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® ABSTRACT -

. Ve
An experimontal sggy of the overgweep &J four- and

seven-spot pattern wate?ﬂoods was conducted The porous

mediym consisted of a pack of glns beads between two luciteé

. platos.

. The effect of water injection fate and llbﬁﬂity ratio
on the oiT recovefy was examined, as well &s the resylt of
modifying the isol1¥ved plttorn by surrounding ﬁ’wtth a ring
of like pltterns

Uater‘flood recovery data were also conputed using a
two dimensional, two-phase flow numerical model. A larger:
range of mobility ratios was studied using this model. 011
recoveriss- from 1§6<1i_tod and conf {ned paftern w’aterflooc;s
were ooupared

An increased injectfon rate lobds to lower oil

recoveries from 1colated four - and’ seven- spot pattern

. waterfloods. The' cffect is similar for modified pattern
wtterfloods until the critical rate is attained. Above this

. nte the of) rooovery is independent of the injection rate.

Tho effect of the \nter-oil ratio on the of! recovery
is studied. A decrease of the oversweep is nbserved as the
mobility ratio is increased. '

The oversweep in a four-spot pattern waterflood is much

" mere cxhnsive than f&:a seven- opot pattern. It may be

1imé ted m either pattorn by curromdino the pattorn with a
Mng of similar pat.term‘ This is effective only at low

v
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1. INTRODUCTION

'Pilots waterfloods are used commonly to investigate the
production behaviour of petroleum reservoirs. They are
carried out on a representative portion of a reservoir and
serve to 1ndicate the ultimate oi! recovery which can be
expected from a field-size waterflood. 01 recovery data
obtained from tﬁese pilots may be far too optimistic or
pessimistic. Many such examples have been reported in the
literature (1, 2, 3, 4, 5, 6,.).

The amount of oil recovery from an unconfined pilot
involving onl& one or a few patterns is not the same as from
.a large-scale flood. The perimeter of the pilot.doés not” act
as aﬁ effective boundary and the fluids are free to move
1nto or out of the pilot_ﬁrea

Previous authors, nt the University of Alberta (7, 8),
were interested in the oversweep in five and nine-spot
pattern pilots. They reported recoveries from experimental
waterfloods equal to five or six times the amount of of 1
inifiglly in place in the pattern.

;he five-spot patterh is the most commonly “used in
waterflooding operations, mhinly because in many fields
wells are drilled on a squars grid and, when the decision to
'stirt a waterflood is taken, some wells are simply converted
_from producers to 1njectors

However , interest has been shown in the seven-spot
pattern particularly in oteamfloods. althouqh a seven- spot



pattern waterflood requires alnon-etandard drilling pattern
and thus, the drilling of extra wells. It was then de;ided
to carry out an experimental study of seven-spot pattern
waterfloods. The aim of this work was to show the extent of
the oversweep and to determine .if, for some combination of
injection rate and mobility ratio, the confinement of the:
pattern could be attained.

'Laooratory experiments are one way of studying the
effects of parameters such as injection rate or mobiiity
‘ratio on a waterflood Another way is to use a numerical
model. The physical proéesses taking place during a
-waterflood can be described by a set of mathematical
equations. This mathematical model must include the g
influence of gravitetionaT' viscous and capillary forcef on
the displacement. Thie set of equations is then solved .
numerically. It was decided to use such a model to obtain °
oil recovery curves for a seven-spot pattern waterflood and

then compare the results with the experimental ones.

-
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2. LITERATURE REVIEW

2.1 Performance of Confined Laboratory Pilots.

Many investigators studied th effects of parameters
such as water injection rate, injection pressure, and
water-oil mobility ‘ratio on of1l recovery from pilot
waterfloods. In many of these studies, physical mode s ‘were
used. These lhodels were made of artificial porous media,
consolidated or unconsolidated (9, 10, 11, 12, 13). They
comprised one whole five-spot pattern or sometimes only an
element of symmetry of the pattern. The four stides of the
porous media were sealedland the models were thos
mechanically confined. ' .

Besidos the physical models, other types of models have
been used, such as electrolytic and potentiometric models.
Considering the fact that a field-size water f 1ood is
necessarily confined, most laboratory models were designed
to reproduce these confinement conditions. '

The results of these studies indicate that in a
confined five-spot pattern waterflood, the water-oi]
mobility ratio is one of the most critical factors. The
pattern éweep efficiency is strongly dependent upon the
mobi1ity ratio. The breakthrough sweep efficieMy decreases
with 1ncroasing mobility ratio (16). At favourable mobi 11ty
ratios, the #éreal sweepuefficiency is high and, after
breakthrough the water-oil ratio remains low. Most of the
©11 in place can be recovered before a high water-cut makes

\
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/ ¥
the production uneconomical, At unfavourable mobi 11ty
ratios, the opposite happens. The‘breakthrough sweep
efficiency is low and the water-oil ratio increases rapidly
after breakthrough (17, 18, 19). Only a small fraction of
the oil in place may be recovered -before the production mus t

be stopped

g;g.Pagtern Oversweep in Unconfined Pilots.

' As’mentioned above, most laboratory models used for
studying pattern water f1oods comprised only one pattern or
_an element of swmmetry of a pattern and were confined.
Several studies have been conducted at the University of -
Alberta on a larger model in order to determine the degree
of confinement of the pattern during a waterflood This was
done in order to help in the interpretation of oil recovery 1
data obtained from pilot waterfloods, which compr i se only |
‘one or. a small number of patterns. N

| dain (20) reported oil recoveries from an isolated
five-spot pattern as high as five times the initial oil in
‘Place, the total recovery continuousiy increasing as the
water injection continues ‘He examined the effect of
surrounding the basic patterp with a ring of eight like
patterns. This pattern arrangement will be refered leter as
a "modified" five-spot pattern. This resulted in limiting
the oversweep but was not sufficient to obtain effective
pattern confinement His results also show}that a variation

- of the injection pressure had no effect on the oil recovery,

\
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_ e of pressures stueied.

Peters (21) completed Jain’'s study of the five-spot and
extended it to the nine-spot pattern. Qualitatively, the
results for both patterns were similar. The oversweep of an
isolated pattern decreases as the injection rate and/or the
water-oil mobility ratio increases. Some oversweep persists
for any combination of these parsﬁeters. A similar effect is
observed when the pattern of interest is surrounded with a
ring of eight like patterns. However, in this case, for a
given mobility ratio, there is a value of théginjectiOn rate
above which the pattern is confined. The recovery is no
\fonger dependent on the injection rate and the waterflood is
said to be.stabili;ed},The value of the injection rate
necessary to obtain;a stabilized flood decreases as the
mobility ratio ipcreases; Furthermore, the oil recovery\from
modified patterns is aiyeys lower than the one from isolated

patterns.

gééx Performance of Seven- 2 ;gg Four égggt Patterns.

A seven-spot pattern represents a compromise between
the five- end nine spot pettehns A normal seven- spot with
an‘injection'to production uellvretio of two will be
preferred to a five-spot in cese\of low permeability
,formntion or low injectivity. An ipverted seven-spot (or
four -spot pettern) yill ‘be preferreﬂ to a five-spot if the
displacing fluid injectivity is high. The reduction in the
number of injection wells necessary wi@l then improwe the

o “ . \\
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economics of the project. These results are summar{zed

be Tow. #
Normat 5-spot normal 7-spot °  normal 9-spot
1/P=1 1/P=2 . 1/Ps3
---------------------------------- '..--.->
Preferred in case of low permeability -
formation'or low injectivity.
inverted 5-spot inverted 7-spot  inverted 8- spot
1/P=1 1/p=1/2 * . 1/pe1/3

Preferred in'case'of‘high injectivity.

More economical. _ -

’Altﬁough the fivé-spét-bittern is the most popular, ;'
seven-gpot pilots havg‘béen bmﬁloyed) particutarly in
steamfloods (22). E :
o The performances of seven- and four-spot pattern
waterfloods have received very little attention in the
Titerature.

Muskat(23) presented analytical expressions for the
pressure distribution and sweep efficiency of a seven-épot
pattern at steady state (when the total producsd volume is

‘equal to the total injected volume). He cbtained the
following expression for the areal’ sweep efficiency for a

unit- mnbility ratfo:



- . S1t as . M
vq

*T o %
-where: |
K is. the viscosity 1 centipoidES\
q is the production rate in cubic fee( per second
k is the absolute permehbility in milli arcies
h is the thickness of tho formation in fegt
A is the network eluqu@ma associated with an
.1njection well, in squlro ?eet
'ésmdenotes an element of length along the strcamline
S, 18 the total path length between the injection
and producing well. | |
The integral is evaluated graphica]ly..and the result 1§ an'
areal sweep efffc}ency of 74 percent at breakthrcugh, Thus,
at a mobility riiio of one, the breakthrough sweep

efficiency of a seven-spot pattern is approxihatelychual to

that of a five-spot pattern. ' o ‘ .
Wyckoff et al conducted an experimental study using-a
blotting-paper electrolytic model (24) This procbdure is
equivalent to a waterflood under condi tions of a Y, ‘
unit-mobility ratio They report a breakthrough sweep
~ efficiency of 82 percent for the inverted seven-spot pattern
and 80 percent for the normal seven-spot pattern. The fact
that they found about the same value for the two patterns is
to be expected. For a mobility ratio of one, the pressure
distribution and the streamlines are the same in the

X



inverted and in the normal seven-spot patterns. The
direction of flow is simply reversed Thus, the same value
of the breakthrough sweep. efficiency is expectad g

The latest results. ‘were p&;sented by Guckert (25). He
conducted a detailed experimental study of the normal and
inverted seven- spot patterns on g*1aboratory model
representing one twelfth of the basic pattern. His
conclusions were three -fold: » \ |

1)The breakthrough swegp efficiencies of the normal and
inverted seven- spot patterns are equal for the same value of
the mobility ratio over. the rdnge of mobility ratios from
0.24 to 4.0. ’ N ﬁ_ ﬁﬁ q“ -

2)Recovery decreasesaas mobility ratio increases,
varying from a- breakthrdbgh Kecovery of 90 percent for a
mobi 11ty ratio of 0.25 to 6 percent for a mobf\Mty ratio of
four, 7 " &‘»

B)The area swept after breakthrough per unit pore

‘voiumeginjicted is slighti9 greater for the inverted than

for tﬁé normal seven spot pattern, at the same value of the

._v',\«

m0bility ratio A



3. STATEMENT OF THE PROBLEM

It was shown in the literature review ‘that very little .
research has been done on seven-spot pattern waterfloods. As
-this pattern becomes more popular, it appears important to
study it more thoroughly. In order to help in the
interpretation of oil recoveries from seven-spot pilots, it
would be of particular interest to know what is the extent
of the oversweep in these pilots.

The eversweep in pilot waterfloods has already been
studied.at the University of Alberta. The previeus authors
were interested in the five- and nine-spot patterns. It was
decided to extend this study to the four- and seven-spot
patterns. For this purpose a laboratory model was built. It
was intended to study %xperimentally the effect of
increasing Qater injection rate and increas{ng oil Viscosity
on the patternyoversﬁeep. as ;ell as to compare oil |
recoveries from pilots of incbeasing complexity.

The scaling of the medel was necessary in orde; to
relate experimental data to field conditions. .

Laboratory waterfloods are limited by physical factors - .
such as the maximum injection rate and the maximum injection
pressure available with the injection system. The most
limiting factor is the viscosity of the oil, ae highly
viscous oils cannot be injected in the model. Numerical

models do not have this limitation. Thus, it was decided to .
use a);wo-phase. two-dimensional numerical mode!l to simulate
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waterflood experiments. This model.could be used to
determine the extent of ove}sweep in 1solated pattern
waterfloods for high values of the water-oil mobiiity ratio.
Even for low mobility ratios, 1t was hoped tﬂlt numer ical
computations cou]d'replace time-consuming expetiments.

The simplest flooding patterns used in pilots are
isolated patterns. An isolated seven-spot pattern comprises
six 1njectors‘around one production well. An isolated
four-spot ‘pattern is composed of three injectors and one
producer. An isolated pattern is situated in the ﬁiddle of a
field and its boundaries are open to flow.‘

To approximate the extent of the oversweep in an
isolated patfern waterflood, the ahount of oil recovery must
be compafégyto the amount recovered from a confined pattern.
"A basic pattern (four-spot, seven-spot) is confined when it
is situated in the middie of a fully developed field, and
surroundéd by several rings of l1ike patterns. In this case
no fluid from outside can enter the pattern.cln numer ical
computations, a confined pattern'may be represented by a
basic pattern whose boundaries are closed. )

t_ As it is recognized that the oversweep Lp isolated
pattern pilot waterfloods may be extensive, modified
flooding patterns are often used in pilots in order to
obtain better confinement. A modified pattern is a bas#@
pattern (four-spot seven-spot) surrounded by one ring of
like patterns, i.e. a seven-spot pattern surrounded by six

seven-gpots or a four- spot surrounded by three four -spots.

»
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The external boundaries of a modified pattern are open to
flow. The aim of the experimental study was to determine if
the confinement of the central pattern of these arrangements

could be attained.

T

\



4. MODEL SCALING

Laboratory models used in the study of the displacemnt
of eil by water in a waterflood must be scaled. The.
experimental results can then be used to predict th~
behavior of field-size waterfloods. The scaling procedure
may be divided into (fwo steps: geometrical scaling and
scalin{;fof forces acting during the flood: viscous forces,
capillary and gravity forces. The second step requires 2
study éf the equations governing the f'lgw.

Using dimensional A{alysis. Engelberts and Klinkenberg
(26) obtained the conditions required for the scaling of
two-phase flow experiments in poroué media. Rapopért (27)
‘der {ved general scaling laws by spplication of inspectional
analysils. '.

A review of these works and others dealing with the
scaling of laboratory models may be found in Reference 28.
Only the resultsJ will be presented here.

f

4.1 Iwo-dimensional Horizontsl Flow, No Gravity.

The equation describing the displacement of ofl by
water in a porous medium is obtained by a combination of
Darcy’'s equation with the law of conservation of matter. The
dimensionless form of the dfsplacement equation for

two-phase, two-dimensional flow with no gravity effect s

e

12
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where u* 1s a characteristic velocity, equal to the
superficial velocity for Hnoari\floods.
The flooding behaviour is controlled by the similarity

v

group: ) <
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0cos 6 vK§

A field waterflood will be properly scaled if, in the
model and the prototype, the oil viscosity, the relative
_ »permaabi lity curves. the dimensionle/Leqsﬁllry pressure

/ | - (4-2)

curve, and the scalim factor C. are the same.

S

5 | | = -
4.2 sm.m of &m_m.t Pattern n.te._tm...
The scaling coefficient C, v‘s obtained for linear

ngorflooa.. L is the langth of the system and U* is the
superficial velocity. When considering the scaling of
+ pattern waterfloods, problems arise as to the choice of the
chu;actcristic length nnd the &hanctorutic wlocit;}
~ Rapoport and Leas (29) amested the approximtion of &
fiva-spot pnttorn ntorflood by a linear waterflood in tho
dinction of the prodonimnt streamlines in s eonﬂmd

-

”
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flood. In the present work a sinilar approximtion Tt u«d
for a oeven-spot pattern. The charactqri;tic longth L is

taken as the distance between injector and producer
The scaling coofficiont proposod by Rapoport, Carpcnter
“and Less (30) was used.

qu,, _, t

C,m= . ‘ Co ‘ . (4+3)
2 o/ R | - e _

€, is equivalent to C, with u sg/L. The production rate
q is equal to twice the injection rate for a confined .
seaven-spot waterficod and to half the injection rate for a
confined fodr-opot nteoﬂood

4.3 Stebidized Flood,

> From Equétion 4-1, one may cbserve that, as the scaling’

~cosfficient increases’ the importanice of the capillarity "
tepm decroam At high fluid volocitips.~~the effect of the ~

“ capinary forces on the displacomfnt prooen is negligible.
The waterflood performance is th.n 1ndepondent of the °
“injettion rate and the flood ts u‘ld to be s.tabﬂizod. o

o
. D
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5. EXPERIMENTAL PROCEDURE.

$.1 Equipment,
The model consisted of two circular transparent lucite

p1a£;s hgving each a diameter of 1.8 meters. Between them
glass beadsﬂgf reéuiar diameter were packed to obtain an
isotropic ?gd homogeneous QOroug medium. The thickness of

- the porous medium was 6.4 millimeters. This value was very
small compared to the diameter of the model and we may then
consider that tﬁe dféplacement was not affected by the
grivtty‘gnd was two-dimensional. The medium had 85 fully
penetrafing wells, set on an hexagonal matrix, as shown on
Figure 1. This arrangement pf wells permitted the study of
various combinations of four- and seven-spot injection
patterns. The following patterns were used in the course of
this étudy: isolated seven-spot, modified seven-spot (normal
seven-spot surrounded by a ring of six seven-spot patterns),
isolated four-spot, four-spot surrounded by three four-spot
"p‘ati"\s. and a four-spot surrounded by 12 four-spot
patterﬁs. These pa‘terns are reproduced on Figure 2.
Properties of the model and the glass beads are summarized
in Taﬁle 1. ‘

The injection system consisted of a Ruska proportioning
pump and 40 injection cylinders actuated by a double-acting
master cylinder. This permitted. injection through up to 39
"injection lines at'; constant rate. The injection rate was

1imited to 540 cc/hf;ltne. This material was previtusly used

Y

5 .



‘Figure 1l
Valves set-up

Valve
Scale 1/12

th
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Figure 2

Isolated Seven-spot

Modified Seven-spot

Flooding Patterns. .

.
~

17



..

Isolated Four-spot

Modified Four—spot

(]

v

Fiéure 2 (continued)

Flooding Patterns.

\




5.2 Pregaration of the Porous Medium.

19

by Jain and Peters. A detalled descrlptlon ancha flow- chart_

may be found ln Reference 19.

Prior to packing, the beads were soaked in a soluti
of houséhold detergent, rinsed several times with distilled
water and dried. A preferentially water-wet medium was then
obtalned This was necessary for easy cleaning of the model

after a run. The beads were weighed before packing for

‘calculation of the porosity. Two electric vibrators were

used for a total duration of five hundred hours to help pack
the model. The porous medium was also alternatively |
saturated wlth water and dried; thls was found to lmprove
the pching operation. The result was a.uniform packing with

‘a porosity of 36.2 percent and a permeability of 6.8

~8arcies..ﬁetails on porosity and permeability calculations

are given in Appendix A

5.3 Fluid Properties.

Distilled water coloured with sodium Fluoresceine was

injected in the‘central pattern of the arrangement studied.

VBy‘means of ultra-violet lighting it was then possible to

take photographs of the water-invaded zone during a flood.
Distilled water dyed with a red food colour was injected

;1nto the surrounding patterns . This allowed,visual
~ observation of the flood front displacement. -
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The oils used wereﬂkerosene and mixtures of kerosene
and lube oil. The kerosene was mixed with some ﬂube oil to
obtain 2 desired viscosity. The viscosities were 1imited by
experimental reasons' the viscosity had to be low enough to
allow filling of the model in a reasonable amount of time.
The properties of. the fluids are summarized in Table 2. The
viscosities were measured with a Cannon-Fenske viscometer
and the interfacial tensions with albp Nouy tensiometer.
The end-poiht relative permeabilities to-oil and water were
determined at residual water saturation and residual oil
saturation respectively. |

The mobility ratio was defimed as

kwro (o]

=
it

- U
ocw w

wﬁere u andlJ are the oil and water viscosities. |
kocw , the effective permeability to water at residual
oil saturation. and
kwro v the effective permeability to oil at residual
water saturation. ' ,

Details on the measurement of the relative permeabilities

are qiven,in Appendi x A



6. EXPERIMENTAL RESULTS

Thirtysthree runs were‘made with the three types of
oils previously described (Table 2): 19 runs at a mobility
rafio of 0.83 (oil:kerosene), eight runs at a mobility ratio
of 1.36  (0i1:75 % kerosene. 25 % lube oi1), and six runs at
a mobility ratio of 2.70 (50 % kerosene, 50 % lube.oil).
Injection rates ranged from 53 cc/hr.well to 537 cc/hr.well,

Al experimenfal data are given in Appendix B in
tabular form. They'are presented graphically on Figures 3
through 24. The cumulative oil recovery (percentage of
initial oil in place) is plotted as a function of the
cumulative liquid prodiction (pattern pore volumes
produced) . The experimental conditions prevailing for each‘
run'are shown in Table 3 . |

Typica1 photographs of the water-front at successive
stages of a run are shown in Afpendix G.

Each run was arbfitrarily terminated when six to seven
pattefn pore .volumes had been produced. In the range of
mobility ratios and injection rates studied, the oil
. recovery continuously increa§ed as the water injection was
continued. This can be observed on all recovery profiles
(Figures 3 through 24) but particularly on Figure 3 which
- corresponds to Run 29. To show the increase in oil‘recovery,
this run'wes continued till 14 pattern pore volumes had been
produced After production of two pore volumes the recovery

curve is almost linear. the slope of the curve decreases

. , 24
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two sets of runs, before a-néw 011 was used, the model was
flushed with a solution of household detergent and rinsed

with distilled water in order to eliminate all residual oil.
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5.4 Procedure
The model was placed in the vertical positioh and

distilled water was injected through the three lower wells _
till total saturation of the porous medium was reached. When
all the air had been eliminated, oil was injected through
the upper wells while the water was alloWed to drain through
the Jower well. 0i1 injection was continued till no more
wate% wes‘produced. This resulted in a residual water
saturation of 40 to 42 percent, the value depending on the
Kind of oil displaced. Then, the model was placed in the
_horiZontal position and the wells of the selected pattern
were opened to stabilize the pressure. The injection rate
waé’selected‘end fnjection was sterted. The oil and water
jproduced from the central'pattern were collected in a bank
of graduated test tubes. The_production-of all ‘surrounding
‘patterns,was‘collected in the same veesel. Photographs of
the waterfront were taken at.regular interuals*during the
run . A black and white, Tri-X, 400 ASA film was used ‘ The
enperiment was terminated when' six to seven pattern-

-lpore volumes had been produced. The mode 1 was-fluehed with
‘about ten pore-volumes of distilled water injected through
the lower wells. No more oil was displaced after. Although
the porous medium was preferentially water-wet there was a
residual oil saturation varying between three and eight

: percent The porous medium was then resaturated with oil for
‘the next run. A good reproducibility of the medium

properties was obtained using the above procedure Between
¢
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TABLEA !
Summary of Model Properties.‘ //
Diameter , 182.9 cm’ \
Average thickness ' 0.643 cm
Injector-producer distance 10.25 cQ
Pattern pore volume ‘4-spot - 31.6 éﬁg
' ; ‘ 7-spot 63.2 cm
Average diameter of beads 0.05 ' cm
Porosity : | 36.2 %
!
Absolut!JLermeability - 6.8 D
---’-----'_.---.“:;‘;“-'7'.--------‘-------'-------;‘ --------- - w---
Table 2. H _ .

Fluids Properties'
at 22 Degrees C.

Fluid density viS?osity viscosity mobility int.

{g/cm3 cp) ratio  ‘ratio tension
' , ' ‘ ' D (dynes/cm) |
water 0.996  0.997 "
. kerosene  0.798  1.38 1.39 0.83 32.7
25 % kerosene 0.827  2.40 2.42 -~ 1,36 357
75 %X lube oil - | : T : .
50 X kerosene 0.839  4.47  4.52  2.70 38.0

50 ¥ lube ofl
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Table 3.

Summary of Experimental'ReSults:Percentage
of Initial 0il in Place Recovered after .
Injection of 2 and 5 Pattern Pore Volumes.

Pattern Mobility Run Q %101P %101P

u
Type Ratio # cc/hr 2 PV inj. 5 PV inj.
isolated 0.83 1 53 331 738
4-spot 2 102 335 636
3 183 289 520
4 389 215 367
1.36 20 183 210 363
21 537 166 239
2.70 27 389 109 156
4 0.83 5 102 228 425
(4-spot) 6 - 183 139 259
- 7 389 136 234
8 537 101 188
1.36 22 183 . 126 215
23 537 122 172
2.70 28 389 104 147
13 0.83 9 102 278
(4-spot) 10 183 258 380
11 537 126 161
2.70 30 537 101 124
isolated 0.83 12 53 270 478
- 7-spo ‘ 13 183 126 238
- ’ 14 183 132 221
15 389 92 129
1.36 24 183 127 204
25 537 77 101
2.70 31 183 72 102
3% 389 76 94
0.83 W6 - 53 205 350
(7-spot} 17 183 116 167
18 389 g1 112
19 537 g1 112
1.36 26 183 130 169
27 537 78 109
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only very slightly.
The'same experimental conditions were maintained for
Runs 13 and 14 in order to check the reproducibility of the
experiments. The recovery profiles for these two runs are
plotted on Figure 4: It may be observed that the oil
recoveries do not differ by more than a few percent.
Four attempts were made to study the confinement of the
cen}ra1 pattern in a 13(fogr-spot) pattern arrangement (cf
Figure 2). No useful results were obtained, because the
production of the surrounding patterns was not uniform and
the production rates of tﬁé 12~producers around the pattern
of interest had to be continuousiy adjusted. ngures 5 and 6
_are comparisons of the recovery profiles from a ° ‘

four (four-spot) pattern and a thirteen(four-spot) pattern:
at 2 mobility ratio of 0.83 and injection rates of 102 gnd
537 cc/hr.well. Only four runs were conducted using tﬁe |
13(four-spot) pattern arrangement. In each case an irregular
pattern development was observed, due to7bart1ally p lugged
wells. For cumulative productions lower than four
pattern-pore-volumes, the oil recovery from the |
13(four-gpot) pattern is higher than the one from the

four (four-spot) pattern. The opposite would be expected as
an increase in the number of patterns involved in the
waterflood should lead to a better confinement of the
central pattern and thusvto smaller oil recoveries. However ,
- for higher cumulative productions, the 13(four-spot) seems
to be more confined than the four (four-spot) pattern. After
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"more than four pattern-pore-volumes have been produced the
slope of the oil recovery curve is much smaller. These
results are not conclusive and it was then decided to
exclude from the discussion the results of these four runs.
As a result, in this work now, the term-'modified".four-spot
pattern will refer to a four-spot pattern surrounded by
three like patterns. ‘

Previous experimentors noted a time interval between
the water arrival at the pilot producer and water
production.’This fact was attributed to the capillary end
effect. Nothing similar was noticed during these,
experiments. However, as this phenomenon lasts a very shert

time, it may have been overlooked.

6.1 0i1 Recovery from _I§2’gg Patterns. (Mobilit
Ratio:0.83).

Figure 7 and 8 present the oil'recoveryibrofiles for
,/7

isolated four-spot and seven-spot patterns respectively. ats
var ious injection rates A significant pattern oversweep is
observed, particularly at low injection rates. At the Towest
rate, the‘recovery from a'four-spot pattern exceeds five
times the initial oil in place after three pore Volumes have
been injected. The oversweep of the four-spot pattern is
much more extensive than the oversweep of the seven-spot, as
may be observed from Figure 9. -

For both patterns, the oil recovery decreases'with
increasing injection rate. At the highest injection rate the
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oversweep of the seven-spot pattern is small (120 X.pf

recovery after four pore volumes have been injected).

6.2 0i1 Recovery from Modified Patterns. (Mobility®.
Ratio:0.83).

Figures 10 and 11 present the recovery profiles for'the‘

modi f ied patterns. As already noted in the case of the
isoiated patterns, the oi1 recovery decreases as the
injeCtion rate increases. For the modified four4spot, the
oversweep is sti]l significant.‘even at the highest |
injection rate (Figure 10). For the modified se&en-spot. the
recoveryvcurves at the two highest injection rates are - A

. identioal and the oversweep is'very limited (Figure 11).

At any injection rate. the oil recovery from a modified
pattern is lower than the recovery from the corresponding
isolated pattern The - difference is much larger for she
four- spot than for the seven- spot (cf Figures 12 and 13).
Furthermore. the difference tends to vanish with an
increasing inJection rate as can be observed when comparing

Figures 13 and 14. .

6.3 R ggg"" very ‘rg’fneg at Higher Mobility Ratios. |
Three mobility ratios were studied one favorable (lessih
than one) and two unfavorable(greater than one)
Eight runs were made at a mobility ratio of 1.36: two

‘runs at the fnjection rates of 183 and 537 cc/hr.well for -
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each of the four patterns arrangements considered. Figures

15 and 16 present the recovery profiles for the isolated and

modified four- spot patterns As observed previously, the

oversweep is much more significant for the isolated pattern
than for the modified pattern, the oi% recovery decreases as
the injection rate increases and, the effect of the
injection rate is less for the modified pattern.™

Similar observations are valid for the seven-spot
pattern (Figures 17 and 18). At the higher‘injection rate
(537 cc/hr.well) the oil recoveries from the isolated and
mod1i fied patterns are identical (Figure 19).

Seven runs were made at a mébility\ratio of 2.70. The
results reinforce what has been previously stated. Figure 20
is a plot of recovery curves from an isolated seven-spot
pattern. The oil recovery increases only slightly with the
injection rate. At the highest rate (389 cc/hr.well), the
oil recovery is still less than 1 O-percent-eiter five-pore
volumes have been injected but the cumulative recovery is
still increasing with continuinngater injection, It may be .
observed from Figure 21 that, at the highest inJection rate.
the recovery. profiles from the isolated and modified -

- seven-spot patterns are almost identical

- The effect of mobility ratio on oil recovery is shoun '
on Figures 22 and 23. For the isolated seven-spot (Figure

222) the decrease in recovery with ‘increaging mobility ratio
~ is. significant The effect is much less for the modified

seven-spot (Figure 23). -
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7. MATHEMATICAL MODEL

[N

The displacement process taking place during a
water f lood may be described by a set of differential
equations These equations must account for gyaVity,
capillary, and viscous forces The differential equations
are obtained by combining Darcy § equation with the law of
conservation of matter for each phase. _

a These equations form a‘mathematical model. In a second
step, the reservoir ig divided into discrete blocks. .
Pressures and saturations are defined only at the centers of ]
these blocks. The differential equations are replaced by a
set of finite difference equations. This set of equations
may be solved either by direct or iterative methods to
obtain the pressure and saturation changes at the centers of
the blocks during successive time intervals. ‘

B In this work, a two-dimensional water-oil simulator
was used to compute oil recovery data from a seven-spot
pattern waterflood. “

' The oil and water equations were derived using the
IMPES procedure (Implicit Pressure Explicit Saturation.i
(31)) In this method, two differential equations containing
two dependent variables pw and Sw are obtained. Then _ they
are combined to eliminate time derivatives of saturations.
The new equation is approximated by a difference equation
where the water. pressure at an advanced time level is the
unknown This difference equation 1s written for each block

53
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of the grid. A set of equations is thus obtained which can
be solved numerically to obtain the pressure distribution at -
the new time Then the new pressures are used in a
difference epproximation of the original water equation to
yield the water saturation distribution. This. is an-
fterative process which is repeated till the values of
pressures and saturations have converged. ”

The sets of difference equations were solved using the
Douglas Rachford’'s ADIP method(Alternating Direction '
Implicit Procedure, (32)). .

This procedure was previously used to.simulate
five-spot pattern waterflood experiments 133). Good
agreement was obtdined between experimental and numerical
results. e

The derivation of thekequations and the solution
procedure are detailed in Appendix D. The model was
simplified in order to .reduce computing time Conditions
close to the ones prevailing in the laboratory during the
experiments were retained for the numerical runs. The fluids
were assumed to be incompressible. the reservoir pressure »
1\was close to the atmospheric pressure and thus the oil and*
water formation vo lume fectors uere equal to one. Cepillary
" forces were also neglected This last simplification will be

Justified later.



.>mm SINOILJ3FN] w>~w¢4=z=u mm O=K" mzmu»wcm 10d8-L ozm v

owmuuoo: :omm S3I1¥3A0238 110 NO whcm onkuwﬂzH 40 buwmmuuvw uzsomm )
(1713M*¥H/D2) ILHY NOTLIICNT
00L 009 ~ 008 - 00Y OO 00Z  0O1 0
1 \ 1 _ | I L 10
. 00T
o | 1o”o.w,.,
-00€
&
oov-
b : 10de-L v -
1048~ o r_oemx.
3dAL NM3lled |
s i L 1 i I 1 1009 -

(41017) A¥3A0I3 110 IALLEINWN



51

6.4 Model Scaling *

The effect of injettion rate on oil recoverylfrom the
modified four- and seven-spot patterns is plotted on Figure
24.

For the four-spot pattern, the oil recovory is 73
continuously decreasing with increasing 1n3e¢‘10n ratﬁ The'
injection rates available on the pump were not ﬁﬂﬁﬂ enough
to obtain a stabilized flood. This' was also tsue at higher
mobility ratios. N

Oon the‘other hand, the recovery from the modified
seven-spot pettern is constant for injection rates greater
.than‘300 cubic centimetres per hour per well. Thus for high
injection rates, the flood is stabilized and the capillary
effects are negligible.

Using this rate of 300 cubic centimetres per hour per
well, the_velue of the scaling factor is 0.507. The details
of the calculations sre given in Appendix.c.’

A comperison with a field having average propérties was
made to understand the’ meaning of this value. The |
perMeab1l1ty of the formation was 100 m1111darc1es. the
porosity 20 percent and the thickness 10 metres. For such

condltions. afproduction rate of. two m3/day was necessary to

| ﬂobtain the same value of the scaling factor. This is less

“than the production rates commonly used ‘in waterflood

operations. . - T

'slnsufficient.data were available to calculate the

scaling factor_at hfgher mobility ratios.
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14 1 Grid §__s

"The grid isa rectangular. block- centred grid A
confined seven-spot pattern was represented by a 13by 7
grid. The grid isireproduced on Figure 25;'Tnis,ratio of the
number of‘rows overlthe number- of columns was necessary for
the following reasons:.the hexagonal geometry of the ,
~seven-spot pattern must'ce respected; the six injectors must
be at the vertices of the hexagon and the producer at the
centre.,furthermore. the wells must be at the centre of a
block. | - '

Symmetry- of the pressure and saturations distribution
was obtained using this grid. During a run the oil
saturations at the different injectors did not differ by
" more than two percent The oi1l recovery curve was not
modified if a finer grid was ‘used, as can be seen on Figure
26, This figure is a comparison of recovery curyes obtained
“using the above grid and a finer grid comprising 21 columns
and 11.rows of blocks, the area of the pattern remaining tne
same. J | o %ﬂ , 4 |
| . The block size was chosen so as to have the distance
between producer and injector equal to 10.25 centimetres._
which was the distance in the physical model. . |

An isolated pattern consists of a seven-spot- pattern in
the middle of a Targe field. The 21 by 11 grid showp on
Figure 25 was used to simulate isolated pattern uaterfloods
- but tuo rows of blocks. of . l\rger dimensions had been added

: all around so as to obtain a 25 by 15 grid ‘with a pore

wr .
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volume equal to 45 times the pattern-pore-volume.
)

)

7.2 Boundary Conditions -

No flow occurs accross the boundaries. The.normel 5
component of the velocity at the boundary of the reservoir '
is zero. Numerically, this is accomplished by setting the
values of the transmissibilities from one block outside of
the grid to one block !nside the grid equal to zero.

In the case of the isolated seven-spot, the area
covered by the gr{d.wasv1arge enough so that the oil and

water recoveries from the central pattern were pot affected

™
e )

R

7.3 Permeability Qg_g N »
.%»Relative permeability curves are given on Figure 27.
The end- point permeabilities correspond to the ones measured
on the physicel model with the most viscous fluid ‘
The re‘idu&d saturations are equal togthe experimental
‘values: L ‘:.f  Sor=8% '
| 8ur=4OX - .

The shape of fhe tuo curves is arbitrary but 2 few

’ ’ ,5‘.., _,ﬁ/ .

Oreliminery runs showed that sthe oil recoveries were oot. %’

sensitive. to the shepe of the pelative permeabi1ity cﬁvﬁa

/
B ~ . ~

! . ..

! : “ 7

T T ¥
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USED IN THE NUHERICHL KODEL

FIWﬂ 27t RELBTIVE PERHERBILITY CURVES.. |
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7.4 Capill lary Pressure
A waterflood dispracementris dominated by viscous

-, forces, particularly for high oil v‘bcosities The
.experimental results presented previously show that at
sufficiently high injection rates. the capillary forces do
not affect the displacement process As the effect of the
tnjection rate on the oil recovery has“bEén~ﬁ§Hyied
experimentally, it did not seem necessary to’ include-it in
"the numerical study. The'oapillary forces were then
neglected. This reduced the computing time py a'?aeto; three
. to four and made easier the comparison of the'results from
the different runs. Hence oil recovery data from numerical

runs correspond to the case.of a stabilized flood.

o
r e . -
g

7.5 Initia) Pressure
At pressures close to the atmospheric pressure, the

-

fluid viscosities and densities may be - considered to be
constant The oil reCovery is not affected by the absolute
: pressure level but by the pressure difference between

! injector and producer. The uniform initial pressure was
assumed to. be one atmosphere except at the injection wells’
| " where the initial pressure was hiqher. increasing with the
oit visobsity ' '
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7.6 Time Step

Very spgll time steps had to be used to ensure

' stability of the system. The volume of the water 1njected
iAto the block é“'?h:ning one injector had to be less than
five percent of the block pore volume, because the amount of
'liquid produced during a time step cannot correspond to a
too large fraction of the pore voluMe of the block
_containing the producer This would give rise to
instabilities in t}\e solutv.m procedure. It must be recalled
that this amount is equal to sdx tdmes the amount of water

~injected in one,block‘fgntaining an injector.’

. /
\\..\ '



8. NUMERICAL RESULTS

The advantage of the numerical model was the ability to
cover a wider rende of mobility ratios than was possible
" with the physical model. There.were no limitations on the
preesure'or the otl viscosity. However, only isolated and
confined pattern waterfloods could be simulated. Partial
confinement conditions, such as those occurring in a
modif1ed pattern waterflood, could not be reproduced because
“the relative production rates of the di*ferent producers
were not Known. | ' - |
Although the conditions used for the numerical runst
were close to the ones prevailfng during the experiments, no
attempt was made to match the results exaotly. thures 28
and 29 shoh the dlfference between the experimental. and
-numer1cal results ln the case of isolated 7-spot pattern
waterfloods. They cofrespond to mobility ratios of 0.83 and . ﬁ
2.70. The dtfferenozbis rather large at a mobil1ty ratio oféQ; "
0.83 but the results are almost ident1cal at a mobility
ratio of 2.70. This difference is due to the experlmental
' error and to the facts that.the capillary forces were
negleaied and also, only end point relative permeabillt1es

,J,were avaflable .W;~_a ) &
LN # G aatges t
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distance between the two curves of each figure shows the

extent of the oversweep o
From a com&arison of Figures 32,33 end 34, it may be

'observed that the amount of recovery due to the oversweep of}

the pattern decreases with increasing mdbility ratios The
difference between the recovery curves from isolated and
confined patterns decreases For a mobility ratiovof 18 and
i'a cumulative production of one pattern- pore-voluﬁ:ﬁ the -
difference in recovery is only eight percent of the oil
A}ﬁnitially in place. However: the absolute value of the oil
‘recovery also decreases and the ratio of the difference
between recoveries to the oil recovery in a confined pattern

:4is almbst constent

" Figures 35 and 36 show the variation of the water-oil

R water-oil ratio from an isolated pilot waterflood tends to a.‘

‘ constant value Some oil is continuously coming from outside_f '

. of the pilot area. and this results in much smaller values of
R4 .

the producing waterLoil ratio T o



66

..mszmmm Y3 TYIHAN" N¥3L Id pomm;zu>ww.buz_mzeu
* A¥3A0I3¥ 110 NO O11H¥ ALITIHOW 40 buuuuw.om uz=auu

..'&ﬂ

{(Add)} onh.u.:oomm DHDQHJ w>~»¢.5:nu
05 1 00° 1 | om 0
| o |

Foy

88

+ X

oo.o«

-
4

L

: e

e

- L . . . - 7. olle¥ ALTTIG0K

| 1 L R c IS |

—L oot

41017) A¥3A0IIY 110 3AI 187nkN3 -

@*Z .




65

'8 1 Oil Recovery from Confined Patterns

0il recovery curves were computed for mobility ratios
ranging from 2.70 to 60; the lowest value corresponding to
the highest mobility ratio used during the experiments.
.These mobility ratios correspond to viscosity ratios ranging
from 4.47 to 100. ' :

Time steps of;O.B second at lower viscosity ratios, and
0.5 second at higher viscosity ratios were used and 700 to
800 time steps were necessary to simulate about 10 minutes
of an experimental water flood.

Figure 30 shows the decrease in oil recovery with
increasing mobility ratio. Similar results were observed
during the experimental study. The oil recovery is very
small for highly viscous oils. For an oil viscosity of 100
centipoises, less than 25 pé%ycent of the oil in place has
been produced after one pore v?lume has been injected.

Figure 31 shows the variation of the producing
water oil ratio during a waterflood It may’ be noted that
the variation of the water-oil ratio with the cumulative
production becomes linear at an early stage. ngh water oil
'ratios are attained for very low cumulative productions The
1ncreasevin water}oil ratio with mobility ratio is very |
impor tanit | | |

.8 2 Qgggariso of Isolgt and ngfined'Patterns
| Oil recoveries from isolated patterns are larger than

recoveries from confined patterns.ljiqure 32 33 34) The
\\ P . . ’xﬁ “ . .
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.., o%«DISCUSSION OF RESULTS.  + -
The experimental and numerical results illustrate the
. three different ways d’f l1imitihg the oil recovery from a

pilot waterflood : the oil nrecovery decreases as the

injection rate or the water-oil mobility ratio increases or
when the basic pattern is surrounded by a ring or more of

identical patterns N

8.1 Effect of Injection Rate
As, the injection rate becomes larger the inportance of .

the capillarytassure term in the equation describing the.
displacement process (4-1) decreases. As a result the
flowing water cut increases and the oil recovery will be
lower 11n a wetér-wet medium. the. capillary forces t%d to
oppose the flow of water by caasing the iaBibition of ' the
‘ injeoted water into the smaller por?s thusﬁgisplacing the W .
' pil in plece HoWever. as the mitial water safurattdnﬁ? ',_«tin_’_:lu
Y obteineg in the physical mOdel asgwell a§ the poro%ity gi’ : |
~ the)"?*un were very high, the extent .O:-;}M in’bib‘ition &“
phenemenon cod‘ld not be significant . ) ’.‘ PR
] The decrease inoil recovery observed wi th increesing o
injection retes. oould%‘e expiained by a decrease in sreal o

qwaep efficiehcy However, vmen cbnpering ﬂ\e photogrephs '

' ,eoqu be mede rhe area of the pﬁt"f“f' '.n»uttfm;evy, W
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| ‘ - \
covered by the injected water did not seem to decrease as
the 1njec.tion rate was increased. So, if the areal sweep
efficiency is constant, the saturation distribution during a

run depends on the injection rate. To study &his point, a

means of measuring the oil.and water satufgliions at any

point in the porous medium would be necessary.

4
r

o Lk
9.2 Scaling
When the velocﬂy of the fluids is high enough so that

‘the capillary berm in the flow equation becomes sO small

that it can be' neglected ‘the flow is said.& be stabilized
Not enough experimentgl results were available to calculate
the crltlcal- rates for:’lxa"] tvhe‘\types of patt.ern studied.
However it was shown that the critical rate for the modified

| seven spot pattern w § far below the usual 'lnjectlon rates

used in waterflooding operations Thus~ the effects of
capillary forCes ln fleld waterfloods are small . -

-
-

partmﬁlerly for- vlscous oils. >

R .
s R SR . g .
. . S
4 , B -

E=.§ ﬁe&, of - !@Ll_tlx _lL_Q - c R |
~ 'The e*fect of msbllity ratio on ofl recovery fromo
,_,"ater‘floods JWdeﬁtical for all types of patterns

;\‘

— bl

o .‘r'%

. -
O

l:'_ : o ﬁ o
Ks he,,moblllty ratio lncreases. the ol recovet*y decreases

ln a fgur- or a seven-spot pattern waterflood Peters
observed the same effect 1n five- and nlne~spot pnttern
waterfloo;ls The decrene in oi'l recovery lg due bartly to a

e ST . . ) ' . o

: e L ot .- Ly ) . . y
. - - - { L .Y : . " o
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decrease in areal sweep efficienay. Channels of preferential

_ flow are formed from the injector to the producer. Most of
the ‘injected water flows along these channels without
contacting new parts of the reservoir and displacing new

" quantities of oil. . ¢ | .,

,The decrease in oil recovery is also due to a decrease -

in the displacement efficiency, characterized by higher
v residual-oil saturations as the mobility ratio increases
'{fv%?‘$» It is difficult to compare the effect of mobility hatio
Fawt}on-oil recovery from four- and_sevenrspot pattern.
waterfloods respectively The injéection rate enters as an
: additional parameter and complicates éhe interpretation of
the results. The same injection rate used with bothlpatterns
ﬂdoes not correspond to the same velocity of the fluid front

aﬂa thus. the results cannot be compared as the oil recovery

depends on the injection rate and, thus, on the velocityﬁof .

‘the water-front.

9.4 4 nggggiggg of golgtgg and Modified attgrn§ | .
At the lowest mobility ratio and the lowest injection
rates used in this study, the oil recovery from .2 modified

p@ttern is. much lower than the recovery from an isdlated .‘;

pattern eln the isolated pattern waterfiood, the injected
water always contacts new areas of the reservoir and Ly

displaces the. on Orie ring of patterns atound the central

patterngis effective in preventing‘hhe oil from-outside from .

1pntering the pilot area. This oil s groduced by the A'7

-

r
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additional producers around the basic pattern.
At highﬁinjection rates and high mobility raties, the
- modification of the pattern has no effect. 0il recoveries.
from modified and isolated patterns are identfcal. At high *
mobility ratios, the oversweep from d‘iisolated pd{tern is
limited to a narrow ring of the porous medium around the
pattern. The of] initially in this portion of the reserwvoir
'will be produced by the central producer when the pattern
is modified there is competition between ‘the different
producers for the oil in place in the portion of the
. reserVOir separating them. If the ofl visc051ty is high each
producer can only attract the oil in place in a small
portion of the reservotr next to it. The centra) pattern
'behaves as if it were isolated The addition of a ring of

patterns “around. it has no - foect

: . {’ L e; R : .
__5 mgar‘_lso of solgtﬂ and’ g@fige Pgttergg s "

The numerical results show~that even at high mobility
ratios” an isolated pattern pilot is never totally confined
" For any yalue of the mobility ratiolsome oversweep exists.

However the~emount of oil produced from cutsideﬂihe pilot
becomes very small T : “;‘uig&‘- .
o It ntﬁ.said #n the'a ' chapter thgt ‘at high mgbility e
- ;,ratios,lthe same amount of of1 is rech:red during a
= waterflood uhet,“'

-

. - A :
\rn waterfloods are zao’t oonfined. even %

‘ s6 oil: modifiqd Petterwwa,ﬂrf‘lfoods are nots RN

't.'*"-'? L

"‘--theaattern is ’in isolnted op a modified
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confined either. A porcentage of the of recovery ( 25 to 30 |
percent m“this study ) is due to the oversweep of the ‘
~ pattern More than one ring of pattems around the basic
-pattern would be" nec?sary to obtain confinement I

[ ¢ %,
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the same pressure. To ensure .Bt;is the porous medlum must be

perfectly homogeneous and 1sotropic and plugging probqems

'must be solved.

As it ‘was mentionned, the 1nJect1on rates available on -
the pump were not hlgh enough to obtain a stabilized flood
in the case of the f r-spot pattern. Higher rates should be
used in order to oﬁ{:?n a value of the critical rate for
tbis pattern. |

If one wants to match the experimental results with the
numerical ones, tbe relative permeabll1ty curves should be
adjusted, either by an experimemtal determ1nat1on of the

actual curves.or by a trial-and- error procedure ‘Howevér, at

\the mobility ratios which pertained in this study. the

ch01ce of relatlve permeab1lity curves is not important.,

) Furthermore the .capillary pressures could be included in

the numerical model to see if this would result in a better
match with the favourable mob1lity ratio d1Splacement

+ 1t was sa1d that the numerwcal model could gpt be used
to compute oxl recoveryacurves from mod1f1ed pattern

waterfloods To calculate the productlon rates at’ the .

'Ld1fferent producers. their pressures must be k It Qég
thought ghat impos1ng.the pressures would Tent to
imposing the producttonArates and thus pr ining the
resuxgp However this part deserves furt -
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NOMENCLATURE

+ Area perpendicular to direction of flow

‘clocz:

: Di1 formation volume factor:

/

:'Water.formation'véTUme factor : j."':,

Scaling coefficients

:5ﬁfstance;between injector and producer °

i Fractiofgof fluid flowing

'.'ACCeleratiOh daé\tb gravity'
: Thickness of tN% porous medium ‘
:nInitiaf Oil In Place :

r-Absolute,penmegbflﬁty 7

: Effectivewpermeability to water at residua! R
‘oil saturati ~ _ . o

* ﬂlobility;rttio_

Bl /o
: »

./-

ctive permeability to oil ‘at residudl o "5'*'if?§§
Saturation S LR

o

jt'ive pQrmeabili'ty . Logs
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4the following conclusions can be drawn

o
»
\ y
.

10. CONCLUSIDNS ,
ot

As a result of the experimental and numerical studies.“

o
s

1) The pattern oversweep in seven and four -spot

-

waterfloods is extensive, particularly at favorable mobility

: ratios and low injection rates.

2) The oversweep decreases as the injection rate
1ncreases til) the critical rate is attained

3) Above the critical rate the oil rmvery is no
longer rate dependent. B
' 4) The'oversweep'from'a four-spot pattern is much
larger than that from a seven- spot pattern

5) The oversweep can.be'limited by surrounding the

basic pattern with a ring-of like patterns but cannot be

- cpmpletely eliminated by thi;;

<>

ans.

~ |
@ * 6) At higher;mxﬁlity E‘&jﬂs the oil recoveries from

the isolated and the modifi% patterns are identical
b v = '
'iB R Ree ndati

Further research would be necessary to complete this

- 'study P%icularl’y the following points should be examined

Uaterfloods using a. 13(four spot),pattern arrangement

~were difficult to carry out experimentally because the

- fdﬁessures at ‘the producing uells couéd uot be monitorad It
9~is important that all the producing wells of each ring be at

* g e
3 e, e e e &
o, ":a‘ " . ' 'iﬁ . 4 ’
‘ wmﬁ-_yg.‘q 4 %t h LR

X

?

7
“II
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N,.N, : Number of blocks in.the X and Y-directions.  ,°
- “p I Pressure =~ - b \ - - -

et R '

Captllary.pressgre

v .
n

f’u 5;' - :;Djmensionless eipiiiery pressure
" PPV ' : Pattern Pore Volume-
a,g Qi-' Tota] injection rate per unit reservoir thtcgness.'
: "wlnjection rate per we!l e SR

Nellbore radius

Saturation . f‘-l'ii ) e %Aw-\,
:“Tranqﬁissﬁbi]fty“g ;f;  5:
=T.p 9 " e

»};Ftenistic superficial velocity |
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v i th times fraetfohal;fidw of displdcing“fiuid |

bscr 1 te:
' e

. i,§ are indexes. 1nd4cating thp position of

‘ the grid

e g weter

| vn and n+1 ref’-

| -advanced tima

o

/

';x.y refar to the direction :*g;}ilrhlj* ?f
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- Appoﬁdii B

.Experimental Results.

1) Runs 1 to 19
01) type:kerosene.
Residual water saturation:42.0%

Residual oil saturation:3.0% e

2) Runs 20 to 27
011 type:75% kerosene,25% lube oil.
Residual water saturation:40.0%
Residual of ] saturat13n:e5bx

o

3) Runs 28 to 33 \

01 type:50% kerosene,SOX'ldbe-o;Q.

Residual water saturation:40.0%
Residtia) ail saturation:8.0%
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~ . APBENDIX A
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19,

S P(’)FD"“W'%"F‘F%’HW‘WIM_‘“’M“‘ T
v & -

. ) ’ )
liCalculation of .ths mmm P
To calculate the porosit& she bulk volunn of the
mode!,. the weight of glns bhdt noeosury for packing, and

AN

the density of the bnds were dﬁ-mimd

" The rnu!t: sre as follows: ’ c "4" |

’Bu\K volun. of the mod.l i "~ 18800 cc
Tota! weight of beads: - X *180 o
Density of glass beads: '3%7..248 g/cc *

Pore volume: : ' | 8118 cc

' poros 9:?» v R | 362!

2)0etermination of the Absotute hmm_l_tx
‘ ludut'o uvm-tpot for\\ularhmnd to calcuhte the
absolutc and effective pcmubilitia lt~ the end- point

saturat 1om - v

Q v 1n(d/r,) - 0.5691 " Y

k - ’
0.14876 . h .ap "+

-

\
|

M’nr.- k is the permesbility (mD),
0 is the total injoction nto (cc/hr).
\th. fluid viscosity (ep), _
d “the distmco between 1njoctor and Mleu‘ (cn‘

i€
\

i
|
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. o R
* ‘r'. the well-bore ndius (an) . 1 :
__h, the _thickness of ti ' '

R ap, the pru ¢ _drop bétween 1njoc}br lnd’producor
. (KkPa) S o

. The model was fully n&nt.d with distfled ntop and

then, mtor was injected hrouw [ | savon spot pattern nt
varfous rates. ‘ : k e

l ";li\' ~ 0

A plot of P Vorsus Q is a straight line with I ﬂopo .
Tho variabln hnvo the following vﬂues
\\~§ | . ,\\- A . A3

d=10.25 om

tr =0.18 cm ~
h=0.643 cm .
<~ =20.99¢cp | ‘ (

- From Figure 37 the vulue of &n slwe 13 oqual to
0.00547. ' :

N «

»

e " The pﬁnlute p‘r'nnbility‘io equal to:

&

-

k P . .
' .14876 . . 5.47
L8876 . 0.6 \

= €827 mD = 6.8 Dcrcios

ST

-
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" tion of the Effective Fermeabilities and Mobility
. .__EITH.—QI — S ' . _0_ ._A'__‘”.A, - 1 e
The end-point effective permeabilities were determined!|
‘u‘li‘ng‘ Muskat’ seven-spot formula.
_ The mobility“ratio s defined as .

. l,‘_\wro',n

. ’ !
where« . and :-re_the.oil-lnd water viscosities,
o K,ro . the “ffecﬁ(ro permeability to water at residual
311 saturation, - ‘
Kocw + vthe effective permesbility to oil at residual
water saturation.

" The results are: . ‘ .

— flu’!d type v _kiu'o. S S M
R ‘s,-..--..--------'.----------.‘ ...............
AU Y
kerosene 1. 38 3.7 6.2 0.83

75% kerosene .
25 Xlube of! 2.40 ‘ 3.15 5.6 1.36

50% kerosene ) .
50% lube o} N - 3.3 5.5 2.70

K



- ,' WATER _ TOTAL
(cC) (cc) ~ (cc)

32.5 0.0 32.5
13.0 6.0 49.0
10.0 7.5  17.5
8.5 8.0 17.5
8.0 10.0 ' 18.0
8.0 10.0  18.0
8.0 10.0 / 18.0
7.5 10.5 & 18.0 -
7.0 10.5 = 17.5
14.0 © 20.0 34.0

o . ISOLATED FOUR-

’;.L

PATTERN

CUlULAIIV!
PRODUCTION

(PPV)

.....................................................

DA WWNRIN = -

- CUMULATIVE
‘OIL RECOVERY

(X101P)

N
Wes NN DWW

]
'
]
L]
]
]
]
t
]
]
[]
]
]
]
]
L
)
L]
]
]
]
v
]
J
]
J
]
[]
1
[]
]
'
[}
]
]
]
’
]
]
]
'
]
1
]
]
]
]
]
)
]
1)
]
]
]
N}
1 4
]
]
]

#ISQLATED

FOUR-SPOT PATTERN

INJECTION RATE(CC/HR):389.4

OIL  WATER TOTAL

- (CC) . (cc) (cC)
20.0 ¢+ 0.0 20.0
9.0 6.0 15.0
6.5 8.5 15.0
4.5 10.5 15.0
4.5 10.5 15.0
4.5 10.5 15.0
4.5 10.5 15.0
4.5 11.0¢ 15.5
‘6.0 16.5 22.5
6.0 17.5 23.5
5.5 16.0 21.5
6.0 17.0 23.0
5.5 18.0 21.5
11.5 -26.5 38.0

CUMULATIVE
PRODUCTION

(PPV)

......................................................

CUMULATIVE
OIL RECOVERY

(X101IP)

- 158.2
183.7
218.2
242.8
267.4
291.9
318.5
349.2
381.9

.411.9
444.7
474.7

- 537 4~

...........................................................
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FOUR FOUR-SPOT PATTERN .
. _ e i . Yy
| RUN # S
. INJECTION RATE(CC/HR):102.4
\ -
CUMULATIVE * BULATIVE
oIL WATER “TOTAL PRODUCTION ~ OIL RECOVERY
(cc) - (c ) (cc) (PPV) (%101P
1.5 0.0 13.5 0.43 73.9
10.0 5.0 15.0 0.90 128.2
10,00 7.5 17.5 1,48 . 182.8
7.5 8.0 15.5 1.95 228.7
7.5 9.5 17.0 2.48 264.6
6.5 8.5 15.0 2.96 300. 1
5.5 9.5 15.0 3.43 330. ¢
8.5 10.0 16.5 3.96 385.6
5.0 100 15.0 4.43 392,.8
5-0 . ‘o.o_ . 5.0 Y 4-9‘ ‘200“1
10.0  20.0 0.0 5.85 474.7
roua FOUR- spor PATTERN<
RUN 7 8
INVECTION RATE(CC/HR):183.0
CUMULATIVE CUMULATIVE
0IL WATER  TOTAL  PRODUCTION  OIL RECOVERY
(CC) (cc) (cc) — (PPY) (X101P)
~~--~¢ . - & f»& ---------------------------
5&8 0.16 27.3
4,- ° o.“ ~ ?-1
- 4,0 0.78 70.9
3. 1.08 90.0
‘ 3. 1.42 109. 1
3. 1.77 128.2
4. 2.28 182.8
N 3. 2.89 171.9
) §, 3.35 199.1 L
.@% . 4.02 - 223.7
W . 4.78 251.0
- 8 %.54 278.3
3 8.20 207.4
. wd. #8.90 318.5
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FOUR FOUR-SPOT PATTERN

.

RUN # 7

" INJEGTION RATE(CC/HR):3§9.4
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" INJECTION RATE(CC/HR): 53.0

<C

OIL  WATER TOTAL PRODUCTION  OIL
N ool B (CC) (CC) (PPV) “ (%1
R B !

11.56 . 1.0 12.5 1.61 -

11.00  2.0. 13.0 2.03 —

10.0 2.0  12.0 2.41

9.0 2.0  11.0 2.75,

7.0 2.0 9.0 3.04

9.5 2.5 12.0 3.42

9.5 %5 12,0 3.80

9.5 2.5  12.0 4.18

9.5 2.5 12.8 4.56

9.0 3.0 12, 4.94

4.0 2.0 6.0 5.13

ISOLATED FOUR-SPOT PATTERN

INJECTION RATE(CC/HR):102.4

CUMULATIVE QUmuLATIVE

RECOVERY

CUMULATIVE CUMULATIVE

OIL WATER. TOTAL PRODUCT ION OIL

(CC) (cc) (cc) (PPV) (X1
47.0 0.0 47.0 1.49
13.0 2.0 15.0 1.96
. 12.0 3.0 15.0 2.44
8.0 6.0 15.0 2.91
8.5 6.5 15.0 - 3.39
8.5 8.5 17.0 - 3.92
- 9.5 8.5 18.0 4.49
8.5 6.5 15.0 4.97
8.5 - 6.5 15.0 5.44

RECOVERY
OIP)
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RUN # 9
y !
INVECTION RATE(CC/HR):102.4 Af’//,,)
CUMULATIVE CUMULATIVE
OIL WATER  TOTAL PRODUCTION *  OIL RECOVERY
(cc) . (cc)  (cc) . (PPV) (XI0IP)
24.0 1.0  25.0 0.79 130.9
13.0 3.0 16.0 1.30 . 201.9
7.0 3.0 10.0 £ 1,61 240. 1
6.0 4.0 10.0 - 1.93 272.8
5.0 5.0 , 10.0 2.25 300. 1
4.0 6.0 ~ 10.0 2.56 321.9
4.5° 9.0  13.5 2.99 346.5
3.0 8.0 12.0 3.37 362.8
2.0 8.0 - 10.0 3.69 373.7
R 2.0 8.0  10.0 . 4.00 384.7
i 1.5 8.5  10.0 4,32 392.8
SN THIRTEEN FOUR-SPOT PATTERN
o | RUN #10
* INJECTION RATE(CC/HR):183.0
| | CUMULATIVE CUMULATIVE ~
.01 WATER  TOTAL  .PRODUCTION  OIL RECOVERY
(C (cc)  (cc) (PPV) (%101P)
24.5 0.0 24.5 0.78 133.7
© 10.5, 3.0 - 13.5 1.20 ©181.0
.~ 80 6.5 14.5 1.66 ~ 234.6
. 6.0 8.5 14.5 2.12 267.4 .
. 4.0 10.5 14.5  2.58 289.2
4.0 12.0 16.0 3.09 | 311.0
3.5 12.0 15.5 3.58 .. < 330.1
4.0 15.5 19.5 4.19 . 351.9
#.0 16.0  20.0 4.83 373.7
3.0 16.0 19.0 5.43 390. ¢
3.0 16.85  .19.5 6.04 406.5
3.0 16.5 19.5 6.66 422.9
3.0  19.0 22.0 7.36 439.2

------------------------------------------------------------
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THIRTEEN FOUR-SPOT PA!TERN(f '
| RUN #11
INVECTION RATE(CC/HR):537.0 )
CUMULATIVE CUMULATIVE
. oIL WATER  TOTAL . PRODUCT ION OIL RECOVERY °
(cc) (cc) (cc)” (PPV) (X101P)

17.0 0.0 17.0 0.54 92.8
3.0 12.5 15.5 1.03 109. 1
1.9 17.2  19.1 1.63 119.5
2.0 17.4 * 19.4 2.25 130.4
1.6 18.8 0.4 " 2.89 139. 1
1.5 21.3 2.8 - 3.61 147.3
1.5 23.5 25.0 4.41 155.5

1.3.  22.0 23.3 5.14 162.6
1.0 20.2 21.2 5.81 168.0
0.0 0.0 0.0 5.81 168.0
1.0 22.0 23.0 6.54 173.5
0.8 18.6 19.4 7.16 177.9
1.1 21.6 22.7 7.87 183.9
. 0.5 14.3 °  14.8 8.34 186.6



ISOLATED SEVEN-SPOT PATTERN

RUN # 12
[ N
INJECTION RATE(CC/HR): 53.0 CTN
, CUMULATIVE -  CUMULATIVE
OIL  .WATER ' TOTAL PRODUCTION  OIL RECOVERY
(cc) (cc)  (cc) (PPV) * (X1QIP)
23.5 0.0  23.5 0.37 B4.1 -
23.0 0.0 23.0 0.74 126.9
5.0 0.0 5.0 0.82 140.5
16.0 5.0 21.0 1.15 184.2
14.0 7.0  21.0 1.48 222.4
12.5 3.0 21.5 1.82 256.5"
10.0  12.0  22.0 2.17 283.8
- 9.0 13.0  22.0 2.52 308.3
9.0 13.0  22.0 2.86 332.9
3.0 13.0  22.0 3.21 357.4
9.0 13.0  22.0 3.56  382.0
8.5 13.5  22.0 3.91 405.2
8.5 13.5 22.0 . 4.26 428.4
8.5 13.5  22.0 4.61 451.6
8.5 13.5  22.0 - 4.95 474.8
8.0 14.0  22.0 5.30 496.6
4.0 7.0 11.0 5.48 507.5
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o

-SPOT PATTERN

ISOLATED SEVEN

RUN # 13

INJECTION RATE(CC/HR) :183.0

’

" CUMULATIVE

CUMULATIVE

OIL RECOVERY
(X101P)

PRODUCTION
(PPV)

TOTAL:
(cc)

WATER
(cc)
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ISOLATED SEVEN-SPOT PATTERN

RUN #14

INVECTION RATE(CC/HR):183.0

CUMULATIVE
OIL RECOVERY

PRODUCT ION

CUMULATIVE
(PPV)

WATER  TOTAL

oIL

(X101P)

(cC) (cc)

(cc)
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ISOLATED
-Tal

_ RUN #15

SEVEN-SPOT PATTERN

o,

- INJECTION RATE(CC/HR):389.0

CUMULATIVE
OIL RECOVERY

TOTAL

WATER .

(X101P)

(cc)

(cc)
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MOD IF 1ED seven-gkor PATTERN
i \\ ~ RUN #16
- - INJECTION RATE(CC/MR): §3.0 \' ° .-

' "CUMULATIVE - CUMULATIVE
OIL . WATER TOTAL PRODUCTION  OIL RECOVERY

. = (cc) (cc) (cc) (ppg)-q‘ " (%10IP)
oM 180 0.0 18.0 | 0.28 . 49.1
ol . 8.0, 2.5 10.5 , 0.45 . 70.9
.- 13,5 5.5 19.0 4.5 107.8
- 12.0 .9.0 21.0 . 8708 140.5
9.5 11.0  20.5 ol P VI 166. 4
8.5 12.5  21.0 1M - 189.6
55 11.0 . 16.5 - 2.00 204.6
7.5 13,0 20.5 2.33 225. 1
6.5 13.5  20.0 2.64 - 242.8
5.0 12.0 17.0 2.91 256.5
4.5 10.5 15.0 <3.15 - . 268.8
7.0 17.0  24.0 - 353 287.9
8.0. 20.0 28.0 3.97 309.7
6.0 17.0  23.0 4,34 326.1
4.0 14.0 18.0 4.62 337.0
3.5 13.0 16.5 4.88 346.5
3.5 16.5  20.0 5.20 356. 1
> :
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MODIFIED SEVEN-SPOT PATTERN
RUN #17
INJECTION RATE(CC/HR):183.0 .

¢
R 5

% |
CUMULATIVE = CUMULATIVE

0IL WATER ' TOTAL PRODUCTION  OIL RECOVERY
(cC) - (cC) (cc) (PPV) (X101IP)
19.0 0.0 19.0 0.30 - 51.8
9.5 14.0 23.5 . ..0.67 77.8
4.5 17.5  22.0 71.02 —~~ 90.0
3.5 18.0 21.5 & 1.36 99.6
3.5 18.0  21.5 1.70 109. 1
} 2.5 17.5  20.0 2.02 116.0
2.0 20.0 22.0 #2.37 121.4
3.0 26.0 29.0 2.82 129.6
2.5 18.0 21.5% B 3,17 136.4
3.0 19.0 22,0 s 3.51 144.6
2.0 20.0 22.0 3.86 150.1 -«
2.0 21.5 23.5 ¢ 4.23 155.5
2.0 21.0 23.0 ,'4.60 161.0
2.0 20.0 .22.0 ¥ 4.95 166.4
1.5 22,5 24.0 - B 5.33 120.5
2.0 22.0 24.0 s 5.71 "178.0
1.5 16,5  18B.0 © 5799 180. 1
------------------ &------------&----------------------------
1.9
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MODIFIED SEVEN-SPOT PAYTERN

RUN #18

- e e

INVECTION RATE(CC/HR) :389.0

CUMULATIVE
OIL RECOVERY

CUMULATIVE

PRODUCT ION
{PPV)

(XI0IP)
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MODIFIED SEVEN-SPOT PATTERN

.-
S

RUN #19

INJECTION RATE(CC/HR):537.0

CUMULATIVE
OIL RECOVERY

CUMULATIVE

(X101P)

PRODUCT ION
(PPV)

WATER  TOTAL
(cc) (cc)
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ISOLATED FOUR-SPOT PATTERN

RUN #20 -

INJECTION RATE(CC/HR):183.0

1S
CUMULATIVE CUMULATIVE .

0IL WATER  TOTAL PRODUCTION  OIL RECOVERY
(cc) (cc) (cc) (PPV) (¥10IP)
10.0 0.0 10.0 0.32 52,7
11.0 4.0 15.0 0.79 110.8
8.2 8.3 16.5 1.31 154.0
6.8 9.6 16.4 1.83 ©189.9
7.8 12.2 20.0 2.47 231.0
7.0 12.6 19.6 3.09  267.9
5.5 12.4 17.9 3.65 ~ 296.9 .
5.7 13.3 19.0 - 4.25 . - 327.0
4.6 - 11.4 16.0 4.76 - 351.3
5.1 1.7 16.8' 5.29 - 378.2
6.3 15.0  21.3 5.97  411.4
4.4 11.3 15.7-. , 6.46 - 434.6
3.7 8.3 12.0 "' 6.84 454 . 1

ISOLATED FOUR-SPOT PATTERN SN
;o " . RUN #21
INJECTION RATE(CC/HR) 537.0 |
CUMULATIVE - CUMULATIVE .

0IL WATER  TOTAL PRODUCTION  OIL RECOVERY
(cc) {cc) -~ (cc) (PPV) (xroxp)
12.0 0.0 12.0 0.38 63.3
8.5 6.0 15.5 0.87 113.4
5.8 11.0 16.8 1.401, -~ .144.0
4.4 15.3 19.7 ¢ 2.03 167.2
4.1 20.3 2.4 @ 2.80 . 188.8
3.2 18.0  21.2 3.47 205.7
3.2 19.6 22.8 4.19 222.6
2.6 18.7  21.3" 4.86 : 236.3
.3.3 19.6  22.9 5.59 253.7
2.9 19.4  22.3 6.29 269.0 .
2.9 18.8  21.7 6.98 284.3
2.9 19.7  22.6 7.70 299.6
2.8 20.5 23.3 8.43 314.3



INJECTION RATE(CC/HR):IB3.0

CUMULATIVE  CUMULATIVE

OIL WATER  TOTAL PRODUCT ION OIL RECOVERY

(cc) . (cc) (CC) (PPV) -~ (%101P)
e i R L Ty i, Meccncacscvnccnean .=
70 0.0 7.0 0.22 36.9
6.0 7.3 13.3 0.64 68.6
6.4 14.0 20.4 1.29 102.3
4.5 18.5 35?0 2.02 126. 1
. 4.1 15.5 9.6 2.64 147, 7.
4.7 18.6  23.3 3.37 17255
3.4 16.3  19.7 4.00 190.4 .
2.8 17.5 20.3 4.64 205.2
2.6 13.0 15.6 5.13 218.9
%}5 13.0 15.5 5.62 232. 1
.8 13.5  15.3 6.11 241.6
2.0 13.5 15.5 6.60 252. 1
2.3 - 14.5  16.8 7.13 264.2

- INJECTION RATE(CC/HR) :537.0

CUMULATIVE CUMULATIVE

olt WATER TOTAL.  PRODUCTFON  OIL RECOVERY
(cC) (cc).«, (cc) (PPV)
12.5 0.0 12.5 0.40
5.4 8.0 13.4 0.82
2.6 13.4  16.0 - 1.33
2.3 15.5 17.8 1.89

2.0 17.5  19.5 2.51
2.2 17.3  19.5 3.12
2.0 '18.0  20.0 3.76

- 2.1° 20.5 22.6 4.47

2.1 20.8 - 23.0 5.20
2.0 21.0 . 23.0 5.93
2.0 20.5 22.5° 6.64
2.0 19.8 .21.8 7.33
1.8 17.2  19.0 7.93
2.0 23.0 25.0 8.72




- 110

-
.S—.»—-oau--‘-

ISOLATED SEVEN-SPOT PATTERN

RUN #24

INJECTION RATE(CC/RR):183.0

CUMULATIVE
OIL RECOVERY

CUMULATIVE

(X101P)

PRODUCTION
(PPV)

TOTAL -
(cc)
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ISOLATED SEVEN-SPOT PATTERN
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MODIFIED SEVEN-SPOT PATTERN

RUN #26

:183.0

\

- INJECTION RATE(CC/HR)

CUMULATIVE

CUMULATIVE
OIL RECOVERY

PRODUCTION

TOTAL

WATER

§

OIL

(¥I01IP)

(PPV)

(CC)
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CUMULATIVE
OIL RECOVERY
(X101IP)

v

RUN #27

(PPV).

Cond
CUMULATIVE

PRODUCT ION

(cC)

MODIFIED SEVEN-SPOT PATTERN
TOTAL

(cc)

. .
-------‘-------------—--—-----------------—---—-------

INJECTION RATE(CC/HR):537.0
WATER

(cc)

OlIL
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OIL RECOVERY
(%101P)

CUMULATIVE

RUN #28

~(PPV)

CUMULATIVE
"~ PRODUCTION

TOTAL
(cc)

ISOLATED FOUR-SPOT PATTERN
(cC)

WATER

INJECTION RATE(CC/HR):389.0
oIt
(cC)
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CUMULATIVE
OIL RECOVERY
($101IP)

-RUN #29

CUMULATIVE
PRODUCTION
(PPV)

(CC)

FOUR FOUR-SPOT PATTERN
TOTAL

WATER
(cC)

INJECTION RATE(CC/HR):389.0
oIL
(cc)
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THIRTEEN FOUR-SPOT PATTERN.

"RUN #30

-------

INJECTION RATE(CC/HR):537.0

CUMULATIVE - CUMULATIVE

OIL  WATER  TOTAL PRODUCTION  OIL RECOVERY
(cc) (ecr - (cc) (PPV) . (%10IP)
13.7 0.0  13.7 0.43 72.3
2.2 8.2  11.4 0.79 83.9
1.6  12.0 13.6 1.22 92,3
1.3 15,4  18.7 1.75 1 99,2
0.8 5.2  16.0 2.26 103.4
0.8  19.1.  20.0 2.89 108. 1
1.2 18.6  19.8 '3.52 114.5
0.8 17.2  18.0 4.09 118.7
0.7 16.8 - 17.5 4.64 122.4
0.7 18.1. 18.8 5.24 126. 1
0.7 16.3  17.0 5.78 129.7
0.8 .17.7  18.5 6.36 134.0

e B i T o U
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ISOLATED SEVEN-SPOT PATTERN

RUN #32

INJECTION RATE(CC/HR):389.0

‘e

CUMULATIVE

CUMULATIVE

PRODUCTION
. (PPV)

OIL RECOVERY
(%101P)
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RUN #33

-~

~ MODIFIED SEVEN-SPOT PATTERN
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APPENDIX D

Derivation of the 0il and Water Equations in Two Dimensions.
= lmplicit Pressure-Explicit Saturation Procedure.

| The equations describing the displacement process are
obtained from a combination of Darcy s equation and the law
of conserwvation of matter for each phase.

For the oil phase:

k. k__ . 26 3 k.k__ 20 « 3 S
M -t
: uoBo ax ‘ .BY uoBo ) 4 at | Bo
Ty - ‘ (D-1)

where q"is the ihjection or production rate in mﬁaper
meter and per second, and is positive for 1njection.
negative for production o |

Equation D-1 can be written for each block i,j of the -
grid. After multiplying both ‘sides by the block volume. the
“ofl equation becomes : " '

Ak a0y 7 3 Ak k 3¢ 3
3x("l’;° v ) Baws_ (XYTIO o),
. u .o .‘ N
oBo ey i,9® 3  u B Yy
- ©3 s - S
+q =V, - (¢-) - ~ (D-2a)
_ 011j b 3t : _ '

o i,5

<~
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where
vy = AX . 8Y, .. h.
'j i j 4 nj 'h.l.'i
i Similarly for the wator phnc

A_k_k 3¢ ® Ak Kk ¢

.5("""". ) L ax 4. (XYW ¥y . ay
X upB, X 1,4 Y by By oY 1,5
v ) v . .
+ q,, - - (=) _ (D-2b)
. b
1,3 at B, 1,3

The right-hand side terms in equations D-2a and D-2b

are the accumulation térm . They are approximated as

follows
° [ . s . "
3. 02 a0 SN (b=3)
°©1i,j _ ‘BO i,5

N

The operator 4 perfor-n!s the following operitidn:»

S | "§p_ 1 n 'ép, BN
By (4=2) = s"“%’”l(-—) —2 4 s""l(--) 6 —2
B, | B, At B, At
. ¢ n 85 e - ~
=) = |
% 8t o . e
ﬁhofc _ .
.superscripts refer to tiu levels n and n*l
 . SPO = pg*l p: B N &
Y +1 | /f' }
st s:. |
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We substitute in the expression of the scaling

coefficient‘tc'obtain:

; ' -5 . =3
2.592.10 >.10
C., = = 0.5067

2 -
3.27.107%, 6.8.10 12 .36

v .
- Conversion to Field Conditions.

Iypicel values of reservoir properties were chosen for
this calculation.

| k=100 mD
0 -20 percent

The values of interfacial tension and water viscosity
were the same as in the model.

The scaling coefficient can be expressed as a function
of the production rate:
-3

-qolo '
2 = = 2.1624.10° , g

3.27.1072, /0.2.10- 13

To obtain a value of C, equal to 0.5067, the -

©°

production fate must be:

0.5067 -6 .
g= ——— = 2,343,200 /s | .
216240 ~
= 0,202 m /day.m
, This value is much lower than the usual rates of
injection maintained'during a waterfloodihg operation which .
‘are of ‘the order of 6 m per day and per meter of sand

thickness
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APPENDIX C

Calculation of the Scaling Coefficient.

The injection rate necessary to obtain stabilizition in
\\la modified seven-spot pattern watgrflgodrwas found to be
equal to 300 cc/hr.well (cf Figure 24), when the displaced
fluid was keroseﬁe. The scaling coefficient proposed by
Rapoport, Cd?penteﬁ. and Leas was used (ref 30).

qa u,

.where' _
-q is the production rate per unit of pay equal to twice the
injection rate
_is the interfaciai tenston. ' | N .
‘k is the absolute permeability |
' is the porosity |
300,107 . 2

g — - = 2.592.107° m3/s.m
0.00643.3600 '

3
w _ - 10 Pa.s .

o= 32,7 uynes/cm_f.3.27}ld-th/m

g

k = 6. a 1612 2
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ph*+l _
fcoroximation of the Lefi-hand Side Jeems.
| The ofl transmissibility tornn'lrovoqual to:

" A_K K Y ) )

- (XX TO ©).ax = 4 (T Apnﬂ--r"'no).
X B “ax T ox x o ox"x
o"0
' ' : (D-@
where . : '
on +1 . _ T phtl  _ patl
Ax(-ToquPg )3 O+, 3( j

°1+41,3 °1y

| J +1 _ '
ST Pors =R (D-6)
54,3 % ;5 “1-1,3

1*§ 5 is the transnissibility in the
'x-dfroction fron block(i j) to block(i+1, §)

- Axxxxro
N

AXy B

O!i".*'j
: oo

1+§ s o L
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o il 1+1,3 *3 j i3
- ‘ : , .
A A . o P S
Xi+1, j Xi+1, j i j "1‘3 "i,) xlfl,j o
1 1 . | |
. . xroups. a (D-Z)
(MeBe) 41, 5 (v Bo)i . :
Kro - K:B if Oo > ¢
up' i'J i'j l+l,J
- K. if ¢ < ¢
rgi*l‘j oioj oi:J
-’ Tn' | = i'n ‘ .\ . Dn . g’ . : .' B -..
OXi4k, § OXi4y,j 'O | - (p-8)

Replacing both sides by the equivaient expressions, tl';e
il .quution D-2a becomes: ’

\

: : n+l . on+l
oy By ( Tgxbxpo ) - Tn . %P * A}' ( 'r:;yaypo K
- v ;1
Lo - +1n+1 1
(To,A.D) + g = B ( s, (=)- ép
b 4 oy Y ) o] At O E Bo \ (]
1 n c pol
. n+l ¢ 3 | o . -
| o - Bo_ ' ' -
where the subscripts i »J have been omitted :
- The saturatim term in equnﬁon D 9 is '

“-.
)as

22 _
at 8 % | L



126

L8 W
‘ Similaqu. the water equation D-2b beccmes:

‘ n+ly _ n', n Sn+1
&, (T, AP0 B ( TuxByD) + 8, (T 8 Pt
v : ' -
b 1
, n', . . n+l n+)
- A (T AD + q = — (S ¢ (—) + £p
y ‘wyy) °© at ¥ b, w
1 n . . |
41 ¢ :
+ ss,lw anpw t(=) 85 ) . (b-10)
w L \
. The saturation term is:
n
vV, ¢ < |
at B S | ‘
. w \

Ve have two equations (water and oi 1 equations D-S apd
D-10) and four unkhowns po, pw,‘§p. Sw. We can write the oil
qauationbin terms of water pressure and water saturation
using the capillary pressure and‘saturatiqn relationships u~\
D-11 and_D-12. - | “

?

Pééw =P - Pw (P-11)

S+ S, =1 A | e
Then |

Apnflg APn+1 ';Pn+1

o w T oow

- =88R, + 4D 4 aP™Ml (D<13)
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. 85 = ~85, ~ (D. 14)

Substituting D-13 and D-14 into D-9, the ofl equation

becomes :
T A 8P + A ph n n+1l
By (Tox x W ). x ToxAwa A OxAxPcow )
_ nt + n n+l
By ( ?oxéxn ) Y( TOYAW yw ) y(rovAypcow )
e v .

n' B n+l.n+l,

T D - __ —_
A)( oyAy ) "o ‘At( So ¢ (B ) 8By

: o

. 1 V1
+ Sn+l n+l, _ n+1 —
o ¢ (B ) GPCW ¢ B 6Pw + Gpcow
° o
n ) :
- (= )ss ) | (D-15)
© w )
~o
T‘saturation term is:
v ¢ D
b(~— ) Gs
o

At B, ‘ ’

Now we multiply th;'oil equation D-15 by Bo ané‘the
water equation D-io by Bw, 'in Ordér to eliminatg the
saturation terms when adding both equations Thus we obtain .
1 equation with 1 mkncun Pw. The ruulting equation is

nbx(rnoxaxcpw )"B (Tn By w) !

+ nPa (12“5, rca,) -80s (ap) T e
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+ 8% (7P,
o7y Toy®y Py) +BOA ToytyPa )

+BA (T . gt -3
oy  Toyly Peow ) - Boty (ToylyP) + Boag

n, .
+'Bwa ( A 5P )y‘thv (Tn A bn

wx x wxl s’ )
- B"a ' D n,
wx (* 4 + B
wx x ) wl y( wy yGP )
n n X
+ B
wly (? ) B wly (A tyP) + BD ¢
Vb | 1 ' - 1
- n+1¢n+1 ) gp + plgNtl n+l
- B S -
( ~ ( w Boso ¢ (<) apcow
At B B
o] 1 o)
+ shtl .n+
S O (GPW + Gpcw) + B:S:: l¢n+l(_ ) GPw
L4 . 8 B
+ sn+1 LS ‘ ol .
w ¢ Gpw : (D‘ls)'

~

We substitute the expressions of the ofl '
transmissibility terms D-6 into Equation D-16. The resulting

equation can take the Ffollowing form:
H, . = Q. . _17
JJ 1+1 j 1,3‘ wi,j+1 Qi,j . (D”17).
where:

n : n
i, B, . T +B T
%0 Mgy VLY Y g

L



n n
F. . =B e T + B . ’
1.3 7oy 4 °”*+a 3o Vi, iy
. n ’ N
H. = B . L[] T + B“ [ N
37 Pay oy g Yi,3 O¥i, g4k
E, . -B . =D, -F, ., =H, - —
Ti,3 7 TPi,3 TP,y Py, cHy g
. At
L
Vb 1
) = — n+l n+1, __
Ql‘J (sso ¢ (.— )sp o
At B 103
"o ,
n+l N n
+ s ¢ GP - = B q = q,
©° COWi,5  ©7% .5 vy,
S n,on _ .n n l n v
,BoA ( ToxBxPyw) - B A(TngxPC )Y Bo'Ax ( Tox8yD )
<
- BFp TApn ( T D)BA n n .
woy ( ;B wx2x! wv(TwyAwa)_
A ¢ TP n, —n; n i n+
o'y ( ToybyPy )B4 ToyAyPcol)+ BOA, (1D yAyD )
n nt,
+ Bwby( TwyAyD) )
4
3 nen+l n+) N+l .,
i, v B)S, ¢ (=) + S, ¢
B -
.0
. []
1 ~
n.n+ 1 n*l - n+}1
+ 'Bwsw ¢ ) + 5.7 )

129
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Solution Procedure
. ’Dg!g‘lasRachfgrd'.g A.D.I1.P.

The equation to solve has the form:

B, ,éP + D, ;6B -~ + E. 8P .
lj wl,j“l ilj ‘ wi-l,j l,j wi,j
.+ F, 6P | ' : |
137 w54, j By j "'1 41 Qi 3 (D~17)
where " _ ’
' n+l n : |
6Pw - P.w - Pw . ‘
i,3 . 7i,] i.,3 .

is the pressure difference during 1 time step.

Let us split the term Ei,j' into 3 parts.

o | r .
Ei,j -=' E"‘i'j + Eyi'j -.;t. "
where . | ,
£

'.is the opposite of the sum of transmssibility terms
in the x-direction K '
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-

is the opposite of the sum of transmissibiltty terms in .‘

‘ theYdirection o S ,-\
: The solution to equatton D-17 is obtained by an ' "

iterative procedure in two time steps. '

Iteratton number m:

e step 1, gtep 2
82 (m) - GP. '____B._*f GP (m+1) :

The 1terations are stopped when convergence is
obtained - |

Step 1. g, pM_ 7 ey sp*= p*- PP

| o P ape'ihtenMediate valuee of pressures with no : )
physical meaning whiéh ‘arise from the solution procedur-e I
1tse1f Let us- rewrite Equation D- 17 so that the '

|
.

left hand- side is composed of the terms oorrespondinq to the
X direction and the right hand side of all the other terms
' with their values at the 1teration level m (known velues)

0 .*
' DeP p*
AT S5 Fx“’; j + F6Pi+1 5" -asp m) .

o ) T :
-Bsp“' L gpY. T tQ, . - (m) .
| j+1 R Y ?i,j ‘.Eycpi'

At.

. ~ . . . . e
’ . AR . B
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*
+ o IT(Sp, . - gp(m L ‘ _
Ty ( 1.3 GP vj ) X | o - o 18).
where

< ®n is an 1teration parameter which will speed the

‘convergence of the iteration process

-‘fT =B+D+F+ H is the sum of transmissibilitv

terms around the block o :

n writing equation D 18 for j 1 and =1, 2, Nx we
obtain a set of’ tridiagonal eQuations where the unknowns are
_sp: 1,5 - qp*n PERLL L -
| \s This system is solved by Thomas s algortthm (36) and ‘
-«the procedure repeated for Jj=2, 3. until all the grid is
T covered Thus we have the values of cp for each block of

the grid.

+

: §t—e.2 -2.._ GP*'=‘ P* —.P ===a> ﬁﬁ (m+l) p(m"'l) .. pn
_ Similarly to what was done in: step 1, Equation D 17 is
'written with the terms in the y d1rection implic1t

(m+1) (m+ l) (m+1 *
P )
‘5151*25,” +napijl
S o r
- =D8P. = - . - (m+1
Dapi-l'jv_ sxcpiij’ F”1+1,j +— . sp i'j’
o [T
P . o .‘ o '
A o,“t'r( v"i"'j” - p"’; )  (D-19)
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Equatlon D 19 is written for i=1 and j=1, .The set

'_of equations obtained is solved by Thomas'’s algorithm and
then ‘the procedure repeated for =2, 3..

-V At the end of step 2 we have values of Gp(m 1 for each

" block of the grid. The convergence criterron is applied to

~decide if another iteration is needed. L

-

-

Iteration'Parameter

Iterations parameters are necessary to speed the
convergence of iterative processes For an .areal grid
(two-dimensional, horizontal grid) the parameter described
: herevcan be used (35). This parameter is cyclic after five
1teratlons it’s value comes back to the original value. The
,five values it may take are all comprised between zero and
one. The 1teratlon parameter remains constant during the two

steps of an lteraﬁﬁon o
. 2 " 2 .

: , Ky ax | o P Ke 8Y
Let us define o; f— ., | = and Py J = | —
_ K, Ay oy
2 o "
. W / L
o 2 :
2Nx(l+p1) ZN}"(I*’DZ) :

T m |
ey ls e, SR
o where m= 1, 2, 3, 4, 5.
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NUMERICAL RESULTS
CONFINED SEVEN-SPOT PATTERN

- -

Conditions identical to run 1 but a 21’.by 11 grid was used.

‘OIL VISCOSITY(CP): 4.47

MOBILITY RATIO: 2.70
CUMULATIVE CUMULATIVE . :

"OIL WATER WATER-OIL CUMULATIVE  CUMULATIVE
PRODUCTION PRODUCTION RATIO PRODUCTION OQIL RECOVERY
(cc) -~ (cc) - ~(PPV), - (%I0IP)

9.58 0.13 0.11 0.13 21.63 O
13.88 2.81 0.77 0.23 .. 31.33
16.59 9.13 3.15 0.35 - 37.45
18.49 : 16.44 . 4.58 0.47 41.74
20.25 25.92 6.19 0.63 45.71
21.41 33.80 7.42 0.75 48.33
22.44 42.13 8.71 0.87 50.65
23.80 55.26 10.70 1.07 53.72



NUMERICAL RESULTS
CONFINED SEVEN-SPOT PATTERN

!

OIL VISCOSITY(CP): 8.00
MOBILITY RATIO: 4.80

CUMULATIVE CUMULATIVE

WATER-OIL CUMULATIVE
~ PRODUCTION OIL RECOVERY
(X101P)

(PPV)

137

CUMULATIVE

e am D W e e MR MM R WA TR A Wr P e N T TS G W M G R G TR ED M G D AP W SR G G P IR R AR O e B LR W R R e YR N S A WD Y W

~OIL ~ WATER

PRODUCTION PRODUCTION  RATIO

(cc) "(cc) :
4,22 0.00 0.00
6.74 0.21 0.20
7.76 0.55 0.44
9.36 1.68 0.99
11.05 4.08 1.87
12.29 6.93 2.69
14.15 18.25 4.17
15.76 21.18 5.74
17.03 29.45 7.26
18.23 39.15 8.87
19.26 49,03 10.45
20.26 60.30 12.15
13.94

21.18 72.45
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APPENDIX E

NUMERICAL RESULTS |
CONFINED SEVEN-SPOT PATTERN

“ RUN. # 1
" OIL VISCOSITY(CP): 4.47
MOBILITY RATIO:  2.70
CUMULATIVE CUMULATIVE . -

OIL  WATER WATER-OIL CUMULATIVE  CUMULATIVE
PRODUCTION PRODUCTION RATIO PRODUCTION OIL RECOVERY
(cc) (cc) (PPV) (%I0IP)

'6.04 ©0.00 0.00 0.08 13.63
7.68 ©0.01 0.01 0.10 . - 17.34
9.13 0.33 0.27 0.13 20.61
10.30 0.78 0.51 0.15  23.25
11.37 1.48 0.82 0.17. 25.§7
" 12.97 3.29 1.45 0.22 29.28
14.21 5.47 2.05 0.27 32.08
15.81  ~ 9.73 3.01 0.35  35.9%
17.75 16.41 4.28 0.46 ~ 40.07
18.80 21.32 5.12 0.54 42.44
19.96 27.83 6.17 0.65 45.06
2106 35.25 7.34 0.76 47.54
22.10 43.58 8.57 0.8 - 49.89
- 23.10 52.80 9.91 1.03  52.14
23.77 59. 80 11.00 1.13 53.66
24.52 68.42 12.28 1

.26 55,35
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Water Equation Solved for Water Saturation,
'The water equation (10) may be rewritten

— «(— ) .85 =4 R n+l \ _ n', o
" ( - ) +68, = 8, (.wanxpw )= By ( Ty AD )
W ¥
L ' '
+ A (TP popPtl )~ ™ A D)s o
y Chwytyiw ) Ty (Cluy8yP )+ o)
v | 1! oy
‘b : : 1l «
- n+l, 6 n+] - e ' i :
(S, 76" —) sp 4 s:+l¢ —6p ) = A
At "B '.Bn. w
w Tw
. Thus
’ n
~ AatB
. 85, = -
vy

s

Saturation éhanges are calculated after ea¢h iteration

and the convergence is ch_ecked._- Iterations are stopped when

| _ AU |
. ) } ’
ma:.c. , 6P(m-i-fl)“_ GP(@>I < Ep’
“ and
max | |
e e,
where €, ard €, are chosen values.

P



o o NUMERICAL RESULTS .
% 4 N7:7- CONFINED SEVEN-SPOT PATTERN

R ST

‘w

OIL VISCOSITY(CP): 30.00
‘MOBILITY RATIO: 18.00

CUMULATIVE CUMULATIVE
oIL " WATER
PRODUCTION PRODUCTION  RATIO

(cc) - {cc)

.....

138

WATER-OIL CUMULATIVE  CUMULATIVE

PRODUCTION OIL RECOVERY

S e R o e B ™ W ™ o W W W W ™ oo = S d oo o wdin o onew®wi o® o o m o

0.14 0.0 - 0.0
3.90 0.32 0.41
5.96 2.34 1.65
7.89 7.24 3.56
. 8.93 11.65° 5.00
10.27 19.86 7.28
11.42 29.61 9.73
12.23 38.34 11.74
12.79 45.28 13.25
13.29 52.28 14.70
13.94 62.53 16.77
14.58 73.89 18.95
15.17 85.83 21.14

.- e 0000000000

(PPV) (%IO0IP)
00 0.31
06 8.80
Y 13.45
.21 17.81
28 120.16
.41 23.18
56 25.78
69 27.61
.79 28.87
.89 30.00
.04 31.47
.20 32.91
37 34,24
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. NUMERICAL Resuars L
 CONFINED SEVEN-SPOT PATTERN

.93

: RUN # 5
OIL VISCOSITY(CP):100.00
MOBILITY RATIO: 60.00 .
. A\

CUMULATIVE CUMULATIVE T
0IL WATER = WATER-OIL CUMULATIVE  CUMULATIVE

PRODUCTION PRODUCTION . RATIO  PRODUCTION OIL. RECOVERY
(cC) (cc) (@Pv) (%101P)

------------ %-‘------""-“---‘----‘----;’-‘--.--°",.-°"’------
1.74 - 0.13 . 0.32 °  0.03 3.93
2.89 1.02 1.29 0.05  6.52
3.66 - 2.38 2.24 0.08 " _ © 8.26 .
4.46 4.65 - 3.48 0.12° A“'""‘\\\;o.ov_
5.13 . 7.39 4.79 - . 0.17 11.58
5.92 11.8¢1 6.61 0.24 - 13.36
6.83 19.07 9.14 0.35 1 15.42
7.63 27.47 11.89 0.48 | 17.22
8.05 32.76 13.67 0.55 © . 18.17
8.62° 41.22 16.04 0.68 19.46
9.23 '51.86 19.08 0.83 20.84
9.79 63.48 22.21 . 0.99 22.10
10.23 74.02 24 1.
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NUMERICAL RESULTS
ISOLATED SEVEN-SPOT PATTERN

-

OIL VISCOSITY(CP): 1.38
MOBILITY RATIO: 0.83

CUMULATIVE CUMULATIVE

WATER-OIL CUMULATIVE

(PPV)

140

| CUMULATIVE
PRODUCTION OIL RECOVERY

(¥I101P)

Ittt e R N e T T U O

OIL WATER

PRODUCTION PRODUCTION  RATIO
(cc) . f(cC) ' .
19.73 0.10 ©0.07
24. 11 1.04 . 0.40
28.71 4.62 1.19
32.49 10.66 2.00
35.38 17.38 2.64

. 37.48 23.45 3.12
39.31 29.59 3.58
41.05 36.24 4.05
42.56 42.70 4.50
43.78 48.43 4.89

»
Pt = 2 ODO00O0000O

.27
.34
.45
.58
71
.83
.93
.05
.16
.25

44,
54.
64.
.34
- 79.
" 84,

88.
.66
86.
98.

54
42
81
86
74

07
83
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NUMERICAL RESULTS
. ISOLATED SEVEN-SPOT PATTERN
S RUN # 7
OIL VISCOSITY(CP): 4.47
MOBILITY RATIO: 2.70
CUMULATIVE CUMULATIVE o
oIL WATER WATER-OIL CUMULATIVE  CUMULATIVE
PRODUCTION PRODUCTION  RATIO PRODUCTION OIL RECOVERY
(CC) (cC) (PPV)  -(%IO0IP)
5.32 0.0 0.0 " 0.07 12.01
9.79 0.02 ©0.02 0.13 22.10
11.89 . 0.17 0.12 .0.16 26. 84
16.52 209 0.82 0.25 37.29
20. 34 7.26 - 1.91 0.37 . 45.91
23.02 13.58 2.79 0.50 51.96
25.13 20.26 ' 3.53 - 0.62 56.73
27.52 29.73 4.44 0.78 62. 12
29,60 . 38.91 . 5.32 0.94 . 66.82
31.22 - 49713 6.05 © 1,09 ¢ 70.47
32.23 55. 49 6.53 1.19 72.75
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NUMERICAL RESULTS
ISOLATED SEVEN-SPOT PATTERN

| | B RUN # 8
OIL VISCOSITY(CP): 30.00
MOBILITY RATIO:  18.00
CUMULATIVE CUMULATIVE /
oIL WATER ~ WATER-OIL CUMULATIVE  CUMULATIVE
PRODUCTION PRODUCTION = RATIO PRODUCTION OIL RECOVERY
(cc) (cc) | (PPV) (%101P)
o«
5.13 0.45 1 0.43 0.08 11.58
7.85 3.18 1.66 . 0.15 17.72
9.73 7.44 2.88 0.23 21.96
11.79 15.07 - 4,58 0.36 26.61
13.34 23.32 6.02 0.50 30. 11
15,01 . 34.74 - 7.69 0.67 33,88
16.07 43,50 ' §.84 0.81 36.28
17.04 53.37 9.94 - 0.95 38.46
18.12 64.20  11.31 C1.12 40.90
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~ NUMERICAL RESULTS
ISOLATED SEVEN-SPOT PATTERN

RUN # 9
OIL VISCOSITY(CP):100.00
MOBILITY RATIO:  60.00
CUMULATIVE CUMULATIVE : ,
OIL WATER WATER-OIL CUMULATIVE  CUMULATIVE
PRODUCTION PRODUCTION  RATIO PRODUCTION OIL RECOVERY ~
cc) . - (cc) . (PPV) (%101IP)
2.02 : 0:11 0.25 0.03 4.56
4.79 4;.30 2.29 0.11 10.81
6.60. Y.14 3.80 - 0.-19 14.90
7.08 11.74 -5.22 o 0.26 "~ 15.98
8.19 18.56 7. 11 0.36 18.49
9.00 24.90 8.58 0.46 20.32
9.70 31.36 & 97 0.56 21.90
10.72 42.61 12.18 0.72 . 24.20
11.38 51.15 13.71 - 0.85 25.69
11.96 59.60 15.13 0.97 27.00
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APPENDIX F

WATERFLOOD SIMULATION. MAIN PROGRAM.

THIS PROGRAM COMPUTES OIL ANU WATER RECOVERY DATA
FOR ISOLATED AND CONFINED PATTERN WATERFLOODS.
ALL DATA MUST BE IN METRIC UNIIﬁ.

DIMENSION SO1(15)
1XKRO(15) ,BKRO(15)

- 2XKRW(15) ,BKRW(15)
3PEROIL (25, 15),PER
4Q0IL (25, 15),QWATE
5SON(25,15), SWN(2§
A

5

)

(

)~
=-
=

N
(J'I
(8]

6PON(25, 15) , POM(2
7TRANSX (25, 15), TR
8TWX(25.15).TOY(2

4VB(25, 1
SDELTAX (
BAA(25, 15 :
COMMON/IN@/NX NY, INGRID |
COMMON/GRI/PAY,PORI , PERM, DELTAX, DELTAY, SAT }
COMMON/PROP/VISOIL ,VISWAT, SOR, SWR, PHI \
COMMON/OUTPUT/SO01, SW1, XKRO, XKRW

COMMON/VAR/IKRO, IKRW

COMMON/RESU/DELTAT |

TO READ: TABULATED DATA POROSITY RESIDUAL SATURATI
AND RELATIVE PERMEABILITIES:
CALL READ.

.TO DEFINE GRID AND READ FORMATION PROPERTIES:

CALL GRID -
C#L%ULéT% PRESSURES AND SATURATIONS AT EACH 'BLOCK
AT TIM
USE DOUGLAS-RACHFORD' S ITERATIVE SOLUTION PROCEDURE.

GENERATE ITERATION PARAMETER
CYCLIC. VARIATION 5. PARAMETERS IN A CYCLE.

PI=2.%ARSIN(1.) ‘ ' S
ISTORE=1 . :



DO 1 J=1,NY "
DO 1 I=1,NX » .

'IF(INGRID(ISJ).EQ.O) GO TO 1

BA=DELTAX(I)/DELTAY(J)
RHO 1=BA=BA '

RHO2=1./RHO1. . '
AMIN=PI*PI/(2.*NX*NX*(1,+RHO1))

A2=PI*PI/(2%=NY*NY=*(1+RHO2))

IF(A2.LE.AMIN) AMIN=A2
IF(ISTORE.EQ.1) STORE=AMIN

 IF(AMIN.LE.STORE) STORE=AMIN
- ISTORE=ISTORE+1

CONTINUE

CALL SPLINE(IKRO,SO1, XKRO BKRO, CKRO,DKRO)
CALL SPLINE(IKRW,SW1,XKRW,BKRW,CKRW,DKRW)
READ(5,999) DELTAT TIME

-CUMOIL=0.
- CUMWAT=0.

READ(S, 1002) NINJ, QINd PINJ
READ(5, 1000). IPRO, JPRO

145

CALCULATE TERMS CONSTANT FOR EACH BLOCK IN
THE EXPRESSION OF TRANSMISSIBILITIES. :
STORE 1IN ARRAYS: TRANSX(1I,V)

000000

g b N

o Wm w»O

11

TRANSY(I J)
.EQ.0) G0 TO 11

IF(INGRID(
TRANSX(I,J
GO TO 6 ' o
AXI= DELTAY(J)*PAY*PERM '

0 | |
g) INGRID(I+1,0)) 4,5,

- AAX=AXI=AXT

ABX= AXI*(DELTAX(I)+DELTAX(I+1))

~ TRANSX(I,J)=AAX/ABX
- IF(J-NY) 8,7,8

TRANSY (1, d}=0
G0 TO 12 .
IF (INGRID(I,V)- INGRID(I u+1)) 9,10,9

- TRANSY (I, ) =0.

GO TO 12 :

AY]= DELTAX(I)*PAY*PERM
AAY=AYI=AYI -

ABY=AYI=(DELTAY d)+DELTAY(d+1))
TRANSY{I, d)=AA {/ABY .

GO 1O 12 ’
TRANSX(I, d)‘O

.. TRANSY(1,4)=0
12

CONTINUE, ¢
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o000

coo

13 DO 14 J=1,NY

18

INITIALIZE OIL PRESSURE "AND OIL SATURATION
BEFORE FIRST TIME STEP

DO 14 I=1,NX 1

PON(I,J)=PORI
_ SON(I,J)=SAT
T VB(I,U)=DELTAK(1)*DELTAY (J)#PAY
14 CONTINUE:
CALCULATE OIL AND WATER PROPERTIES FOR EACH BLOCK,
AT TIME LEVEL N.
PEROIL=RELATIVE PERMEABILITY TO OIL
- PERWAT=RELATIVE PERMEABILITY TO WATER
‘THE ABOVE VALUES ARE INTERPOLATED FROM TABULATED
DATA USING THE SUBROUTINE SPLINE AND FUNCTION SEVAL.
VISOIL=0IL VISCOSITY
'VISWAT=WATER VISCOSITY = , : —
y .
READ PRODUCTION AND INUECTIDN RATES.
NINJU=NUMBER OF INJECTORS.
QINU=INJECTION RATE (M3/S):
PINU=INITIAL INJECTION PRESSURE.
IPRO, JPRO=COORDINATES OF PRODUCER.
DO 15 J=1,NY
DO 15 I=1,NX -
IF(INGRID{I,dJ).EQ.0) GO TO 15 ,
. QWATERI(I,J)=0. |
QOIL(I,u)=0.
15 CONTINUE o o
DO 16 L=1,NINJ ‘ |
READ(S,1000) I,J
PON(I,d)=PINJ
16 QWATER (1,d)=QINY
—SUM=0
DO 17 L=1,NY
DO 17 K=1,NX
IF (INGRID(K, L) .£Q.0) GO TO0 17
SUM=SUM+QWAT R(K,L) ,
17 CONTINUE |
CALCULATE FLUIDS PROPERTIES.
N=1 ;
NEW TIME STEP.

DO 24 U=1,NY

146
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OO0

19 -

20

21
22

23
24

147

.

)=SEVAL (IKRO,SON(I,dJ),S01, XKRO, BKRO, CKRO
*,DKRO) ' ‘

-IF(SWN{I,J)-SWR) 22,22,23

PERWAT(1,J)=0.

GO TO 24

PERWAT(I,J)=SEVAL(IKRW, SWN(I J),SW1, XKRW, BKRW, CKRW
*DKRW)

CONTINUE

FOR A PRODUCING WELL OIL AND WATER PRODUCTIONS ARE

- PROPORTIONAL TQ THE OIL/WATER MOBILITY RATIO.

25

"26

27
28

29

CALCULATE WATER PRODUCTION RATE AND TOTAL OIL AND WATER
PRODUCTIONS DURING A TIME STEP.

0IL=0.

WATER=0.

RATIO=PERWAT (IPRO, dPRD)*VISOIL/(PEROIL(IPRO JPRO)*
*VISWAT)

QOIL (IPRO, JPRO)=-SUM/(RATIO+1.)

QNATER(IPRO JPRO)=QOIL(IPRO, JPRO)*RATIO

.0IL= QOIL(IPRO JPRO) *DELTAT

CUMOIL=CUMOIL+OIL

WATER=QWATER{IPRO, JPRO)*DELTAT

CUMWAT=CUMWAT+WATER

CALCULATE TRANSMISSIBILITIES AT TIME LEVEL N
IF ‘WATER SATURATION OF UPSTREAM BLOCK

OR TwY =0.

IF OIL SATURATION OF UPSTREAM BLOCK

OR TOY =0.

DO 30 J=1,NY .
DO-30 I=1,NX
IF (TRANSX{I,u)) 25,25,26
TOX(I,d)=0.

TWX(I,d)=0.

GO T0 27

AB=2/VISO!I
UPS=PEROIL(I;y
IF(PON(I+1,J).
T0X(I,J)=TRANS
AB=2/VISWAT -
UPS=PERWAT(I,J)

IF(PON(I+1,d).GT. PON(I J)) UPs= PERWAT(1+1,9)
TUX(I,d)=TRANSX( 1,J)*AB*UPS -
_IF(TRANSY(I J)) 28,28,29

ToY(I,d | .
TWY (1, u)=
GO 7O 30
AB=2/VISOIL

L |
( )
,J1.GT.PON(I,4)) UPS= PEROIL(I+1 J)
R X(I.d)*AB*UPS

»
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OO0

C

- L
C

30

38

CALCULATE COEFFICIENTS FOR EACH BLOCK:B,D,&sF,H.~

 §0~38 I=1,NX

o | . 148

UPS=PEROIL (I, J)

' IF(PON(I,J+1).GT.PON(I,U))SUPS=PEROIL(I,U+1)

TOY(I,J)=TRANSY(I,J)*AB*UPS
AB=1/VISWAT - | |
UPS=PERWAT (1, ) | o
IF(PON(I,u*t) GT.PON(I,J)) UPS=PERWAT(I,ys1y.
TWY(1,J)=TRANSY(I,J)*AB*UPS e
CGONTINUE-~ o . Y
J

.‘ @ ” i

\

DO 38 uU=1,NY

GRID(I,J).EQ.0) GO TO 38
31,31,34

=0
3

)
) 32,32,33
=0.

7

OY(I,J-1)+TWY (I, yu-1)

OX(I-1,d)+TWX(I-1,4)
35,35, 36 ;

Pt o e,

IN
I-
U
d-

/

o
-

CALCULATE ¢(1,J).

39

ITERATION #M

v

DO 39 J=1,NY .
DO 39 I=1.NX - o
IF(INGRID(I,y).EQ.0) GO TO 39 -
BO=-QOIL{I,J) ’ |
B2=-QWATER(I,y)
B3=-DELTA(TOX, PON, 1
B4=-DELTA(TWX,PON. 1
B5=-DELTA(TOY,PON.2
B6=-DELTA(TWY,PON 2
Q(I,J)=B0+B2+B3+B4+
CONTINUE

INITIALIZE PRESSURE AND SATURATION

M=1
DO 40 v
DO 406 1

1,NY.
1.NX



o

C
C

40 CONTINUE

(
'SOM}
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POM

SWM
POM(

I,4)
I,4)
I,d)
I,4)

START ITERATION #M; CALCULATF ITERATION PARAMETER ALPHA

41

000

OOOOO0O

- 51

.52

42

43
4

45
46

47
48

C1=B(I,J)*(POM(1,uU-1)- PON(

A\

MM=MOD (M, 6)
IF{MM.EQ.0) MM=MM3 1
ALPHA=1-STORE**(MM*  5)

*CALCULATE KLSIDUAL

DO 48 1= 1, NX
DO 48 J=1,NY
IF (INGRID(I,J).EQ.0) GO TO 48
IF(J-1) 43, 42, 43 -
C1=0. '
GO TO 44 . N

1
C2=(EY(1,J)+ALPHA®SIGMA4 (I 4))*(P0M(1 J)- PON(I v))
IF(y- NY) 46,45,46

C3=0, -

GO TO 47

C3=H(I,J)*(POM(I d 1)-PON(1, d+1))
RESIDU(I.J) Q(I,J)-Cct-Cc2- C3

CONTINUE

~ STAGE 1 URITE EQUATIONS WITH TERMS IN X

'DIRECTION UNKNOWN.SOLVE FOR PRESSURE CHANGES USING
THOMAS’ S ALGORITHM.

DO 58 J=1,NY

- ISTART=0

DO 49 I=1,NX
ISTART=ISTART+1

4ngF(INGR1911 Pd). NE 0) ‘GO TO 50
50

CONTINUE
E1(1)=EX(ISTART, J) - ALPHA*SIGMA4(ISTART J)
'D1(1)=D{ISTART,J)
F1(1)=F(ISTART.J)
RESID1(1)=RESIDU(ISTART, u)
IS=ISTART+1 -
éé=%3 T=IS,NX \
=1S,NX
F(INGRID(1,J) .NE.O) GO TO 52 —*//
STOP=I-1 .
0 TO 55 | |
I=11+1 -
1(11)=EX(I,d)- ALPHA*SIGMA4(I J)
1(11)=D(1,d)
1(11)=F(1.4)



OO0

68

53

- 55

RESID1(I1)=RESIDU(I, W)

CONTINUE

SﬁL% THOMAS(D1,E1,F1,RESID1,G,W,I1)

DO 54 I=ISTART,NX

DPSTAR(I,J)=G(JUy)

JusJdJ+i .
GO TO 58 ’

SALL THOMAS(D1,E1,F1,RESID1,G,W,11)
J= ‘

- DO 56 1 ISTART ISTOP

56

57
58

‘59

60
61

62

63
64

65

DV ~VVE O
Ow'nw_.ozrn-n

DPSTAR(I J)=G(Jy)
Jusdd+1

CONTINUE -

ISTART=15TOP+ 1
DD;g7II=ISTART NX - N
LF(INGRID(I,4) .NE.0) GO TO 51

CONT INUE

CONT INUE

STAGE 2.Y DIRECTION

oo
122}

J.EQ.0) GO TD 65
60 |

1 o
J)*DPSTAR(1-1,4)
,J) *DPSTAR(1,J)

) 63,62,63

I, )*DPSTAR(
R4=ALPHA*SIGMA4(I
RESIDU(I,J)=Q(I,d
CONT INUE

DO 75 I=1,NX
JSTART=0

DO 66 dy=1,NY
JSTART=USTART+1

I+1.d) I
sU)*(POM(I,d)-PON(1,J))
)-R1-R2-R3-R4 ‘

- IF(INGRID(I, d) NE.O) GO T0 87"

66
67
- .B1(1)=B(I,JSTART)
"H1(1)=H(1,JSTART)

RESID1{1)=RESIDU(I, dSTART)

CONTINUE
E1{1)=EY{(I, JSTART) ALPHA*SIGMA4(I dSTART)

(7 dszusTARTHr e
D0 70 yegS,NY .

IF(INGRID(1,d). NE. 0) G0 TO 89 T
USTOP=d-1 L

- 150
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70
~ 7 CALL THOMAS(B1,E1,H1, RESID1 G,W,I11)

69

"
72

GO TO 72

Ilz]]+1% ' a
E1(11)=EY(I,J)-ALPHA®*SIGMA4 (I, J)
B1(I1)=B(I,d)

HI1(11)=H(I,J)
RESID1(11)=RESIDU(I,V)

CONT INUE

Jy=1

DO 71 J=JSTART,NY

DP2STA(I,d)=G ()

JusJyd+1

GO TO 75

SﬁL% THOMAS(B1,E1,H1,RESID1, G,Ww,I1I)
=

DO 73 J=JSTART, ySTOP

DP2STA(I,4) G(dd)

~ JusJd+1

13

- 74
75

76

CONT INUE
JSTART=JSTOP+1

- 11=0

DO 74 J=JSTART,NY
JS=y

IF(INGRID(I,J).NE.0) GO TO 68

CONTINUE s

CONT INUE

DO 76 I=1,NX

DO 76 Js1,NY

IF(INGRID(I,J).EQ.0) GO TO 76
IF(DP2STA(I,J).EQ.0) D PZSTA(I J)=DPSTAR(I, )
CONTINUE

CALCULATE PRESSURES AND SATURATIONS AND CHECK FOR
CONVERGENCE. MAXIMUM OF 20 ITERATIDNS

 SW=SWM
‘4»ea~oEL
" G3=(VB(I,J)*PHI)/

CHECK1=0.
CHECK2=0.

DO 77 J=1,NY
DO-77 I=1,NX
IF(INGRID(I J).EQ
PO=POM(I,d)=PON(
J) ~SWN(
PON(I,J
WX, POM

I,
I
J)
(T OM,
(TWY, POM,

I,
(I,
POM(I,J)=
TA
G2=DELTA (
DELSN=(G1*62+QUATER

DIF 1xABS{DP2STA(I,u)-P0)
IF(DIF1.GE.CHECK1} ‘CHECK1 1=DIF1 -/

.
~
(]
«w

. SWM(1, d)SSUN(I J)+DELSW.

IF(SUH(I J).GT.(1-SOR)) SUH(I J)=1-SOR

N nEstssuu(l J)~SWN(I, u)

,J).LT.SWR) (I J)‘S'R
z1- SU"(I J).

ee
n
a
i
hoafiom)

151
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DIF2=ABS(DELSW-SW)
IF(DIF2.GT.CHECK2)
77 CONTINUE

CHECH2=DIF2

IF(CHECK1.LT.100.AND.CHECK2.LT.0.0005) GO TO 78

M=M+ 1

 CALCULATE MATERIAL
TIME STEP

78 S1=0.

$2=0. ' ,

DO 79 J=1,NY

DO 79 I=1,NX
IF(INGRID(I,J).EQ.0
S1=S1+VB(1,J)*PHI=(
$2=52+Q0IL(1,y)
CONTINUE
WOR=WATER/OIL
BALOIL=S1/S2 .

CALL RESULT(N,BALOI
1Q0IL,QWATER,CUMOIL,

- 79

C : :
C  STOP IF W.0.R GREATER

c

W.0.R=TOTAL PRODUCED
1F (WOR.GE.50.) STOP

D0 311 J=1,NY

DO 311 I=1,NX

IF (INGRID(I,J).EQ.0

PON(I,J)=POM(I,J)

SON(I,J)=SOM(I,u)

CONTINUE _

‘IF(N*DELTAT .GE. TIME

N=N+1

G0 TO 18

~ STOP

999 FORMAT(3F12.5)

80

1000, FORMAT (215, 2F15.2)

1001 FORMAT (2012
1002 FORMAT (15, 2F 15.2)

IF(M.LT.21). GO TO 41
BALANCE BEFORE PROCEEDING TO NEXT

}

v

) GO TO 79 '
SOM(1,J)-SON(I,J))/DELTAT

- ¢

L, POM, SOM,DIL , WATER,
CUMWAT) .

THAN WOR MAXIMUM .
WATER/TOTAL PRODUCED OIL ..

) GO TO 80

) STOP

5
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000000000

SUBROUTINE READ

READS TABULATED DATA.

PHI=POROSITY |
SWC=CONNATE WATER SATURATION.
VISOIL=0IL VISCOSITY (PA.S)

- VISWAT=WATER VISCOSITY (PA.S)
- SOR=RESIDUAL" OIL "SATURATION. -~ . | .

SWR=RESIDUAL WATER "SATURATION. -
XKRO=RELATIVE OIL PERMEABILITY.
XKRW=RELATIVE WATER PERMEABILITY.

DIMENSION so1(15bssw1(15).xxao&15).xknw(15)

- COMMON/OUTPUT/S01,SW1, XKRO, XKR

' COMMON/PROP/V1S

o000

.t 12
13 -

READ PERMEABILITY DATA. .

COMMON/VAR/ IKRO, TKRW |
OIL,VISWAT,SOR, SWR, PHI
READ(S,1000) PHI,SWR,SOR,VISOIL,yiswaT .

IKRO=NUMBER OF DATA POINTS FOR OIL CURVE.

IKRW=NUMBER OF DATA POINTS FOR WATER CURVE.

IKRO=0 :

IKRW=0 ,
IKRO=IKRO+1 R :
READ(5, 1000) SO1(IKRO), XKRO(IKRO)

IF(SO1(§KRO).EQ.O.AND;XKRO(IKRQ).EQQO.) GO TO 14 -

"GO TO 1 p

14
&5

1000

IKRW=IKRW+1: ’
READ(5, 1000) SW1(IKRW),XKRW(IKRW)

1F (SW1{IKRW).EQ.0.AND.XKRW(IKRW) .EQ.0.) GO TO 15
GO TQ 14 o | a T

CONTINUE .

IKRO=IKRO- 1

IKRW=IKRW-1 -
FORMAT (5F 15.5)

RETURN o
END S

ﬁﬁwwrf
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 SUBROUTINE GRID ' *
DEFINES GRID AND READS FORMATION PROPERTIES
NP NY:NUMBER OF BLOCKS IN X OR Y DIRECTION

bxusnsxou DELTAX(25)'DELTAY(15) lﬂanlo(zs 15)

' N/ ING/NX,NY, INGRED
e P IY‘PURI‘PERH DELTAX DELTAY SAT
PORI 1FORM INITIAL PRESSURE \

INGRID= INDEX
 'INGRID(I, 0{80 BLOCK(I J) 1§ OUTSIDE GRID
INGRID(I, tl) :BLOCK(I1,J) IS INSIDE. GND

. READ(5, 1000) NX NY, PDRI SAT PERM, pAﬁ

DO 1 J=1,NY -
1 ‘READ(5,1001) (INGRID(I J) 1=1 NR)

READ(5, 999) (DELTAX(1),I=1,NX]

. - "READ(5,809) (DELTAY(J) u=1 'NY) _

999 -FORMAT(5F18.4 » ‘

1000 FORMAT.(214 F10 o F5 2,E12.5, F10. 0) e

1001 FORMAT(3012)

\ "RETURN : n .-

¢ . END R ,

oo

OO0




0000000

¢ -
FUNCTIQN DELTA(T,A, INDEX, I, v}

DELTAaT(j u)*(Akx J1)-A(I, 9))- T(I 9- 1)*(A(I u) |

EVALUATES THE EXPRESSION:DELTA(T*DELTA(A))
WHERE T IS AN ARRAY OF TRANSMISSIBILITIES,
IF INDEX=1,CONSIDERS X DIRECTION
- . IF INDEX=2,CONSIDERS-Y DIRECTION »
CAIS AN ARRAY OF‘ EITHER PRESSURES OR DEPTH
DIMENSION T(25'15),A(25,15), INGRID(25 15)
COMMON/ ING/NX , N¥, INGRID .
IF(INDEX.EQ.2) GO.TO 8 ’
IF(1-1) 4,3,4 h ' =
3 DELTA=T(I. uS*(A(1+1 J)-A(1,0)) ’
RETURN | '
4 IF(I- ux) 6, 5 s
5  DELTA=-T(I-1,J)*(A(I;y)-A(1- 1,4))
'RETURN
6  DELTA=T(I d)*(A(I+1 J)-A(1,4))- T(1- 1 d)*(A(I u)
*<A(I-1,d))
7 . RETURN' ! -
8 IF(v-1) 10,9, 1
S 'DELTA=T(I,J)*(A (1,041) A(I a)){%,
. RETURN . i
10 IF(J-NY) 12, 11 12 '
11 DELTA=-T(I,du 15*(A(1 J§~A(1 J- )
12) RETURN -

J-1

EN

155 -
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EUBROUTINE SPLINE(N,X,Y,B,C,D)

. THE COEFFICIENTS B(I),C(IJ, D(I) I=1,2,...,N ARE
COMPUTED FOR A CUBIC INTERPOLATING SPLINE
S(X)=Y(I)+B(I)=*(X- x(1))+c(1)*(x X(I))**2+D(I)*(X X(I))**3
FOR X(I).LE-X.LE.X(I+1}) . L

INPUT : , ’

N=THE NUMBER OF DATA POINTS 0TS (N.GE.Z)

X=THE ABSCISSAS OF THE.KNOTS I ;STRJCTLY'INCREASING ORDER
Y=THE ORDINATES OF THE KNOTS

OUTPUT '
B,C,D=ARRAYS OF SPLINE COEFFICIENTS AS DEFINED ABOVE

P TO DENOTE DiFFERENTIATION. ,,;\

-

onodoooonnnonbonboooo

A o s e

(DERIVATIVE FROM. THE RIGHT)

THE ACCOMPANYING FUNCTION SUBPROGRAMM SEVAL CAN BE USED
T0 EVALUATE THE SPLINE \

DIMENSION X(N}, Y(N) B(N) C(N),D(N)
NM1=N-1

IF(N.LT.2) RETURN :
IF(N.LT.3) GO TO 50 R v

SET UP TRIDIAGONAL SYSTEM
B= DIAGONAL D OFFDIAGONAL C=RIGHT. HAND SIDE

OO0
P> i

C@%

S. IHIRD DERIVATIVES AT X(1) AND X(N)
oM DIVIDED DIFFERENCES o

(=]
]
—

OO0
SO - gm
OOB/OODWD O
.ng
Z
O
.-1

linb%l
4=
o

z N et s el it

O N 6.

‘—Wn B
'ﬁg

L = Z

.

N O
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|

BACK. SUBSTITUTION

C..
. C

"C(N)=C(NY/B(N) ~
DO 30 IB=1,NM1

I=N-1B

C(I)=(C{E)-DLI)*C(1+1))/B(1)

3G CONTINUE

[%

’
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, wFUNCTION SEVAL(N u,x,v,8,C, D)

THIS SUBROUTINE:EVALUATES THE CUBIC SPLINE FUNCTION.
SEVAL=Y(I)+B(I)%(U- X(l))+C(I) (U-X(1))#*%2¢D(I)*{U- X(I))**3

WHERE X(I).LT.X(I+1)
“1F U.LT. X(1)‘THEN’I*%“TS‘USED

IF U.GE.X(N) THEN IS USED

INPUT

N=NUMBER OF DATA POINTS

U=THE ABSCISSA AT WHICH THE SPLINE IS TO BE EVALUATED

X,Y=THE ARRAYS OF DATA ABSCISSAS AND ORDINATES -

B.C D=ARRAYS OF SPLINE COEFFICIENTS COMPUTED BY SPLINE.
DIMENSION X(N) Y(N), B(N) C(N) D(N)

1=
" J=N+1 - ) -
1 Kstl+d)/2 Do -
IF(U.LT.X(K)) U=K . A |
IF(U.GE.X(K)) IsK . . L.
- IF(J.GT.I+1).GO TO 1 L
DX=U-X(1)
SEVAL= Y(I)+DX*(B(I)+DX*(C(I)+DX*D(I)))
RETURN -

iEND o ey
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SUBROUTINE'IHOMAS(A-B C,D,G,W, NEQU)

SOLVES A TRIDIAGONAL SYSTEM OF. NEQU EQUATIONS
USING THOMAS'S ALGORITHM.
A,B,C ARE THE ARRAYS OF L.H.S COEFFICIENTS
D IS THE ARRAY OF R.H.S COEFFICIENTS.
~ THE SOLUTION VECTOR IS RETURNED IN ARRAY G.

" DIMENSION A(NEQU), B(NEQU) C(NEOU) D(NEQU) W(NEQU)
*G(NEQU)
~IF(NEQU.NE. 1) GO TO1

NEQU 1,SINGLE EQUATION:

G(1)=0. |
RETURN
1 IF(NEQU.NE.2) GO TO 2
NEQU=2 o y
"DEN=B(2)*D(1)-A(2)*C(1) -
“G(1)=(D(1)*B(2)-D(2)=C(1))/DEN
G(2)=(D(2)=B(1)-A(2)*D(1),)/DEN -
RETURN X |
W(1)=C(1)/B(1)
G(1)=D(1)/8(1)
© JK=NEQU-1
DO 3 1=2,uK
DEN=B (1) ~A(1)*W(1-1)
w(I)=C(I)/DEN - ,
G(1)=(D(1)~A{F)*G(I-1))/DEN ﬁ =
LSINEQUI=(D(NEQU)~ A(NEQU)*G(JK))A(B(NEOU) A NEQU)*
[ .
1-NEQU-1 |
=NEQU- Y
- GULI)=G(11)- W(II)*G(II+1) &%
RETURN. - -

~
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SUBROUTINE RESULT(N BALOIL POM,SOM OIL WATER QOIL

1QWATER, CUMOIL, CUMWAT)

PRINTS PRESSURE .AND SATURATION DISTRIBUTIONS AT END -

OF EACH TIME. STEP. - .
PRINTS MATERIAL BALANCE OIL AND WATER PRODUCTIONS

- DIMENSION POM(25 15), SOM(25 15) PODUT (25, 15),
1S00UT (25, 15), QOIL(25 15) OWATER(25 15), INGRID(25 15)

5 .

N . )
CIF(QOIL(1,4). E?

‘ f7 R
2000 FORHAT(iHO 19X, ' END OF TIME STEP' I3

: 2021 ¥

2 v .
N e e

- COMMON/RE SU/DELTAT
- COMMON/ING/NX,NY, INGRID
TOTAL=N*DELTAT/60
"WRITE(6,2000) N,TOTAL,BALOIL .
W=ABS (WATER) *1E+06 -
' 0=ABS(OIL)*1E+06
CW=ABS (CUMWAT ) * 1E+06
CO=ABS (CUMDIL ) * 1E+06
WRITE(6,2030) W,0,CW,CO
IF (MOD(N; 10) .NE. 1} GO TO 7
DO 1 I=1,NX

" DO 1 J=1,NY

IF(INGRID(I
POOUT(I,V)= P
SO0UT(I,d)=S
GO-T0 1

POOUT(I,d)= 0
:S00UT(1,J)=0

) G 0 TO 8
/1000, .

J).EQ.0
OM(I,d)
OoM(1,J)

/

.15) 60 10 5"

24; 1,151 NX)

ozé;-u (POOUT(I u) I=1 NK),

JE(6.2024) (1,1- :,ny ”
“«7‘5026) J, (50007(1 9, 1= 1,NK)

OO-A
N
-

.GT
{6,2
TE(6,2
J=1
(6
(6,
(8

/‘ 2

ET
Fig

FOR LARGER GRIDS ,PRINT ONLY PRE;%yRES AND SATURATIONS

AT INJECTION -AND- PRODUCJNG WELLS]
WRITE(6,2040)

DO 6 I=4,NX - »

DO 6 Je1,NY .- -
“IF(INGRID(I,v).EQ.0)F GO TO 6

.0.0.AND.QWATER(I )

 WRITE(6,2050) I,d,P0D UT(I J) , 5000

" CONTINUE

CONTINUE

.

17/,20X,’ TOTAL TIME ELAPSED (MN):'

)

K
'ﬂ
!'I

« :‘, 8-:

) GO TD 6

2F6 2,/,20K, "MATERIAL BALANCE (1. fon PERFECT BALANEE)

o/ 30X oiL BALANCE" F7.3)

. .' ‘.,\,‘. . ‘.k‘ .

B B .
TN

0RMAT(1H0 2GX OIL PRESSURE DISTRIBUTION‘ /)

’

“v

By
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h2023 FORMAT(1H0 20X, OIL SATURATION DISTRIBUTION' /)
2025 FORMAT(1H ,3X, 12,3X,15(F6.0,2X))

" '2026 FORMAT(1H .3X, 12,3X,15(F5.3,3X) )

2030 FDRMAT(1H0 19X VATER PRODUCTIDN DURING TIME TEP
- fCMS)“ E12“5 1,20X,'--OIL -PRODUCTION - (GMS)", 12 5,
2/ 20X, *CUMULATIVE WATER PRODUCTION (CMS) ,E12.5
*'3/,20X,’ CUMULATIVE OIL PRODUCTIDN (CM3):’ ,E12.5)

_2040 FORMAT(1HO 20X,'1',7X,"J',7X,’ POM’ ,5X,’ SOM’

1,// , .
2050 FORMAT(1H 19x.12.sx,12.4x,rs,o,3x,ss.3r
S RENDRN N SR |
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