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ABSTRACT

Thi.~-paper pre.~etr!.vlhe re.rults o} applying the Buckley-
Leveref(’ displacement theory topetroleum reservoir.v con.
\ i~ri)tg (Ij a finite num her OJ layers. The layer-s m-e a.wumed
io cotntnunicole only in the we!lhores, and {he reservoir
way be repre.sen ted a.s a linear system. Most pre viom in-
iwstigwfinns oj this nature were limited hy a smmptions
and by incmrsi.slen t calculation techniques. This sliidy
improves on pre vinus work by applying \he Buckley -Lev.
erett di.splacemen t theory m a n(>nc<))?rr)?unicc~tit~glayered
system where pernteahility. poro.sily. ini:ial .sarurarion, re-
sidual saturati[m and relative permeability wmy front layer
1{1layer in a logical and consis[enr mon.ner. Gravity and
capiilary-pre s.mre eflects ure neglecied. A mot.lifica[ion of
!he Higgins .Leigh ton calculation method was 14.wI in this
smdy. Watetfhu)d predictions were made with alf pt :)pertie.r
varying, and then with only permeability vurying wring
.\everal mobility ratios, These results were compared with
!Ite Stiles and Dykrtra-Parsons predictions. [z i.s .shnw.v
IIzat the latter methods generally give poor valuey for [he

breakthrough recovery and pessimistic prediction for the
performance ajter hreaktitrough. Similar results were Id>.
tained for a gas-displacement case.

INTRODUCTION

Field experience with immiscible displacement usually
~hows constant producing conditions until breakthrough
of the displacing fluid. Then oil production continues at
increasing displacing-to-displaced fluid ratios until the eco-
nomic limit is reached. Three different ideal mechanisms
are known that will produce this behavior: (1) relative
permeability effects as described by Buckley-Leverett front-
al advance theory; (2) vertical stratification as considered
by Stiles? Dykstra and Parsons’ and others and (3) cfiffer-
ent path lengths involved in areal (two-dimensional) flow
between wells as described by Dyes ef al.’ Without ques.
tion, a combination of these factors modified by formation
heterogeneity and other known and unknown factors ac-
tually does control the behavior of real systems. This paper
presents results of an investigation of certain factors
that should affect performance but which have received
little attention to date.

In 1944, Law’ demonstrated that porosity and perme.
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ability are often found to have normal and logarithmic-
normal distributions, respectively, throughout cored inter-
vals in natural formations. This led to the concept of [he
noncommunicating, multilayered reservoir model for im-
miscible displacement. This model assumes that the res-
ervoir is composed of a number of layers that com-
municate only at the wellbores. Each layer is individually
homogeneous, but may be different from every other layer,
Stiles’ presented one of the earliest applications of this
model to waterflood performance. In addition. Stiles as-
sumed that the initial saturations and relative permeabili -
[ies were the same for each layer, porosity was the same.
displacement was piston.like, fluids were incompressible
and injection into each layer was proportional to that
Iayer”s permeability capacity (permeability-thickness prod-
uct). The last assumption would be true if the mobility
ratio for the displacement were unity:’ Dykstm and Par-
sons’ used the same model as Stiles, but rigorously in-
cluded mobility ratios other than unity for piston-like dis-
placement, Dykstra and Parsons used their general result
(o produce charts for log.normal permeability distributions
between layers. Similarly. Muskat’; published analytical so-
!utions for linear and exponential permeability distribu-
tions.

In 19!59, Roberts: described a scheme for calculating
water-drive performance for the noncommunicating. lay-
ered res~rvoir model which considered two-phase flow in
the displacwl region. Roberts used the same model and as-
sumed that the injection rate into a layer was proportional
to that layer’s permeability capacity, but that flood front
locations could be evaluated from the Dykstra-Parsons re-
sults. These assumptions are inconsistent, and a materirtl
balance cannot be maintained except for a mobility ratio
of unity. At the same time, Kufus and Lynch’ coupled
Buckley -Levered, displacement theory with the layered
model to provide an improvement of the Dykstra-Parsons
method that was consistent.

h 1960, Higgins and Leighton’ presented a numerical
method for calculating waterflood performs nce also con-
sidering two-phase flow in the displaced region. The result
was used to investigate variation in absolute perrneabili ty
and oil viscosity. An excellent, detailed history of using
the noncommunicating, layered reservoir model was pre-
sented by Nielsen.’”

The preceding techniques (and many related ones) were
similar in that differences in initial saturations, residual
saturations and relative permeabilities from layer to layer
were neglected. It is well known that the irreducible water
saturation is an important function of absolute permeabili-
ty. Calhoun” showed that the irreducible water saturation
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increases by about 5 percent of pore volume each time
the permeability is cut in half for a variety of rocks. Simi-
lar results are given by Amyx, Bass and Whiting.”

Naar and Henderson” showed that the residual nonwet-
ting phase saturation under imbibition is approximately
one-half the initial saturation of that phase. Thus, the rep
sidual nonwetting-phase saturation should be affected by
the residual water saturation. Finally, the work of Corey’:’
and Naar and Henderson indicates an attendant change in
relative permeabilities for both imbibition and drainage
processes as a consequence of irreducible water and re-
sidual nonwetting-phase changes, In addition to changes
in phase saturations just described, it would also be rea-
sonable to expect variations in initial saturations if the
layers had been subject to depletion. Sheldon]’ found a
wide range in initial gas saturations for depletion of the
noncommunicating layered system.

DESCRIPTION OF METHOD

A model similar to that of Higgins and Leightonr’ was
used in this study. The reservoir was considered to be
composed primarily of a finite number of homogeneous
layers. The following properties were allowed to vary be-
twmn layers: absolute permeability, porosity, thickness.
initial saturations. residual saturations and relative perme-
ability-saturation relations. The following assumptions were
rr.ade: ( I ) constant width and length for all layers, (2)
negligible capillary and gravity forces, ( 3) constant outlet
pressure. (4) constant pressure drop for all layers at a
given time, (5) constant injection rate for the reservoir
(for ease of comparison with other models), (6) incom-
pressible and immiscible fluid flow and (7) no crossflow
between layers.

Each layer was divided into a number of flow cells (Fig,
I ). Injecting an incremental volume of water — used here
for the injection fluid. although both water injection and
gas injection were studied — into the first cell causes water
and oil to move from cell to cell resulting in production
from the last cell. This results in a change of saturation.
The fractional flow of oil and water from cell to cell may
be determined from relative permeability and viscosity
ratios. The specific resistivity for flow in cell r’ is

[1
w

res, =
“~i+ ~-””””””
p., It.,r ,

and the total resistance to flow in layer j is
*

(1)

R,=~;~Z- . . . .. o.. ., (2)
,!

where NC = total number of cells in the jth layer. The
total re$isttnce /o flow for the entire reservoir is

R,=51+V . . . . . . . . . . (3)

where NL = total number of layers in the reservoir. Since
the total pressure drop is assumed to be the same across

‘+rmrn’’’’’-’””’
x*O l--ax+ xsL
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each layer, it is possible to calculate the injectivity of the
jth layer at a given time by the following proportion:

i,,, _ i,,, _ R,
~— ,%7”—[{,”” ““”””’m Wj-, !, ,

(4)

j=l

Clearly, this ratio will be a function of time for each layer
when the mobility ratio is other than unity. By fixing “the
outle: pressure and the total injection rate it is possible to
calculate the reservoir inj?ction pressure and the injection
rate for each layer as a function of time.

The incremental volume of water injected into the first
cell of each layer is the product of that layer’s injection
rate and a small increment of time. Time ~ncrements on
the order of 0.1 to 0.5 days were used in this study, al-
though values outside this range were examined for accur-
acy of the solution. The fractional flow of water from cell
to cell during the time period was calculated from satura-
tion conditions existing at the start of the period using the
fractional flow equaticn

/,, = 1
,+k,, p.,..’’’’..’..

(5)

k,, “it,.

The calculations require use of a digital computer how-
ever. the programming is not particularly difffcult.

The method used, a modification of the Higgins-Leigh-
ton method, is actually a numerical solution to the Buck-
ley-Leverett frontal advance equation using an explicit
approach and neglecting gravity and capillarity. Perhaps
a more sophisticated numerical calculation could have
been used, but the one chosen lends itself to easy under-
standing and seems to be adequate for purposes of this
study. There was some difficulty in choosing a sufficiently
fine cell length (mesh spacing) to track the front accurate-
ly. Mesh sizes of the order used by Higgins and Leigh-
ton’ were used on a problem almost identical with theirs
and gave fractional injectivitics that oscillated with time.
To reach a balance between reasonable computation time
and a sufficiently small mesh to track the front accurately.
it was necessary to use a finer spacing in the vicinity of
the front and a wider spacing dsewhcre. Fractional in.
jectivities accurate to four figures were then obtained with
no oscillations. Further discussion of the numerical tech.
nique is included in the Appendix.

WATERFLOOD

The waterflood performance of a reservoir consisting of
10 layws was studied using the method previously out-
lined. The results of this method (hereafter called Buckley-
Leverett solution) are compared with results obtained us-
ing both the Stiles and Dykstra-Parsons techniques.

The permeability in the model reservoir was considered
to be log-normally distributed with a variation of 0.5 as
defined by Standing, Lindblad and Parsons.” Porosity was
assumed to be normally distributed and related to the ab-
solute permeability by the following equation takers from
Warren and SkibaY

+ =7,, + :- f.l(k/k,)) . . , . . . . . (6)

The specific relation used in this study is shown in Fig. 2
and Table 1. Connate water, considered synonymous with
residual water. is a function of absolute permeability
(Fig. 2, Table 1). This relation was adapted from Fig.
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TABLE 1 — VARIATIONOF SATURATIONSAND POROSIW
WITH ABSOLLJTE PERMEABILITY

TABLE 2 — RESERVOIR AND FLUID PROPERTIES,
104-AYER WATERFLOOD MODEL

C$aotl:e I$:;1

Perme. Srsture. S;&nrf -
ebility tion

Layer (red) (percent) (~r%) (percent)— — —
1 750 23.7 20.3 6.3

2 560 27.3 18.6 4.8

:1
455 29.8 17.4 3.9

32.1
5\ g ~:

16.4 3.3
15.5 2.9

6 275 14.5 2.4

7 235 38:0 13.6 2.1

8 195 40,3 12.5 1.8

9 160 42.7 11.4 1.4

10 120 46.2 9.7 1.1

‘Gas injection case only.
-. .-.— .— .— —-—

3-27 of Amyx. Bass and WhitingY and may be stated
analytically as

S.e=Fwc–~ In(k/klf) . . . . . . . (7)

The thickness was not varied between layers in order to
facilitate checking our results with those of other methods,
The initial water saturations were set equal to the connate
water saturations for the same reason.

The basic reservoir and fluid properties for the water.
tlood cases are given in Table 2. The mobility ratio M is
defined as the ratio of the water mobility at residual oil
saturation to the oil mobility at residual water saturation.
This mobility ratio was used in the Stiles and Dykstra.
Parsons calculations. Other methods’’-” for determining

M
L, ft
w, ft
h, ft
P(L), psia
Il., Cp
N.*CP
t%, res. bbl/STB
B~, res. bbl/STB
i,., STB/D
k...
kr,,
v
k~t, md
7
3<,.
n.,
0.,, ,

Case A Case B Case C— .—
0.125 1,0 10.0
600 600 600
600 600 600
15 15 15
2,000 2,000 2,000
2.0 4.0 40.0
1.0 1.0 1.0

1.3 1.3 1.3
1.0 1.0 1.0

1,000 1,000 1,000
. . . (1–2s)3~ [2–(1–2s)’q . . .
s s s’

0.5 0,5 0.5
300 300 300

0.15 0.15 0.15

0.35 0.35 0.35

0.04 0.04 0.04
0.0853 0.0853 0.0853

—— .

water mobility for this ratio were not examined in detail
since this was, not the main purpose of the study. The
residual oil salutation is a function of S,,, for the water-
flood (imbibition) cases.

Figs. 3 and 4 compare prediction techniques for Case A
where a favorable mobility ratio of 0.125 was used. “Re-
coverable oil” is the oil recovered when only residual oil
remains. The Buckley-Leverett solution is shown for two
models: Model 1 where all properties vary between layers.
and Model 2 where permeability varies but porosity.

,ooL______
o 10 20 30 40 m 60

POROSITY. PERCENT BULK VOLUME
WATER SATURATION, PERCENT PORE VOLUME

l%. 2—WATER SATURATION AND POROSITY vs PERMEABILITY.

1S02

I— BUCKLEY-LEVERETT MODEL I

--- BUCKLEY-LEVERETT MODEL2

*---J STILES
<

;
G-.-.oDYKsTpARsoNsoNs ‘.

101
1

NOTE: BREAKTHROUGH FOR

STILES OCCURS AT
FRACTIONAL OIL

k
RECOVERY OF .461 “J’

.,

I -

.’,5 .6 7 ,8 9

/

(

FRACTION OF RECOVERABLE OIL

FIG .3-\V.4TERFLooDCASEA (M= O.125),RECOVERY vs WOR.
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connate water and residual oil are constant and equal to
the average values used in the Stiles and Dykstra-Parsons
calculations. Both the Stiles and Dykstra-Parsons methods
give much earlier breakthrough recoveries compared with
the Buckley-Leverett solution where all properties may
vary (Model 1). The differences do not show up as
clearly on the time plot (Fig. 4) because of the scale
chosen. Further, there is a significant difference between
the performance after breakthrough among the three
methods al$ough the Stiles and Buckley-Leverett pre-
dictions do approach one another during the late stages
of the project. As might be expected, the Dykstra-Parsons
prediction and the Buckley-Leverett Model 2 predictions
(only permeability varies) are quite similar over the total
life, In fact, the results show that the Dykstra-Parsons
WOR curve should be drawn in a step-wise fashion ra-
ther than using a smooth curve through the points. Use
of a stepwise WOR variation would make the time
curves for the Dykstfa-Parsons and Buckley-Leverett Mo-
del 2 agree more closely, This is because it is necessary in
the Dykstra-Parsons technique to evaluate

NP

J
(WOR) dip, . . . . . . . . . (8)

o

to determine the time required to reach a given recovery.
Figs. S and 6 show the predictions for Case B using a

mobility ratio of 1.0. The reservoir and fluid properties are
the same as Case A with the following exceptions: A =
4.o cp and k,~ = S’. The Stiles and Dykstra-parsons
methods are identical for a unity mobility ratio. Comments
regarding the performance of reservoir Case A apply sim-
ilarly to reservoir Case B. As expected, breakthrough occurs
much earlier for Case B than for Case A due to increased
mobility of the displacing phase.

The final waterflood prediction (Case C) for a mobility
ratio of 10 is shown in Figs. 7 and 8. The reservoir and
fluid properties are the same as Case B except that oil
viscosity has been increased to 40 cp. The Buckley-Leverett
Model 1, where all properties vary, gives a breakthrough
recovery identical with that predicted by the Dykstra-Par-
sons method, This is just a coincidence, and calculations
made with mobility ratios, exceeding 10 show that the
Dykstra-Parsons method will give breakthrough recoveries
exceeding that of Buckley-Leverett Model 1.

As before, the performance after breakthrough as pre-
dicted by the Stiles and Dykstra-Parsons methods is con-
servative compared with the Buckley-Leverett solution

1(
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FIG,4--WATERFLOOD CASE A (M= 0.125), RECOVERY vs TIME.
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where all properties vary and two-phase flow behind the
front is considered. Hiatt’3 experienced this same effect in
comparing predictions made by the former methods with
actual performance of water-drive reservoirs. This differ-
ence is due not only to permeability variations and the
effect of production behind the fron~ but by a combi-
nation of factors including the interrelation of absolute
permeability, porosity, initial saturations, residual satura-
tions and relative permeabilities.
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FIG. 5—WATERFLOOD CASE B (M= 1 ), RECOVF.BYvs WOR.
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GAS INJECTION

Performance of our model reservoir under gas injection
was studied using the modified Higgins-Leighton method
described previously. The same permeability-porosity-con-
nate water relations were used as for the waterflood cases.
One major difference was inclusion of an initial free gas
saturation that varied between layers (Table I). These sat-
urations were determined by assuming an average free
gas saturation of 3 percent in the reservoir and applying
the method presented by Sheldon’” to differential y de-
plete the layers until this average was reached. Reservoir
and fluid properties for the gas injection case are given in
Table 3.

Two models were examined: Model 1 where all pro-
perties and saturations were varied, and Model 2 where

— BUCKLEY- LEVERETT MODE L t

---- EikJcKLEY-LEvERETTh40nEL2
c........sT,~~

c- —.0DYI(sTuA.pArfsoIw

0

,/.

!

I
i
i

.1I I f
01 2 .3 $3 .5 .6 7 .8 .9 I

FRACT ION OF RECOVERABLE OIL

FIG.?—\VAvxrLooDCASE C (M= 10), REcovErrY w, WOR.

— BUCKLEY-LEVERETT MOIJEL I

---- L?wKLEY-LEVERETT hfOOEL 2

‘.--— STILES
‘--- OYKSTRA-PARSONS

.1I L-
0.123456 78 s

FRACT ION OF REcoVERABLE 01L

Fm. E-WATERFLOOD CASE C (M= 10 ), RECOVERY vs Tmm.

1304
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TABLE 3 — RESERVOIR AND FLUID PROPERTIES,
1O-LAYER GAS INJECTION MODEL

Case D——
L, ft 600
w, ft 600
h, ft 15
p(L), psia 2,000
p<,,Cp 1.0

Al, CP 0.02
B., res. bbl/STB 1.3
B,, res. bbl/Mscf 1.0
i, MMscf/ D 1.0
k,,, (1-s)+
k r ,, 53(2–S)
3,., 0.03
v 0.5
k,,, md 300

0.15
$,,3 0.35

od 0.04
us,,., 0.0853

—., .- .. —. —--

only permeability was varied and remaining properties
were set at their average values. Figs. 9 and 10 present the
results of studying these two cases with a Iimifhg GOR
of 50,000 scf/STB. The trends observed in the waterflood
cases are also shown; i.e.. a pessimistic prediction is ob-
tained when only the variation of permeability is included
in the calculations.

When this study began. it was ~onsidered that results
obtained from Buckley-Leverett displacement in the im-
proved layered model would give pessimistic results. In
the case of gas injection it certainly would be expected

.0

I
_ f&l&\K;LE:-LEVERETT

___ . BUGKLEY-LEVERETT
MODEL 2

FRACTION OF RECOVERABLE 011.

FIG. 9—GM INJECTION CASE D, “RECOVERYw GOR.
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that a high initial gas saturation in the high-permeability
layer would lead to rapid breakthrough and a very rapid
increase in GOR. Surprisingly, this did not happen. The
low connate water saturation and higher porosity tended
to slow the advance of the front and overrode the effect
of initial gas saturation.

CONCLUSIONS

For both water and gas displacement calculations, the
model for which all properties varied gave a more favor-
able performance prediction than the model for which only
permeability varied from layer to layer. Insofar as the lay-
ered model (with all properties varying) used in this study
matches any real reservoir, we have to conclude that pre-
vious immiscible designs using Stiles or Dykstra-Parsons
predictions were probably pessimistic. Perhaps this is the
most important conclusion from the study. In addition, the
following conclusions appear warranted as a result of this
work.

1. Using standard layered models (such as Stiles or
Dykstra-Parsons) for displacement calculations may lead
to erroneous breakthrough recoveries, depending on mo.
bility ratio and rock properties. The predicted performance
after breakthrough is generally quite conservative, if nnt
overly pessimistic.

2. Using a model that accounts for changes in the
many interrelated rock properties such as permeability,
porosity, initial saturation, residual saturation and relative
permeabilities should give a better estimate of the break-
through recovery and the performance after breakthrough.
This applies to gas injection as well as waterflooding, and
assumes that the model adequately represents the reservoir.

3. The modified Higgins-Leighton method used here
should apply equally well to predict the performance of, or

30 VEMSSER,196-i

allocate production from, several independent reservoirs
with a common aquifer and commingled production. This
method should also guide engineers in allocating injected
volumes to noncommunicating reservoirs or strata served
by a common injection well(s).

4, In drawing a curve through the values of WOR v
cumulative oil production from a Dykstra.Parsons cal
culation, itappears better todraw a step function when the
mobility ratio is less than one, and a smooth curve for mo
bilitv ratim greater than one. This aDDrOaCh should give

prediction of recovery and WOR vs time. -

NOMENCLATURE

reservoir length, ft

reservoir width, ft

layer thickness, ft

linear distance from injection face. ft
pressure at x = L, psia
permeability variation. dimensionless
median permeability, md
mean porosity, fraction
standard deviation of permeability data.

oh = in #V-, dimensionless

standard deviation of porosity data, dimensionless
standard deviation of connate water saturation

data, dimensionless
mean gas saturation, fraction
saturation of displacing phase, fraction
mean connate water saturation, fraction

PS,,–swc
for imbibition

i –s.O

)

SD
for drainage1–s,,,
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APP3%NRIX \

The modified Higgins-Leighton method’used here is ac-

tually a numerical solution to the Buckley-Leverett dis-
placement equation. Gravity and capiIIary effects were
neglected, and end effects were considered negligible irr
this field-sized system. Solutions to the Buckley Leverett

equation (or a similar equation) have been presented by
others, including the following: ( 1) Douglas et ul,~ used a
finite difference solution which included gravity but not
capillarity, (2) Sheldon et al?s used the method of charac-
teristics and the concept of shocks while neglecting gravity
and capillarity(3)McEwen” presented a finite difference
solution using a predictor-corrector method (He neglected
gravity but included the capillary pressure term.); (4)
Fayers and Sheldon= used finite ditlerence approximations
and included both gravity and capillarity, and (5) Hovan-
essian and FayersN extended the work of Douglas et al.Z
to include gravity and pressure profiles.

The equations solved in this work are

y+ f’ (s.): =0, O< X<L,

S,(X,O) = g(x), and

go (0,/) = ~(f). . . . . . (A-1)

The finite difference approximation used to solve Eq.
A-1 is explicit in time and uses backward spatial differ-
ences. Therefore, there are restrictions to the time step
size and mesh size to insure stability and accuracy of so-
lution. A fine mesh was used in the vicinity of the front
in each layer, whale a coarse mesh was used in the rest of
the region. The mesh size depends on the accuracy needed.
Time step sizes on the order of 0.1 to 0.5 days were satis-
factory for this study. It can be shown that the numerical
method is stable if the ratio of time step to mesh size has
the following upper bound.

2#sA
AQ < --- —–- ,l<i <NC . (A-2)

, 9, [max /’ (S.)1

This is not the maximum upper bound, but will ensure
stability and serve as a starting point for numerical ex-
perimentation. From practical considerations, the upper
bound to. the time step-mesh size ]atio would have to be
less than that vah.re that would allow one of the follow-
ing to occur in a mesh cell: S. >1- S., or S. < S.,.

Eq. A-2 applied to waterflood Case A (M = 0.125) gives
a ratio of 0.16 days/ft. The same equation, applied to a
case where the mobility ratio was 20, gave a ratio of 0.14
days/ft. In the latter case, the more shallow slope of the
fractional flow curve was offset by the increasing water
injection rate in the high-permeability layer as the front
advanced in that layer, changing the ratio only slightly.
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