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ARSTRACT

A laboratory model study Qas Been conducted on isolated’ and
partially confined five and nine-spot wéterflood pilots to exahine the
proble& of overly optimistic oil recoveries\often observed in such
pilots.

The model consisted of an unconsolidated pack of strongly
water-wet gliss geads sandwiched between two transparent lucite plates.
Colored ipjection water permitted direct visual observation of the
flood fronts. Thrte mobility ratios were studied, and in every case,
initial wate; saturation was present,

The results indicate that both isolated !ive and nine-spot
pilots continue to recover 0il with‘co;tiﬁued water injection. Howevef,
when surrounded by a ring of eight siﬁilar pattans,vbéth piloté behaﬁé
as if confined provided thebinjection rates are sufficiently high to
ensure stabili?ed floods. The higher the ;obilitY»fé;io; the lower the
injéction rate required to ensure stabilized floods.

Deséite the diffefences in the breakthrough‘oil re¢overies,
the ultimate recoveries from thevstabilized’five aﬁd nine-é ot pattérns/
are identical for the range of mobility ratios studied. This result 1is
important from a practical é#andpoint. 1f field pilots behave as-
labofatory pilpts,-then'a limited number of nine-spots, such as presented
in this study, may be employed to éxpedite the feasibility studies of

i . : C : o

large scale five-spot floods-in situations in which the lead time,

rather than the cost of the project, is the overriding factor.-

\ ' iv . )
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Also, a mathematical theory of two-phase immiscible fluid

displacement in porous media has beef employed to.demonstrate the

- Ly} ¥
principles of model scaling ofﬁlaboratbry floods

This appfoach high-
lights the under]ﬁing(&seumptlons and limitations of two-dlmenqional

. reservoir models. Furthermore, the scaling procedure proposed 1m\Fhe

literature for five-spot fleoods has been successfully extended to
nine-spot floods. , v
. ] . ]
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X . v : .
) I. [INTRODUCTION

| ‘ o e

) : A widely accepted method of studying the feasibility of large

scale waterfloods is by the use of pilot waterfloods whiqh usually con-

1
i

sist of isolated patterns lotated in some representative portion of the
+
¢ N ¥

field. - The object 1s that the recoveriks frdq_these'is%lafed pilots can
S ,

-

be uged as a measure of the oil'recogeries to be expeg;ed from the large

scale floods.

¥ )

There may be situations in which such uncorrected pilot data

>

may reliably predict large scale flood recoveries. However, in most

cases, these isolated pilots have proved unreliable in predicting oil

recoveries from fully developed floods. This unreliabilit& stems ;rom

the ffeedom with which fluids can migréte into and out of the pilot éfea.
Several laboratory experiments have dembnstrated that the oil )

recoveries from isolated or unconfined pilots ean be extremely misleading.

Some investigators (1, 2, 3, 4, 5) have shown. that there are situations .

[\

in which pilot flood oill recoveries are far too optimiqtic. Others

(6, 7, 8) have shown that pilot recoveries can also be pessimistic,

,especiaily if the bilots are initiated in already depleted fields ha;ing

low reservoir pressures.
This study was concerned with:the problem of oversweep, which
is the tendenéy of waterflood pilots to yield rather optimistic oil °

recoveries. Most of the existing attempts to allow for oversweep in

» interpreting pildt recovery data consist largely of history‘matching in

which arbitrary correction féctors are used § scale down pilot data
(9, 10). A major limitation of this approach is that the empirical

¢

b,
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correction factors are unknown functions ot both {luid and reservoir

[y

, properties and as such, are not easily predictable. Moreover, implicit
in the idea of correction factors is an assumption that the ultimate %
recoveryi(or the fully developed flood is known by sofie independent means.
Very often, this is not the case, |

’ Therefore, a more desirable solution to the-problem of over-
sweep would be to operate the pilot in such a manner as to minimise
oversweep if not completely eliminate it; thi{fls, the pilot should be
made to approach confined behaviour. The prodbction history froﬁ such
pilots may then be applied directly as,an estimate of the recovery of

the fully developed waterflood. TN

*

It was the purpose of this study to examine how pilot cqpfine—

v
0

ment may be achieved by judicious choices of injection rates and/ pattern
. 'l ) .

configurations. These are some of "the factors that can be easily con-
trolled by the operatép,of the pilot. In view of the large number of
possible pattern configurations, it would be necessary to limit the

choice of patterns if the study is to be manageable. It was therefore

s’
decided to restrict the present study to two basic patterns: the

popular and widely used five-spot pattern and the potentially advan-
tageous normal nine-spoj scheme. In particular,’it would be of interest
to compare the performances of these two patterns. Since fluid migration

is influenced by mobility ratio, this factor was included in the/g;udy.

s L&

A-secondary but important aim of this study was to develop a Y
°

scaling procedure for the nine-spot pattern. This subject has received

little or no attention in the literature to date.
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11. LITERATURE REVIEW

Al

Optimistic Pilot 0il Recoveries

Excessive o1l recoveries from laboratory waterflood pilots
have been documented by several investigators (11, 12, 13, 14, 15, 16).

In some cases, recoveries of up to four times the oil originally con-

4

tained within the pilot area have been reported 7).
Caudle and Loncaric (18) studied‘pilot oil rgcoveries using

an artificially consolidated sandstone model and miscible fluids.

. RS
Their model, consisting’'of one-eighth of a five-spot pattern, was par-
tially confined because it extended beyond the pilot area by ‘three well

lengths giving rise to the possibility of oil migration into and out of

the pilot area.

~»

Their results, reported as functions of:ﬂﬁection to production
+ .

rate ratios, indicate a marked dependence of pilot oil recoveries on
-~ : | ~

injection and production rates. For a rate ratio of unity, oil recovery

of up to four times the displaceable pilot 1 volume was recorded.

But as the rate ratios increased, 01l recovery approached that of

.the ?iif}29d or fully developed flood. This observation is important,

for it suggests that for sufficiently high injection rétes, iéolated
pilots tend to behave as if confined. If thié is true,‘then injection
rate contrél may Se used fo engure fldod confinement.
Dx!'chuk and Jain (19) éxémined the éffect of surréuﬁding a
normal five-spot pattern with a ring of eight like pétterns.‘ In ﬁhéir
- * Sl ®)

study, an injection rate in excess of that réquiredvbx\gapoport,'CarpeSﬁqy

and Leas (20) scaling criterion was employed to ensufe.stabilizea_floods.

“
-
-



<

A significant conclusion of this study was that white surrounding the
five-spqt with cight likespatterns limited the extent of oversweep, it
was nevertheless insufficient to ensure effective pattern confinement

for the injectiion rate used,

Pessimistic Pilot Oil Recoveries

NS%?ﬁll laboratory pilots yield optimistic oil recoveries.
Some investigators have shown that ugder certain conditions, laboratory
and field pilét recoveries may in fact bé pessimistic.

Dalton, Rapoport and Carpenter &21) noted that the recovery
history of waterflood pklots depended greatly on the ability of the
producers within the pilots to compi’e‘for fluid with other producers
in the field. If reservoir press«re is low, it is not possible for the
producers to provide the sizeable pressureqsink_required to attract large
quantities of oill and injécted fluid. In this situation, it is possible
tha&-substantial 0il migration would qccur‘from‘the pilot area resulting
$n a pessimistic pilot gecovery. On the other hand, if the reservoir
pressure is high and ghe pregpure at.the producing wells low, the area

supplying oil to the pilot producers can substantially exceed that con-

tained by the basic pfiot area. This situation results in optimistic
: . Y .

A

)

0il recoveries. Dalton et 1{ characterized tbis.pressure inflgénce 6n
pilots by the rm-ratio, defined as a dimensionlgss ratio of the reservoir
to injection pressure.

~Craig (22) similarly observed that piiot recovery history was
a function of the pfodﬁctivity of ghe pilot prodycer. He studiéd the
oil recovery performancé of a 1gborat0ry fiVe*spoJ»surroundéd by two

rings of competing prOQGcers and concluded that such a pilot would
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correctlv predict fully developed flood recovery if the Condition Ratio
of the pilot producer was at.least 2.22, The Condition Ratio is g&;i—
valent to the ratio of a well's actual productivity to the productivity
of an undamaged,noh—stimulated,normal—si;ed well in the same formation.
Craig's Condition Ratio concept is analogous to Dalton, Rapoport and
Carpenéer's (23) m-ratio concept in that both represent a fijjyre of
the pilotAproducer's ability to capture fluid. '

Other aspects‘of Craig's study merit detailed ekamination.
He obseryed that fluid‘migratiop across the pilot perimeter was minimized
by the pressenbe of radial waterflood fronts around the pilot injectcers.
When these fronts coalesced, the pilot area was'effectivély‘shielded>.
from extraéeous oil., The formation of these‘rédia; water banks was
facilitated by an initial gas saturation énd_by the presence of éompeting
proéucers around the pilot. As these conditions are usually present ia
the field, it may be inferred from Craig'é obsefvations that field pilots
are unlikely to yield optimistic‘redovefies. In fact, if the Condition
. Rafios of the pilot producers are less fhan 2.22, pessimistic oii
recoveries would result. _ \ | o

Interpretation of Pilot Recovery Qgta

To allow for the discrepancy between pilot and fuliy deVeloped'
waterflood recoverieé, Caudle et al (24) ana Da;ton et al (25) propése_b
the use of corréction factors. ‘

'Caudie's correction factors rely on a bribr knoﬁledgé 6f the
recovery performance»of the fully developéd'flpod while those of Dalton

et al are based on the areal recovery factor, defined as the area which

supplies oil to the basic pilot producer. In either caseg applicatién')

1



of the laboratory results is achieved by adjustihg the recovery curve
of the field pilot conducted at a set rate or m-ratio &o the confined
pattern recovery values by the appropriate correction factors. Practical
apﬁlication of this technique is somewhat limited because neither the
fully developed recovery history nor the areal recovery factor éan‘be

!
easily predicted.

Theofx of Immisgibie Fluid Displacement

The behaviour of laboratory and indeed field waterflood pilots
. . . 3

are determined to a great,pxtént by the factors that govern the immisci-
ble displacement of oneA§luid by another in porous media. Any attempts
té explain or predict wat%rflood performancé must of necgssity be pre-
ceded By an’underst;hding¢of these factors.‘

A'detailea der}vat;onvof the eaﬁations of imﬁiscible-fluid
flow iﬁ poréuawmedia is brese;ted unde; "Model Séaling". However, some
of the factors zyat govern the displacement process may be deéduced from
the simﬁ;e ma;hematical two-phase displacement model proposed by Buckley
.and.Leverett (26). By applying Darcy's, law to each of the phases, the

authors derived their pioneering fréctionaliflow eqﬁation:

Kk 3Po
1 + ——LQ C——— - ngcosa)
X : .
£ o= — 8 : | 1
k_ouo. B
l+ r;,z w I
u0 I'W ~
- where ., : . : o o o
'fw = ffaction of water in thefflowing stream passihgvany-
‘ point in the medium
o . E . N
K- = absélute permeability of the medium o /-
k = relative pefmeability to oil :

ro



krw = relative permeability to water

.“o = o0il viscosity

uw = water v;scosity

u* = total fluid velocity \
,PC = capilllary pfessure

# = distance along direction of movement

g = \ecceleration due to gravity

Ap = water-oil density differenee‘ | )

a = angle of the formation dip to the vertical

Examination of the fractionel flow equatien revea%s that the
displacement-process is influenced explicitly by (a) tne raee of fluid
. _ a .

. movement (b)bthe rock bropertiee through ﬁhe absoluee and relative
permeability terms and (c) the fluid densities and viscosities. Otner
‘factors which 1nd1rectly enter the fractional. flow equation include
‘wettability, surface and interfacial tensions and fluid saturation
geometries, due to the inclusion of the capillary pressure term; rock
grain size, composition and cedentatiod, all of.which‘infinence the

\

\*:a\germeability of the porous medium, . o
S . . . . . !

-

1. Effect of Rate and Capillarity

A

R

investigators disagreeﬁqn the effect of production or injection
rate on watefflood'oil‘recovery;, Sene’naintpfn that recovery decreases
with inereasing rate while others maintain that the opposite is true‘
And still others maintain that recovery is independent of rate.

Richardson and Perkins (27) concluded from their laboratory_fl

investigation‘thaf'waterflood 0il recoverv was independent of rate ovg




L

“a wide range of operating conditions, while Rapoport et al (28, 29),
orking with oil-wet porous media, observed that recovery,increased with
ihcreasing rate but became rate independent at a sufficiently high rate.
At this stage, the flood was'said to have‘stabilized and the rate beyond
which stabilization occurred was termed the critical rate, de Haan (30)
confirmed that recovery increased mith rate up to a point, but that
further rate increase resulted in decreasing oil recovery,especially at
high oil-water viscosity ratios. Both de Haan (31) and Engelyegt et al
(32) attribute this reduction in recovery at high oil-water viscosity
5 s

ratios to the phenomenon of viscous fingering

.

-

Iheoretical calculations as well as experimental resulfs
indicate'that'thg effect of rate on the efficiency of immiscible fluid
displacementrmanifests itself almost entirely through the influence-of ,
capillarity. It is generally aecepted that at very low rates, capillary;
forces dominate the displacement process; but as the-rate increases,

‘the influence of capillary forces diminishes until at sufficiently high.
rates, the rate dependent capillary terms of the fractional flow equation
beeome negligible, making the displacement'process effectively indepene
dent of rate..}These observations are supported by the experimentalq‘

. N , . ‘ . ,
'results of Rapoport et al (33, 34) and the theoretical calculations.of
Douglas, Blair and Wagner (35). f - _ .; .‘ - _k !..

Douglas et al (36) obtained numerical solutions for - the frac—
‘ional flow equatio? with capillarity at various dimensionless rates.
Their results ‘show that at high rates, a sharp water saturation frOnt _
exists so that the displacement mefhanism approximates the Buckley—-.
Leverett model without capillarityr The formation of a sharp . front

L4

3
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results in a very efficient, piston~like displacement. At lgirYaLes,

-

no distinct water saturation front exists; as a result, the displacement

process 1is inherently inefficient.
Capillary forces affect laboratory displacement expériments
in other ways. Several investigators have observed that certain dis-

placement exberiments exhibit delayed water production (37, 38, 39).

«

That 1s, the production of water occurs long after the water has first

- arrived at the outflow end of the core. The result is that the break-
through recoveries obtained from such experiments are too. high. This

T

.18 the so-called capillary. end effect. As pointed out by Leverett (40),

thé.capillary end effect may be so severe in some systems as to completely

~

invalidate the displacement results.

From theoretical considerations, it is clear that the capiliary

’

end effect'ié due.mainly,to'the capillary}pfessure discontinuityvat both

cularly severe at low displacement rates in short cores. It ig to mind-
mize the end effects.tﬁﬁt most experimenters recommend the use of Long ‘

cores and high displacemént rates. - ) ‘ 

¥ ki

"2. Effect of Mobility Ratio

The effects of fluid-viscosygies and relative perﬁgabilitiés
on waterflbodihg are best studied through the_coﬁcépt.of mdbility'ratio.

‘Fluid mobility is the ratio of the effective permeability to fluid
viscosity. Conventionally, mobility'fatio is definé‘ as the ratio of

the displacing fluid’mobility to ;hét of the diSpiaced phase. By this
. ) A . .

*
13

: . : S Fo R '
convention, mobilities less than unity are considered favorable while *

those greater than unity are unfavorable.
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It is generallv accepted that mobility ralio determines the
- .
breakthrough areal sweep efficiency of pattern fldods. The areal sweep
] » '

efficiency is that fraction of the pattern area contacted by.the dis-

placing fluid. The effect of mobility ratio on the areal sweep effi--

cienC§ at breqkthrough for a coniined five—épot well pattern has .been
studied by Aronofsky and Ramey (Al)owith an electrolytic tank; by ppes,
Caudle and Erickson (42) and.Caudle,’Efickson and Slobod t43),~h¥‘2fans
of porous plate models and X~-ray shadowgraph‘techniques; by Fay and
Prats (44) and by Bradley,ﬁgeller and 0Odeh (45), with potentiometric
models. | o= |

‘The results of five-spot sweep efficiencies obtained by the
above methods have been summarized bytBradley ét al (46). Their summary
'showa fair agreement among thebnethods in the region of unit mobility'
ratio and wide‘differences‘atllow and'high mobility ratios. Generally,
the efficiencies based,on ;hevelecttiCal analog of fluid flow tend to
beioptinistic by COnparigon to those obtained'fr:n mpdels u;ing porous
media. | f
| f/WXPractical difficulties‘ariSe in‘determining the nobility'fatio
for an immiscible fluid displacement. Many of the eatly mobility‘ratio

stujies, especially those based on the elect‘lcal analog of fluid flow,
assumed piston—like displacepent with only the di:placed fluid flowing
‘ahead of the front and the displacing fluid behind the front. In this |
'3situation, the mobilities of the displacing and displaced phases are’
unique and single—valued. In the.case of immiscible di;placement_

‘however, the situation is not as clearcut. The 1eaky4piston~displaceuent

model of Buckley—Leverettl(4]) has sHown that two-phase*flow vccurs



F

behind the front. Thus behind the front, the mobility of the displacing
phase is continuously changing in accordance with the relative permea-
bility—saturation behaviour of'the porous medium, ri;ing from zero at
the beginning of‘the displacement to a maximum at floodout.

To overcome this difficulty, Craig, Geffen and ﬁonﬁe (48)
propose that the mobility of the displacing phase'be‘determined at the
average displacing phase saturation behind the frontr The authors
recognize that this choice iq somewhat arbitrarv but maintaiwn uhat
mobility ratios defined on this basis have been successfully used to
correlate waterflood recoveries. On the other hand, Perklns and Collins
(49) have pointed out that the mobility ratio. defined at residual fluid
.gaturations constitUtes a useful scaling group in 1aboratory waterflooav
studies. ;
-;ome investigators have used miscible fluids to stndy mobility.
ratio effect on sweep‘efficiencies‘(SO, 51). Miscible fluids haye the
advantage of eliminating capillary.effects. Moreover, the mohility ratio
simplifiee to the viscosity ratio oi the dienlaced to the displacing
phaeeeﬂ ’Howeber, results obtained by'the use»of miscible fluids may be
affected‘by the presence of mixing or transition 2ones. This effect is
believed to be re5ﬁonsible for the consistently lower - sweep efficiencies

//

attributed to theﬂfive-spot pattern by Caudle et al (52) and°Dyes et :als

. *
-+ i

(53) as compared to those of other workers. e, 7

Despite differences in quantitative and definitional JE;ails,
. R

there is general agreement on.-the broad effects of mobility ratio on*

waterflood recovery. At favorable mobility ratios, the areal sweep |
. . < . .

efficiency’is high and much.of-the'oil'recoVery is achieved 4t break—_'



throngh. Injection of water'beyond breakthrough results in almost 100
percent coverage at a low watercut. At adverse mobility ratios however,
the resgults ere reversed. Breakthnbugh sweep’effieiency ls low and much
of‘?he 0oil is recovered during the eo—cenled subordinate displacement
phase which follows the initial water breakthrongh. Injection beyond
water breakthrough leads to a rapid ;:crease in water-oi} ratlos.
Although potentially the same ultimate recovery is obtainable over a
wide‘range of nobility ratios, the rapid increase in Qeter-oil ratios-

usually leads to early flood abandonment and hence less oil recovery‘in

unfavorable mobility ratio situations.

-]

Five-spot and Nine-spot Sweep Efficiencies
~

) : :
The areal sweep efficiency for the five spot pattern has

receiyed conSiderable attention in the literature (54, 55, 56, 57 58).
Although the summary of Bredleylet al‘(59) shows wide differences in the
breakthrough sweep efficiencies attributed to the five-spot by various
investigators, the consensus is that' at unit mobility ratio the effi-
cienCy is about 72 percent. It mUst’be emphasized that this is the
efficiency under highly idealized conditions. In practhe; field con-
-ditions diffef considerably from the ideal'and-es such, the five-spot
ISWeep efficiency under field_conditions may.be much lower than 72 eyen.
at more £pvorable mobilitv ratios. |
Unlike the five-spot pattern, very little has been published
on nine—spot sweep efficiencies By means of potential theory calepla-
tions, krutter (60) arrived at a breakthrough sweep effgciency of 52

,percent for unit mobility ratlo and concluded that the nine-spot was

inferior to the. five-spot flooding pattern Muskat (61) extendgd\>
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\
Krutter's results and showed that the efficiency varied from 50 to 78
percent depending on the rate ratio of the corner to_side wells. At a
‘rate ratio of‘l, that is when the injection or production rates of the
- [ . .

corner and side wells were equal, the areal sweep at breakthrough was
about 50 percent, A maximum swaepeof 78 percent was achieved at a rate
ratio of 10.6., For large rﬁte ratios, equivalent to closing in.Ehe side
wells, the sweep efficiency approached 72 percent which is that for a
five-spot pattern:

Thus, under certain conditions, the breakthrough efficiency
of the five-spot is superior to that‘of the nine-spot pgttern. However,

£

., ) ¢
CMvford (62) has reported that a comparative study of the five and nine-

spot -patterns yielded identical ultimate recoveries. :
, \ . '
LY

Summar

A review of the literaturelhas shown that Surrounding an’
isclated five-spot piloﬁ with a ring of eight like batterns limits the
extent of oversweép (63) and that oversweep decreaées with increésing
injection to prodﬁction rate ratios (64)._ I; is abparent, therefofg,
ghat a combination of the above pattern arrangement with the observed:
rate effect may be employed to minimize oversweep in waterflood pilots,

if not cdmpletely,eliminate it.. "The present study is'based on this

premise. b
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I11. MODEL SCALINGue.
,‘

If laboratory gisplacement experiments are to be successfully
used té‘predict multi-phase fluid flow behaviour-in petroleum {eée%voirs,r
such expe;imenté must be '"properly scaled”. Apart from the 6bvi§us
differerces in dimensions between the model and the prototype,/ihe flow»
regimes in both systems mayadiffer considerably. For instance, forces
that have practically no effdct on the behaviour of the prototype, magd
significantly affect the behjclqgf of the model An example 1s the
capillary end effect encountered in laboratory. displacements.

Generally, complete scalng canﬁot be achieved; for example,
an oil well in the fie;d would scale to microscopic dimensions in any
laboratory model. This is not a serious problem becaﬁse }L certain
situations, some of the scaling.criteria may be relaxed without undue
loss of analogy between the model and the prototype. Often the purpose
is not to aéhieve complete scéling but rather to recdgnize the extent
to which the inevitable“imperfections of the model limits extrapolation
of the laborétory results to field conditiAns.

lTwo general methods are available for deriving diﬁensionless
scaling groups. The first and older 6f the two is dimensional.analysis
which ié essentially a trial and efror procedure. ’Succéssful'éppliéaf
tion of this method depends on a sound knowledge of'thevcomplete.éet
‘~;;\}eievan;ib§riabies | The‘seﬁond and negér method is ins ;

v ‘ . i pectional
vanalysis which depends on the,dimensionél homogeneity of thé\equations
describing the behaviour of the system. A fundamental requifément of

P

inspectional analysig "] that the process under study be expressible by-

a mathematical equation.

- ¢

S SEIES VA
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t
The main disadvantage of dimensional analysis is that the

bhysical meaning of the similarity groups obtained by this method is
usually less apparent than thdt obtained by inépectiqnal analysis.‘ On
the other hand, the formulation of the mathematit‘! equations rquifed
by inspectionél analysis usually involves making ;implifying assumptions

with the consequence that certain groups which can be important in less

ideal conditions may be omitted (65). ' : Q\
. WS

The use of dimensionless groups in studying wapef drive -
processes was ploneered by Leverett, Lewis and True (66); Engelberts
and Klinkenberg (67) %gtended their work. A detailed,use of inspecti?nal
ahalysis for model scaling has been pubiished by Rapoport (68). Also,
Rapoport and Leas (69) used inspectional énalysis to‘scaie a linear .

laboratory displacement éxperiment. Geertsma, Croes and Schwarz (70) -

combined dimensional and inspectional- analyses in deriving their scaling
N LN

groups,
‘ In what follows, inspectional analysis is used to derive some
'of the dimensionles§ scaling groups for twqQ-phase incompressibie flow

in porous media. This ié undertaken to point out in a systematié manner
the various underlying aESumptions and hence theyjustification fo; the .
use of two-dimensional models in labofatory éimulation of reservoir

displacement mechanisms; The equations are similér to those derived by

Spivak (71). S ¥

.

Derivation of Equations .

The\hartial'differential equation describing two—phase'immis;k

w

cible and incompressible flow in three?dimensions,follows froﬁ}combination

of Darcy's law with the law of conservation of matter,
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:’ Darcv's law tor the oil and water phases respectively is
krw
S . L AT _ , St \_é
u s -K 1 (\ R ;OL\L) _ --4
L O
5 ey
Y o= oK —= - S 2-b
A\ u, K (VIw pwgVZ) 5 . :
‘ w
.
i;gb The continuity equations which express the conservation of
$ volume may be written as
. \ |
- ' as
[N g ro [¢]
[ ; . . = o (m ——— vp - V7 = - —— B_d
_ \Y (uo) Ve(~K Uo ( o oog\«7)) o} " vo
R kr BSW
W
. = V- (-K — (VP - Z = - - 3-b
ve(u ) (-K . (VP - p 8Y2)) * 3% U,
w
Addition of 3-a and 3-b yields
+ -+ : -+
. = . = e + = - . . 4
v (u0 + uw) v+ (u) (qVO qvw) q,

The set of Equations 3 with éppropriaée initial and‘boundafy conditions
-~

completely describes two-phase, incbmpressible, immiscible Yluid flow

in porous media. Defining capillary pressure as Po - Pw = P; and Km

for phase m as (k;/u)m and substi;uting,‘then E?uation 2-a becomes,

, = KK (7 (P +P) - p'OgV?Z\A’

-KK VP - KK VP + KK p gVZ : 5
o W o ¢ oo .

W

>
u

]

Combining 2-b and 5,

> - > : ;
& +u =u=-K (R +K) VP —KKVPM
0 w (8] w w Q. ,

&

+ ] + vz : o 6
Kg(KOOO Kwoo) | .
Therefore ?
‘ K + K
WP = SRR 7P+ ~0-p—o—g-—-v‘f—"igvz A 7
w KK +K) K +K "¢ K 4K i
O W O ™ [0} W



Substituting 7 into i=b pives

K, KK K K W
ks ( \ W

- + ro_ 1 }) + . A v ——

Frr Ut Ky Yot Resr

Q. W [s) W (6] w

W

Ve ( VE) smdny T d

vw

> 4
where Ap = p =9

Defining the dimensionless quantities
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Equation 8 becomes

-+ K K _ W
v — \]JVPC + -J;SAQWZ) qW = ¢ Y

or, since V'(f;) = £9-0 +,3-Vf
" 38

> K K' _ W
fV.u + u Vf + V~(u QVPC.+ ;—gprVZ) = .¢ T C .

(o} &)

Defining 9, &t a point as fqv where q, is the total soufce‘or‘sink

term, then using 4, Equation 10 becomes
'8 | e

3

> K .. K w
UeVE 4 Ve (e yvP ) + ?-(G—gprVZ) = =957

0 . o

10

11

Equation 11 will be referred to as the:combined displacement

equation. It is interesting td note that the three terms on the left

side of Equation 11 Are the viscous, capillary and gravity terms
. ". . -

usually referred to in the-literature. B4

Equations 11 and 4 are two nonlinear,partial differential'

equations fn two dependént'variables,‘ :(x,y,z,t) and

,y,z,t);

If the flux vector u is known, then Equation 11 alone complétely




b
describes the problem. In cartesian coordinates for an anigotropic

K ap . K AP K aPb

of af of" 3 X C 3 -y c d z C
— + — + N - o IR Al —=) + — (=
Y 3z uy dy Y2 9x ax (U v ax') ! By'Su v Jy )+ 9z (u v 9z 57 )
Q Q B O.’
K ~ K
_1_ 3
5; (—— Apcosa W) + ——-( Aocosa w) + ——-( —gApcosa V)
Yo Ho . Ho
t Z)Sw _ B
= oy ——— 1
LY 2
dP

Defining f' as %é—, P' as Eg— and y' as g%-, Equation 12 becomes

K
, 3s 3S 9 " x .., 23S 9 X pr 38
—_— 4 - + 4+ — (— yYyP'" —) + —
£ (Ux X uy 2y Y2 az) Ix ( v ) 3y (u i c ay)

u ¢ 9X
o

f

K

/ K ) . .
) Z pt aS ?25 i y 05 ¥y . 95 z . ¢ 95
_ (== 24 L 3 22+ - pto 22
+.az (u yP . az) + wCOquw x , Apcosayw 3y + ﬁ~gApcostw y
) 0 o . ‘ o
35
Y ’ 1
¢ at 3

-

N '
where the w subscripts have been omitted from S.

1. Dimensionless Form of the Combined Eqpatiqh

The folléwing dimensionless quantities are defined:

X = o
L

= L
L

Na M

N
lw]

[}
N
—
Nx'xx
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where u* is some characteristic superficial velocity, for example,

q/A for a linear flood, -

Substituting into Equation 13, the combined displacement equation>in

Iv ;\
dimensionless form becomes
) I

K

c

u u
N S . y 5
e el
, D D y
' P! V
TE® ) VPL 35 s las s YPe s
% 0cosd (G < T ) + 5 ( T3 ) + 5““(—E~ 5;—))
Yo ‘D Yp o “Up b "D D
+--ARB-(K cosa Y é—S-—-+ K K cosa y' 95
p u* % X ox Xy v ay
o 9 . D - D
+ [K K cosa_y' é§—”) L . 14
S { xz z 3zD a:D »

Three special cases,of Equation 14 are discussed below,

1.1 One-Dimensional Horizontal Flow No Gravity, No quillari;y

In this case, Equation 14 becomes

df 23S . " as ST
— —— = -— —— : 15
ds axD tD ‘

This 'is the familiar Buckley—Levere;tAffontal advance equation

-

'jfor which there is an ahalytical solution (72).

1.2 One-Dimensional Horizontal Flow, No Gravity

In this case, Equation 14 becomes

af a5, TN 1 B 25 - Jas. e
dS ox H UL A 9x c ax dt :
L D w ‘ D 0 .

where X = u /u

‘e
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Equation 16 is a more complete form of the lineqr diéplaiement equation
derived by Rapoport and Leas (73). Tt will be noted that the dimen-
sionless group Luwu*/oCOSG/E;$ is é popular scalipg'COefficient for
linear immiscible displacement studies. Rapoport and Leas (;4) have
successfully employed a modified form of this coeffiéient to'demonst{ate

the principles of scaling linear laboratory floods for an oil-wet

system.

1.3 Two-Dimensional Horizontal Flow, No Gravity

In this case, u* is chosen as the average supefficial velocity

in the areal directien and in general, uzv=;0 and ux'and uy are assumed

h

constant and equal tpvu*. Also, Cosax =_Césav 0 and Cosa2 = 1.

(Further, for an 1sotr6p1c medium, Kx = Ky = Kz Kis Since the flow is

invariant in the z-direction, Equation 14 reduces to

df 3s , 3S ocos8/Ke 1 -, 3 .=y 35 .
ds (3 * 3y ) ¥ T Y {ax (ch —;f)
xD D W D D
+ Ba/_(lpF' 33 )} = -i;:::. 17
5po ¢ Py D
' L
where A= ,uo/pw | : N )

.

Equation 17 provides the“basis for scaling two-dimensional

immisciblé fluid displaceme In'deriving-this‘gquation,lit bas been
assumed that the flow iéveverywhere horizoﬁtal;-tﬁg fluids‘inéompfessi- '
bié,.the réservoir properties iéqtropic and that thé model,is:suffi: ‘>‘
cieégly»thin to ren@er the e{g;cts of‘gravityléegregatioﬁ negiigible,
‘Fﬁrthermore, Darcy's law ié assumed ti appli. Subject to théég'asSﬁmb*;
tions, Equation 17 Shows that the floodihg’behQVigur:is‘Cbntrolléd va

e tﬁe dimensionless similarity‘group



u*l,
My

1 ocos8v/K$ i

This group defines the rela;ive,importance of the caﬁillary forces in
‘the displacement of oil by water. For a gigen value of Cl'all porous
systems.of givén geometry operated under éimilar boundary condiéions,

and characteriZed.by the same 011 to water viscity ratio and the same

f, ¥ and Ec ,IQill yield the same flooding behaviour. Thus_Cl represents
a scaling factor which can be used to relate theNresQlts of fléw model

exp nts to field performahce. For correct scaling, the.laborato;y

lood must be operated such that

* o u*

W u L » = b,u L
ccose/i$ » ocogeVE$ )
model | ' - prbtotypef

The requirement that thé cabiliary p:eSSufe ahd relativé
permeability relations must be the same functions of séturhtién in the
model and its prototfpe is r;ther reétrictiQe.j To overcome this |
difficulty, Perkins and>Collins (75Y.redefined the relaiive permeabili-
ties and saturations in a way which permits different relative permea-
bility agg\zapillary pressure relations in the model and prototype.‘

They‘aefined dimensionless. saturation as follows _ S

S -8
'-S- o W CwW.
w 1~-8S -5
'To cw
»,where.scw = 'residual water-saturation )
"SI\_O = residual oil saturation )
[ 3
i o



The relative permeabilities were defined as follows;

and ‘ )
Ko = k -
ocw

where. knro = effective permeability te water at
residual'oil-satnration‘
koCw = effective permeability to oil at

. residual water saturation _ .

This approach results in the.introduction'of‘mobility ratiq,‘

ocw uW

as an additipnal dimensionless scaling group. The group involving the

ratio of capillefyeto viscous fbrées takes on the form:
‘ocose k Wro /(E_ | L .
‘u*u L . K . o . ,
Then for exact compliance with the scaling ériteria;'igz, E; and Fé (§;)‘

must be the same function of the dimensionless saturation g;;in the. -

A

moéel and prototype.
'Viscogs Fingering "
K When oil is displaced from a porous medium by water having a

lower viscosity than the oil the oil—water interface is essentially
unatable ‘and tends to break up into. "fingers K This phenomenon hns 7
[ "“

. been termed "viscous fingering" in the litqrature.
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The onset of the instabilicp‘that leads to viscous fingeriné
has been predicted mathematically by van Meurs et al (76) and Chuoke
et al (77). In certain situations, this instability may exert suffi-
cient influence on the oll-water diSplacement process as to warrant a
séparete Scaling‘consideretion. However, Rachford (78) has pointed out
that in nater—wet systems containing initial water saturations, the

: ’

:presence of transition zones tend to. dampen the growth of fingers
For such systems, Rachford (79) concludel that the effects of viscous

fingering are mininal and as -such, no seperate scaling requirements

appear necessary to account for this phenomenon-

§calingﬁApplied to Five-Spot and Nine-Spot Patterns

The major difficulty.in applYing the outlined scaling prOCed&ré

to two-dimensionalfsystems such as a five-spot or a nine-spot flooding
\’ :
pattern lies in the choice of the flux vector, uk. Application to a

linear system is a relatively simple matter since u* may be chosen as
Nthe superificial fluid velocity (q/A) Moreover, in this case, u* has

-an unmistakeable physical significance. Unlike the linear case, no .

L)

representative velocity fl&x exists in'the two—dimenaional case. . To

overcome this problem, Rapoport and Leas (80) proposed the uee of a

[N

linear approximation of the five-spot p[ttern based on’ the directian of

“the predominant streamlines in an’ infin tely confined five—spot flow :

: regime." | S R :f : ~;‘
” . ) - ;l,f

Rapopdrt Carpenter and Leas (81) employed such an approxima- E

tion ta study‘the scaling of a five—epotﬁmodel. They used the scaliug

."

group R TR
(a/Lyn, QB

2. "ofig'fe E f'a/ii‘ | - o

.~
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. o . , -
: 1 ‘
where Q = volumetric rate per unit thickness of

the porous medium

’ 2
It is appearent that C, is equivalent to C, with u* chosen as q/L”.

1

2

Also, Cosé which,1s a measure of wettabilitonf the porous medium, does.
not appear egplicitiy in C2. This i#»bgcéuSe @he magnitgde~of cosf is
un;ty for either a strongly water-wet or 011~1é£ system, »

| - For sufficiently large vélues of the scaling coeffiéiént (CZ)’
Rapoport et al (82) observed that .the flooding behaviour beéamé'inde—

pendent of the scaling coefficient. The value of C, at which stabili-

zation was first observed was termed the critical scaling coefficient.

They observed further that for their particular s§stem, the critical
) ) S, )

-gcaling coefficient was 3.5‘x 10-3 for a viscosity ratio of unity.
A similar calculation for a typical oil reservoir led the authors to

'conclude that field waterfloods are always stabilized. Hence, . to

properly simulat% field’qénditions; iabora;d:y displﬁcement mgde' husE 
Se operated under stébilized‘coéditions.

| To.date, no attempt hﬁs.ﬁeén made to ektend the scaliné laws
to nihé-spgt fldbds. If stabilization occurs in hin;—spoéifloods, the.
theor&_oflimmiscib}e fluid di&placémenf 1nd1c§tes tﬁgt aAcriticﬁl
scaling éfouﬁ must‘existAfor this pé-t:ternf MoreoVer,‘Eqﬁation 17 shows

that for scaling coéfficients'greatgf than the eritical, the recqvery

performance 6f the five<spot and nine-spot floods operated under similar

coudifiqns:woqld bé identical.
| - The above'consideraﬁioqs‘sugéeét that the ;pplicatién of'the_
scale-ﬁp»laﬁs to ﬁiné»sédt fiobds ﬁay proceed aloﬁg lines éiﬁilgrrtp : |
those,uéed by Rapopd;t g£‘a1:(83§‘fqgfthe‘fivéfspo;v VIn.théjpresént‘-;



o
(W]

studv, it is proposed to usebthe production rate of the central
production well in the calculation of the scaling coefficients. For

a confined five-spot, the production rate (q) is equal to the injection
rate per well since tﬁe productién wellireCeives one-quarter of the
fluid from each of the four ihjectors. For.fhe'confiﬁed niné-époti

‘similar considerations lead to . :
9 9ty | ’

where 9 and q, are the injection rates of the corner and side wells,

respectively. - - o '
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Iv. EXPERIMENTAL PROCEDURE AND MATERIALS

Patterns Studied

The primary concern of this study was to obtain pilot confine-
ment using a limited number of well patterns. To this edd, the recovery
performances of unconfined or isolated fiye and nine—spot pllots were
first studied over a wide range of injection rates; then,vboth pilots
were each surrounded by a ring of eight similar patterns and their

recovery performances re-examined in the light of this modification.

These pattern arrangements are shown~in‘fig%re 1,

Eguigﬁent

The reservoir model was an unconsoiidated pack of 100 mesh

industrial glass beads sandwiched between two " transparent lucite plates.
"The medium had 185 fully penetrating wells spaced 7.25 cm apart in a
square matrix. The model was;mounted+1n a manner that permitted
operation‘at any desired'inclination. Because the thianess.wes very
much smallervthan the other dimeqsioﬁs, the model may be considered to.
be essentially two-~dimensional, Details of design add construction may
be found in-reference-(Bé). A photographyof:the model 1s shown in
Plate 1. , | |

.weter injectibn into tﬁeymbdel was eccomplished by an arrange-
ment ef_forty injectioﬁ cylinders actdated'by.e double actidg master
eylinder The master cylinder was in turn driven hydraulically by a
Ruska Proportioning Pump capable of flqég delivery at 28 rates. Because‘

they were all Bolted to the same 2~ 1nch steel plate, the pistons moved

-_in unison to ensure uniform water injectlon into all the injectors.

26
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The discharge rates from the injection cylinders were calibrated against
the Ruska pump speeds. Table 1 preé!&ts a summary Qi/d\is.calibration.
The numbers in bracket are the measured discharge rates from each
cylinder for the corresponding pump speeds shown. Plate 2 is a photo-
graph o:’the injection pistoﬁ;cylinder arrangement. The ihjection
pressures were measured with a bank of'fofty ﬁgfcury m;nometers,éhown
fo the left of theg;nclinéd reservoir médel in flate 1.

. To enable direct visual observation of the flood fronts, the
innermost injection wells of each of the patterns reééived‘water colored
with sodium fluorescein obtained from Fisher Scientific. A bright

yellow fluorescence was obtained when the. model was illuminated from

beneath by ultraviolet lighting. Best results were_obﬁained in a dark

Y

room. With this arrangement, it was posgible to photograph the fronts

at any desired stage Qf the flood. The remainder of the injection wat

‘

“was colored with a non fluorescent pink dye. This was necessary t

‘facilitaté visual observation of the displacement behaviour oft the

+

Surroundiﬁg patterns.  Specifically, it served to identify irregular

pattern behaviour due to partially plugged wells.

- Modei and Fluid Propertiesj

' -/

Béforé packipg, the glass béads were washed with ordinary
héusehoid detérgent and thofoughly riﬁsed with distilled water. This
: . |
rendered the beads strongly Vater—Wet. During packing, the model was._‘
vibrated continuously with gﬁreé,60 c&cle,'electric vibrétors for fivé
days. This reSUIted<in a ugiform,pack of'pofosity 36.42 percénl andv

absolute permeability to water of- 6.20 déréys. The properties of the

modél, the pilot and wgiigg;g:digggfions are summarized in Table 2.

V. : ™
O
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PLATE 2.

Injection Cylinders '

J
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Details of permeability and porosity determination afe given in

Appendix A,
Table 2
. SUMMARY OF MODEL PROPERTIES

'Averagg grain size 100 mesh
Porosity . A B 36.42 y
Absolute permeabilizy , 6.60 darcys
Diameter 121.92 cm
Area of unit pattern | | ) 210.25  cm? ]
Average thickness k0.4967 cm
Pattern pore volume . - : 38.034 . cm3
Wellbore radius - 0.123 cmv
Injection-production well distance :

(corner well) . 10.25 cm
Injection-production well diéténce o

(side well) ' . 7.25 cm’

Three grades of refinedipetroleum products, obtained fr§m.
Imperial 01l Refinery, were used to simulate the oil phases. The trade
. names together wi;h the properties of the oils are giQen in Table 3.
Inﬁerfacial'tensions vere measufed with a DuNouy tehsiometer-and tﬁe

viscosities with a modified Ostwald viscometer.

Table 3

FLUID PROPERTIES AT 70°F

Fluid . T Lo

Type gms/cc cp - dynes/cm
‘Dyed Water ~ 0.9907  0.9907 - -
Kerosene . . 0.7905 1.3043 - 1.3165 27.17,
HGO 0.8508 8.5761  8.6566 27,23

\gwo 0.8524 15,0790  15.2206 21.66
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Procedure

'§\Prior to every experimental run,. initial uater and oil
saturations were established as'follows..‘First, the model was fully
saturated with distilled water and then clanped’vertically. 0i1 uas
then injected into\the top three peripheral wells while water was pro-
~ duced from the lowest peripheral well. This injection and production
. arrangement was adopted to take advantage of gravity segregation.
After breakthrough, oil injection continued until no more water was
produced. At this stage, a naterial balance calculation gape the
initial fluid saturations. :

The initial fluidfsaturationsvhaving been_established,lthe
model was clamped horizontally in readiness for the eXperimentel run.
After selecting the flood pattern-of interest, the injection and.pro—
-duction wells were opened to allow the model‘to attain pressure equili-

brium. With the gear selected to give the desired injection rate, the

pump was started to initiate the

During flooding, the injection pressures were closely observed
to detect partially plugged wells High injection pressure into a well
relative to other wells was an indication that the well was partially
'plugged. In such a case, “the experimental results were discarded and
the run repeated after cleaning out the plugged well. |

The fluids from the pilot producer were collected 1n a bank
of graduated test tubes, the first tube being used to collect clean oil -
prior to water breakthrough. Subsequent tubes received water-oil mix-
tures. When the pilot was surrounded by like patterns, the productioni '

from the surrounding producers was collected ln‘the same vessel.‘ No'

CoB
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attempt was made to measure the production from. these wells, However,
to ensure uniform flood devélopment, it was often necéssary to adjust
the production rates from these wells.

By means of ulpravioiet lighting, the area contacted by the
fluorescent injection watef wés ph?;ographed at any desired stage of
the fléod. Of particular-intereét was the afeal'éoverage:at\wéter
breakthfog#h. ' N

Each experimental run was arbitrarily termihateq when the

.equivaleht of tﬁree-to four pattérn pére vﬁlumes of fldids yere‘pfodUCedf
The recoveries from thefpilot produéer were used to calculaté thé
redo;ery profiles employed in this study. Aftér each run, the model
was-flgshed‘with;abOut thirty pﬁre_&oiumes of dLséilled water before '

resaturating for the next run.

o
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V. EXPERIMENTAL RESULTS AND DBSERVATIONS
In all, 51 flood tests were made. The results are presen;ed:
in Appendix B as Runs 1 through 51. Mobilitv-ratios (M) of 2.63, 14.09.
and 20.61 were studied. The fluid mobilities were determined at residual
saturations as suggested by Perkins and Collins (85). The details of

the mobility~calculetions are shown in Appendix c.

Isolated Pilot Performances
| Figures 2, 3 and'é'giVeithe'oil.recovery profiles for. the.
isolateo five-gpot pilo;{atvthe three mobility ratios."The iojection,‘
r rates studied rsnged from 16.1 to 514, 3 cc/hr/well. It may be observed
from figure 2 that for M= 2, 63,vconsiderable oversweep -occurs’at low o
injection rates. At successively higher rates, the 0il recovery de*
creesea_but oversweep persists nonetheless. - ’,
For M o= i4 09’and 20 61, the, isolateo fiveespot recoverf
profiles exhibit the same rate sensitivity observed at M = 2.63; that
is, the oil recoveries decrease with increasing injection ratev It may
be. observed from figures 3 and 4 that oversweep occurs alao at’these
_isdverse mobility ratios, eventhough the general 1eve1 of oil recoveries
are’lower than at M = 2. 63
The correSponding recovery profiles for theiisolated nine spot Y
pilots are shown in fighres 5, 6 and 7 These recovery profiles are,

in general, similar to those of the five-spot . AS’before, oversweep is-A

more pronounced'at %owvrates and mobility»rsrios. a

35 :
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Pattern Confinement

Figures 8, 9 and 10 present the flooding results for'the
modiXied five-spot pilot. For M = 2.63,Ifigure 8 indjicates that the
flood oversweeps the patternﬂat injection rates below 342.9 cc/hr/well.
.But at rates equal to and greater then 342.9 cc/hr/well, the pilot

wF

recovery be becomes independent of rate and effective pilot confinement is

achieved. ‘

For M = 14.09 and726.6l,'figures 9 and iO show that the modi-
fied five-spot tégovery is less rate sensitive over a wider range ofd
injection rates than was the case at M = 2.63. In fact, for all prac-
tical purposes, floodvstabilization and effective confinement oecur at -
rates as .ow as 32.1 cc/hr/well for.these nobility ratios. Lower
injection rates could not he studied because of the' practical diffieulties

’ of obtaining uniform production distribution at such low rates. };.
The rgggvery performancee of the,modified nine—spot pilot ate
’shown in figures 11, 12 and 13. For M = 2,63, the oversweep et low
S? injection rates is more pronounced than in the modified five spot | The
pilot 1s effecttvely confined at rates of 128.6 cc/hr/well and greater
For M = 14.09 and 20 61 figures 12 and 13 show that the modified nine-
~ spot floods are stabilized and effectively confined over the range of

. _. : . ..\"q
injection rates studied. : S o

S

Breakthrough 0il Recoveries
Breakthrough recoveries from the modified pilots are shown in j

'figures 14, '15 and 16 as functions of production rate and mobiiity ratio.

For M = 2 63, it is. apparent from figg{e 14 that the breakthrough Teco-

" veries from byth pilots apk essentially independent of rate. On the
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other hand, figures 15 and 16 show that at M = 14.09 and 20.61, the
-recoveries‘are rate sensitive especially-at low production rates. At
these‘mobility‘ratios, the breakthrough recoveries decreese rapidly with
increasing rate at low rates, but stabilize somevhat at nighgrates.
Another important observation from fignres 14 througb 16 is
that the five-spot breekthrongh recoveries are.consistently hiéner.than

.those of the nine-spot for the range of mobility ratios studied.

Confined Pilot Performance

-

Figures 17, 18 and 19‘show the cross-plots of confined or
stabilized five and nine—spot recoveries for the three mobility ratios.»
In each case, the pilot recoveries for all the stabilized rates were |
plotted. For example, for M= 2,63, recoveries at 342 9, 428 6 and
: 514 3lcc/h;/well were uged to show the confined five~spot recovery
’profile. .The cross-plots show that despite differences in the break-
'through recoveries, the ultimate recoveries from-the confined or stabi-
lized five—spot and nine-spot pilOts are the same for the: three mobility
ratios examined ‘ . o A |

| ‘ Figure 20 highlights the effect of mobility ratio on . the
stabilized five and nine-spot pilot recoveries. This figure was obtainedf.
by combining figures 17 through 19. It can. be seen thet 4n general,-‘

the stabilized or confined pilot recoveries decreeee with increesing

mobility ratio.

A'Pilot Scalin _&

The calculations of - the sceling coefficients (C) for the f_:.'

umodified five and nine-spot floods are performed in Appendix D. The

-
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oil reqoveries used to demonstrate the scaling procedure age those

| obtained after produgtion of 1 and 2 pore volumes of liquid, respec-
tivel?. The recozgyzts ag these stages of tﬁé floods were considered

to be steady and no longer subject to the random variations observed '

in breakthrough recoveries.

Figures 21 and 22 show the variations of recoveries from the
modified five éné*nine—spot pilots after 1 pore volume liquid production,
with scaling coeffiéient (Q? at an oil-water viscosity ratio of 1.32.
This viscqﬁig; fﬁtio corresponds to a mobility ratio of,2.63. It can
Be seen‘thap for‘k lower than 2.60.x 10_3, both the modified five and

|

nine-spot recoy@ties vary with C, the variation being more pronounced

for the nine-spot. For C equal to or gr;ater than 2.60 x'10-3, the
reco::;ies stabilize and become 1ndepeﬁden£ of C. Furthermore, above
this critical C; the stabilized'of confined five.and nine-spot recover-
ies are identical, | '
Figﬁ;es 23 and 24 are the corresponding plots for a viscosity
ratio of 8.66 (M = 14.09). In this case both piloté)are stabilized‘over
the range of scaling coeffiéients'studied; Although the critical value
C does not appear on thesé plot?, it‘ié éppareht that‘a;.a‘viscosity
of 8.66 (M = 14.09), the.ﬁritical écaiing cogffigieht is lower }
t‘for é viscogity ratio of 1.32 (M'é 2.65); 'Aé obsé:ved befofe,
the stabilized five and nine—spét'piiot reéovéries are identiéal{ -The
plots for a‘viscosity'rat19 of'15,22.(Mv= 20.61)‘are‘similargto>tho§e‘
‘just describedjexéepﬁ,that.thé‘recoveries at any value of C are lower

for the higher viscosity ratio.
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VI. DISCUSSION OF RESULTS

Isolated Pilot Performances

The performances of the isolated five.and nine-spot pilots
in this study have demonstrated that pattern.confinementAcannot be
‘achieved in these floods by rate con&rol only | Consequently, cbnsi—
derable oversweep nay be expected whenever isolated‘pilots are located .
at the centres of large fields. The practical implicatiou of this-
Gpobservation is that the o1l recoveries from such pilots are not repre-
sentative of what may be expected from large scale floods. They are
- far too optimistic ‘ | o
The above observations on isolated pilots disagree with those
of Craig (86) who concluded from-laboratory studies that, the recoverys
from'absinéle fiverspot'mav adeguately predictﬁlarge scaie f100d‘
recovery. The: disagreement is due to the difterences in the pattern
srrangements in both-studies. Craig 8 singie five—spot was not truly
- isolated: because 1t was SUrrounded by two ringa of competing producers :'
which i;nited the amount of fluid available to the pilot producer. Also,
this well srrangement in conjunction with an initial gas saturation gave -
rise to radial water fronts which provided an effective confining me- _
chanism around the pilot producet.
| In the present study, neither competing producers nor initial
gas saturation was. used with the result that no confining nechanisn,
such as'observed by Craig, was present; Instead it was observed that o

‘the water fronts expanded with continued water injection thereby con-

tacting more and more oil bearing areas beyond the pilot perinetqr.-'}



63

A

Pattern Confinement

The results presented in figureo 8 and 11 ihdicate that.wﬁgn
surroonded by eight like patte;no, the‘five andvnine-sPot pilgfo will
be efféctiveiy oonfihed‘if.toe injection rates are_sufficientiy high
to enéore stabiiizedifloods, At injection‘;ates_below the critical,
the pilots oehgve‘as.if unconfineo, yielding oyorly ootimiatic oil
recoveries. | .

At high‘mooility.ratios,'pattern confinement may be;obtaingd'

* &

at lower injection'rates‘than.for low mobiiiiy tatios;‘ For example,
p.for M= 14.09, figures'9_and iZishow that the pilots a;e:virfoally,;o
confined and_their recoogries independent.of rate over thé'entire range
- of iojectioo féteéFStudied For M= 20. 61 however, glight rate sensi—~ 1
tivities persist at low rates as may be seen on figures 10 and 3. |
These rate sensipivities are aCtribu;ed to errorsvip the flooding;
results-couséo by‘the formation ofﬁeooisioﬁa ghich chathéﬁri:edvthé "'

dieplacemént‘process:at thio:mobilityirotio,"'

'Mechanism. of Oversweep -

Vigual obaervations of the movement of the coloted injectIOn L
water‘gave some inaight_into the oechanisn ofsove:sqeep<in the iaoloted
'_ and modified piidts. - o | } _ V_A o
In the ioolated pilots. the injected water conti;ncd to
~expand beyond the original pilot areaa coutncting frcsh oil.boaringu
areas as flooding progressed As there wqre no- prnsaurq ainks outaide -
_of the pilot areas, the injected water was imbibed into the oii bearing;-:

R argas surroundins the_pilots. Water imbibition resulted {n’ a, counter-‘

fipw.of oil toward @he'pilot_producer,,
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The effectiveness of imbibition as‘nidisplacement mechanlsm
is known to increase with time (87) This accounts for the oversweep
and hence higher oil recoveries observed at low injection rates as
"compared to the high rates. |

In the case of the modified pilots, the ouersweep mechanism
was somewhat different. At low injection rates, the flood fronts were
generally diffuse with no distinct boundary between the injected water
and the displaced 0il. ‘Corridors of the pilot areas remained uncontacted
by water during‘the early stages of the flood. These corridors provided |
the paths through which extraneous oil reached the pilot producer. |
"Also, there was considerable lag between water arrival at. the pilot N
producer and water production. This is the familiar boundary or capil-"
lary end effect. This effect led to grossly exaggetated breakthrough |
oil recoveries. "As .the flooding progressed,-the initially uniform

colored’ water distribution became grossly distorted creating more paths-
‘f;r both injected water and displaced oil’ from the surtounding patterns‘-
to reach the pilot producer.A | s

At high injection rates, the.diaplscement process was remark-jp
.ably different, The.radial water fronts quickly cusped into~s squsredfj'
off pattern, with much of theopilot area contacted at- water breok-
~ through. The squared-off water fronts provided the confining nechanimm
vin this study much in ‘the same way-as did the coaleacing radial fronts

in Craig's (88) Other distinctive features of the displacement were

‘ sharp flood frbnﬁs and little or no capillary end effect.

AY
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Pilot Scaling‘
| fhe‘scaling procedure.originally suggested by Rapoport et al

(89) for five-spot pxlots was extended to nine-spot floods. Use’was\.
made of the injection-production well ratios of confined five and nine-
spot patterns in determing the rate used to calculate the scaling co-
efficients, C. The ratios are 1:1 for the five-spot and 3:1 for the
nine-spot. |

At a viscosity ratio of 1. 32 M= 2. 63), the scaling results
shown in figures 21 and 22 are similar to those of Rapoport et al (90) /
At scaling coefficients-lower than the~critica1, both studies indicate
that oil recoveriesvare'senaitive to C; but.above*the critical, the =
recoveries are stabilized and essentially independent of C : However3 _::
_iRapoport et al (91) found that oil recovery increased with C at low
scaling coefficients, whereas the oppoaite is true for the present 3tudy.

, This difference in. oil recovery performances may be attributed
to the neture_of pattern canfinement in the tvolstudiesr” In the preaent ‘
study,'dvnamic confinenent.was.obtained only-at.rates'ahove the criti—‘.
cal. At low rates, therefore, the pilota were practically unconfined.
'Thus the high recoveries at low rates were due to pattern overaweep
rather than to high displacement efficiency. As injection ratea in-.
creaeed toward the critical the oil racoveriea decreased because the :7
l floods approached confinement. The. systen studied by Rapont et al
‘(92) was mechanically confined' therefore; their floode were not aubjact
_'to 0veraweep. The low recoveriea obtained at law rates ar low acalins
_coefficients by these authoré reflect both the lack of oversweep and :

the generally recognized inefficiency of alow inniscible displacement.

9



66

L4

On the other hand, the increase in recovery withvincreasing rates or

increasing scaling coefficients reflects the higher recovery efficiency

usually attributed to high displacement rates,

| In this study, the critical C for a viscosity ratio of 1.32
(M = 2,63) is 2.60 x 1073 as compared to 3.50 x 10™> obtained syi
Rapoport et al‘(93) at a viscosity ratio of.unity, .The agreement in
the orderiof nsgnitude'is Aemarkable in view ofvwettabilitynand other
difierences between the two systems. | | |

Above the critical c, both the five—spot and nine—spot floods

stabilize and yield identical oil recoveries. The two floods therefore

‘become equivalent at sufficiently high rates or scaling coefficients.

&
At a viscosity ratio of 8.66 (M "14 09), the mod1ified five

-and nine-spot floods are stabilized and identical'st much lower values

of C than at a viscosity ratio-of 1‘32 (M -'2v63) Thus, as viscosity
ratio increases the criticsl injection rate or - critical scaling Go- f

efficient decreases This observation supports the theoretical pre-

'diction of Equation 17 which shows that as the viscosity ratio (x)

increases, lower values of C are required to render the rate dependent

1

terms of the flood performance negligible.

~

Effect of Mobility Ratio j

The mobility ratios examined in this study fall withiu the

.range usually considered unfavorabbe to waterflooding. Although the \
.effects of increasingly adverse mobility ratios on pilot recDVeries
have been pointed 0ut elsewhere in this discussion, a brief sunnary is

in order.'
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‘IncreaSing'mobility.ratios predictably result in lower oil
recoveries from both isolated and‘confined~pil0ts. As these lower
recoveries tend to mask the'severity-of'9versweep in’ the unconfined
pilots, due care should be exercised'in interpreting pilot recovery
data obtained under adverse mobility ratios. | | |
With regard to.pilot scaling, it has been shown that in-
_ creasing. mobility ratios (or viscosity ratios) lead to early flood
stabilization and confinement. The agreement between this observation
.dand-the predictions of‘EquatiOn 17 is further evidence of the validity
of the theory of immiscible displacement employed 1in this study.

. Generally, the immiscible displacement process at the higher
mobility ratios was characteriZed by low breakthrough sweep efficiencies,
vdiffuse flood fronts, high water-oil ratios after breakthrough and o

considerable-subordinate oil productionv These observatigns agree in

a qualitative way with those reported by othervinvestigators.

Five-Spot versus Nine-Spot Performance

As pointed out earlier, the recovery profiles of the iaolated
- five and nine-spot pilots are very similar over the range of the mobi—.'
-'lity ratios studied

| On the other hand, figures lﬁ through 16 ehow ‘that the five-
‘spot breakthrough recoveries are consistently higher than those of the
_nine-spot. Surprising as these results may be, they are in full accord
with the theoretical calculations of Krutter (94) and Mushat (95) which
: indicate that depending on the rate ratio of the corner to aide well,-

.the nine-epot breakthrough efficiency may be lower than that of the

~ five-spot. o \{‘

.
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Although the sweep effiéiencies were not calculated, plates
3 and 4 give a quélitative view of the breakthrough areal coverage for '
" the stabilized or confined five-spgt and nine-spot patterns, réépec—
tively. Plate &4 shows that the four side wellé are responsible for the
eafly water breakthrough observed in the nine-spot pilots. This greak-
fhrough behaviour of the nine-spot flodds emphasizes the need for gtrict
rate control of the corner and side wells if the potential benéficé of
nine-spot floods are Fé b; realized.

Despite the'diffgrencés.in breékthrough recoveries, the cross¥'_'
plots.shown in figures’17 through 19 indi;ate that the ultiﬁatev;eéo-
iver?es frbm the stabilized.or confined'f;ve and nine-spot floodé are
~identical. fhis observation is important from a praéticéltsténdpoiht.‘
If fiéld-pilots behave' as labérgtory piiots, then a limited'nu@be: of
niné-spoté,-sﬁch as p;esented in Ehis_study, mﬁy be qsed to study the -
ergsibility offlarge écale_fivé-spot'floods in situations where the
lead time is the‘oVerriding factor, On the other hand;”if the lead"
time ;s unimpo;tant, the_obserﬁéiibn casts dogbt on‘ghe'wiaddm of using "
.nine-sﬁbt fioods a§,the'Samébresults could 1ﬁdeed be'oBtained with a
‘ limiied éumber of fivé-épots at'avlower CQSt. ”

)



"'PLATE 3. Breakthrough Areal
' Pattern

PLATE 4. Breakthrough Areal
Pattern '

7

Coverage for.a Confined S-Spotd

Coverage for a,C}ﬂ«d 9-Spot
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- VII. SUMMARY AND CONCLUSIONS

A laboratory study has been conducted on isolated and

partially confined five and nine-spot waterflood pilots. ‘The model

consisted of an unconsolidated pack of‘glass beads sandwichedzﬁéz;een

“two transparent lucite plates. Colored injection water permitted

direct visual observations of the flood fronts. Three mobility’fatios

were studied; in every case, initial water saturation was present,

The main conclusions drawn from the results and observations

of this study are:

T g

'identical prbvided;the floods are stabilized.'

iy

Both isolated five and nine-spot pilots continue to oversweep their .

patterns with continued water injection.

~Pattern confinement may Be achiéved by éurrdunding the five and

nine-spot pilots with é'single ring of eight similar patterns.

Such pattern confinement. can only be achieved when the injection

rates are sufficiently high to ensure étgbilizedvfloods.

The higher the mobility‘ra;io, the lower .the injection rate required

!

to ensure stabilized floods. | o . N

Increasing mobility ratios lead to decreasing oilyrgcoveries‘from

both isolated and confined pilots at any given‘water-bil ratio.

The five-épot breakthrough performance is superior to the nipe-spot

operated at a unit'cbrnér'to side injection rate ratio.

The uitimate'recoveries from the fiye-spot and nine~gpot pilots are

14

70
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8. The scaling procedure p;opus‘cd by Rapoport ot al (96) tor Five—spot
floods may be successfully extended to nine-spot floods by appro-

priate choice of injection rates.

Recommendations

The pattern arrangements used in the presént study by no means
exhaust the possibilities. Preliminary studies on an arrangement con-

sisting of a cluster of sixteen inverted five-spots indicated that

pattern oversw$;¥:§§?{€TTmiqgted over a wide range of injection rdtes

d the formation of radfél*wa;er banks similar to thbse observed Sy
Cmﬂ. This pattern arrangement merits further invéstigation.
.Also, de Haan (98) gnd othefs found.that %njection rates far
in excess of tﬁose requ%réd to ensuré flood st;biligyllead to decreasing
0il recoveries.. This suggests thé existence of plateau in the recovery
versuslrate or scaling coefficient plot. This rate effect was not
examined because of the strength limitazizn of the lucite model used

\

in the present study. "To study the flood behaviour at these high rates,

it is recommended that the modél be rginfor;;d toﬁwithstand highe£
injection pggssures thaﬁ thése»epéounféé;d'in thg present}study¥
Finally, the breakthroughAsweep efficiéncy‘df the nihe-Spqt
| pattern should bé,studied in greater detaii% ‘In_p‘ax."ticu-lar, ‘the effi-
c;enéy shou}d 2§?examined as a funccion of'?ﬁe}corner to-slde well
injection rate ;;tio. “Such ‘an invesfiéation could gerve to esﬁabl}sh
‘she range of rateifatios Which'will ensure'optimuﬁ operation,oé nine-
épot floods. To accomélish thié, the;préééht injgctign systém will
have to be modified tbfpgrmit different 1njectioﬁirates ;qto'the corner

andlside»wells‘
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NOMENCLATURE

Average area perpendicular -to directi®n of fl&w
Scaling coefficient

Distance between corner well and production well
Fraction of fluid flowing

Acceleration due to gravity

Thickness of pérous med ium .
Initial oil in place

Absolute ﬁermeability

Eftective permeability to oil at residual water
saturation

Relative permeability to oil

Relative permeability to water

Effective pefmeability to water at residual oil
saturation

Charac;eristic length of the system

Mobility ratio

Slope

Pressure

A

Capillary pressurg

Dimensionless capillary pressﬁre'

Patiefn pore volume |

Production rate per unit reservoir thicknesé
Injection rate per well

Wellbore radius

)
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Saturation

Darcy superf&cial velocity (flux) vecior
Characteristic superficial velocity

Elevation below some reference elevation measured
positively in a vertical downward direction

Angle with vertical

Contact angle.ﬁetween solid and waﬁer-oiliinterface
measured through the watér phase

0il viscosity

Water viscosity

Density

Water—611 density difference

Oil—watef interfacial tension

Pérosity

kro times fractional flow of the displacing fluid

-

4y
ds

Vector Notation

©

where I, I and K are unit vectors in thg X, y and z directions,

respectively.

1,722, D
p Iax+jay+kuz. ‘

T S R A >
X + ay'+ k az? (Ihx“+u]9y + kuz)
Ju. aui
3% 9y + ¥z
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APPENDIX A

Determination of the Permeability and Porosity of the Model

The absolute permeabilify of the model was determined using

Muskat's equation for the five-spot pattern:

0.00354 Kh AP

q, = ——
1 d
b, (tn = - 0.619)
W .
where
K- = absolute permeability to vater, mds
q; = total injection rate, bbls/day .
-uV'= water viscosity, cp
g = distance Betyeen injection well and prdduc:ion
well, ft i
r, = wellbore rédius, ft
AP = pressure differential, psi
h = formation thickness, ft
Rearranging,
wo(n - 0.619) .
wooT, v I o
AP = — - - - q B
©0.003541 Kh -

>

Thus a graph of AP versus q is linear with a slope given by

u, On 2= -.0.619) - R
. w T e
m = —
| 0.003541 K"~ . ...

Alfive-spotvpattern was set up with the model fully saturated
with distilled water. Water was injected into the pa

h]
ttern at various

¢ . ‘ . ’ S - S . .
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3 ‘ ‘
rates and the corresponding pressure differéntials measured. The

<

éesults were as follows:
e

AP

q
B
bbls/day psi
" 0.00Q0 0.0000
% . /
- - 0.0967 1.2863 -
BN |
o _ _ 0.1450 > = 1.8181
0.1934 2.5580
0.2417 3.1720
Other pertinent data were as follows:
| . ‘ w, = 0{9?07 ‘c’
. t ' h, = 0.01482 ft
r = 0.00404 ft
w .
d. = 0.6670 ft -
3 (d/rw) = 5,230 ft

‘The plot of AP versus q, shown in figure 25, had a slope of 13.17.

: Therefore, _
. 13.17 = 0.9907 (5.23 - 0.619)
, ++7 = 5.003541 x 0.01482 x K
- from which

K = 6.60 darcys

The poroqity was obtained by a material balancé calculation.
Before packing, the model was filled with distilled water to determine

the bulk volume. After packing, it was completely saturated with dis- .

A

»

tilled water to determine the pore ‘volume. ' The following resylts were .

'fgf

oﬁtained:'

.-
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5711.0 cc

]

Bulk volume

‘

Pore volume 2080.0 cc

Porosity 36.427%
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N1t TYPF  KERNSENF : CONNATE WATER (Z) = 36,0
e e e e et ————— I eSS bbb [
RUN NA -t © INJECTION RATE/WFLL (CC/HR) = 47,9

ABSERVEN PRONUCTINN NATA : v

e e m e L .
INCREMENTAL PRODUCTION GUMULATIVFE PRONHCTION
GROSS  WATFR n1L GRS S L NIL
(GC) (CC) (CC)H (C.C) (PV) iccy  (#1n1P)
_______________________________ i
0.0 0.0 0.0 0.0 () .000 0.0 0.00
24,9 040 24,9 24,9 0,654 24,9 107 .38
10.5 2.5 8.0 35,4 0,930 32.9 135,28
12.7 5.5 741 0% 48,0 1. 766 0,0 164,88
16.0 9,9 ! 64,1 1.685 bhe? 189,96
18.5 12.7 5.8 8?2 .6 2.171 52,0 213.81
19.5 13.7 5.8 102.1 2. 6RG 57 .8 237.6h
19.8 13.6 bo?2 121.9 %y 205 63,9 263,15
20,9 14 .6 b3 142.8 3,754 70,3 289,06
RUN NO 2 INJECTION RATE/WFLL (CCZHR) = 150.0
, | L _

NESERVFN PRAONDUCT ION NATA
INCREMENTAL PRNANUCT INN LCUMULATIVE PRONUCTINN
GRNSS WATFR NiL GROSS -0IL
(CC) (CC) (CC) (cC) (PV) (EC) - (%IDTP)
————————— B e U S
0.0 0.0 0.0 0. 0.000 0.0 / 0,00
21.2 0.0 212 21.2 06557 21.2 87.17
10.6 3,7 6.9 31.7 0 .R36 28.1 . 115.54
11.5 6o 9 b,b 43,3 1,138 . 32,7 134,45
19.6 1442 54 79.1 2,082 - 43.7 179,68
20.R 15.8 5.0 . 99.9 2679 48,7 200,26
220 17.0 5.0 121,9 3,207 53,7 220.80
19.9 16.0 3.8 141.8 3,730 5745 236,84

APPENDIX B

‘Flooding RBsults

CISALATEN 6=SPNT PATTFRN

e . ———— ————— o — = =S -———_.-—-—_—__.—__—_—-———————_-—- - ——-—

— e — - e e e =



ISOLATFN 52SPNT PATTHRN
OTL TYPE  KERNSENF CONNATF WATER (2) = 34,0

- - — . —— e o m A - T = e o S Se e e . o  m m— — ——— — " - o n o  —n —— e —

]
By
—
:\
L]

[ =3

RUN NN 3 INJECTION RATE/WELL (CC/HR)

NBSERVEND PRODICTINN NATA

INCREMENTAL PRONDUCT INN CUMIILATTIVFE PRODUCTION
GROSS  WATFR NIL - GROSS NniL

(CCY  (CC) (cc)h (CCY  (PV) (CC) (g1nIP)
0.0 0,0 0.0 0.0 0,000 0,0 0,00
19,3 - 0.0 19,3 19. 3 0507 19.3 79,35
114 5¢2 b2 30.7  0.RN7 25,5 104,85
13,3 9.0 4,3 44,0 1.156 29.8 1727.53
15,9 11.8 4.1 59.8 ~ 1.674 ° 33,9% 136,39
20 . b 16.0 4,3 RO, ? 2.111 38,2  157.48
20,5 17. 4 3,1 100.7 2. 650 41,3 170.23
22.5 18.0 4.5 123,72 3,241 45,8 188,73
22,4 18. 9 3.5 145.6 3,830 49,3 203,12

87



[SOLATEDN 9-<SpnNT PATTERN
\\\QIL TYPR  KERNSENE CCONNATE WATER A%) = .36.0

A e —— - —— —— — {— — — —— o —— A ——— — o ——— — - — S —— " . - — - 7 ——————————
RUN NN 4 . INJECTINN RATF/WFLL (CC/HR) = ams

NRSERVEN PRODICTION NATA
INCREMENTAL PRONDICTINN CUMULATIVE PRONDUCT I ON
GRNSS  WATFR niL Y GRNSS nTL
(cC) (CC) (CC) (CcC) (PV) (CC)  (X1N1P)
\)cn Ooﬂ 0.0 0.0 ()0000 0.0 0.00
18,5 0.0 18.5 1R.5 | 0.48k 18.5 76,06
10,7 3.0 Teb 29,7 O.dbT 2647 107,73
13,5 8.0 5.5 42.7 1,172 31.7 130,34
19,4 11.8 7.5 62.0 1,632 39,3 161,59
19.0 13.0 A0 B1.1 2.1 45.3 186,26
2.4 14,2 b2 101.5  2.h58 51.5 211.76
27.1 18.,6 8.5 128.6  3.381 60,0 246,71
21.0 15, 2 5.8  149.6 - 3.933 65,8 270,56
RUN ND 5 "INJFCTION RATE/WFLL (CG/HR) = 5346

%Y ) ’

NBSFRVEN PRONDUCTINN DATA - -~
INCREMENTAL PRODUCTINN CUMULATIVE PRANUCTION
GRNSS WATFR 0IL GRNSS NI
(cc) (ce) (cC) (cCy — (PV) (CC)  (ZINIP)
N.0 0.0 0.0 0.0 0,000 7 a,0 0,00
16.0 0.0 16.0 16.0 0.420 16.0 65,78
11,5 3.4 8.1 27.5  0.723 24,4 99.09
17.0 11.7 5.3 58.0 1.524 35,0 143,91
19,5 14,1 5.4 77.5  2.037 40,4 166411
18,7 13.5 4.6 95.7  2.516 45,1 185,44
20.3 15. 9 bob

- —— - " - o —— i — s — — —— o - s = el —p > - .~ — -
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/
ISOLAFFN 9-SPNAT PATTFRN
NIL TYPE  KERNSFENF ; LONNATE WATER () = 34,0
________________________________ c___.___...__.....n._.._....____.______.__
RUN NO 6 CINJFCTION RATE/WFLL (CC/ZHR) = R8T
NBSFRVEN PRONUCTION NATA
INCREMENTAL PRNDUCT INN CUMULATIVE PRODUCTION
GROSS WATER — NIL : GROSS. . NIL
(cey . (tey (CC) (CcH L (bv)(CC (X1NT1P)
0.0 0.0 0.0 0.0, 0,000 0.0 0 .00
0.5 0.0 2045 20,5 (), 53R 20.5 84,29
1.5 5.0 5.5 31.0 0.815 2.0 106,90
16,5 11.9 46 47,5 1,768 A6 125,80
20 .8 1644 A 68,3 1,795 im0 163,91
1.5 18. 3 3.2 . 89,8 2,361 iR, 2 157.07
21,0 18,0 3,0 110.8 2.913 aY,? 169,40
22.0 1809 301 ]’3?.8 3."Q] "“‘-% IR?.I.%
R%?.Nﬂ T INJFCTINN RATE/WFLL (CC/HR) = 178.6
: o : ¢
OBSERVFND PRODUCTION NATA
INCREMENTAL PRONDUCTINN CUMULATIVE PRODUCTION
GROSS WATER orL - GROSS NIt
-(ccy  (CC) (CC) (CC) (PV) (CCY 1%INIP)
0.0 0.0 0.0 0.0 0,000 0.0 000
15.6 0.0 15.6 15.6 0,410 15.6 bh o 14
10.5 5.8 4,7 2641 0.686  20.3 R3,47
16,4 12.0 4,3 42,5 1.117 24.7  101.56°
20.1 1640 4,0 62.5 1. 645 28,7 118,42
20,5 17.3 3.2 83,1 2,184 3By9c 131457
22,2 19.0 3.1 105,3 2,768 35,2 144,73
21,0 18,0 3.0 1264 3 3,320 3R.2 T 157.07
22.2 19. 8 2.3 148,5 3,904 40,5 166.94
- - — — - i - ————— — " —— ———————— = e n -t - [ I,
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\
ISOLATFN 9-SPNT PATTFRN ~
NIL TYPF  KFRNSFENF CONNATF WATER (%) = 36,0
RUN NN 8 CINJFCTION RATF/WFLL (CC/HR) = 257.1
; \
NBSFRVFN PRODICTINN DATA
________________________ p
INCREMFNTAL "PRODUCT I ON CUMULATIVFE PRONUCTION
GRNOSS  WATFR .  0OIL GRNSS 01L
dCC) (o (CC) (CC)  tPV) (CC) . (%I0TP)
0.0 0.0 0.0 0.0 0.000 0.0~ 0.00
1466 . 0.0 14.6 14 .6 H.3R83 14.6 60,473
14,0 7.7 643 28,6 0,751 , 20.9 8%. 93
17.9 14,9 3,0 46,5 1,277 23.9° 9A,27
20 . R 18.0 2.7 67:3 1.769 26,7 109,78
21.8 *18. 4 3.4 RG .0 24347 30,1 123176
22,0 19.3 2.7 111.0  2.971 37,8 134. 86
22,7 19,7 2.5 133.3 3.5 35,3 145,14
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e ;
MODTETED 5-SPNT PATTFRN ¢
_ : s
NIL TYPF KERNSENF | CONNATF WATER (%) = 36,0
Tttt LT TTTTTTTTTTTT T TTTTTTTTTT
RUN NO 9 ' INJECTION RATEZWFLL (CC/HR) = 150.0
e
-

, NBSERVED PRONICTION DATA
INCRFMENTAL PRODIJCTIF‘!N_‘ ‘ CUMULATI\/F PRHI)HCTION
GRNOSS  WATER 0IL . GROSS ore
(CC)H (ccH, (CC) _(ce) {PV) CLCC)  (RINTR)
“""'—"'“‘-',"‘“--T-—""‘j' ———————————————————————————————————
0.0 0.0 0.0 0.0 A).oon n.0 0.00
13,4 0.0 13.4 13.4 0.357 13.4 55,09 °
1.0 4.9 5.1 23.4  0.615 1R.5 76,06
14,0 1025 3.5 . 37,4 0,93 22.0 90, 46
17.3 14.2 3,1 54,7 14438 25,1 . 103,20
IBQR 1600 2.7 73.6 ' lcqu 27.9 114072
19.0 16.5 2.5 92.5 2.437 30,4 125.00
18.6 16.8 1.7 111.0  2.921 . 32,2 - 132.40
RUN NO 10 INJECTION RATE/WFLL (CC/HR) = 214.3

OBSERVFN PRODUCTINN NATA
INCREMENTAL PRODUCTI NN CUMULATIVF PRﬂDUCTION
GRNSS WATER nIL GRASS -~ 0OIL
(CC)H (CC) - (CC) (CTH (PV) (CC)  (RINIP)
0.0 L 0.0% 0.0 0.0  0.000 0.0 - 0.00
14,0 © ./ 0.0° 14,0 4.0 0.368 16,0 57,56
12.6 . 703 503 -6 0.699 19.3 79‘35
16,5  13.1 3.4 4%.1° 1.133 22.7 93.33
20,7 18,0 2.6 63.8{ 1.677 25.4 104 .44
20,2 18+ 6 “1.5 B4.,0% 2.208 270 111,02
19.5 17.7 1.8 103,5 © 2.721 28.8 118,42
21,0 19.5 1.5 124.5 3.273 30,3 124.58
21.3 19.0 2.2 145.8 ' 3.833 4 32.6 134,04



MODIFIFND 5-SPNT PATTERN

. e B o v —— —— - - —— T e et mt o am e e  — w—  mm S S S TR el e e R e el s el e e

e Y e e e e e e - ——————— — — e ——
NIt TYPF KERNS ENF . CONNATF WATFR () = 36,0
e e o B e e e s 2 i o = e+ = S o o h - = = e = e m e o e e e

RUN NN 11 INJECTION RATE/WELL (CC/HR) = 257,1

OBSFRVED PRONICTINN DATA

e e s - - e

INCREMENTAL PRONICTION CUMULATIVF PRODUCTION
GRNSS  WATER 0L GRNSS . NIt

(CCY 5 (CC) (CC) ~ (ce) (PV) (CC) - (INT1P)
e e T m e e e — e ——————— ——— - -
0.0 N.Q 0.0 0.0 0.000 V0.0 4 0,00
14.0 0.0 14.0 14,0 0.368 14,0 - 5T7.56
11.5 bel  H.b 25.5 0,670 19.4 79,77
18.0 15.0 3,0 43.5 1.143 22 o4 92.10
18,7 1645 2.1 h?.7 1.635 2446 101.15
19.5 17.9 1.6 Rl.7  2.14R 2642 107,73
20 4 19.5 0.8 - 102.1 7.6R4 271 111.43
19.0 18.0 1.0 121.1 ~ 3.183 28,1 - 115.54

—— e A - T . e e g Y P S R S T G- ML S mp M S e GRS e Al mm e e e e

RUN NA 12 INJFCTION RATE/WELL (CC/HR) = 342.9

OBSERVFN PRONUICTION DATA

—— - — - - - A - - -

INCREMENTAL PRODUCTINN CUMULATIVF PROPUCTION .
GROSS WATER S oIe GROSS . ) .. 0IL

{CC) (CC) (cc) (cer: (RV)_ (CC) (2101P)
0.0 0.0 0.0 0.0 ., 0.000 0.0 0.00
16.0 0.0 16,0 16.0 ~ 0.420 16.0 65.78
12.5 8.0 'a‘s 28,5  0.749 20.5 84,29
1645 14.0 245 45,0 1.183. 23,0 ‘94,57
19.4 1943 0.0 64,4 1.693 23,1 94,98
21.3 19. 5 1.7 865.6 2.253 24.9° 102,38
20,5 20.4 0.1 106,1 2792 25.0 1R2,79
22.2 21.0 = “l.l 128,3  3.375 26,2 . 107,73

—— i e e e i - = . s . — - - — S A G - AL S e O -
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MODTFTEN 5-SPNT PATTFRN
_________ N T e e T
AIL TYPF  KERNSENE ‘ CNONNATF WATER (%) = 36,0
- ' . ' . :
RUN N0 13 INJFCTION RATE/WFLL (CC/HRR = 42R.6
NBSERVEN PRADUCTION DATA .
INCREMENTAL PROﬂQtTIﬂN:. . CUMULATIVFE PRNANCTION
—— o ——— — —— — ———— a— - e - — - —————— —— - -~ —— e
GROSS  WATER C0IL GRNSS - nIL
(CCH (CC) (cc) (CC) (Py) (CC)  (BINIP)
0.0 0.0 0. S 0.0 0,000 . 0.0 0.00
16,0 0.0 16400 16,0 0,420 16.0 65,78
15.1 10.1 5.0 31,1 0.817 21.0 R6.34
18,6 17.8 0.7 49,7 1.306  21.8 89,63
20,3 18.5 - 1.7  70.0 1.R40 23,6 97,04 .
1.5 20,7 0.8 91.5 -2.405 2444 100,32
0.7 20,5 el 134,0 3,523 25,2 10M,61
RUN NN 14 ) INJECTION RATE/WFLL "(CC/HR) = 519.3//
NBSERVED PROMICTINN NATA
INCREMENTAL PRODUCTINN CUMULATIVF PRODPUCTION
GROSS  WATER nic S GRRSS . nIL
(CC) (CC) (cc) (cc) (PV) (CC)  (RINI
0.0 0.0 0,0 0.6 0,000 0.0
1445 0.0 14,5 //14.5 0.3R1 14,5
\ 9.3 5.0 ’ 4,3 ?3.8 0.6?-‘3 18.8
16.6 14,2 . 2.4 (\ 40,4 1.062 21.2
17.5 15.9" 1.6 ~57.9 " 1,522 22.8
¥9.0 17.7 1.3 76,9 2,071 2441
19.5 - 18.5 1.0 116.6 3,068 26.1 107
Sttt bttt iitbak il e ity
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L
MONDIFIFD 9-SPOT PATTERN
_____________________ e e e e o ——— e ————
\ . ‘ }
NIL TYPE "KERNSENF CONNATE WATER T2) = "36.0
RUN NO 15 INJFCTINN RATF/WFLL (CC/HR) = 53.6
r]BSFRVfﬁ\"PRﬂDl'ICTIHN NATA
------- 0 _
INCRFEMFNTAL ppnnucrrow  CUMULATIVF PRUHUCTIQNJ
GRNSS  WATFR oL GROSS nIL |
(cc) (cc)r ~ (dcyr /oqccr o (pv) (cCy (xIn1P)
O.Q 0,0 040 0,0 0. 000 0.0 0,00
1410' 000 14.0 1400 0.3(\R 14.0 57056
1.4 5.2 ‘Qf.a 36.5  0.959 30.4  125.00
17.5 13.0 5 54,0  1.419 34,9 143,50
19.6 15.9 3,7 73.6 - 1.935 38,5 _ 158,71
21.5 - 17.5 4.0 95,1 4 2.500 42.5 A 175,16
22.5 20,7 1.8 140.0  3.680 46,7 192,43
e e e e i o e b 4 = — e = o e o
RUN NN 16 INJECTION RATE/WELL (CC/HR) =  64.3
OBSFRVFD PRONUCTION. DATA
INCREMENTAL PRﬂDUCTIﬂN CUMULATIVF PRODUCTION,
GRNSS  WATER 0IL ) GROSS . DIL
(cC) (cc) (ccH (CC) ~ (PV) (CC)  (%101P)
0.0 0.0 0.0 0.0 0.000 00 000
12.4 £ 0.0 12.4 12.4 0,326 12.4 50.98
10.9 2.0 8.9 28.3  0.612 21.3 87.58
11.5 7.0 4.5 34,8  0.914 25.8 106408
16,0 12.3 . 3.7 50.8 1335 29.5 121,30
19.7 17.0 2:6 70.5. ,1.853 "0 32,2, 132.40
21.0 o 244 91,5 2.405: ‘34,6 142,27
204 4 18.6 . 1.7 111.9 - 2,942 7 36,4 149,87
20 .8 19.5 1.2 *132.6 '3.488 37,7 - 155,01



MODTETFN 9=spnT WATTHRN

- e = — '— ————————————————————————————
ﬂIli TYPF KFRF\'SFNF ’ CONNATF WATER 4%)
RUN Jh\4ﬂ - b INJFCTINN RATE/WFLL (CC/HR)

‘ A
NDBSFRVED PRH‘HCTIHN NATA

INCRFMENTAL PROPUCTINN EUMILATTVE PRNODUCTION
GRNSS  WATFR niL . . GRNSS YL NIL _
(CC) (CC) (cc) -Tce) (PV) S (CC) RINIP)
0.0 0.0 0.0 0.0 0,000 0.0 0,00
11.4 2.0 9.4 24,2 . 0,636 22,2 91.28
13.5 10.3 3,2 37 7 0.991  25.4 104, 44
17.0 14.5 2.5 f ,;51 438 27.9 114,72
18,7 16.4 242 .929 30,7 124,17
20 .8 ~ 19.7 1.1 94.1 7 476 31.3 . 128,70
20 o Ry 19.6 1.2 114.9 3,023 32.5 133,63
RUN NN 18 ' "INJFCTION RATE/WFLL (CC/HR) = 107.1

BSERVFN PRODUCTION NATA

- cm i - o — o = - —n o

INCREMENTAL PRODPCTION CUMJLATIVE PRADUCTION
GRNSS WATFR * ' OIL GROSS . © . 0IL
(ccy  (cor o ocer (cch (PV)  (CCY  (£1NIP)
0.0 0.0 0.0 0.6 0,000 0.0 % 0.00
12.5 0.0 12.5 12.5 0.328 - . 12.5  51.39
11.3 4.5, 6.8 23.8 0,625 19,3 79,35
14,0 11.0 . 13,0 37.8 04993 22.3  91.69
19.0 - 1646 224 - 56,8 14493 24,7 101,56
0.6 19.3 1.2 7.4 . 2.035  26.0. 106,90
20.6  19.8 0.7 98.0  2.576  26.8  110.19
21.7  21.5 0.1  119.6 3.147 _ 27.0- 111.02
22.7 217 . 1.0 142.3  3.744 28,0 -115.13
N

o

95
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MONDTFIFN 9=SPNT PATTFRN ¥
I R —
____________________________ . ;
Nit TYPF KFERNSENF p CONNATF WATFER (%) = 36,0
‘"“r""'“""f“““‘";""“': """""" ‘;> """"""""
RUN NN e . INJFCTION RATE/WELL (GC/HR) = 17846
N NBSFRVEN PRANUCTION NATA
IN.CREMF.NTAL PPﬂDl‘}CTlﬂN CUMULATIVE PRODUCTION
* GROSS  WATER' nIL U GRNSS nIL
(CC) £CO) (cc) (cCH (PV) - (CC)  (RINIP)
0.0 0.0 040 0.0 0,000 0.0 0.00
11.0 0.0 "~ 11.0  11.0 0,789 _  11.0 45,23
8.0 2.8 542 19.0 ) +499 lhe2 66,61
15.0 - 10,8 4.2 36,0 0,R93 20,4 R3.88
18,7 16,0 2.6 52.7  1.3R5 23.1 94,98 -
20.7 . 19.5 1.1 73.4 1,929 24,2  99,9]
21.2 20.3 0.8 94,6 2,487 25.1 103,61
21.5 21.0 .8 1161 3,052 25.6 - 105.67
20,6 20.5 0.0 136.7 3,594 25.7 106.08
———————— B et e S e e Y SHp e ———
_ M . T . ; R
RUN ND 39 . AYINJFCTINN RATE/WFLL {CC/HR) = 171.4
"NBSERVEN PRODUCTIAN NATA
""""""""" oTTEss s sT v
INCREMENTAL PRADUCTINN CUMULATIVE PRODUCTION
GRNSS  WATFR oL GROSS ¢ 0k
(CC) © “(CC) (cc) (CC) (PV)  (CC) (%INIP)
0.0 0.0 0.0 0.0 0.000, N.0. 0,00
12..2 0.0 1242 12.2 00320 12,2 50,16
9.8 3,0 6.8 22.0 0,578 19,0 TR.12
18,5 15. 1 3.4 40,5  1.064 27,4 92.10
20.9 19.5 1.3 61.3  1.614 23.7 97.86
20,0 19.5 0.5  BAl.4 2,140 24,2 99,91
22,2 21.9 0.2 103.5  2.723 26,6 101,15
21.9 2145 0.3 125.4 3,299 24,9 - 102,79
21,3 21.0 0.2 146.8  3.859 25.2 104,03
O 2
~y 4



______ .:h_.__._...___.._.__9.....______.._._...__..._.-_._._-__._.}'__._..-.—.__-—_—_
NIL TYPF KERNSFNE CANNATE WATER (%) = 36,0
RUN NO 21 C . INJFCTINN RATE/WELL (CC/HR) = 21443
® | AESERVED PRONUCTINN DATA
_____ ) e e s o o — e —
INCRFMENTAL PRODUETINN CUMULATIVE PRODUCTION
GRASS  WATER  NIL © 6RASS nIL
(CCH (CCH (ccy (CC) (PV) (CC)  (ZINIP).
0.0 0.0 0.0 0.0 0,000 0.0 0.00
13,1 0.0 - 13.0 13.0  0.341 13,0 53,45
13. 6.7 6.8 26.5 0,696 19.8 8l.41
18. 3 16,4 1.9 44,8 1.177 21.7 89,22
20.5 =~ 19.3 1.2 %5,3  1.716 . 27.9 94,16
20.4  19.2 1.2 BS.6 2,263 24,1 99.09
20 .1 20.3 0.3 106.4  2.797 24,% 100,74
24,7 23.6 1.0 131.1 3,446 25.6 106,26
20 .0 19.7 0.3 151.1 3.977 25.9 106,49

- ——————— - — ——— - " o o - - ——— e " —— - — = e o = o oGS
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NIL TYPE , HG - CONNATE WATER (%) =  33.6
e T T T T T T T T e T T T, X f""""‘“"""""""'"""""-—
N . |
RUN NN 27 INJFCTION JRATE/WELL (CC/HR) = 1641
ﬂBSFRVFD PRODUCTION NATA
INCRFM#MTAL PRADUETION CUMULATIVE PRODICTION
GRNSS  WATER niL GRNSS L
(CC) (CC) (ccy (CCY (PV) (CC)  (%1NIP)
0.0 0.0 Nn.0 0.0 0.000 N0 0,00
17,4 0.0 17.4 17.4 0,457 17,4 68,95
10.3 7.5 2.7 27.7  0.728 20,7 80,05
15.5 13.2 2.3 43,2  1.135 22.5 R9. 16
20,5 18.9 1.6 3,7 2.200 25.9 107,63
19.9 18.6 1.2 121.6  3.199 28.3 112,14
______________________________________ B o o i o e o - ——— -
RUN. NN 23 INJFCTINN RATE/WFLL (CC/HR) = 428.6
NBSFRVFEN PRODUCTION NATA o
‘INCREMFNTAL PRODUCTINN CUMULATIVE PRONUCTION
GRNSS WATER niL GROSS : niL
(cCH (cc) (cC) (cc) (PV) (CC)  (ZINIP).
0.0l 0.0 0.0 0.0 - 0,000 0.0 0,00
9.9\ 0.0 9,9 9.9  0.260 . 9.9 39,23
10.5 4.9 546 20.4. 0.536 15.5 61,42
19.5 14.8 4.7 39.9  1.049 20,2 80,05
22,3 19.0 3.2 62.2  1.635 23.5 93,12
20 o 4 18, 4 2.0 R2,5 . 2.171 25.5 101.05
21.6  19.3° 2.2 7 104.1 2,739 27.8 110,16
22,0 19.8 2.2 126.1  3.318 30.0 118.88
23.6 21.5 2.0 149.8  3.,93R 32.1 127,20
____________ _————————— ._...___.....__————-—-t-___..__—.-__...—__._
e



!

v TSI ATED R=SPNT PATTHRN

N1l TYPF  HGO CONNATF MATER (%) = 33.6A
RUN NN 24 INJFCTION RATF/WELL (CC/HRY = 514.3
4 NMRSERVFD PRONIICTINN DATA v
INCREMENTAL PRODUCT INN CUMULATEVFE PRONUCTION
GRNSS  WATER niL } GRNOSS NIt
(CCH ({CC) (CC) {CC) {PV) (CC)Y  (ZINTP)
e e e e e e e e e e e T e e Y
., 0 e 0 (1,0 0.0 Y, ONO 0,0 Nn,0n
7.5 (O .0 7.5 7.5 0,107 T eH 20,717
12.3 6e5 5,8 19 .8 0 ,h20 13.3 52,70
21.0 1645 4.5, 40,8 1,072 17.8 70,52
?1.4 18,1+ 3.7 6267 | . 635 ?1.1 83,61
18,9 16 48 240 81.0 2.137 23,7 91.93 .
?1.6 19.6 2.0 102.6 2.700 25,2 99.86
23,3 21 o4 1.9 125.9 3,317 27.1 107.39
?3.R 720 1.7 149.7 3,938 28.9 114,52
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AL TYPE RGN CONNATF WATER (€) = 33,6

- o o kM e = e = M S e = et e e . - ———— - —— v e = . e - e = = —— - —

1
»
L]
Pal

RUN NM 25 INJFCTINON RATE/WFLL (tC/HR)

ORSERVED PRODUCTINON DATA

—— e - o oo - — - —— —— —— -

-t mf s o —— e~ - ————— ——— — o e - A = e ————— ——

GRNSIS  WATFR NIL GROKS NIt

(CC) (CC) CCC) y  (PV) (CC)  (RINTP)
\@2ﬁ 0.0 0.0, 0,000 0.0 0.0
T 11.0 11.0 (4?89 11,0 43,59
2.5 Hetlt 19.9 N.H5773 17.4 HRL,95
11.1 3.3 34,3 0,901 20,7 82.03
15.5 3.0 52.8 1.3RA 23,7 93,92
20,2 2.0 75.0 1,971 25.7 d01.84
19. 4 0.9 95.2  2.505 2606 105,41
18.5 1.5 1.2 3,031 28,1 111.35
18. 5 1.5 135.3 3,557 29.6 117.30
____________________________ <
RUN NO 26 INJF%;ION RATE/WFLL (CC/HR) = 214,13

OBSEFRVED PRONUCTINN NATA
INCREMENTAL PRONUCT EON CUMULATIVFE PRODUCTION

 GRNSS WATER m?f‘\v" GROSS nrL - .
(CC) (CC) (CC) (CC) (PV) (CC)  (%IN1P)
0.0 0.0 0.0 0.0  0.000 0.0 0.00
4,8 0.0 . 4,8 4,8 01726 4,8 19,02
13,7 6.0 7.6 18.5 " 0.4R6 12,5 49,53
20,6 14.9 5.5 38.9 1,027 18,0 71.33
21.9 18,8 ooy 3.0 60,7 1.598 21.1 83,61
21.0 18.7 2.3 81.8 2,150 23.4 - 92.73
2646 2440 2.5 108 .4 2,850 26.0 103.03
71.8 20.3 1.5 130.1 3,423 ,  27.5 108,97
22.5 21.0 1.5 152.6 4,014 29.0‘\‘}14.92
____________ | -_-_-...-----.........,__._....__-_.._..;'7__-.........._
____________________________________________ S S



ISOLATEDN G=SPNT PATTERN

NIL TYPH HG O, CONNATE WATER (%) = 33,6 )

"
Y]
S
o
.
L

RUNC NGO 27 INJFCTENN RATE /WELL (CC/HR)

‘B NBSERVEN PRODICTION DATA

INCREMENTAL PRADUCTINN CUMULATIVE PRODUCTION
GRMSS WATFR OrL GRNSS ) O1L
(CC) (cc) (CC) (CC).  (PV) (CCY  (%IN1P)
0,0 0.0 040 0.0 0,000 - 0.0 N.00
5.3 0.0 5.3 5.3 0.139 5.3 21.00
11.R 5.7 641 17.1  ~0.449 1l.4 45,17
21.7 16,2 5.5 38.8  1.020 1649 66,97
71,7 19.0 2.6 60, 1.590 19.6  T7.67
22,0 19.9 2.1 87. ?.169 21.7 85.99
20,9 19.3 1.5 103.6  2.718 23.2  97.33
22.0 20,5 1.5 125.4  3.297 26447 98,27
22.9 22.3 0.5 148.3 = 3.899 25.3 100,65
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- e - - . —— . —— m — ——— — — ————— e wm = e S e b o= e e e = o s e e e
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NIL TYPE  HGO CCONNATE WATER (%) = 33,6

e " . —— — - e e o o e o " - - W M e S e e e e e e e e e e

37.1.

H

RUN. N 28 CINJFCTION RATE/WELL (CGC/HR)

NRSERVEN PROPUCTINN DATA

- 4 e — e S o - - e

INCREMENTAL PRONDUCTI AN COMULATJVE PRODUETION
GROSS  WATER niL  GRASS ConIL

(CC) (CC) (CC) (ccH (PV) (6C)  (%INIP)
0.0 0.0 0.0 0.0 0.000 0.0 0.00
10 .7 0.0 10.7 10.7  0.28) 10.7 47 40
17.8 16.5 1.2 40.0® 1.051 13.9 55.08
20,0 19,0 1.0 60.0 1.577 14.9 59 ¢ D4~
21.4 20,0 1.3 814 . 24140 Tbe? 64,59
22,7 2146 1.0 104.0 = 2.737 17.3 68. 95
0.5 18. 5 2.0 124.5 3,276 19.3 76.88
22,4 21.3 1.0 147.0  3.R64 20.4 81.23
RUN NO 29 - INJFCTION RATE/WELL (CC/HR) = 85.7

OBSERVEN PRODUCT ION NATA

" - — - - —— T e e

GRNSS WATER 01t - GRNSS - . 0IL
(CC) (ccy . (ccy . (ccy  (PV) (CC) _(%INIP)
____________ e e e o o o e e o oo 5 o Sy o o i S A e Y T o o o o o
0.0 0.0 0.0 0.0 0,000 0.0 e 00
10.0 0.0 10.0 10.0 0,262 10.0 39,62
10-. 8 8.1 2.7 20.8  0.546 12.7 50, 32
16,3 15,0 1.2 37.1 0.975 14,0 55.48
20,8 19.8 1.0 57.9 1.522 15.0 59, 44
20.3 19.0 1.2 78.1  2.056 0 16,3 64.59
21,2 -20,8 0.3 99.4 2.613 16.7 66.18
21.6 20,5 1.0 120.9 3,181 . 17.7 70.53
22,0 21.0 1.0 143.0 3,759 18.7 74.50
' &>
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MONTEFTFN S=SpnT PATTERN

NIL TYPF  HGOH \ CONNATF WATER (%) = 33,6

RUN NN 30 INJFCTINN RATF/WFLL (CC/HR)

H
—
N
x
.
o

NRSERVFD pRnnuchnN NATA

INCRFMFNTAL PRODUCTION ~ CUMULATIVF PROMUCTION
GRNSS  WATER niL GRNSS

(CC)y  (CO)H (CC) (CC) (PV)

0.0 n\o ) 0.0 0.0 0,000 0.0, 0,00
8.0 0 M0 8.0 8.0 0.710 8,0 31,70
7.8 5.5 2.2 15.8 ° 0.415 10,3 40,81
14,5 11.9 2.6 30.3 0.796 12.9 51,12
19.5 18.0 1.5 49,8 1. 309 14,4 57.06
21.5 20,9 0.6 71.3 1.874 15,0 59, 44.
24,0 22.9 lel 95,3 2 &5 16.1 63,80
24,0 22 .8 1.2 119.3 3,136 17.3  6KR,55
24,0 23.0 1.0 143.3 3.767 - 1B.3 . 72.5?
RUN NA 3] INJECTINN RATE/WELL (CC/HR) = 1714

OBSERVFN PRhDUCTlnN NATA . 3
________________________ ¥ .
INCREMFNTAL PRONDUCTINN CUMULATIVF PRODUCTION
" GROSS  WATER S TR GROSS - | nIL
(CC) (CC) (CC) (ccy (PV) (CCY  (KINIP)
0.0 0.0 0.0 0.0 0.000 0.0 n.00 -
7.0 0.0 7.0 7.0 0.184 . 7.0 27,74
9,0 5.0 4,0 16,0 0,420 1140 43,59
20.9 1908 '100 500 1.97] R 1500 059|44
21.5 20.6 f 0.9 96.5 2.537 15.9 63,00
22.8 22.0 L 0.7 119,72 3,136 .. 16,7 66,18
17.0 17.0 0.0 136,3 3.583 16,7 66,18
.\
y .
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MODIFIEN 5=SPNT "PATTERN

-
o o et o  r  — ——— . = = - - ———— . m+ . S e - - —— —— — - e e W A o — e ——

_______________________ Y e e e
G
OIL TYPE HGO CONNATF WATER (%) = 33,6
(QN NN 32 CINJFCTION KATE/WFLL (CC/HR) = 342.9
) NRSFRVFN PRANUCTION AATA =~ « 2
. T T Ahuht an,
INCREMENTAL PRODUCTINN CUMULATIVF PRONDUCTINN
GRNSS WATFR 0L GRNSS NIt
(CC) - (GCY o “-(CC) (CC) " (PV) (CC)  (%INT1P)
e e e e e e e ——————
0.0 0.0 0.0 0.0  0.000 0.0 0,00
6.5 . 0.0 6.5 6.5 0,170 645 25,75
17.0 15.0 2.0 33,2  0.R72  +13.2  52.31
19,5 18.1 1.4 52.7  1.385 1446 57.85
22,4 22,0 0.3 75.1 ¢ 1,974 1540 59444
71,0 20,6 0.4 96.1 2,526  15.4 61402
25.5 24.5 1.0 12146 ° 3,197 16,4 54,99
21.5 21.5 0.0 143.1 3,762 16,4 464,99
_________________________________ ,.__..-._._&‘_——-—---——-—_

—— . o — - — —— —— _— o — - M o — - W — - . S T - W e A e S S A e G MM e G e e S -
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\\ MONDIFIFN 9-SPNT PATTFRN.
NIL TYPE  HGD ” CONNATF WATER (%) = 33.6
o |
RUN NPV 33 - -~ INJFCTINN RATE/WFLL (CC/HR) = (1641
NBSFRVEN PRONDUCTION DATA | /r/"
INCREMENTAL PRODUCTION CUMULATIVF PRONDUCTION
GRNSS  WATFR NIL o GRNSS ©onIL |
(CC) (CC)- (ccy -~ (ce) (PV) (CC) (RINIP)
______________________________________ A
0.0 0.0 0.0 0.0 , 0.000 0.0 0,00
9,4 - 0.0 9,4 9.4  0.247 9,4 37,25
9.5 - 8.1 Cleb 18.9 - 0.496 - 10,87 42,79
16.9 ' 14.8 - 2.0 35.8  0.941 12.9 51,12
19.9 18.3 1.5 85,7 l.664 1445 57,46
20.1 19. 4 0.7 75.8. . 1.992 - 15.2 - 60,23
19.9 19.0 0.8 95,6  2.516 16,1 63,80
19,0 18,0 = - 1.0 114.6 3,015 . 17.1 67,76
21.5 20,5 1.0 136.2  3.581 .  18.1  71.72
RUN NN 34  INJECTION-RATE/WELL (CC/HR) = 53.6
. NRSERVEN PRODUCTION DATA | K-
INCREMENTAL PRODUCTINN CUMULATIVE PRODUCTION.
GRNSS WATFR = -NIL GRNSS : niL
(€cC) (ccy, (cc) (cc) (PV) (cC) “%IOIP)
0.0 0.0 0.0 0,0  0.000 0.0 0,00
6.5 0.0 645 6.5 04170 645 25.75
9,0 4,6 4.4 15,5 0.407  10.9 43,19
8.9 - "17.6 1.2 49.2 1.7293 13.9 55.08
1.0 20,0 4 1.0 S 70,2 . L.B45° 14,9 59,04
20.5 20,5 0.0 113.4  2.981 + 16,0 ~ 63,40
23,4 23,0 03 136.8 3,596 16,4 64499
_________________________ e ———————
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MONTFIFN 9-SPNT PATTFRN

v e - " - - ———— — — e = - — = S e ek o e = ——— -

-3
NIL TYPE HGO ' CONNATFE WATEFR (%) = 33,6
CRUN NN 35 © INJECTION RATE/UWFLL (CC/4R) = 150.0
NBSFRVEN PRONUCTINN NATA
INCREMENTAL PRODUCTINN CUMULATIVE PRODUCTION
e e e, ——— —————
GRNSS  WATER  0IL GROSS - NIL ,
(CC)» - (CC) . (CCY ~ (cC) (PV)  (CC)  (RINP)
0.0 0.0 0.0 L 0.0, 0.000 0.0 0.00
4.5 0.0 © 445 4,5 0,118 445 '17.83
18,9 16.2 2.7 34,8  0.914- 13,1 51.91
20,5 19.5 1.0 55.3  1.453 1401 " 55,87
21,3 20.9 0.4 Toob  2.013 14,5 57, 46
21.‘3 2100 ¢ 0.5 98-1 2.579 15.0 Sqo""
21.1 o« 20.3 0.7 119.1  3.134 15,8 62461
264.3 23,3 1.0 143,5 - 3,772 16.8 66,57
e e e e S e e e e e o o e S e o = -
RUN NN 36 ¥ INJFCTINN RATE/WELL (GC/HR) = 257,1
NBSERVEN PRANUCTIAN NATA
INCREMENTAL PRODUCTION CUMULATIVE PRODUCTION
GROSS - WATER oL GROSS : niL
(cc) (cc) (cc) tcc) (PV) (CC)  (BINIP)
0.0 0.0 0.0
5.8 0.0 5.8
10.3 5'3 5.0
1602 13.5 ,2.6
0.6  19.2 1.4
20.5 20. 0.5
21.7 20.9 0.7
22.5 22.0 0.5
25.0 24,5 - 0.5

A
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NIL TYPF Wi . CONNATF WATFR () = 30, 7
RUN NO 37 INJECTINN RATF/MELL (CC/HR) .=  1hu1
) \ . . o \
ABSERVEN PRANUCTINN NATA T~
INCREMENTAL PRNONDUICTINN CUMITLATTVE PRONUCTINN
e e ——— — — —— —— —— ————— a- ____________________________
GROSS  WATEFR NIt GRNSS nIiL
(CC) (CC)H (cc) (CC) (PV) (CCY  (ZINIP)
0.0 0.0 - 0.0 0.0 0,000 0.0 .00
13.3 0.0 13.3 13,37 0.349 13.3 50,16
19.0 16,4 2.6 58.3 1,532 21.6 Bl.46
19.0 16.5 2.5% 77.3 - 2,032 2441 90,89
2,0 18,0 2.0 97.'% 2e.558 2,6.1 98,43
19,4 18,1 1e2 137.1 3,604 29.1 109,75
RUN NA 38 INJECTION RATE/WFLL (CC/HR) = 428.6
/‘\ . OBSERVFN PRODUCTINN DATA
TNCREMENTAL PRODUCTINN ~  CUMULATIVF PRONUCTION
GRNSS  WATER niL GROSS niL
(CC) (CC) (ccy (CC) (PV) (CCY (ZINTIP)
d;a—.._.:__.._____..__-.....__...._-...__.____..___._.__.__A ____________
0.0 0.0 0.0 r 0.0 0.000 - 0.0 0,00
8,0 0,0 B,0 8.0. 0,210 8,0 30.17
13.3 9,0 4.3 21e3 0,560 12.3 46,39
20,0 17.0° 3,0 57.8 1.519 T18.5 69T
20,5 18,4 2.1 7R.3 2.0658 20,6 77.69
210Q 1900 2.0 99.3 20610 2?.6 . 85023
19.3 . "17.5 T 118.5 3,118 264 92,02
20,9 ! 19.4. ™ 1.5 139,.5 3,667 . 25.9 97.68
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ISOLATEN §-SPNT PATTFRN &
NIL TYPF CWO - CONNATF WATER (%) = 30,2
RUN NN.39 . INJFCTINN RATF/WFLL (CC/HR). = 514.3
NRSERVEN PRODUCTINN BATA . S .
INCREMENTAL PRONDUCT INN CUMULATIVE PRONUCTION,
GRNSS  WATER - OIL GRNSS oL M4
(cCy  (CC) (CC) (CC) (PV) (CC) {%101P)
N.0 0.0 0.0 0.0 0.000 0.0 0,00
5.1 000 f,.l ;qtl‘ ()ul—%z* C).l 19023
19.8 - 17.0 2.7 55,0 1,448 1642 6£1.09
20 .5 18. 4 2.1 75.6  1.987 1843 69,01
19.5 17.7 1.8 95.1  2.500 20,1 75, 80
20 o4 18. 5 1.8 115%.5 3,036 22.0 B2.97
19.1 17.7 Slet 13466 3,538 23.4 R8.25

- —— o — tAn — — i - W > " e A - - W ), S m E Sms G e e S W e S W G et G
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- v e
g ISOLATFD 8=<pnd PATTERN
—T——-w ————————————————————————————— 5 —— e v A A -
NIL TYPF CWD CONNATF WATER (%) = 30,2
_____________________________ .
RUN NN 40 INJFCTPON RATF/WFLL (CC/HR) = 71{4

—— - > ——— g - — -

DBSFRVFﬂ\zRﬂDUCTIDN-hATA

INCREMENTAL PRODICTINN

s - ———— - —— - - - - v - . —— - — A —— S ——— - — " —

GRNSS  WATER' nre = GRNSS . L) S
(CC) (CC) (CC) " (CC) (PV) (CC) (%INIP)
L S O N
0.0 0.0 0.0 0.0 0.000 0.0 n.00
11.0 0.0 11.0 11.0 e?89 11.0 41,48
12.5 8.1 444 23,5 0617 15,4 58,08
17.5 14.8 2.7 41,0 1.077 18.1 hR.26
19.0 17.0 2.0 60.0 1.577  20.1 75.80
19,4 18.0 1.3 79.4 2.087 21.5 81.08
20 .6 19.9 0.7 100.0 - 2,629 2242 83,72
22.4 216 0.7 122.4 3.218 23.0 R6, T4
19.6 19.6 0.0 142.0 3,733 23.0 86, T4
TTTTTTTETTTTT T I Tttt
RUN NN 41 INJECTION RATE/WELL (CC/HR) = 85.7

OBSERVEN PRONIICT ION 6AfA*'

INCREMENTAL PRODUCTINN - CUMULATIVF PRODUCTION
GRNSS WATER - 0IL GRNSS - .oIL
(cc) (ccy  (ce) (CC) -~ (PV)  (CC) (RINIP)
T 0.0 0.0 0,0 . 0.0 0,000, 0,0 0.00
4,5 . 0.0 4.5 4,5  0.118 4.5 16,97
1043 4,5 5.8 14.8 0.389 = 10.3 38, 84
.18.2 14.5 3.6 33,0 0.A67 . 13.9 52 .80
?2l.1 19.5 1.5 54,0 1.422 15.5 58,83
22.0 204 4 1.6 76,1 - 2,000 17.2 64,87
21.5% 19.9 "1.6 97.6 24566 18,8~ 70.90
21.6 20,1 - 1.5 119.1 -3.134 2063 ( T6.56
21.6 20.1 1.5 140,8 3,701 21.8 82,22
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\
CISOLATFD 9=-SPNT PATTFRN
NIL TYPE  CWD CONMATE WATER (%) = 30,2
RUN NO 42 | INJECTION RATF/WFIL (CC/HR) = 342.9
OBSERVEN PRODUCTINN NATA
INCREMENTAL PRODUCT NN CUMULATTVF PRODUCTION
GRNSS  WATER nie GRNSS QIL
(CC) (CC) (cC) (cc) (PV) (CC) (%101P)
0.0 0.0 0.0 0.0 0,000 0.0 0.00
3.5 0.0 3.5 3,5 0,092 3.5 13.20
12.3 Te2 « 5ol 15.8 0,415 Beb . 372:43
®0) .4 16 .8 3.5 3642 0.951 12.2 =~ 46,01
20.9 18. 5 2.3 57.0  1.501 1445 55306
21500 19.5 1.5 78.1  2.053 16.1 60,72
21.8  20.5 1.2 99..9  2.h76 17.3° 65,62 O
21.5 20,5 1.0 121.4 3,191 18.3  A9.39
22.0 21.0 1.0 143.3 . 3,770 19.3.  713.16
{



<

MONIFIFR 5-SpnT PATTFRN

—— e e e - e - T s o e A T ST T SR ep o e - e - . e A

- ————— e — o= A = - a——— — A s ———————— = — - —

NIL TYPF .CWO . CONNATF WATER §%) = 30,2
RUN NN 43 ‘ INJFCTINN RATE/WELL (CC/HR) = 32.1

NBSFRVEN PRONDUCTINN DATA

—-_____—_——-__—.—_..—_.__—_

INCREMFNTAL PﬁﬂDUCTIﬂN CUMULATIVF PRONUCTION
GRNSS  WATER S0IL GRNSS NIt
(CC) (CC) (LC) (Cc) “(PV) - (CC) (%I01P)
. 0.0 0.0 0.0  0.000 0.0 0.00
9,0 0.0 9.0 9.0 04736 9.0 33,94
10.3 8.4 1.8 19.3  0.507 1009 % 41411
14.5 14,3 - 042 33,8 0.888 11.1 41.86
17.7 17.5 0.1 51.5 1.354 ° 11.3 42461
14.6 14.3 0.2 66,1 1737 11.5 43,75
12.7 12.1 0.6 78.8 - 2.071 12.1 46,01
18.1 17. 4 047 96,9  2.547 12.8 48,65
18,4 17.6 0.7 115,2  3.031 13.6 51.67
21.8 21.6 0.2 137.0 3.604 13.8 52442
RUN NO 44 B INJFCTION RATE/WFLL (CC/HR) = 85,7

NBSFRVEN PRONUCTION DNATA

INCRFEMFNTAL PRODUCTION ' cUMULATIVF PRODUCTI NN -
_________________________ U
GROSS WATER nIL - GRNOSS NIt
(CC) {cC) (CC) (ccy - (PV) - (CcC)  (gINIP)
0.0 0.0 0.0 0,000 0.0 - 0,00
8.3 0.0 e3 8.3 0.718: 8.3 31.30
10.5 1.5 /3.0 18,8 . 0.494 : 11,3 42.61
19.5 18.4 1.1 38,3 - 1.006 12,4 46,76
20 .6 19.9 0.7 58,9 . 1.548 13,1 49,40 -
23,0 22.9 0.1 81,9 2.153 13.2 49,78
21.4 21.1 0.2 103,3 = 2.715 . 13.5 . 50.91
21.8 °  21.6 0.2 125,0 3.2R9 13.7 51.67
22.5 22.4 0e1 147.,6 3.880 13.8 52.04

11]

[
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MONIFIFND 5-SPNT PATTFERN

NIL TYPF_ CWO) CONNATE WATER (%) = 30,2
RUN NN 45 INJFCTION RATF/WFLL (CC/HR) = 107.4
NBSFRVEN PRONUCTION NATA

INCREMFNTAL PRONDUCTINM CUMULATIVF PRODUCTION

GRNSS  WATER 0lL © GROSS- nIL .
(CC) (CC) (ce) (CC) (RV)  (CC) (%INIP)
0.0 0.0 0.0 0.0 0,000 0.0 - 0,00
7.0 0.0 7,06 7.0 0D.184 7.0 26,40
8.5 A 441 15.5  0.407 11.1 41,86
15.7 1442 1.5 31.7 0.R20  12.6 47,52
19.0 18.5 0.5 5042 1.319 13.1 49, 40
20,2 19.9 0.2 70.4  1.8501 13,4 50453
28, 1 19.8 0.2 90.5  2.379  13.7°  51.67
21.0 20.9 0.1 111.5 2.931 13.8 572,04
22.1 21.9 042 133.6  3.512° 14.0  52.80

RUN NN 46 INJFCTION RATE/WELL (CC/HR) = 342.9

‘ NBSERVFDN PRODUCTIDN NATA
INCREMENTAL PRODUCTINN CUMULATIVF PRODUCTION

GROSS WATFR nIL © GROSS 0IL-

(ccy (ccy (CC) (CcC) (PV)  (CCH (RINIP)
0.0 0.0 0.0 ,0.0 0,000 0.0 0.00
6.0 0.0 6.0 6.0 0.157 640 22.62
15.7  11.3 A 21.7  0.570 10,4 39,22
18.5 16.8 1.7 40,2+ 1.056 12.1 45,63
18.9 1802 '\ Oo7 59-0\ loq53 12.8 48.27
21,0 20. 4 0.6 B0.1° 24106 13.4 50,53

21,4 21.1 0.2 10145  2.668" 13.7 51,67
0.6~ 20,4 0.2 122.0 3,210 13.9 52442

21.6 21.5 0.0 143.6 3,778 14.0 52 .80
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MODIFTFN 9=SPOT PATTERN

P e oy e s mm o o e o e e = - = r e . ——— =t = amr ——— = = i ey e -

NIL TYPE CWO COANNATF WATER (%) = 30,7
RUN NO 47 INJFCTION RATE/WELL (CC/HR)

OB SERVEN ‘PRUDIICT ION NATAY

it
Y—t
>
e
it

L .
TNCREMENTAL PRODIICTINN CUMULATIVF PRODUCTION
GROSS  WATER nIL - GROSS ‘ niL
(CC)H (CC) (CCH (CC) (PV) (CC) (g101P)
0.0 0.0 0.0 0.0 0,000 0,0 0.00
70R 0-0 ,{7‘.8 7.8 ().?OC) 7.8 29.['1
13.0 9.9 3.1 20,8 0.546 10,9 41.11
18,8 18.1 0.7 39,6 1.041 11.6 43,75
19.0 18.4 0.6 \ 58.6 1.640 1?.2 . 46.01
18.4 17.7 0.7 95.0 " 2.497 13,5 50 .9'1
20,5 20,0 0.5 115.5* 3,036 14,0 52,80
21,0 20,7 0.3 136.5 3,5RR 14.3 53,93
RUN NN 48 INJECTION RATE/WFLL (CC/HR) = 32,1
OBSFRVFD PRODUCTION DATA
INCREMENTAL PRODUCTION CUMULATIVF PRODUCTION
GROSS WATER - 0IL GROSS 0IL
(CC) (CC) (cc) (CC) (PV) (CC)Y (L10IP)
0.0 0.0 « 0.0 0.0 0,000 ) . 0.00
2.0 0.0 2.0 2.0 0,052 . 7.54
B.4 2.1 6.3 10.4 0,273 8.3 31.30
11.0, 9.0 2.0 21.4 0.562 10,3 "38, 84
15,5 13. 7 1.8 36,9 0.970 12.1 45,63
19.3 18.6 0.7 5642 1.477 ~ 12.8 48,27
19.5 18. 9 0.6 75,6 1.990 13.4 50453
20.0 - 19,6 0.4 95,6 2.516 . 13.8 52..04
20 .6 20,5 0.0

e - ———— . m o T ———— o - —— = e e o — —— — - W S = e W D o -



MONDTELED 9=SPNT PATTERN

‘ - ’ K
NIL TYPE CWO CONNATE WRTER (%) = 3b.2
TTTTTTTTTTTTT T"__"—'—"""'—_’"'"_—"_‘—'"""_f’f'_
RUN NM 49 © O INJECTION RATE/WELL (CC/HR) = 536

P@RSERVFD PRODUCTION DATA

[NCRFMFNTAL PRHUU(T{DN CUMHDLATIVF PRUDUCTIUN
GROSS  WATER NiL GROSS niL
(CC)H (CC) (CC) - (CC) (PV) (CCY  (%INTP)
0.0 0.0 0.0 0.0 0.000 0.0 0.00
7.0 N, O . T.0 7.0 0,184 7.0 26.40
10,0 7.1 2.9 17.0 0,446 9.9 37,33
14,2 12.5 le6 31.2 H.R20 . 11.6 43,75
20.3 20.0 0.2 51.5 1.354 11.9 44 , B8
0.1 1 19.4 0.7 71.6 1., RR2 12.6 47,52
22,0 21.2 0.8 93,6 2,460 13.4 50453
20.0 19.5 N5 113.6 ?2.986 13.9  52.42
____________________ ;o e
RUN NN 50 s INJFCTINN RATE/WFLL (CC/HR)-= 150,0

NBSERVEDN PRODHCTIHN NATA

- - ——— ———— - — 0 ——— . - — o —

INCREMENTAL PRODUCTION CUMULATIVF PRODUCTION

GROSS  WATER S 0IL GROSS nIL
(CC) (CC) (CC) . (ccy o (PY) (CCHY (%101P)
0.0 0.0 0.0. 0,0 0,000 0.0 0.00
3.0 0.0 © 3.0 3.0 0,078 3.0 11.31
11.3 9.8 5.5 14.3  0.375 - 8.5 32.05
16.0 12.6 3.4 30,3 0,796 11.9 44, 88
19.0 18.8 0.2 49,3 1,796 17,1 45,63
21.1 20,9 0.2 70,4 1.850 _ 12.3 . 46,39
2247 22.4 0.2 93,1  2.447 12.6 47.52
21.7 - 21.3 0.3 114,8 3,018 13.0 49,03
22.5 22.1 0.4 _* 137.3 3.609 13.4 50453
__________________________________ e o ———— ——— > " = - ————
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MODTFTFND 9-SPNT PATTERN

______________________________________ [ S, -
NIL TYPE CWO CCONNATE WATER (%) = 30,2
——— e — ; o - ———— —— - - - o~ = e e S e A e s s e T SRR S f—-—
RUN. ND 51 INJECTION RATE/WFLL (CC/HR) = 214.3
NRSERVEN PRONDUCTTON NATA
INCREMENTAL PRONUCTION CUMULATIVE PRODUCTINN ,
GROSS  WATFR 01L GRNSS 0IL
(ce) (CC)  4dCC) CE) (PV) (CC) ~ (ZINIP).
0.0 0.0 0.0 0.0 0.000 0.0 0,00
3.0 0.0 3.0 S 3.0 0.07R 3,0 11.31
19.5 4.0 645 13.5  0.356 9,5 35,83
19.3 17.8. 1.5 32,8 .86 11.0 41,48
2042 19,7 045 53,0 1.393 11.5 43.3'
20,1 19.8 0.2 73.1 1.921 11.8 44,
21,6 21.0 \; 0.5 94,6  2.489 - 172.3 4b, 76
20 .8 20,5 0.2 115.4  3.036 12.6 47.89
20 .8 20.0 0.7 136.3  3.583 13.4 50,91

e s e -~ e = o e e ————_ e > S i = A o - T e e S e S o S e S S
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APPENDIX C '

oy

Determination of Mobility Ratios

Fluid mobilities were defined at the residual saturations

as suggested Sy Perkins and Collins (99). On this basis,

4 k
M o= Wre o
u k
w ocw
. where
M A mobility ratio
kwro = effective permeability to water at residual
#011 saturation
o |
K oow = effective permeability to oil at residual

water saturation
The permeabilities at the various residual saturations were determined
using Muskat's five-spot equation outlined in Appendix A. The results

were as follows:

S s k K
Ju wi or Wro : ocw
0il Tvpe Ho My ) () (darcys) (darcys) M
Kerosen  1.3165 36,0 8.0  '5.15 2.57 2.63
ko 8.6566  (33.6  12.0  4.62 2,84  14.09
oo 15.2206  30%] 1.0 429 3.7 - 20.61

2

s
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APPENDI< D

Calculation of Scaling Coefficients

It will be recélledAthat the scaling coefficient proposed

for the five and nine-spot floods™was given by:

where

Hw

As pointed out earlier, for the flve-spotv

Q =

where

q

h

]

and for the

]
—
t

Nal
[
i

2

PN

0
~1Jw

o/ke

production rate of piiqt in bbls/day/ft
oil-water interfacial tension in dynes/cm
absolute pefmeability of the porous medium iﬁ md
fréctionai pArosity . |

water viscosity in cp

q/h

“injection rate per Qeli, bbls/déy
thickness of porous mqpium, ft
N

nine-spot,

+ a——— - . i .

h 5 e

1njection'fa;e of side well, Bbls/day
v

= injection rate of corner well, bbls/day
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N

In this study, uniform injection rates were used throughout;-

*r
hence,

The scaling coefficients were calculated at two viscbsity ratios, 1.32
_ and 8.66. The results at a viscosity ratio'oﬁ 15.22 were similar to
those at 8.66 and as such, are not repespfed here, The details of the

*

calculations are given below.

: ' ' S 4
Five-Spot Pattern, Viscosity Ratio = 1,32 (M = 2.63)

: -Quw Oil Recovery 0il RecoVéry-'
q : Q ~ . C == : at 1 PV at- 2 PV
(cc/hr/well) (bhls/day/fr) c/gi" _(% 101P) _(XI0TP)
150.0 1.1 Lo3sx 100 s10 1167
214.3 Lo87  1.478 x 1073 © 89.8 108.8"/
257.1 2.384° 1;773 x 1073 89.0 - - ' 105.0
342.9 3179 2.365x 107 90.5 101.2
5286, 3.973 2.956 x 103 saz o 79.9
5146.3 3768 3.547 x 107 87.0 988
Niﬁe—SEg; Pattern, Viscosithatiq.;.i.BZ (M * 2-63)
53.6 1491 1.109x 1070 1262, 162.0.
603 1788 1330 x 1070 106 1355
8s7 2.385 LA x 10 1050 124.0
- 107.1 _ ;_2v979 ' ._2,215 x 16;3';, 9i,9 e ; ~1o¢;8 'j
1286 3.7 2.661x 1070 86.5 00,6
VLA 467 3547 x o3 oo 100.
,214ﬂ3 | 596l - 4341070 387.6 a0

$

8

-~
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A

: Fivq—SpoC Pattern, Vigcosity Ratio = 8.66 (M = 14.09)

, ’ Qu 0il Recovery Oii Recovery

q : - Q C=—"—  atl PV_1, at 2 PV

(ce/hr/well) (bbls/day/ft) 0/ks (x 10TP) (% 101P)
32,1 //A;.298 S 0.221x 107 55.0 63.0
85.7 - 0.795 0.590 x 107> 55,5 63.2
128.6 o 1,192 0.885 x 107> 53.4 60.5
1714~ 1.589 1,179 x 1070 52,00 59.3
342.9 3.179 . 2.359 x.107° 53.0. 59.4

Nine-Spot Pattern, Viscosity Ratio-= 8.66 (M = 14.09)

6.1 . 0,468  0.312 x 10'3' 51.8 6.0

s3.6 1491 1,106 x 107 5.8 60,0
~-150.0 '1.e 4,172 3096 x 1070 52.7o" 5.8

257.1 . 7.151 5,307 x 1073 5.5 _;,.' 61.8

It should be pointed out that the‘acelingpcoefficients
calculated abone are not in consiscent units.L-The miXed units were

_adopted in .order to facilitate the comparison of the present results

+ -

with those in the literacure. The units may, however be made consis-

‘ tent by che application of an appropriate conversion factor.
‘To obtain the conversion factor, the var@ous quantities
which enter, into the calculation of c should be expressed in consistent
+

cgs units;‘that‘is,‘Q/should be expresse%_in QC/sec-cm,_uw~in-poise,

o‘in-dynes/cm,'and.K in cm2. Thne; B - S T T
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*

3 : :
C o = bbl x cp x cm =y cm” X poise x cm
ft x day x dynes x Vmd cm x sec x dynes x YcmZ

where y is the required conversion factor.

Noting that

1 ft = 30.48 cm |
_ | _ '
1 bbl = 1.590 x 10° cn’
lcp = 0.01 pdiqg‘ '
1 day = 8.640 x 104 sec )
1md = 9:869 x 10’12 en? |
¢z (1.590x105)(0;01) e X poise x cm
(30.48) (8.640x10%) (3. 141x1070) 'O X 88¢ X dymes x @
2 cm3 x poise k cﬁ
= 1.922 x 10 , -
cm x sec x dynes x-cm
Therefore, ’
' _ ) 2 .
y = 1.922 x.10

Thus, 1f consistent units are desired, the above values of C should be

‘multiplied by 1.922 x 10°, - s



