 150 0.5439 0.6=62 1.490 0,8355 —

340 SPE Reservoir E@neeriw, August 1992



Our second example used the simulator to calculate a simple

singl+phase well transieit. A well is completed in four layers at

the center of a cylinder with rW=0.25 ft and closed r. =564.2 ft.

Vertical permeability is zero, so the layers cbmmicate only

through the wellbore. For each layer, tbc thickness and the PI are

200 ft and 0.2032 RS-cplD-psi, .mspectively. Porosity is 0.2,

S. =0.2 (iiobfle), So =0:8, mid km= 1.0. Initial pressures in

Layers 1 through 4 are 4,000, 3,800, 3,600, and 3,400 psia, k-

spectiveiy. Corresponding initial oil viscosities are 0.1549,0.1477,

0.1399, and 0.1326 cp. Oif gradient at the initial aver%e pressure

of 3,700psia is 0.2322 psi/tl.

The first model nm was on a 1X4 r-z (1D vertical) grid with

the superposition metbcd activated to allow crossflow. The second

modei m~ us~ a 2X4 r-z grid. The ftit radial increment reprc+

sented the wellborq the second radd increment represented the

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

tion in this example. Each layer’s mdial transmissibility was 0.2032

RB-@/D-psi.

Fig. 7 shows caJcuIated pressures for Layers 1 and 4 vs. time

for the two model rims. The superposition method pressures are

virtually identical to the 2X4 grid model results. The other two

layers show equally good agreement.

Ten-Year Depletion of Field-Scale Cross Se&on. The Oird test

example for the superposition method is a field-scale x-z cross sec-

tiori 2,432 ft in Ien=gh and 2,800 ft wide with a total thickness of

640 ft. The cross section has a constant dip angle of 16.7”. Ffg.

8 shows the 16 X6x-z grid. Table 3 gives reservoir stratification

and properties. A shale barrier between Layers 4 and 5 separates

tie shucture into two isolated zones that CWmumic+ate only through

wellbores. This fact, together witl low vertical permeability

throughout, gives rise to significant, crossflow effects.”

Table 4 givss additional reservoir data, including initkd pres-

sure and W*I/Ofi C0M8Ct (wOC) and ga.ioil ccmtact (GOC) de@b.%

The initial bubblepoint varies with depth from 6,558 psia at the

GOC to 2,000 psia at the bottom of the structure, as shoum in Ta-

ble 5. ‘TabIe 6 gives rela@e permeability and capillary pressure

data., Fig 8 shows tbe five producing wells, and Table 7 gives ad-

ditional well infomiation. Since vertical permeability is zero be-

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

Zone 2 as the bottom’ twi layers. Well 1 is completed only in Zone

1, Wells 2 and 4 only in Zone 2, and Wells 3 and 5 are perforated

in both mnes. The only interzone communication is therefore

tbrougb the .w+lbores of Wells 3 and 5.

The exact mcdel run used a 3D. 16 X2 X 6 grid with the second

(Y-diIe.tiOII) slice sim+ating the wellbores. The. second sIice con-

tains only wellbores with all PV’s zero except all cells adjacent to

the original weU locations. Wells arecompleted only in the second

slice. Vertical wellbore permeabilities are very lmge to minimize

vertical wellbore viscous gradients, and y-direction transmissibili-

ties are equal to the well PI’s at the wellbore cell locations. Well-

bore celf volumes reflect actusl wellbore radii. In summary, tie,

second slice was added to model the wellbores in the reservoir

rigorously.

T& 1O-YW simulation mm were made with the well rates given

in Table 7. One run was made with the exact 3D 16X2X6 mid.

A second run was made with the superposition method actk%ed

for all we13s, and a third run was made allowing no crossflow. These

last two mm used tie 2D. 16 X6 x-z grid. In the third run, when

a layer tried to accept fluid from a wellbore, the layer simply was

shut +.

Fig. 9.shows the average pressure vs. time for both zones and

all three simulation mms. The values from the exact solution and

the superposition method are virtualIy identical, while the shut-in-

p~edure results vary significantly from the true solution. Atler

10 yew, the correct solution gives a 9g-psia difference in pres-

sure between the two zones, wtd2e merely shutting in crossflowing

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

field average GOR vs. time for the three runs, where again the ex.

dlent agreement between the exact and superposition methods may

be seen. F%. 11 shows a similar plot for the highest GOR well
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(Well 1). Again, excellent agreement may be obserwd. No results

aIe shown for water prcducdon because this pardculw problem pro-

duced litOe water.

Secause the mixed-wellbore method is unavailable in the simu-

lator, it is difficult to comment or to predict what this method would

have done in this simulation. However, the results presented esrli:

er on” the imtantaneo:s individual phase rates showed si~?cant”

differences between the methods.

Conclusions

1. Reservoirs exhibiting significant weIlbore crozsflow require

simulators that accurately treat crossflow to proict correct reser-

voir performance. Siply shutting in baddowing layers may yield

erroneous results.

2. The supei’position method appears to be a good compromise

between a shut-in procedure and a full simulation of the wellbore -

witbin the grid. The meomd is reasonably accurate and relatively

sfmightforward to implement in a reservoir simulator.

3. The superposition method does not require additional mstrix

algebra and therefore ‘costs Iittfe in computing time or storage.

Nomenclature

Jk = well layer PI, RS-cp/D-psi

k, = relative permeability, fraction

Pk = reser+oir pressure, at Layer k, psia

,pw = wellbore pressure, psia

P; = layer shut-in method weUbore pressure, psia

P~~ = weflbOre p~ss~e at ~yel k, psia “‘

Ap,wk = wellbore gradient term, psi

Pc = capillary pressure, psi

{k = pk–Apwk, psi

Pk = ,minimum of P~ and P:, PSk

q = toti target well production rate, RBiD .,

~k = tOfd flOW late at Layer k, RB/D

qk = Wer flOW rates that sum to zero over layers, RS/D

@ = layer shut-in method rate at Layer k, k13/D

q!+ = flOW mti betwea Layers k and j, BID

qti = flow Hte of Phase m at Layer k, RS/i3

r, z = radial coordinates

r, = ~&~iOr ~~u~, fi

rw = weub~re mdi”s, *

S = saturation, tlaction
.“’

S:b = iverage wellbore” saturation of Phase m, fraction

S% = wellbore saturation of Phase m at Layer k, fraction

T@ = tpnsmi.ssibfity between Layers k and j, RS-

cp/D-psi

x,y = coordinates

+k = total tkaee-phase mobility at Layer k, cp’1

~hk = upstream total mobility at Layer k, q-l

id = upstream mobility for Phase m at Layer k, cp -1

LL = viscosity, cp

~k,= flow potential at Layer k, psi

k,j ‘= Layer k or j

m = water, oil, ‘x gas phase

~ = ~eubc,~ v~~e

w,o,g = water, 0!+ gas

superscripts

m = value witbin reservoir or nwkrix

wb = value w.itbin weflbore
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