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ABSTRACT

A Simulation Study to Verify Stone’s Simultaneousid@ and Gas Injection
Performance in a 5-Spot Pattern. (May 2008)
Mazen Taher Barnawi, B.S., King Fahd Universityetroleum and Minerals

Chair of Advisory Committee: Dr. Daulat D. Mamora

Water alternating gas (WAG) injection is a provechnique to enhance oil
recovery. It has been successfully implementechenfield since 1957 with recovery
increase in the range of 5-10% of oil-initiallyqotace (OI1IP). In 2004, Herbert L. Stone
presented a simultaneous water and gas injecticdmigue. Gas is injected near the
bottom of the reservoir and water is injected diyeon top at high rates to prevent
upward channeling of the gas. Stone’s mathematicalel indicated the new technique
can increase vertical sweep efficiency by 3-4 folmser WAG. In this study, a
commercial reservoir simulator was used to predie performance of Stone’s
technique and compare it to WAG and other EOR tigacstrategies. Two sets of
relative permeability data were considered. Muttippbmbinations of total injection rates
(water plus gas) and water/gas ratios as well jgstion schedules were investigated to
find the optimum design parameters for an 80 aespdi pattern unit.

Results show that injecting water above gas msyltren better oil recovery than
WAG injection though not as indicated by Stonerdase in oil recovery with SSWAG

injection is a function of the gas critical satiwat The more gas is trapped in the



formation, the higher oil recovery is obtained. St probably due to the fact that areal
sweep efficiency is a more dominant factor in gétgattern. Periodic shut-off of the
water injector has little effect on oil recoveryaW¥r/gas injection ratio optimization may
result in a slight increase in oil recovery. SSWhi{&ction results in a steady injection

pressure and less fluctuation in gas productiamcampared to WAG injection.
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CHAPTER |

INTRODUCTION

It is an established fact that injecting water aya in alternating cycles or
simultaneously has the potential to increase abvery after water flooding. That is
because gas has the ability to further displaceesdmot all, of the waterflood residual
oil, Srw. Water on the other hand has better sweep eftigidmn gas. Combing the two
together results in lowering gas relative permégbih the formation and controls its
mobility, thereby improving the overall displacerhemand sweep efficiencies
(Christensen et al. 2001).

Since the first water alternating gas (WAG) inj@etwas implemented in 1957,
different combinations of water and gas injecti@vén been studied and tested. Today,
WAG is considered a proven enhanced oil recover@RE technique while the
experience with simultaneous water and gas (SWAfgtiion is still very limited in the
industry (Christensen et al. 2001). Initially iretbase of WAG, injected water and gas
flow as a uniform mixture in the reservoir. As tmexture flows further away from the
injector, the two phases segregate with gravityterAcomplete segregation is reached,
two distinct flow zones are formed. Only gas flomesar the top of the formation and

only water flows at the bottom.

This thesis follows the style ®&PE Reservoir Evaluation & Engineering.



1.1 Stone’s Simultaneous Water and Gas Injection Mieod

Recently, Stone (2004) have reintroduced Warragpgoach of SWAG injection
(Warner 1977) with some modifications. The aim @bre’'s technique is to enable
maximum contact of the injected gas with formatmnbefore the gas migrates upward
and finds its way to the producer. In other wordend the zone of mixed water and
gas flow in the formation before gravity segregateaem. The design calls for
simultaneous but selective injection of water ard gSSWAG). A dual completion
injector is used to inject gas near the bottomhefformation and water at high rate is
injected in the top remaining part of the reservdine rational for injecting water at
relatively a high rate is to prevent or at leadaglénjected gas from migrating upward
and instead force the gas to move further horizigntato the formation. In order to
establish gas mobility in the upper portion of th@mation, water injection is
periodically shut-off allowing upward movement ofdcted gas. Another approach to
establish such gas mobility is by injecting gasyveaty low rate, together with the water
into the upper portion of the formation. Eventuallpmplete gravity segregation will
take place similar to the case with WAG but atréhfer distance from the injector.

Based on his modeling study, Stone indicatedSI$WAG injection can result in
gas vertical sweep efficiency 3-4 times greaten ttieat of WAG injection. It was also
indicated that SSWAG can be implemented in thiemesrs if combined with the use

of horizontal injection and production wells. Fig.and Fig. 2 show the application of



Stone’s method in vertical and horizontal wellspegively. Only the former is covered

in this study.
20
24 P
12 : Where:
22 c 10 Pattern element.
10B Mixed flow zone.
18 10 10C Water flow zone.
10D Gas flow zone.
12 Dual completion well.
14 Water injector well bore.
16 Gas injector well bore.
18 Injected gas surface flow bath.
20 Injected water surface flow bath.
22 Gas compressor.
24 Water pump.

Fig. 1 — Stone’s SSWAG injection application in ver tical wells (Stone 2003).

Where:

10 Pattern element.

10B Mixed flow zone.

10C Water flow zone.

10D Gas flow zone.

12 Dual completion well.

14 Water injector well bore.

16 Gas injector well bore.

18 Injected gas surface flow bath.
20 Injected water surface flow bath.
22 Gas compressor.

24 Water pump.

26 Horizontal producer well bore.
28 Fluids handling facility (storage).

Fig. 2 — Stone’s SSWAG injection application in hor  izontal wells (Stone 2003).



1.2 Research Objectives

The main objective of this study is to evaluatel @aompare the oil recovery
performance of Stone’s SSWAG injection to that @fiventional WAG injection in a 5-
spot injection pattern. SSWAG performance will als® compared to other injection
strategies, including water flooding, gas injectiand SWAG injection.

The study will also investigate the effect of élsirelative permeability and some
design parameters, such as water/gas ratio anddpewater injection shut-offs, on oil
recovery. Evaluations are performed with the hdlgschlumberger black-oil reservoir
simulator (ECLIPSE-100). The used simulation maggiresents one-eighth of an 80-

acre 5-spot injection pattern-unit.



CHAPTER Il

BACKGROUND

This chapter describes the different techniquescahbined water and gas
injection. It also summarizes simultaneous water @as injection studies and field pilot

tests that were found in the literature.

2.1 Combined Water and Gas Injection Classification

The classification is usually done based on degstaent miscibility. In miscible
flooding, a minimum pressure is required for thgeted gas to mix completely with
contacted formation oil forming one single phasat ttan displace all the oil with no
residual saturation. GQAs a common gas used for miscible flooding (Jaatehl. 2002).
For the purpose of this study, injection technigaesdivided into two categories based

on their injection schedules. These are alternatijggtion and simultaneous injection.

2.1.1 Alternating Injection

In WAG, the two phases are injected in alternatiygles through the same

completion interval. Injection period and injectealume of either phase are referred to

as the half-cycle and the half-cycle slug respetfivWAG injection may be further



subdivided into three main types. When the waterfg#io is kept constant until the total
required volume of gas slug is injected, the predsscalledconventional WAG. In
tapered WAG, on the other hand, this ratio is changing. Gagssare injected alternately
with continuously increasing water slug volumes. bloth processes, after the total
required volume of gas is injected, the process mayfollowed by water or less
expensive gas injection (Jarrell et al. 2002).
A third type of WAG injection is referred to &bybrid WAG. In this case, a

large slug of gas is injected, followed by smablealating cycles of water and gas

injection (Christensen et al. 2001).

2.1.2 Simultaneous Injection

In simultaneous injection, both water and gasigeeted at the same time into a
portion or the entire thickness of the formatidhis subdivided into two techniques. In
one technique, water and gas are mixed at thecgudad injected together through a
single well bore. The process is referred to asubaneous water and gas SWAG
injection (Christensen et al. 2001).

In the second technique, no mixing takes placbeasurface. The two phases are
pumped separately using a dual completion inje@tal are selectively injected into the
formation. Usually gas is injected at the bottontihef formation and water injected into
the upper portion. This study refers to the latemhnique as selective simultaneous

water and gasSSWAG) injection.



2.2 Literature Review

The technique of simultaneous water and gas injed¢tas been considered in a
few EOR feasibility studies but has rarely beenlangented. It was first tested in 1963
in the Seeligson field, Southwest Texas, USA (Waked Turner 1968). Since then,
only four other field tests or projects have besported in the literature. In general there
are two modes of simultaneous water and gas injeclihey are injected either as a
two-phase mixture from the surface or injected sspdy into two different formation

Zones.

2.2.1 Review of SWAG Injection

Caudle and Dyes (1958) are believed to be thetérstudy the SWAG injection
technique in an attempt to improve sweep efficiedeying miscible displacement.
Laboratory model studies indicated that sweep ieficy can be greatly increased if the
miscible front is followed by a low mobility fluidA SWAG injection in the proper
water/gas ratio can result in a low mobility zonighwn the reservoir, thereby, combining
the benefits of miscible displacement of oil anttdyvesweep efficiency. Assuming water
and gas flow in a uniform mixture, Caudle and Dyessented a method for calculating
the optimum water/gas injection ratio from the gdsrelative permeability curves.
Blackwell et al. (1960) presented another methadcfculating this injection ratio

based on total segregation of the two-phases wihieng through the formation.



Walker and Turner (1968) reported the first SWA@Edf trial by Humble Oil &
Refining Co. SWAG injection was initiated in the eBgson Field (Zone 20B-07)
March, 1963 to improve the sweep efficiency fronpravious enriched gas injection
project. At first, the three wells selected for S&Anjection did not take the required
volumes of water and gas. Hence, a fourth injestis added. Initial injection rates were
1,070 BWPD and 2,230 MSCF/D of enriched gas. Latgection difficulties were
faced, low injection rate and high pressures, teguin reservoir pressure decline. Then
in an attempt to improve injectivity at relativelgw pressures, SWAG injection was
converted to WAG injection and eventually stoppedJune, 1965. Sweep efficiency
during the SWAG injection period could not be ewdbd due to wellbore
communication problem in one of the injectors. @llemo substantial increase in oil
recovery was observed.

Slack and Ehrlich (1981) examined simultaneousewand N (SWAN,)
injection. They concluded that for reservoir roekith favorable relative permeability
characteristics, the displacement mechanism agedonath SWAN injection is capable
of causing displacement of significant amount otesfdood residual oil at reasonable
water/N ratios and in reasonable times.

Harjadiwinangun (1984) presented a feasibilitydgtusing black oil simulation
model to select the best pressure maintenanceegyrdor the Ardjuna field (E-22
Reservoir). The strategies considered for the stueye: (a) natural depletion, (b) gas

injection, (c) water injection, and (d) SWAG injexct. Table 1 lists recovery estimates



for the different injection scenarios. SWAG injecti gave the highest oil recovery

estimate but gas injection was found to be the f@vstrable economically.

TABLE 1 - HARJADIWINANGUN (1984) FEASIBILITY STUDY RESULTS
Oil Recovery
Case Description (% OIIP)
1 Natural depletion. 40.9
2 Water injection with addition of 10 injectors and 8 producers. 45.1
3 Gas injection with the addition of 6 new producers. 56.6
4 SWAG with the addition of 10 injectors and 8 producers. 57.5

Stephenson et al. (1993) reported on the SWAtioje pilot tests performed in
the Joffre Viking field, Canada (Fig. 3). The fieldas abandoned in 1960's after
reaching its economic limits, 42% OIIP recoverethwiater flooding. In early 1980’s,
simulation studies and laboratory tests proved thate oil can be recovered with
miscible CQ flooding. Pilot tests with miscible water alteting CO, (WACO,)
injection and C@Foam injection showed that injected £€antacted only the top 1/3 of
the formation due to gravity segregation and unfabl® mobility. In an attempt to
improve CQ conformance, simultaneous water and,G®NACQ,) injection pilot was
started in June, 1988 in a truncated inverted ®-pdtern-unit (approximately 158
acre/well spacing). Refer to pattern “D” in Fig. This pilot was considered to be the
ultimate test since two of the producers duringtdst had been used as water injectors

earlier in the life of the reservoir. Cumulativetypre than 5.34 million barrels of water



10

had been injected into those wells, insuring tlegian of the reservoir is at waterflood

residual oil saturation. Results showed SWACIHjection at water/C® ratio

approaching 1:1 improved GOsweep efficiency in comparison with the earlier

approaches. Additional 7.5% OIIP was recovered ftloenpattern unit.
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Fig. 3 — Map showing location of the Joffre Viking field (Stephenson et al. 1993). Also
n) used for SWAG injection.

shows pattern “D” (truncated inverted 9-spot patter

Attanucci et al. (1993) and Robie et @995) both reported on the SWAgO
injection trial performed in the Rangely field, Goddo, USA. Based on field operations
and simulation studies, the expected advantageSWWACQO, injection over WACQ

injection were to: (1) improve oil recovery, (2duee operating cost either by reducing
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gas production or by eliminating some of the labwmrk associated with WACO
conversions. SWAC®injection was initiated in six wells that had beggart of a line-
drive pattern. Operationally, the trial was suctdssith the use of an automated
surface control system that monitored and modifieel flow rate of water and GO
mixture. The system was also able to prevent baekibf either injectant in to the
distribution system of the other fluid. Improvementoil recovery during SWAC®
injection trial was not very obvious because of kewer interference and metering
problems at the collection station. Neverthelelere were encouraging observations
including an improvement in oil production declirsge in some of the producers and a
steady gas production compared to the case of WAQExtion.

Several publications (Ma and Youngren 1994; Swist al. 1995a; Ma et al.
1995) were presented on the SWAG injection pilothat Kuparuk River field, Alaska,
USA (Fig. 4). The field was mainly managed with WAGection. SWAG injection was
considered in an effort to reduce capital expemnditwy: (1) eliminating separate water
and gas injection lines to the drill sites requifed WAG injection, (2) eliminating
WAG conversion operations, and (3) reducing thedhag cost by minimizing GOR
fluctuation. A two-dimensional cross-sectional siation study estimated that SWAG
injection at 1:1 water/gas ratio would provide dtdrecontrol on injected gas mobility
and increase incremental oil recovered over anainivaterflood by 5.0% OIIP
compared to 4.5% OIIP in the case of WAG injectirpatented surface injection setup
was developed for this SWAG injection pilot (Sttaset al. 1995b). Water and gas were

mixed at a central processing facility. Multiphdt®w is then injected into a single
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surface line to the injection sites. Inline statmxers were installed at the sites to
condition the multiphase flow prior to being passedearby injection wells. SWAG

injection began in June, 1994 and lasted for onlydays. Separation between the two
injected phases was observed at the surface dthiengest. Injection rate losses were
also experienced and attributed to lower bottorre hkessure (BHP) at the injectors
rather than to reduction in relative permeabiligchuse of the two-phase injection. The
test demonstrated the feasibility of SWAG injectadthough it was not long enough to

fully evaluate the effect of this injection techn&jon oil recovery.

Waterflood -— jers Eiea
Drill Sit

.........

IWAG
Drill Sites

Gas Storage
Drill Sites

i

Miscible WAG
Drill Sltes

Fig. 4 — Map showing location of the Kuparuk River field (Ma and Youngren 1994).
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Bagci and Tuzunoglu (1998) conducted laboratorngeexents using a three-
dimensional physical model to study the effect eflwonfiguration on immiscible CO
displacement processes. The model (30 cm X 30 cbhckh) represented a limestone
reservoir with 38% porosity, 8 darcies absolutenability and 18 API oil gravity.
Fig. 5 shows the three combinations of vertical hodzontal well configurations that
were considered for injection and production. Italto20 runs were carried out
investigating various injection processes, namedytinuous CQinjection, waterflood,
WACO:; injection, and SWAC®injection. Some of the study results are listed able
2. For SWACAQ injection runs, the best oil recovery (20.6% ONRs obtained when
vertical injector and horizontal producer (VI-HPgm& used. Less that 8% OIIP recovery
was obtained when matching injection and produoivefis were used during SWAGO
injection. Water flooding using vertical injectandavertical producer (VI-VP) gave the

overall highest oil recovery of 37.2% OIIP.



“ertical Producer Top View

(A) : .
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Vertical Injector e T | !
—» k . _ !

{:_. O + Front View |

T o

| Huorizantal Producer |

(C) Top YWiew

Front “iew

4Hnrizuntal Injectar |

Fig. 5 — Bagci and Tuzunoglu (1998) 3D model well ¢ onfigurations. (A) Vertical injection
and vertical production (VI-VP). (B) Vertical injec  tion and horizontal production (VI-HP).
(C) Horizontal injection and horizontal production (HI-HP).
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TABLE 2 - BAGCI AND TUZUNOGLU (1998) EXPERIMENTAL R ESULTS
Injection Rate WAG Total Qil
Run Well Injection CO, Water Ratio Injected Recovery
No. Configuration Method (cc/min)  (cc/hr)  (W:G) PV (% OIIP)
1 VI-VP Continuous CO, 573 - - 110.0 6.21
2 VI-VP Waterflood - 200 - 0.9 37.2
3 VI-VP SWACO, 1,000 200 - 100.0 7.56
9 VI-VP WACO, 200 200 1.7 4.8 21.04
10 VI-HP Waterflood - 200 - 0.8 24.33
13 VI-HP WACO, 200 200 1.7 4.8 18.29
15 VI-HP SWACO, 1,000 200 - 220.0 20.61
16 VI-HP Continuous CO, 1,000 - - 230.0 15.06
17 HI-HP WACO, 200 200 1.7 4.9 14.94
18 HI-HP Waterflood - 200 - 0.8 175
19 HI-HP Continuous CO, 1,000 - - 220.0 1.89
20 HI-HP SWACO, 1,000 200 - 245.0 7.87

Quale et al. (2000) reported on the first use® WAG injection as the EOR
strategy in the Siri field in the North Sea (Fig. Bhe reservoir is a closed 25m thick
sandstone formation with good porosity and fairbpd permeability. It was developed
with five producers and two SWAG injectors (onehhjgdeviated and the other fully
horizontal). The project initially called for these of conventional WAG injection as the
EOR strategy. The lack of injected gas resourced @nough associated gas is
produced); the need for reservoir pressure maint®aand the need to archive
minimum air and water discharges favored the implatation of SWAG injection
instead. SWAG Injection has begun in June, 199% witsurface facility design that
prevents backflow. Specific well star-up and smupiocedures are followed to prevent

hydrate formation. Two-phase mixture of produced, gaoduced water and sea water
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(if needed) are injected in the range of 25,00@80,BWPD and 7-14 MSCF/D of gas

for each of the two injectors.

.

Fig. 6 — Map showing the location of the Siri field

(Quale et al. 2000).

At first, SWAG injection concept was found to fillall the requirements of the

Siri Field project and provided stable and fullnjection of produced fluids. Later,

Berge et al. (2002) reported injectivity reductidaring SWAG injection attributed to

the effect of near-well two-phase relative permigbiNo data was presented on oll

recovery although it was mentioned that expectedvwerable oil is in the excess of 35%

OllIP.
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Sohrabi et al. (2005performed a pore-scale near-miscible SWAG injectioa
laboratory experiment. Water and gas were injesteailtaneously into a high pressure
glass micro-model that was initially displaced tatarflood residual oil saturation. The
experiment was first preformed at 1:1 water/gagdipn ratio then repeated at 4:1
water/gas injection ratio. In both cases, the tot@ction rate was the same as that
during the previous waterflood. Results showed #igificant amount of waterflood
residual oil was produced during the near-miscBMWAG injection. Captured images
showed that nearly 100% of the oil contacted byirtferted gas was produced but 100%
residual oil recovery is not possible. That is hiseasome of the oil was bypassed or
trapped in pores due to water shielding and popeltgy (dead-ends). The study also
concluded that water/gas injection ratio during SBikjection had no significant effect
on improving oil recovery, which disagrees with soearlier findings (Warner 1977).

Al-Quraini et al. (2007) simulated different EORagegies (water flooding; GO
injection and some combinations of the two) for thevelopment of the West Sak
reservoir located in Alaska’s North Slope. Oil Imstreservoir is characterized as heavy
(12-22° API) with varying viscosity (50-3000 cp).hfEe-dimensional black oll
simulation results showed superior oil recoverigth WACO, injection and SWACQ
injection over water flooding or gas injection adorAbout 30% OIIP increase in oll

recovery was estimated when water ang @§&ctions were combined.
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2.2.2 Review of SSWAG Injection

Warner (1977) is believed to be the first to cdasithe concept of SSWAG
injection in a simulation study, where gas in itgecnear the bottom of the formation
and water injected into the upper portion of therfation. Typical sandstone reservoirs,
which are near their economical oil production tsniwere the subject of this study. The
objective was to find the best miscible £iDjection technique as a tertiary recovery
mechanism after primary depletion and water flogdifihe study also investigated the
effect of variations in several reservoir paranseten tertiary oil recovery. A two-
dimensional cross-sectional compositional modek{&5 with variable4Y), shown in
Fig. 7, was used to simulate a quarter of a five-g@attern. Four different GOnjection
techniques were studied: (1) continuous ,GQection; (2) slug C@ injection; (3)
WACO:zinjection, and (4) SSWACHOwith water injected into the top three of five ¢éay

and CQ into the bottom two.

9334 PEET

Fig. 7 — Warner (1977) Grid configuration used for ~ SSWACO, injection.
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In general, simulation results showed that thecas® of CQ injection is a
function of the rate at which G@egregates. The faster the segregation occursires |
the incremental oil recovery. In all scenarios sdd complete gravity segregation
between injected water and ¢®as reached before half of the reservoir rock hashb
swept by the mixture of the two phases. The resatlisewn in Table 3, indicated that
SSWACQ injection was the best injection technique, recione nearly 50% of the
waterflood residual oil.

Warner indicated that the ratio kfk, had the most effect on GBegregation
rate for the scenarios considered in the study. srhaller the ratio was the slower the
segregation, therefore, better incremental oil vecp Results also showed that
water/CQ ratio during SSWACS® injection influenced both oil recovery and the
recovery speed. Three water/€@tios were simulated in the study (1:1, 2:1 arig.3n
general the 2:1 ratio resulted in more oil recovdn the 1:1 ratio at a given time and
faster recovery than the 3:1 ratio for a given vecy percentage. Warner also indicated
that well-spacing had a more significant effectSBWACQ injection performance than
the other injection techniques. Reducing well spgcifrom 40 to 10 acre, increased

tertiary oil recovery, from 12.7 to 17.2% OIIP respvely.

TABLE 3 - WARNER (1977) STUDY RESULTS
Oil Recovery
Injection Method (% OlIP)
Continuous CO, Injection 5.6
Slug CO, Injection 6.3
WACO, 10.3
SSWACO, 12.7
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Surguchev et a1996) in a three-dimensional simulation study, pared the
tertiary oil recovery performance of WAG, foam assi WAG (FAWAG), and
SSWAG injection strategies. The used reservoir hades characterized with extreme
absolute permeability contrat,(bottom layer 2-20 mdky, top layer = 2200 md). A
combination of vertical and horizontal injectiondgoroduction wells was considered in
the study (see Fig. 8). Simulation results on seéapn recovery with waterflood
estimated only about 15% OIIP was recovered at aooral limit with most of the
production coming from the smaller upper layertHa case of SSWAG injection, gas
was injected into the lower (100 ft thick) layerdawater into the upper (40 ft think)
layer. The study found both WAG and SSWAG injectiaa be effective in tertiary oil
recovery. When a permeability barrier is placedween the two layers, SWAG

injection outperformed WAG injection (33.1% to 2&®IIP respectively).

(from top to bottom, DZ = 4x3m, 3x3m, 3*7m)

VProd1
VProd2

HProd3

Permeability Barrier
(fault effect) Y = 15 blocks

Fig. 8 — Surguchev et al. (1996) simulation model schematic with a combinatio n of vertical
& horizontal injectors & producers.
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In a simulation study to optimize oil recoveryrfriacarbonate reservoirs, Gharbi
(2003) investigated the performance of SSWAG, WAG, and S3Viljections. The
three-dimensional simulation model used for thedytrepresented a typical Middle
Eastern carbonate reservoir (360 ft thick, 22 Yogty, 115 md. permeability, 29° API
oil with 3.12 cp viscosity). In the case of SSWAGection, horizontal water and gas
injection wells were considered. The water injeatas placed 50 ft from the top of the
reservoir and the gas injector was placed 50 finftbe bottom. The producer, on the
other hand, was kept vertical. Estimated resultsveld that SSWAG injection was the
most profitable injection strategy for that reseérvdhe study concluded that SSWAG
injection using combination of injectors and proeisc improved oil recovery
significantly at a shorter project life than WAG SWAG injections. Algharabi et al.
(2007a, 2007b) utilized a similar injection and guotion wells combination to that of
Gharbi (2003) for their sensitivity analyses on eal/ SSWAG injection design
parameters.

Stone (2004) reintroduced Warner’s approach of 86With gas injected near
the bottom of the formation and water on top (Warh®77). The difference is that
Stone called for injecting water at high rates digeon top of where the gas is injected.
The high water injection rate is to obstruct ingecgas from flowing vertically (control
gas mobility). It is also to force the injected gagenetrate deeper horizontally into the
reservoir compared to the case during WAG injectimiore complete segregation
occurs. Stone estimated that this injection mettedresult in 3-4 times better vertical

gas sweep efficiency compared to conventional W&&ction. The study also indicated
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that combining the selective injection approachetbgr with horizontal injectors and
producers makes it effective even in thin formati¢Stone 2003). A two-dimensional
guasi—steady state reservoir simulator was useelitninate numerical dispersion
normally associated with commercial reservoir satmis.

Rossen et al. (2006) investigated the effect ofilwoed water and gas injection
techniques on how far the two-phase mixed flow pametrate into the formation before
reaching the point of complete segregation. Re$udta analytical methods, verified by
numerical reservoir simulation, were used to esenmhbe distance from the injector to
the point of complete segregation. Uniform co-itigts or SWAG and SSWAG (water
above the gas) injections where two of the methoalssidered in this study. The
simulation model was a two-dimensional cross-saationodel.

Results showed that for a fixed total injectiotefe&sSWAG injection resulted in
deeper point of compete segregation than SWAG tiojectwice as deep for the case
examined. Hence, a better vertical sweep is okdamieh the former. Then at fixed (or
limited) injection pressure, better injectivity wabtained during SSWAG injection
compared to the injectivity during SWAG injectiorhat is because of the high mobility
regions for each of the injected phases next toinfector. In other words, higher
injection rate can be achieved with SSWAG at a myiirgection pressure, therefore,
injected gas would travel deeper into the formati@fiore complete segregation. The
study also showed that SSWAG injection in the enltieight of the formation or in a
portion of it has little to no effect on how dedy tmixed flow zone penetrates into it.

However, the latter would affect injectivity negegy.
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CHAPTER IlI

SIMULATION MODEL

3.1 Simulation Requirements

Stone’s SSWAG injection method was suggested fatical and horizontal
wells. Only vertical injection and production weits a 5-spot pattern are simulated in
this study (Fig. 9). Selected model representsesglet of an 80-acre five-spot injection
pattern. Since both water and gas are to be imdctalisplace oil, the use of a three-
phase model is needed. Stone’s second relative gadviiity model was used for

estimating the three phase relative permeabilitgr(& 1973).

¢} ¢} @ @
5 A - S S

) ) ) o T W T
Y -d A \

@ (¢} 6} 6}
Vi <

@ (¢} @ @

One-eighth
A njector
5-Spot Pattern © Producer

Fig. 9 — Schematic diagram of a 5-spot pattern. Als o showing one unit and one-eighth.
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In this study, three-dimensional simulation is es=ary to fully evaluate the
production performance of SSWAG injection. 100% ewecould not be assumed
neither in the areal nor in the cross-sectionaalion. Three-dimensional simulation is
also important to capture the effect of the pattggrametry on fluid flow.

The following measures were taken to reduce nuwakrdispersion. First,
assuming immiscible displacement of formation gilifjected gas, a black oil simulator
(Schlumberger ECLIPSE-100) was selected for theysinstead of a compositional
simulator. Second, the model represents only ogletieiof the 80-acre 5-spot pattern-
unit (Fig. 9). Therefore, finer grid blocks, es@lgi near the wells, can be used. Lastly,
the grid blocks used were oriented to be parabiethie flow direction between the
injector and the producer wells (Fig. 10). Thistlaneasure is important when the

displacing phase is much more mobile than the aigul phase (Mattax and Dalton

1990).
L e i X
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| “« 9334ft
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1
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| 1320.0 ft pyAn B
I = O S}
: iy - 13200ft
VW ow VS L
| Ko/
v Diagonal Grid Parallel Grid A Injector
v Producer

Fig. 10 — Schematic diagrams of diagonal and parall el grid orientations. Diagonal grid
(left) and parallel grid (right).
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3.2 Reservoir Description

The simulation model rock and fluid properties amilar to those used by in
Stone’s study (Stone 2004). Additional data havenkbedopted where necessary for the
simulator to function properly. The reservoir catsiof two homogenous layers with
equal porosities. The thicker upper layer has ikedbt low absolute permeability. Table

4 describes the reservoir in more detail.

TABLE 4 - RESERVOIR DESCRIPTION AND ROCK PROPERTIES
Layer Property Value
Total Thickness, ft. 290.0
Well Spacing (5-Spot), acre 80.0
Formation Depth, ft. 8,000.0
Gas-Oil Contact, ft. None
Water-Oil Contact, ft. 15,000.0
Rock Compressibility, psi'1 1.0E-09
Upper Thickness, ft. 190.0
Porosity. % 21.0
Vertical Permeability, md. 56.5
Horizontal Permeability, md. 225.0
Lower Thickness, ft. 100.0
Porosity. % 21.0
Vertical Permeability, md. 240.0
Horizontal Permeability, md. 600.0




26

3.3 Fluid Properties

For ECLIPSE-100 to run three-phase simulationgitds fluid PVT and relative
permeability data for both water-oil and gas-ligaigtems. Stone (2004) presented one
set of relative permeability data that can be usedboth fluid systems but no PVT date
was presented. Table 5 contains the fluid initiatl ssurface properties used in the

simulation model.

TABLE 5 - FLUID SURFACE AND INITIAL PROPERTIES
Property Value
Initial Pressure, psia 3,000.0
Initial Oil Saturation, % 80.0
Initial Water Saturation, % 20.0
Water Compressibility, psi™ 1.0E-09
Water Surface Gravity 1.07
Water Viscosity, cp. 0.31
Water Formation Volume Factor, RB/STB 1.0
Oil Surface Gravity, API 35
Oil Viscosity, cp. 0.75
Gas Surface Gravity 0.7
Gas Viscosity, cp. 0.0425

3.3.1 Oil and Gas PVT Data

Tables 6 and 7 show the typical oil and gas PVia daat are were adopted for

the study respectively. The data was adjusted dieroto match the initial oil and gas
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properties provided in Table 5. Curves of the irdiral properties are plotted in Fig. 11

through Fig. 13.

TABLE 6 - OIL PVT DATA
Rs p Bo Ho
(fraction) (psia) (RB/STB) Cp.
0.047 178.0 1.1190 1.435118
0.090 288.0 1.1530 1.211123
0.154 525.0 1.1990 1.106076
0.223 750.0 1.2390 1.028836
0.290 1,025.0 1.2770 0.967044
0.356 1,250.0 1.3130 0.919156
0.424 1,500.0 1.3530 0.874356
0.493 1,750.0 1.3910 0.834964
0.568 2,000.0 1.4320 0.799434
0.648 2,250.0 1.4770 0.770082
0.735 2,500.0 1.5260 0.737642
0.768 2,600.0 1.5450 0.727600
0.768 2,700.0 1.5400 0.733355
0.768 2,800.0 1.5350 0.738298
0.768 2,900.0 1.5320 0.743242
0.768 3,000.0 1.5260 0.750000
0.768 3,100.0 1.5240 0.753128
0.768 3,500.0 1.5110 0.772400
0.768 4,000.0 1.4960 0.797116
0.768 4,500.0 1.4830 0.822606
0.768 5,000.0 1.4770 0.847322
0.768 5,500.0 1.4721 0.872103
0.768 6,000.0 1.4710 0.896964




TABLE 7 - GAS PVT DATA

sia

178.0

288.0

525.0

750.0
1,025.0
1,250.0
1,500.0
1,750.0
2,000.0
2,250.0
2,500.0
2,600.0
2,700.0
2,800.0
2,900.0
3,000.0
3,200.0
3,400.0
4,000.0
4,500.0
5,000.0
5,500.0
6,000.0

B g
(RB/MSCF)

18.6999110
11.7275156
6.7479964
4.4648264
3.3178985
2.6322351
2.1816563
1.8575245
1.6206589
1.4425646
1.2965272
1.2624290
1.2150365
1.1710518
1.1301208
1.0919369
1.0227753
0.9618034
0.8156931
0.7238777
0.6505391
0.5906183
0.5407474

Hyg
(cp.)

0.02281
0.02300
0.02648
0.02802
0.02957
0.03054
0.03247
0.03402
0.03556
0.03730
0.03923
0.03979
0.04047
0.04115
0.04182
0.04250
0.04387
0.04523
0.04930
0.05271
0.05611
0.05951
0.06291

28
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Oil Viscosity, cp.
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Fig. 13 — Plot of gas formation volume factor & gas viscosity versus pressure.

3.3.2 Relative Permeability Data

Two groups of relative permeability data were edaed in this study. The first
is similar to that of Stone where a single relafpggmeability set, Table 8, is used for
both water-oil and gas-liquid systems. Stone (2qé¥ented that relative permeability
data as gas-liquid data. If water saturation iss@ered, instead of the gas, the reversed
curves serve as water-oil relative permeability. the purpose of this study, this set of

relative permeability data is referred to as thes@&.



TABLE 8 - "S" SET OF RELATIVE PERMEABILITY DATA

S g
(fraction)

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26
0.28
0.30
0.32
0.34
0.36
0.38
0.40
0.42
0.44
0.46
0.48
0.50
0.52
0.54
0.56
0.58
0.60
0.62
0.64
0.66
0.68
0.70
0.72
0.74
0.76
0.78
0.80

Krg
(fraction)

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0003
0.0006
0.0012
0.0021
0.0036
0.0057
0.0088
0.0129
0.0184
0.0255
0.0346
0.0461
0.0603
0.0777
0.0988
0.1241
0.1541
0.1894
0.2307
0.2787
0.3341
0.3976
0.4702
0.5526
0.6458
0.7508
0.8685
1.0000

k rog

(fraction)

1.0000
0.9115
0.8288
0.7517
0.6800
0.6133
0.5516
0.4945
0.4418
0.3933
0.3488
0.3081
0.2710
0.2372
0.2066
0.1789
0.1541
0.1319
0.1121
0.0945
0.0791
0.0655
0.0538
0.0436
0.0349
0.0276
0.0214
0.0163
0.0122
0.0089
0.0062
0.0042
0.0028
0.0017
0.0010
0.0005
0.0002
0.0001
0.0000
0.0000
0.0000
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The other set of relative permeability data, “Mst,sis a typical one. The gas-
liquid and water-oil data are listed in Tables @ 410 respectively. The main difference
between the “S’ and the “M” sets is in the gastredapermeability as shown in Fig. 14
and Fig. 15. In the “M” set, gas is very mobile nfrathe beginning, 5% critical
saturation, while in the “S” set gas is relativedgs mobile with a critical saturation of
20%. Another difference is in the waterflood residail saturation S, 25% and 18%
in the “M” and “S” sets respectively. It is impomntato mention that no capillary pressure

data was included with either set, i.e. capillamyssure is zero psia.

TABLE 9 - "M" SET OF GAS-LIQUID RELATIVE PERMEABILI TY DATA
S g K rg k rog
(fraction) (fraction) (fraction)
0.00 0.000000 0.900000
0.05 0.004389 0.724054
0.10 0.016608 0.570544
0.15 0.036175 0.438425
0.20 0.062847 0.326599
0.25 0.096462 0.233902
0.30 0.136893 0.159099
0.35 0.184043 0.100859
0.40 0.237829 0.057735
0.45 0.298179 0.028125
0.50 0.365033 0.010206
0.55 0.438335 0.001804
0.60 0.518036 0.000000
0.65 0.604092 0.000000
0.70 0.696463 0.000000
0.75 0.795110 0.000000
0.80 0.900000 0.000000




TABLE 10 - "M" SET OF WATER-OIL RELATIVE PERMEABILI TY DATA
S w k w k row
(fraction) (fraction) (fraction)
0.20 0.000000 0.900000
0.25 0.000364 0.709187
0.30 0.002536 0.544963
0.35 0.007892 0.405962
0.40 0.017660 0.290741
0.45 0.032987 0.197760
0.50 0.054960 0.125368
0.55 0.084625 0.071765
0.60 0.122991 0.034959
0.65 0.171041 0.012686
0.70 0.229732 0.002243
0.75 0.300000 0.000000
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3.4 Grid Configuration Selection

It was important to utilize a grid that has anqdde number of cells and can run
within acceptable amount of computation time. Tablelists the simulation runs that
were carried out to check the sensitivity of oitaeery calculations to grid size and
configuration. All cases were simulated with thensanput and control parameters but

with different grid configurations.
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TABLE 11 - GRID SELECTION SENSITIVITY RUNS

No. of Cells (X,Y) Size Range Areal Run

X Y z Total min Max Increment Time

Case (ea) (ea) (ea) (ea) (ft.) (ft.) (factor) (min.)
1A 11 6 15 990 4.0 618.19 2.7404 5.7
2A 21 11 15 3,465 4.0 280.33 1.5295 14.2
3A1 41 21 15 12,915 4.0 114.41 1.1825 48.1
4A 81 41 15 49,815 4.0 43.28 1.06134 236.1
5A 41 21 6 5,166 4.0 114.41 1.1825 3.6
6A 41 21 20 17,220 4.0 114.41 1.1825 111.8

3.4.1 Areal Grid Configuration

Four different grid configurations were investggtin the areal direction. In all
casesAX and A4Y sizes are incrementally changed by a constanbrfaglways keeping
the smallest cells, 4.0 ft., at the wells and tbarsest cells in the center of the reservoir
(see Fig. 16 through Fig. 19). Simulation oil reegv(presented in Fig. 20) showed that
cases 2A, 3Al and 4A are very comparable. Casev@#fiiLla grid of (41x21x15) was
found to be the best considering fine gridding aedsonable run time of about 50

minutes.
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Fig. 16 — Areal grid (11x06x15), case 1A.
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Fig. 17 — Areal grid (21x11x15), case 2A.
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Fig. 20 — Qil recovery versus PV injected for inves  tigated areal grid configurations.

3.4.2 Cross-Sectional Grid Configuration

Two additional cases (case 5A of 6 layers and &#seof 20 layers) were
compared to case 3A1 of 15 layers. Fig. 21 throbkgh 23 show the three cross-
sectional configurations. Case 6A was limited td&@@rs because that is the maximum
number of layers that can be connected to a welthen ECLIPSE-100 simulator.
Simulation results for the different cress-sectiamfigurations (compared in Fig. 24),
showed no difference in oil recovery calculationewhl5 layers or more are used.
Considering the finest grid at reasonable simutattome, the (41x21x15) grid

configuration was selected for the study (see E).
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Fig. 21 — Cross-sectional grid (41x21x06), case 5A.
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Fig. 22 — Cross-sectional grid (41x21x15), case 3A1
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Fig. 23 — Cross-sectional grid (41x21x20), case 7A.
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Fig. 25 — Schematic diagram of selected grid config

uration. (a) Rare view, (b) Front view.
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CHAPTER IV

SIMULATION RUNS ORGANIZATION

Results from over 100 simulation runs are preskmtethe study. They are
subdivided into two main groups based on the reapiermeability data used in the

simulation.

4.1 Runs Using the “M” Set of Relative PermeabilityData

In the first group simulation were carried outngsithe “M” set of relative
permeability to evaluate the production performamic8SWAG injection versus mainly
conventional WAG injection. Other drives or EOR hets were also considered in the
evaluation, namely SWAG injection, natural deplefigas injection and water flooding.
Each of these oil recovery methods was simulaté&fd@tand 1,000 RB/D/Well injection
rate. WAG injection was simulated at two differéadf-cycles. First at 3 months then at
6 months at each of the injection rates above. Wgte injection ratio was maintained at
1:1 during WAG and SWAG injections runs.

SSWAG injection production performance was alseestigated at the same
injection rates above but in more detail. Each veds first simulated at water/gas ratios
of 1.1, 7:3 and 9:1 while maintaining continuougation of both phases. The next step

was to investigate the effect of periodic shut-adffswater injection into the upper
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portion of the reservoir. Stone (2004) suggestésl ghactice to permit the gas injected
into the lower portion of the reservoir to segregand rise up, at a controlled rate, into
the upper layers. No set guidelines were presemteldow often these shut-offs should
take place nor how long they should they last. #abiy, four water injection shut-off

schedules were selected for the purpose of they.stddch water injection/shut-off

schedule was simulated 6 times at the combinatidheothree water/gas ratios and the
two injection rates mentioned above. It was impdrthat the injected gas rate was
increased every time water injection was stoppedmttch the constant rate of
production and maintain reservoir pressure. Theeefive water/gas ratios indicated for
those SSWAG injection runs represent only the peabsimultaneous water and gas
injection. Details on all runs using the “M” setrelative permeability are listed in Table

12.

TABLE 12 - SIMULATION RUNS USING THE "M" SET
Injector Completion Injection Rate Total Prod.  Injection WAG Cycle
EOR w G w G Rate Ratio Water On/Off
Case Method (Layers) (Layers) (RB/D) (RB/D) (RB/D) (W:G) (months)
TA ND NA NA 0 0 500 NA NA
7B ND NA NA 0 0 1,000 NA NA
8A Gl NA 1-15 0 500 500 0:1 NA
8B Gl NA 1-15 0 1,000 1,000 0:1 NA
9A WF 1-15 NA 500 0 500 1:0 NA
9B WF 1-15 NA 1,000 0 1,000 1:0 NA
10A SWAG 1-15 1-15 250 250 500 1:1 NA
10B SWAG 1-15 1-15 500 500 1,000 1:1 NA
11A WAG 1-15 1-15 500 500 500 1:1 WAG 3/3
11B WAG 1-15 1-15 1,000 1,000 1,000 1:1 WAG 3/3
12A WAG 1-15 1-15 500 500 500 1:1 WAG 6/6
12B WAG 1-15 1-15 1,000 1,000 1,000 1:1 WAG6/6
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Table 12 continued.

Injector Completion Injection Rate Total Prod.  Injection WAG Cycle
EOR W G W G Rate Ratio Water On/Off
Case Method (Layers) (Layers) (RB/D) (RB/D) (RB/D) (W:G) (months)
3A1  SSWAG 1-14 15 250 250 500 1:1 NA
3A2  SSWAG 1-14 15 350 150 500 7:3 NA
3A3  SSWAG 1-14 15 450 50 500 9:1 NA
3B1  SSWAG 1-14 15 500 500 1,000 1:1 NA
3B2  SSWAG 1-14 15 700 300 1,000 7:3 NA
3B3  SSWAG 1-14 15 900 100 1,000 9:1 NA
13A1 SSWAG 1-14 15 250 250 500 1:1 5/1
13A2 SSWAG 1-14 15 350 150 500 7:3 5/1
13A3 SSWAG 1-14 15 450 50 500 9:1 5/1
13B1 SSWAG 1-14 15 500 500 1,000 1:1 5/1
13B2 SSWAG 1-14 15 700 300 1,000 7:3 5/1
13B3 SSWAG 1-14 15 900 100 1,000 9:1 5/1
14A1 SSWAG 1-14 15 250 250 500 1:1 55/0.5
14A2 SSWAG 1-14 15 350 150 500 7:3 55/0.5
14A3 SSWAG 1-14 15 450 50 500 9:1 55/0.5
14B1 SSWAG 1-14 15 500 500 1,000 1:1 55/0.5
14B2 SSWAG 1-14 15 700 300 1,000 7:3 55/0.5
14B3 SSWAG 1-14 15 900 100 1,000 9:1 55/0.5
15A1 SSWAG 1-14 15 250 250 500 1:1 2/1
15A2 SSWAG 1-14 15 350 150 500 7:3 2/1
15A3 SSWAG 1-14 15 450 50 500 9:1 2/1
15B1 SSWAG 1-14 15 500 500 1,000 1:1 2/1
15B2 SSWAG 1-14 15 700 300 1,000 7:3 2/1
15B3 SSWAG 1-14 15 900 100 1,000 9:1 2/1
16A1 SSWAG 1-14 15 250 250 500 1:1 25/05
16A2 SSWAG 1-14 15 350 150 500 7:3 25/05
16A3 SSWAG 1-14 15 450 50 500 9:1 25/0.5
16B1 SSWAG 1-14 15 500 500 1,000 1:1 25/0.5
16B2 SSWAG 1-14 15 700 300 1,000 7:3 25/0.5
16B3 SSWAG 1-14 15 900 100 1,000 9:1 2.5/0.5
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4.2 Runs Using the “S” Set of Relative Permeabilitfpata

In this second group of simulation runs, the exarhe procedure as used earlier
was repeated using the “S” set of relative pernigalgiata. Additional scenarios were
simulated to investigate other SSWAG injection gegparameters. Cases 23C, 23D and
24D represent higher injection rates. In case 28Hijfth water injection shut-off
schedule was simulated with equal times of waten-eff (gas injection only) and
simultaneous water and gas injection. Then casBsa2él 30B investigated the effect of
SSWAG injectors’ completion intervals on oil recoye

In all simulation cases described so far, no coatins of oil recovery methods
were considered. In other words, each oil recovegthod was simulated separately
from day one of production until abandonment (3@rgg At this point, additional cases
were considered in which waterflood is the init8®DR method. Once water cut at the
producer reaches 80%, waterflood is replaced by SWection, WAG injection, or by
SSWAG injection. Each of these combinations wasukted at 500 and 1,000
RB/D/Well injection rates. In case of waterfloodVBAG injection, it was also
evaluated at on of the arbitrarily selected watgeation shut-off schedules. Details of
all the performed runs using the “S” set of relatpermeability data are listed in Table

13.
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TABLE 13 - SIMULATION RUNS USING THE "S" SET
Injector Completion Injection Rate Total Prod.  Injection WAG Cycle
EOR w G w G Rate Ratio Water On/Off

Case Method (Layers) (Layers) (RB/D) (RB/D) (RB/D) (W:G) (months)
17A ND NA NA 0 0 500 NA NA
17B ND NA NA 0 0 1,000 NA NA
18A Gl NA 1-15 0 500 500 0:1 NA
18B Gl NA 1-15 0 1,000 1,000 0:1 NA
19A WF 1-15 NA 500 0 500 1:0 NA
19B WF 1-15 NA 1,000 0 1,000 1:0 NA
20A SWAG 1-15 1-15 250 250 500 1:1 NA
20B SWAG 1-15 1-15 500 500 1,000 1:1 NA
21A WAG 1-15 1-15 500 500 500 1:1 WAG 3/3
21B WAG 1-15 1-15 1,000 1,000 1,000 1:1 WAG 3/3
22A WAG 1-15 1-15 500 500 500 1:1 WAG6/6
22B WAG 1-15 1-15 1,000 1,000 1,000 1:1 WAG6/6
23A1  SSWAG 1-14 15 250 250 500 1:1 NA
23A2  SSWAG 1-14 15 350 150 500 7:3 NA
23A3  SSWAG 1-14 15 450 50 500 9:1 NA
23B1  SSWAG 1-14 15 500 500 1,000 1:1 NA
23B2  SSWAG 1-14 15 700 300 1,000 7:3 NA
23B3  SSWAG 1-14 15 900 100 1,000 9:1 NA
23C SSWAG 1-14 15 1,000 1,000 2,000 1:1 NA
23D SSWAG 1-14 15 2,000 2,000 4,000 1:1 NA
24A1  SSWAG 1-14 15 250 250 500 1:1 5/1
24A2  SSWAG 1-14 15 350 150 500 7:3 5/1
24A3  SSWAG 1-14 15 450 50 500 9:1 5/1
24B1  SSWAG 1-14 15 500 500 1,000 1:1 5/1
24B2  SSWAG 1-14 15 700 300 1,000 7:3 5/1
24B3  SSWAG 1-14 15 900 100 1,000 9:1 5/1
24D SSWAG 1-14 15 2,000 2,000 4,000 1:1 5/1
25A1 SSWAG 1-14 15 250 250 500 1:1 55705
25A2  SSWAG 1-14 15 350 150 500 7:3 55705
25A3  SSWAG 1-14 15 450 50 500 9:1 55705
25B1  SSWAG 1-14 15 500 500 1,000 1:1 55705
25B2  SSWAG 1-14 15 700 300 1,000 7:3 55705
25B3  SSWAG 1-14 15 900 100 1,000 9:1 55/05
26A1  SSWAG 1-14 15 250 250 500 1:1 2/1
26A2  SSWAG 1-14 15 350 150 500 7:3 2/1
26A3  SSWAG 1-14 15 450 50 500 9:1 2/1
26B1  SSWAG 1-14 15 500 500 1,000 1:1 2/1
26B2  SSWAG 1-14 15 700 300 1,000 7:3 2/1
26B3  SSWAG 1-14 15 900 100 1,000 9:1 2/1
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Table 13 continued.

Injector Completion Injection Rate Total Prod.  Injection WAG Cycle
EOR W G W G Rate Ratio Water On/Off

Case Method (Layers) (Layers) (RB/D) (RB/D) (RB/D) (W:G) (months)
27A1  SSWAG 1-14 15 250 250 500 1:1 257105
27A2  SSWAG 1-14 15 350 150 500 7:3 257105
27A3  SSWAG 1-14 15 450 50 500 9:1 257105
27B1  SSWAG 1-14 15 500 500 1,000 1:1 257105
27B2  SSWAG 1-14 15 700 300 1,000 7:3 257105
27B3  SSWAG 1-14 15 900 100 1,000 9:1 257105
28B SSWAG 1-14 15 500 500 1,000 1:1 3/3
29B SSWAG 1-12 13-15 500 500 1,000 1:1 NA
30B SSWAG 1-5 6-15 500 500 1,000 1:1 NA
31A WF/SWAG 1-15 1-15 250 250 500 1:1 NA
31B WF/SWAG 1-15 1-15 500 500 1,000 1:1 NA
32A WF/WAG 1-15 1-15 500 500 500 1:1 WAG 3/3
32B WF/WAG 1-15 1-15 1,000 1,000 1,000 1:1 WAG 3/3
33A WF/SSWAG 1-14 15 250 250 500 1:1 NA
33B WF/SSWAG 1-14 15 500 500 1,000 1:1 NA
34A WF/SSWAG 1-14 15 250 250 500 1:1 5/1
34B  WF/SSWAG 1-14 15 500 500 1,000 1:1 5/1

Samples of ECLIPSE simulation data files are prese in the appendixes.
Appendixes A through D present data files for th8WRAG, SWAG and WAG
injections. Appendixes E through | contain suppletméles for grid construction,

porosity, permeability, and fluid PVT data.
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CHAPTER V

“M” DATA SET SIMULATION RESULTS DISCUSSION

Oil recovery efficiency is used as the main congoer basis to evaluate and
compare the different EOR methods considered ia ghudy, mainly WAG versus
SSWAG injections. This chapter presents resultsidaening only the “M” set of relative

permeability data.

5.1 Results Overview at 500 RB/D/Well Injection Ragt

Fig. 26 presents results for all the scenariosngx@d considering the “M” set of
relative permeability data at 500 RB/D/Well injectirate. On the figure, oil recovery
calculation is presented at 0.25, 0.5 and 1.0 poleme (PV) injected. Comparison of
the different EOR methods considered at this imgectate showed that gas injection
(case 8A) is the worst recovery method, resultmgnly 33% OIIP recovery at 1.0 PV
injected. Surprisingly, water flooding (case 9Aygdhe overall best oil recovery, 57%
OlIP, at the same injected PV. The two unique /deWAG injection and SWAG
injection (cases 11A & 12A, and 10A respectivelsgquced similar oil recoveries, 50%
OIlIP. Then out of all the SSWAG injection scenarsmined at this rate (cases 3A1,
3A2, 3A3, 13A1, 13A2, 13A3, 14A1, 14A2, 14A3, 15A15A2, 15A3, 16A1, 16A2 and

16A3), the best performance was obtained when mootis SSWAG injection was used
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at 9:1 water/gas injection ratio (i.e. case 3AB)tHat case, 56% OIIP was produced by
the time 1.0 PV was injected, which is slightlyddkan oil recovery with waterflood
along although the opposite is true if these paldic scenarios (9A and 3A3) were
compared at 0.25 and 0.5 PV injected.

Two things were observed from the different SSWii{gction cases presented
in Fig. 26. First, for the same SSWAG injection exdhle, decreasing the amount of
injected gas positively affects oil recovery. For example, in cases 13A1, 13A2 and
13A3 water/gas ratio was increased from 1:1 totfe® to 9:1 which resulted in 47%,
51% and 54% OIIP recovery respectively at 1.0 PMcied. The same trend was
observed at 0.25 and 0.5 PV injected. Secondhiosame SSWAG water/gas injection
ratio and at the same PV injected, periodic watggction shut-offs had no significant
effect on oil recovery. In average, 1-2% OIIP rddwcin oil recovery was observed
when water injection was shut-off periodically camgd to continuous SSWAG
injection.

Fig. 27 shows oil recovery versus time for theeéhrcontinuous SSWAG
injection cases and all other recovery methodsudio natural depletion of the
reservoir (case 7A). There, it is clear that SSWAf&ction at water/gas injection ratio
higher than 1:1 performed better than consideredGMAjection. At 9:1 water/gas
injection ratio, SSWAG injection also outperforme@ter flooding in the first 5,000

days (13.7 yeas).
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5.2 Results Overview at 1,000 RB/D/Well Injection Rte

Simulation results for injection scenarios consit the “M” set of relative
permeability data at 1,000 RB/D/Well injection ratee shown in Fig. 28. The figure is
similar to Fig. 26 expert that results are showf.&f 1.0 and 2.0 PV injected instead of
at 0.25, 0.5 and 1.0 PV injected. In comparisot.@tPV injected, the higher injection
rate resulted in 1-3% OIIP recovery increase intnsases, 5% higher in the case of gas
injection (case 8A vs. case 8B).

Overall, there is no change in the trends obseeatier at 500 RB/D/Well
injection rate. At 2.0 PV injected, gas injectiomguced the lowest oil recover of 49%
OIIP (case 8B) while water flooding was the besbxery method producing 66% OIIP
(case 9B). At the same PV injected and 1:1 watsrifgjaction ratio, WAG, SWAG, and
continuous SSWAG injections (cases 11B, 12B, 108 2B1 respectively) all resulted
in similar oil recovery figures in the range of 63% OIIP. In the case of SSWAG
injection, a slightly higher oil recovery, 64-65%I1®, was obtained when water/gas
injection ratio was increased to 7:3 and later :tb (8ases 3B2 and 3B3 respectively).
Fig. 28 also shows that SSWAG injection with vasauater injection shut-off schedules
(cases 13B1, 13B2, 13B3, 14B1, 14B2, 14B3, 15BB2]515B3, 16B1, 16B2 and
16B3) did not result in oil recovery increase comp#o the continuous SSWAG

injections (cases 3B1, 3B2, and 3B3) at the santerigas injection ratio.
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In Fig. 29, oil recovery estimates for selectednsecios are related to that of
natural depletion (case 7B) as a function of tinoe the same reservoir volume
produced. It also shows that increasing water/gggtion ratio speeds up oil recovery.
For an example, at the ratio of 9:1 (case 3B3jpok 5,500 days to obtain 60% OIIP

recovery while at the ratio of 7:3, the same amatfiwil was recovered in 6,450 days.

5.3 Fluid Saturations Distribution

Fig. 30 through Fig. 34 represent snap shots wftl featurations distribution
during some of the simulated scenarios at 1,000DRBEIl injection rate. The span
shots are presented from two directions (crossesedtand areal) at four steps (0.1, 0.5,
1.0 and 2.0 PV injected). In the case of gas imadFig. 30), gas segregation happened
immediately at the injector. Gas then flowed thiouilpe top layers overrunning
formation oil and quickly found its way to the prar. By the time 0.1 PV of gas is
injected, injected gas had already broken througtihea producer. At 2.0 PV injected,
just over half of the formation had gas saturapoesent. In the case of water flooding
(Fig. 31), gravity segregation occurred at a cogrsidle distance away from the injector
providing better vertical sweep around the injedtman gas injection. Initially, water
front advanced evenly through the top layers. inrélatively high permeability bottom
layers, the water front was distorted as injectedewunder-ran formation oil. Injected
water eventually reaches the producer but at aelotige period than the gas in case 8B.

At 2.0 PV, injected water had already contactedtrabthe formation.
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A P GasSat. (0.0-1.0) Oil Sat. (0.0 -1.0) I Water Sat. (0.0-1.0)

Fig. 30 — Fluid saturations distribution during gas injection (case 8B). On the left from top to botto ~ m, cross-sectional views at
0.1, 0.5, 1.0 and 2.0 PV injected. Corresponding ar eal views shown on the right (layers no. 1, 5, 10, and 15).
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A

P Gas Sat. (0.0-1.0) Oil Sat. (0.0 - 1.0)

I Water Sat. (0.0 - 1.0)

Fig. 31 — Fluid saturations distribution during wat er flooding (case 9B). On the left from top to bott ~ om, cross-sectional views at
0.1, 0.5, 1.0 and 2.0 PV injected. Corresponding ar eal views shown on the right (layers no. 1, 5, 10,  and 15).
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Fig. 32, Fig. 33 and Fig. 34 represent SWAG, WA a@ontinuous SSWAG
injections respectively all at 1:1 water/was inj@ctratio. The three cases produced
similar saturations distribution for injected gagected water and formation oil. Water
under-ran oil and flowed to the producer via thé&tdoa high permeability layers. Gas
segregated immediately in the case of WAG injectimjected gas traveled a little
deeper into the formation in the other two injestiecenarios. In all three cases,
complete segregating of the injected water andciege gas occurred at about 360 ft
away from the injector (27% the distance betweenitiector and the producer). After
segregation, gas flowed only in the top 38 ft & tbrmation, i.e. only 13% of formation
thickness was swept by injected gas.

A close look at the oil saturation in the swepaar is shown in Fig. 35 for the
cases of WAG and continuous SSWAG injections (cd9d3 and 3B1 respectively).
The areas swept by gas only (top layers) had tthwedb oil saturation, around 20%.
Surprisingly, the areas of mixed water and gas fiwwed higher oil saturations than
the areas swept by water only (see Fig. 35 atrid®a0 PV injected). The only physical

explanation to this observation is that oil wappred by flowing water.



A P Gas Sat. (0.0 -1.0) Oil Sat. (0.0-1.0) I Water Sat. (0.0 - 1.0)

Fig. 32 — Fluid saturations distribution during SWA G injection (case 10B). On the left from top to bot  tom, cross-sectional views
at 0.1, 0.5, 1.0 and 2.0 PV injected. Corresponding  areal views shown on the right (layers no. 1,5,1 0, and 15).
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A P Gas Sat. (0.0-1.0) Qil Sat. (0.0 - 1.0) B Water Sat. (0.0 - 1.0)

Fig. 33 — Fluid saturations distribution during WAG injection (case 11B). On the left from top to bott ~ om, cross-sectional views at
0.1, 0.5, 1.0 and 2.0 PV injected. Corresponding ar eal views shown on the right (layers no. 1, 5, 10,  and 15).
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A

P Gas Sat. (0.0-1.0) Oil Sat. (0.0 -1.0) I Water Sat. (0.0 -1.0)

Fig. 34 — Fluid saturations distribution during SSW  AG injection (case 3B1). On the left from top to bo  ttom, cross-sectional views
at0.1, 0.5, 1.0 and 2.0 PV injected. Corresponding areal views shown on the right (layers no. 1,5,1 0, and 15).
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0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000

Fig. 35 — Cross-sectional views showing oil saturat  ion during WAG (case 11B) and SSWAG (case 3B1) inje  ctions. In both cases

(WAG snaps on the left and SSWAG shaps on the right

), shap shots are presented at 0.1, 0.5, 1.0 and 2. 0 PV injected from top to
bottom respectively.

29
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CHAPTER VI

“S” DATA SET SIMULATION RESULTS DISCUSSION

In this chapter, only results from simulation rypesformed with the “S” set of
relative permeability data are discussed. Thisughes$ results for the same injection rates
considered earlier and additional scenarios atdmighjection rates. It also includes
results of combined EOR methods, i.e. initial @tavery by waterflood followed by
one of the combined water and gas injection metliodsecondary recovery. Finally,
investigation results on SSWAG injector completiare presented. The results are

mainly presented in similar manner to that folloviedhe previous chapter.

6.1 Results Overview at 500 RB/D/Well Injection Rat

Fig. 36 shows the results of examined scenari@®@tRB/D/Well injection rate.
Oil recovery estimates are presented at 0.25, fid5ah 1.0 PV injected. Overall, better
oil recoveries were obtained compared to usingMieset of relative permeability data
at the same injection rate. At 1.0 PV injected, mgection (case 18A) resulted in the
lowest oil recovery of 41% OIIP. The next lowestsn@WAG injection (case 20A)
giving 57% OIIP recovery. The two unique WAG inject cycles (case 11A & 12A)

and waterflood (case 19A) resulted in equal oibveties, 59% OIIP. SSWAG injection
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was by far the best injection method in this fororatyielding 65-66% recovery at 1.0
PV injected (cases 23A1, 23A2).

SSWAG injection scenarios with water injection tsbff schedules (cases 24A1,
24A2, 24A3, 25A1, 25A2, 25A3, 26A1, 26A2, 26A3, 2ZIA27A2 and 27A3) had no
significant effect on oil recovery compare to canbus SSWAG injection (cases 23A1,
23A2 and 23A3. In these cases, the trend of inorgascovery by reducing injected gas
does not apply.

Fig. 37 presents oil recovery versus time for ¢batinuous SSWAG injection
cases and all other injection methods as well agaladeletion. It shows that SSWAG
injection was always better than WAG injection amy other injection method for the
examined water/gas injection ratios. On this figu# recovery estimates for natural
depletion (case 17A) were at fist questionable.nirang the results showed that when
formation pressure dropped below the bubble poesgure, 2,600 psia, gas came out of
solution and remained in the formation until iteleed critical saturation. At the mean
time oll rate increased to substitute for the dimgas production since the producer is
controlled by constant reservoir volume producecertually gas became mobile in the

formation and was produced with the oil.
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6.2 Results Overview at 1,000 RB/D/Well Injection Rte

In Fig. 38, the results of scenarios similar toseth@onsidered in Fig. 36 are
presented but 1000 RB/D/Well injection rate. A2 PV injected, higher oil recoveries
were estimated at this injection rate than at S@ICRANell, therefore, this is a more
efficient injection. Ranking of the different infgan methods in terms of oil recovery
remained unchanged at 1.0 PV injected with the gx@me of WAG injection (cases 21B
and 22B) outperforming water flooding (case 19BasGnjection (case 18B) recovery
estimates were the lowest while SSWAG injectionegthe highest oil recovery (cases
23B1 and 23B2).

At 2.0 PV injected, equal oil recoveries wererasated by water flooding and gas
injection, 63% OIIP. Similarly, estimates for WA@GdA SSWAG injections were very
close, 71%-72% OIIP. SWAG injection (case 20B) wasmated in between the two,
67% OIIP.

With regard to examined SSWAG injection scenarths, relationship between
water/gas injection ratio and oil recovery was o be inconsistent at 0.5 and 1.0 PV
injected. Then at 2.0 PV injected, a reversed tisrabserved, i.e. for the same SSWAG
injection schedule, oil recovery decreases sliglalythe water/gas injection ratio is
increased. The ratio of 1:1 seemed to be alwayd#se choice. It remained true for
examined injection scenarios that at the same lgaterinjection ratio, the different

schedules of water injection shut-off had no sigaift effect on oil recovery.
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Oil recovery estimates for natural depletion, camus SSWAG injection, and
other EOR methods are plotted versus time on FgTBe comparison between WAG
and SSWAG injections showed that the latter outperé the former when water/gas
injection ratio is 1:1. At 7:3 water/gas injectioatio, SSWAG injection (case 23B2)
recovered oil faster that WAG injection (case 21Byentually, when injection is
continued for long times at this rate and waterfg#is, more oil was by WAG injection.
For an example, 65% OIIP oil recovery was estimatftel about 3,600 days (10 years)
of SSWAG injection (case 23B2) while it takes 4,5(#ys (12.3 years) to recover the
same amount of oil by WAG injection. At a relatiydbng time, 10,000 days (27.4
years) oil recoveries for SSWAG and WAG are estadatt 70% and 71% respectively.
The 1% OIIP difference can be negligible considgtime extra volumes of gas that need
to be injected in the case of WAG injection (1:1ltevAgas ratio) and the additional years

of injection.
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6.3 Fluid Saturations Distribution

Fig. 40 through Fig. 44 are cross-sectional anelalasnap shots of fluid
saturations during selected simulation cases @01RB/D/Well injection rate. Each
figure shows saturations disruption at 0.1, 0.8,dnd 2.0 PV injected. In the case of
gas injection (case 18B, Fig. 40), gas did not esgape immediately near the injector
especially in the top part of the formation wheeerpeability is relatively low. More gas
was trapped in the formation compared to case 8btdaok loner for the injected gas to
break through at the producer. This provided betetical sweep of formation oil in the
areas contacted by injected gas. At 0.1 PV injectedyas had reached the producer yet.
Eventually, injected gas migrated to the top laysrd overran formation oil to reach the
producer at the other end of the reservoir mod#&krAreakthrough, gas injection loses
efficiency. At 2.0 PV injected, just over half diet reservoir has been contacted by
injected gas.

In the case of water flooding (case 19B, Fig. 4irhilar behavior to that of case
9B is observer. Water under-ran formation oil tacte the producer through the high
permeability bottom layers. It was noticed that thuis set of relative permeability data,
water breakthrough during water flooding (case 18&urred before gas breakthrough
in the case of gas injecting flooding (case 18Bje ©pposite happened using the earlier
“M’ set of relative permeability data. After breakbugh, the method of water flooding
was more effective in oil recovery compared to iggsction. In the former, most of the

reservoir was contacted by injected water by timeti.0 PV injected was injected.



A P Gas Sat. (0.0-1.0) Oil Sat. (0.0 -1.0) I Water Sat. (0.0 -1.0)

Fig. 40 — Fluid saturations distribution during gas injection (case 18B). On the left from top to bott  om, cross-sectional views at
0.1, 0.5, 1.0 and 2.0 PV injected. Corresponding ar eal views shown on the right (layers no. 1, 5, 10, and 15).
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A

P Gas Sat. (0.0-1.0) Oil Sat. (0.0 - 1.0) I Water Sat. (0.0 -1.0)

Fig. 41 - Fluid saturations distribution during wat er flooding (case 19B). On the left from top to bot  tom, cross-sectional views at
0.1, 0.5, 1.0 and 2.0 PV injected. Corresponding ar  eal views shown on the right (layers no. 1, 5, 10,  and 15).
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Fig. 42, Fig. 43 and Fig. 44 show fluid saturasiahstribution during SWAG,
WAG and SSWAG injections respectively. All threeses (20B, 21B and 23B1)
represent 1:1 water/gas injection ratio for theppse of comparison. The figures show
that in all three cases, the mixed flow of injectesiter and gas traveled deeper into the
formation compared to cases 10B, 11B and 3B1 (usiegM” set data) before the two
phases segregate completely. In case of SWAG iafgcthe point of complete
segregation was at about half the reservoir distapetween the injector and the
producer when 2.0 PV was injected. For the samaniéted during WAG injection,
the point of complete segregation was at aboukethuearters of the reservoir distance
away from the injector. In both cases, after thafpof complete segregation, injected
gas contacted only the top 2 layers while the rek#te formation was effectively water
flooded (no gas).

A look at the fluid saturations distribution dugicomparable SSWAG injection
(Fig. 44), shows similar behavior to that obserithv8WAG and WAG. At 0.5 PV
injected, the two phases appeared to have complstgregated at about three-quarters
the reservoir length. Unlike during SWAG and WAGkettions, that point kept
advancing deeper into the formation, hence, moeasacontacted by the injected gas
during SSWAG injection. By the time 1.0 PV was otgal, there was no distinct phase
segregation in the formation. Fig. 45 shows a side/ of how injected water and gas
propagate through the formation during WAG (casB)24ersus during SSWAG (case

23B1). It also confirms that 100% areal sweep aa@rbe assumed in this study.



A

P Gas Sat. (0.0-1.0) Oil Sat. (0.0 - 1.0)

I Water Sat. (0.0 -1.0)

Fig. 42 — Fluid saturations distribution during SWA G injection (case 20B). On the left from top to bot ~ tom, cross-sectional views
at 0.1, 0.5, 1.0 and 2.0 PV injected. Corresponding areal views shown on the right (layers no. 1,5,1 0, and 15).
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A

P Gas Sat (0.0-1.0) Oil Sat. (0.0 -1.0) I Water Sat. (0.0-1.0)

Fig. 43 — Fluid saturations distribution during WAG injection (case 21B). On the left from top to bott  om, cross-sectional views at
0.1, 0.5, 1.0 and 2.0 PV injected. Corresponding ar eal views shown on the right (layers no. 1, 5, 10, and 15).
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A I Gas Sat (0.0-1.0) Oil Sat. (0.0 -1.0) I Water Sat. (0.0-1.0)

Fig. 44 — Fluid saturations distribution during SSW  AG injection (case 23B1). On the left fromtoptob  ottom, cross-sectional
views at 0.1, 0.5, 1.0 and 2.0 PV injected. Corresp onding areal views shown on the right (layers no. 1 , 5,10, and 15).
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A I Gas Sat. (0.0-1.0) Oil Sat. (0.0 - 1.0) I Water Sat. (0.0 -1.0)

Fig. 45 — Side views showing fluid saturations dist ribution during WAG (case 21B) and
SSWAG (case 23B1) injections. In both cases (WAG sn  aps on the left and SSWAG spans
on the right), snap shots are presented at 0.1, 0.5 , 1.0 and 2.0 PV injected from top to
bottom respectively.
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6.4 Investigating Higher SSWAG Injection Rates

Continuous SSWAG injection at 1:1 water/gas inggttratio was simulated at
two additional injection rates, 2,000 and 4000 RMBYeIll (cases 23C and 23D
respectively), in order to investigate the effett iojection rate effect on oil recovery
amount and recovery speed. Fig. 46 shows oil regoestimates as a function of time
for each of the four simulated injection ratess|tlear that the higher the injection rate,
the faster oil is recovered. For an example, 65% @& recovered in 3,600 days when
the injection rate is 1,000 RB/D/Well while it takenly 1,340 days to recover the same
amount of oil when the injection rate is increased,000 RB/D/Well. Of course, there
must be a consideration for the practicality of thgection rate. Injecting at 4,000
RB/D/Well in a one-eighth of a unit means 32,000RB a single injector in the field.

On the other hand, it seems that there is an optirmjection rate in order to
maximize the ultimate oil recovery, which is notessarily the higher rate possible. At
2.0 PV injected, injecting at 1,000 RB/D was foundyield the maximum oil recovery
among all four cases studied. Fig. 47 shows oibvery estimates for the diffident
SSWAG injection rates versus PV injected for 30rgedll rates have the same oll

recovery until one of the injected phases breakitincat the producer.
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6.5 Periodic Water Injection Shut-Off Effect on Oil Recovery

As indicated earlier, no significant effect on odcovery was observed for
periodic water injection shut-off during SSWAG iaj®n. That was found to be true at
the same water/gas injection ratio for either @& s$tudied injection rates, 500 or 1,000
RB/D/Well. Case 24D was simulated to investigatié same is true at higher injection
rates. In this case, the injection rate was kegt0@0 RB/D/Well at 1:1 water/gas ratio.
Water injection was shut-off for 1 month after gvBrmonths of SSWAG injection.

In Fig. 48 presents oil recovery estimate verso tfor comparable SSWAG
injection cases with and without water injectiorutsbffs. Comparing oil recovery
difference between cases 23B1 and 24B1 (at 1,000M&:ll injection rate) versus the
difference between cases 23D and 24D (at 4,000 RBAD injection rate) shows that at
the relatively high injection rate, periodic shagtiof water injection has more significant
impact on oil recovery than at the lower injecticate. Of course, it's important to
mention that more gas is injected in the case efhilgher rate when water injecting is

shut.



82

80.0
70.0 e T e s
s
60.0 ki
{'1
i
o 500+ -/
5 /
X !
5400 |
3 |
& |
o i
3 30.0 1 I'
i
i
20.0 1 | -
i 1,000 RB/D, continuous (case 23B1)
,' —— 1,000 RB/D, w/ water shut-offs (case 24B1)
10.0 ,'l! ———4,000 RB/D, continuous (case 23D)
! —-—-4,000 RB/D, w/ water shut-offs (case 24D)
!
0.0 T T
0.0 2,000.0 4,000.0 6,000.0 8,000.0 10,000.0 12,000.0
Time, days
njection scenarios with and without
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6.6 Effect of SSWAG Injector Completion on Oil Recuery

In the all SSWAG injection scenarios discussedaspgas was always injected
in the bottom 20 ft of the formation and water atggl in the reaming top part (270 ft).
In case 29B, the injector well completion was clehgp 60 ft at the bottom for gas

injection and 230 ft on top for water injection.el'm case 30B, gas was injected in the

bottom 195 ft and only 95 ft for water injection.
Oil recovery estimates from case 23B1 was comptrdbe last two cases (see

Fig. 49). The injection rate and water/gas ratieravkept constant in all three cases
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(1000 RB/D/Well and 1:1 respectively). Result shdwleere is no significant difference

in oil recovery between the three considered cotigpis.
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Fig. 49 — Plot oil recovery versus time for SSWAG i  njection scenarios with different gas
and water injector completions.
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6.7 Combined Injection Methods

Additional scenarios were simulated in which watdwoding was first
implemented until water-cut at the producer reacaeseconomical limit (80% of
produced liquids). Then water flooding was replatgdSWAG, WAG or SSWAG
injections. In every case, previous water flooegatpn rate was maintained during the
following method of injection. Refer to cases 3BAB, 32A, 32B, 33A, 33B, 34A, and
34B in Table 13 for details.

Fig. 50 shows oil recovery estimates versus P¥cied for the cases at 500
RB/D/Well injection rate as well as water floodihgse case (case 19A). A similar plot
is resented in Fig. 51 at 1,000 RB/D/Well injectiate where the base case was 19B.
Incremental oil recovery estimates over water flogdare listed in Table 14. The
combination with SSWAG injection performed bettiean the other combinations with

SWAG and WAG injections.

TABLE 14 - COMBINED INJECTIONS OIL RECOVERY AFTER W ATER FLOODING

Total Incremental Recovery

Injection at 1.1 PV at 2.3 PV

Case Description (RB/D) (% OIIP) (% OIIP)
31A SWAG after water flooding 500 0.4 NA
32A WAG after water flooding 500 1.1 NA
33A Continuous SWAG after water flooding 500 3.2 NA
34A SWAG w/ shut/offs after water flooding 500 2.5 NA
31B SWAG after water flooding 1,000 0.4 4.0
32B WAG after water flooding 1,000 1.2 4.0
33B Continuous SWAG after water flooding 1,000 5.3 7.5
34B SWAG w/ shut/offs after water flooding 1,000 6.3 7.8




66.0 T T T T
| | | |
| | | |
| | | |
4 L _______ L
64.0 ‘ ‘ ‘
| | |
| | |
| | |
620+ -~ - - -=-==-- [ i aali i i e
| |
| |
| |
L6001 e s e e
) |
X |
y |
gs80{ - e T
> |
o
o |
e |
o— |
58604 L7
|
| |
| | Waterflood (base case 19A)
401 o — -~ SWAG (case 31A) o
| ——WAG (case 32A)
504 -~ e “===SSWAG, contiuous (case 33A) .
| | — — — SSWAG, with water shut-offs (case 34A)
| | T T
| | | |
50.0 i i ‘ i i
0.6 0.7 0.8 0.9 1.0 11 1.2
Pore Volumes Injected

Fig. 50 — Plot of oil recovery versus PV injected f

or the combined injection methods

scenarios at 500 RB/D/Well injection rate.

74.0
7204
7004
680
660
a
O6401+ -
X
Se20f -
>
[=]
]
& 60.0 A
5
58.0
s60d - S L Waterflood (base case 19B) N
: : —-—-SWAG (case 31B)
5404 -/ — - 4 — - — = e ——— o ——WAG (case 32B) -
: : ====SSWAG, continuous (case 33B)
520/~~~ T IR —— — SSWAG, with water shut-offs (case 34B) |
| | | | | |
50.0 f T f T f f f f
0.6 0.8 1.0 1.2 1.4 1.6 18 2.0 2.2 2.4
Pore Volumes Injected

Fig. 51 — Plot of oil recovery versus PV injected f
scenarios at 1,000 RB/D/Well injection rate.
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6.8 General Comparisons

Fig. 52 shows the average gas saturation in thedioon as a function of
injection time for SSWAG injection cases 3A1, 3BBA1 and 23BL1. It is clear that in
the first two cases, using the “M” set at 500 an@@ RB/D/Well, injected gas was
trapped in the formation to a max of about 7% sdiom. Whereas in the cases using the
“S” set, average gas saturation kept increasinthénformation to higher levels (17%
and 25% saturation in cases 23A1 and 23B1 resgégtivn all four cases, the steady
increase in gas saturation is stopped at or eviEmeébeeaching the corresponding critical
gas saturation (5% and 20% for the “M’ and “S” setspectively). This indicates there
is very little gas trapped in the formations afteaching critical saturation or after

establishing a flow channel to the producer, bieakigh.
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"S" set, 500 RB/D (case 23A1)

———"M" set, 1,000 RB/D (case 3B1)

—"S" set, 1,000 RB/D (case 23B1)
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0.0 2,000.0 4,000.0 6,000.0 8,000.0 10,000.0 12,000.0
Time, days

Fig. 52 — Plot of formation gas saturation estimate versus time during SSWAG injection
scenarios using both sets of relative permeability.
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Fig. 53 and Fig. 54 show water and gas breaktliraimges for continuous
SSWAG injection for both sets of relative permeapiat 1:1 water/gas ratio and at
injection rates of 500 and 1,000 RB/D/Well respasdti. In Fig. 53 at 500 RB/D/Well,
both gas breakthrough and water breakthrough ocedwarlier in the case using the “M”
set, although the gas reached the producer bdferedter. In the case using the "S” set,
there was a delay in breakthrough times but wats the first to reach the producer.
Similar behaviors are seen on Fig. 54 at the highection rates. Table 14 provides

more detail on breakthrough times for these andesotiner selected cases.
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Fig. 53 — Plot of water-cut and gas production rate versus time during SSWAG injection at
500 RB/D/Well injection rate using both sets of rel  ative permeability.
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Fig. 54 — Plot of water-cut and gas production rate versus time during SSWAG injection at
1,000 RB/D/Well injection rate using both sets of r  elative permeability.

Fig. 55 and Fig. 56 show breakthrough times foW®&% injection versus WAG
injection for cases using the “S” set relative peafnlity data at 500 and 1,000
RB/D/Well respectively. Both figures show earlieater then gas breakthrough in the
cases of WAG injection. Details on exact breaktgiotimes are listed in Table 15. It's
also point out the short term gas production r&tetdation in both cases of WAG
injection compared to relatively steady gas proidactrate in the cases of SSWAG

injection.
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Fig. 55 — Plot of water-cut and gas production rate versus time during WAG and SSWAG
injections at 500 RB/D/Well injection rate usingth e “S’ set of relative permeability.
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TABLE 15 - SUMMARY OF WATER AND GAS BREAKTHROUGH Tl MES
Relative Total W. Breakthrough G. Breakthrough

Permeability EOR Injection Time PV Time PV
Case Set Method (RB/D) (days) Injected (days) Injected
10A M SWAG 500 1,616 0.171 776 0.082
11A M WAG 500 1,498 0.159 858 0.091
3A1 M SSWAG 500 1,566 0.166 849 0.090
10B M SWAG 1,000 990 0.210 441 0.093
11B M WAG 1,000 896 0.190 545 0.115
3B1 M SSWAG 1,000 1,002 0.212 513 0.109
20A S SWAG 500 1,846 0.195 1,794 0.190
21A S WAG 500 1,769 0.187 2,106 0.223
23A1 S SSWAG 500 2,388 0.253 2,764 0.292
20B S SWAG 1,000 1,115 0.236 1,075 0.228
21B S WAG 1,000 1,044 0.221 1,488 0.315
23B1 S SSWAG 1,000 1,553 0.329 1,942 0.411
23C S SSWAG 2,000 981 0.208 1,026 0.217
23D S SSWAG 4,000 594 0.126 365 0.077
30B S SSWAG 1,000 1,797 0.380 1,815 0.384

Bottom hole injection pressures are shown in big.and Fig. 58 for the same
cases of WAG and SSWAG injections presented in Bigand Fig. 56 respectively.
Both figures show continuous fluctuation in WAGeajion pressures, more so at the
higher injection rate. In comparison, pressureth@tSSWAG injectors (water and gas)
are relatively stable. The reason for the fluctwain the cases of WAG injection is the
reduced relative permeability for each of the tvinages as they are injected through the
same set of perforations. In the cases of SSWAEctign, higher mobility zones are
formed around each of the two injectors as therenlg one phase flow initially. This
might be considered one of the advantages of SSVea& WAG as fluctuation in

operation pressure may reduce the injection sybfem
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Fig. 58 — Plot of BHP versus time during WAG and SS  WAG injections at 1,000 RB/D/Well
injection rate using the “S’ set of relative permea  bility.
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CHAPTER VII

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

This was a simulation study utilizing Schlumbebgeblack oil simulator,
ECLIPSE-100, to verify Stone’s selective simultameevater and gas injection design.
The model used was a three-phase and three-dinmahsepresentation of one-eight of
an 80-acre 5-spot pattern-unit. The Cartesian gad oriented such that one axis is
parallel to the injector-producer direction. Allnsilation runs were carried out
considering vertical injector well and productiorlixcompletions. Reservoir rock and
fluid properties similar to those used in Stonéiglg were used in this study. Additional
hypothetical data was adopted where necessary hierstimulation model to run
properly. Two unique sets of relative permeabitigta were investigated: the “S” set is
similar to Stone’s while the “M” set is a typicalative permeability data with a smaller
critical gas saturation.

SSWAG oil recovery performance was compared td fh@n conventional
WAG as well as to other EOR methods (gas floodewéflbod, SWAG) and natural
depletion. Sensitivity analyses were performederesal SSWAG design parameters to

evaluate their effect on oil recovery. Parametechsas water/gas injection ratio, total
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injection rate, injection schedule and completiotetivals for water and gas injections

were investigated in this study.

7.2 Conclusions

The main conclusions from this study may be sunmedras follows:

1. Injecting water directly on top of gas in the infmcmay delay the immediate
migration of gas to the top of the reservoir. Evally however, injected gas will
segregate and flow straight to the producer, aftbich the displacement
efficiency decreases significantly.

2. Critical gas saturation is essential for trappiraps gn the reservoir, thereby,
important for the success of SSWAG and WAG injetioThe amount of oil
contacted by the injected gas is proportional ®amount of free gas trapped in
the formation. At low critical gas saturation, thes not much difference in oil
recovery with SSWAG or WAG for the same water/ggsdtion ratio.

3. Water/gas injection ratio effect on recovery is elggent on how mobile the
injected gas is once it enters the formation. k& ¢hse of the modified set of
relative permeability data, injected gas is molifee it reaches 5% saturation
within a grid cell compared to 20% gas saturatiothie case of Stone’s relative
permeability data set. In the first case, increqsvater/gas ratio for a given total

injection rate improved oil recovery. The oppositas mainly noticed when
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Stone’s set of relative permeability data was usedovery increases when the
ratio is lowered).

. There is an optimum SSWAG injection rate for maximg oil recovery and it is
not necessarily the highest injection rate possible

. Periodic water injection shut-off during SSWAG ictien has no significant
effect on oil recovery at the relatively low injest rates (500 and 1,000
RB/D/Well). A more significant impact was obsenad,000 R/D injection rate.
The latter could be a result of the additional iggected into the formation when
there is no water being injected (lower effectivatav/gas ratio).

. As long as gas is injected at the bottom part aatkmat the top of the formation,
there seems to be no effect on oil recovery oktttent of the reservoir thickness
that receives the injected gas.

. For a lesser amount of injected gas, SSWAG injactiesulted in higher oil
recovery than WAG injection at the relatively lomyaction rates.

. At the injector, SSWAG injection pressures wereblgtacompared to the
fluctuation in WAG injection pressure. This is digethe higher injected phase
mobility around SSWAG water and gas injectors camgao that of WAG.
Continuous fluctuation in operating pressures ifrimental to the injection
facilities.

. At the producer, SSWAG injection reduced the flation normally associated

with WAG injection. Thus, SSWAG injection could ek gas handling cost.
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10. SSWAG injection will also eliminate the extra odeya required to alternate
water and gas injection in the case of WAG. Of seurthat is true only if

SSWAG injection is continuous without periodic watgection shut-offs.

7.3 Recommendations

For future research, it is proposed to investi¢fagefollowings:

1. Evaluate SSWAG injection at higher injection ratiesn those considered in this
study. It may be necessary to consider horizon&l gompletions as suggested
by Stone.

2. Besides relative permeability, there are many otbservoir properties that may
influence the performance of SSWAG injection. Capyl pressurek,/k, ratio
and reservoir heterogeneity are some that can msdmred for investigation.

3. There are also several design parameters, nottigatsli in this study, which
could affect the oil recovery by SSWAG injectionel\spacing within the same
5-spot pattern or even considering different page(7-spot or 9-spot) may

greatly affect the areal sweep efficiency and,dfae, oil recovery.
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NOMENCLATURE

Gas formation volume factor

Oil formation volume factor

Barrels of water per day

Day

Enhanced oil recovery

Foam assisted WAG

Horizontal injector — horizontal producer
Horizontal permeability

Relative permeability

Gas relative permeability

Oil relative permeability in gas-liquid system
Oll relative permeability in oil-water system
Water relative permeability

Vertical permeability

Millidarcy

Gas viscosity

Thousand standard cubic feet per day

Oil viscosity

Oil initially in place

Pressure



PV
Rs

RB

Sorw

STB

Sy
SWACQ,
SWAG
SSWACQ
SSWAG
VI-HP
VI-VP
WACO;,

WAG
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Pore volume injected

Solution gas oll ratio

Reservoir barrels per day

Gas Saturation

Waterflood residual oil saturation
Stock-tank barrel

Water saturation

Simultaneous water and GO
Simultaneous water and Gas
Selective simultaneous water and CO
Selective simultaneous water and Gas
Vertical injector — horizontal producer
Vertical injector — vertical producer
Water-Alternating-C@

Water-Alternating-Gas
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SAMPLE SIMULATION DATA FILE: CONTINUOUS SSWAG INJEC TION

-- RUNSPEC section

-- The RUNSPEC section is the first section of an ECLIPSE data input file.

-- It contains the run title, start date, units, various problem dimensions

-- (numbers of blocks, wells, tables etc.), flags for phases or components

-- present and option switches.
RUNSPEC

-- Checking Data file - No simulation:
--NOSIM

-- Suppress Eclipse warning messages
NOWARN

-- Run title:

TITLE

5 Spot Pattern Waterflood

-- Phase present:

OoIL

WATER

GAS

DISGAS

-- Use FIELD unit:

FIELD

-- Simulation Start date:

START

01 Jan 2000 /

-- Dimensions of the well data to be used:
WELLDIMS

1020210/

-- Cartesian geometry:

CART

--Specify Grid dimensions:
DIMENS

412115/

-- Default PVT Tables Dimensions
TABDIMS

115050/

-- Linear solver stack size:
NSTACK

25/

SAVE

/

-- Grid section

-- The GRID section determines the basic geometry of the simulation
-- grid and various rock properties (porosity, absolute permeability,
-- net-to-gross ratios) in each grid cell. From this information,

-- the program calculates the grid block pore volumes, mid-point
-- depths and inter-block transmissibilities.

GRID

-- Default Block Centered Geometry.

-- The origin in Cartesian geometry is the top left back corner.
Include

'c-GRID.dat'

/

-- Porosity Data:

Include



'C-PORO.dat'

/

-- Absolute permeability Data in the X, Y & Z directions:
Include

'C-PERM.dat'

/

-- Grid output controls:
--RPTGRID
-111117*01/

-- Output initial file:
INIT

-- Properties Section
-- The PROPS section of the input data contains pressure and

-- saturation dependent properties of the reservoir fluids and rocks.

PROPS

--Relative Permeability & PVT Data:
Include

'B-SPVT.dat'

/

-- Fluids Surface densities / Gravities (API, W sepc.g, G spec.g):
GRAVITY

351.070.7/

--Rock compressibility at Pref:
ROCK

3000.0 1.0E-09 /

-- Water PVT Properties at Pref (Pref Bwref Cw Vw viscosibility=dVw/dP):

PVTW

3000.0 1.00 1.0E-09 0.31 0.0/

-- Properties output controls:

--RPTPROPS

-- SWFEN SGFN PVTO PVTW PVDG SOF3/

-- Regions Section

-- The REGIONS section divides the computational grid into regions.

REGIONS

-- No. of Saturation Regions:
SATNUM

12915*1 /

-- Regions output controls:
--RPTREGS

-1115*01/

-- Solution Section

-- The SOLUTION section contains sufficient data to define the
-- initial state (pressure, saturations, compositions) of every
-- grid block in the reservoir.

SOLUTION

-- Initial equilibration conditions at Datum depth & Pref.:
EQUIL

-- Datum Pref WOC Pcow GOC Pcog

8145.0 3000.0 15000 0 0 0 1 0 0O/

-- Rs versus depth Tables at initial conditions:

RSVD

-- Depth Rsi

8000.0 0.768

8300.0 0.768/

-- Solution output controls:

-RPTSOL

-- PRESSURE SWAT SGAS SOIL FIP /

-- Output basic restart files every time step:

RPTRST

BASIC=2/

-- Summary Section

-- The SUMMARY section specifies a number of variables that are
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-- to be written to Summary files after each time step of the

-- simulation. The graphics post-processor may be used to display
-- the variation of variables in the Summary files with time and

-- with each other.

SUMMARY

-- Requests a neat tabulated output of the RSM summary file:
RUNSUM

-- Requests RUNSUM output to go to a separate RSM file:
SEPARATE

-- Requests that the summary data is only produced at report times:

--RPTONLY

-- Specify Field/Group/Wellparameters to be written in the RSM.
-- Requests a basic set of field/group/well keywords for all:
-- ALL

-- Production Rates
FOPR

FWPR

FGPR

FVPR

--FLPR

-- Production Totals
FOPT

FWPT

FGPT

FVPT

--FLPT

-- Injection Rates
--FOIR

FWIR

FGIR

FVIR

-- Injection Totals
--FOIT

FWIT

FGIT

FVIT

-- Saturations
FOSAT

FWSAT

FGSAT

-- Ratios

FGOR

FWGR

-FGLR

FRS

-- Avg Pressure & Water Cut
FPR

FWCT

FOE

-- BHP for each Well
WBHP

/

-WWCT
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-- Schedule Section

-- The SCHEDULE section specifies the operations to be simulated

-- (production and injection controls and constraints) and the
-- times at which output reports are required. Vertical flow

-- performance curves and simulator tuning parameters may also

-- be specified in the SCHEDULE section.
SCHEDULE

-- Schedule output control switches:
RPTSCHED
00000020000100000
0000000000000000O0
000000000000000O/

DRSDT

0.005/

-- Well general specifications:

-- Name, Group, |, J, Dref, Phase, Rdrain, Flag, Auto Shut,..
WELSPECS

'PR''A"41 21 1*'OIL" /

‘'W''A' 01 21 1* 'WAT' /

'G''A'01 21 1* 'GAS' 3*/

/

-- Well completion specification data:

-- Name,l,J,K1,K2,Status,1,0,diam,3*default, penetration direc.:

COMPDAT
'PR'41210115'OPEN'100.53*2/
‘'W'01210114'OPEN'100.53*2/
'G'01211515'OPEN'100.53*z/

/
-- Control data for production wells:
-- Name,status,control mode,Oqg,Wq,Gq,Lq,ResV,BHP,THP,..:
WCONPROD

'PR''OPEN' 'RESV' 4* 1000 14.7 /

/

-- Economic limit data for production wells:
-- Name, Oq, Gq, WC, GOR, WGR, ...:
WECON

'PR'0.51*0.95/

/
WCONINJP

'W''WAT' 'OPEN' 5600 /

'PR'/

/

WCONINJP

'G' 'GAS' 'OPEN' 5600 /

'PR'/

/

TUNING

1*1.00.01/

/

2* 100 1* 24 5%/

-- Specifies the number and length of the timesteps required
TSTEP

1*30.0 182*60.0

/

END
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APPENDIX B

SAMPLE SIMULATION DATA FILE: SSWAG INJECTION WITH P ERIODIC

WATER INJECTION SHUT-OFFS

-- RUNSPEC section
-- The RUNSPEC section is the first section of an ECLIPSE data input file.
-- It contains the run title, start date, units, various problem dimensions
-- (numbers of blocks, wells, tables etc.), flags for phases or components
-- present and option switches.

RUNSPEC

-- Checking Data file - No simulation:

--NOSIM

-- Suppress Eclipse warning messages

NOWARN

-- Run title:

TITLE

5 Spot Pattern Waterflood

-- Phase present:

OIL

WATER

GAS

DISGAS

-- Use FIELD unit:

FIELD

-- Simulation Start date:

START

01 Jan 2000 /

-- Dimensions of the well data to be used:

WELLDIMS

1020210/

-- Cartesian geometry:

CART

--Specify Grid dimensions:

DIMENS

412115/

-- Default PVT Tables Dimensions

TABDIMS

115050/

-- Linear solver stack size:

NSTACK
25/

SAVE

/

-- Grid section
-- The GRID section determines the basic geometry of the simulation
-- grid and various rock properties (porosity, absolute permeability,
-- net-to-gross ratios) in each grid cell. From this information,

-- the program calculates the grid block pore volumes, mid-point
-- depths and inter-block transmissibilities.

GRID

-- Default Block Centered Geometry.

-- The origin in Cartesian geometry is the top left back corner.
Include

'c-GRID.dat'

/




-- Porosity Data:
Include

'C-PORO.dat'

/

-- Absolute permeability Data in the X, Y & Z directions:
Include

'C-PERM.dat'

/

-- Grid output controls:
-RPTGRID
-111117*01/

-- Output initial file:
INIT

-- Properties Section
-- The PROPS section of the input data contains pressure and

-- saturation dependent properties of the reservoir fluids and rocks.

PROPS

--Relative Permeability & PVT Data:
Include

'B-SPVT.dat'

/

-- Fluids Surface densities / Gravities (API, W sepc.g, G spec.g):
GRAVITY

351.070.7/

--Rock compressibility at Pref:
ROCK

3000.0 1.0E-09 /

-- Water PVT Properties at Pref (Pref Bwref Cw Vw viscosibility=dVw/dP):

PVTW

3000.0 1.00 1.0E-09 0.31 0.0/

-- Properties output controls:

--RPTPROPS

-- SWFN SGFN PVTO PVTW PVDG SOF3/

-- Regions Section

-- The REGIONS section divides the computational grid into regions.

REGIONS

-- No. of Saturation Regions:
SATNUM

12915*1 /

-- Regions output controls:
--RPTREGS

-1115*01/

-- Solution Section

-- The SOLUTION section contains sufficient data to define the
-- initial state (pressure, saturations, compositions) of every
-- grid block in the reservoir.

SOLUTION

-- Initial equilibration conditions at Datum depth & Pref.:
EQUIL

-- Datum Pref WOC Pcow GOC Pcog

8145.0 3000.0 15000 0 0 0 1 0 0/

-- Rs versus depth Tables at initial conditions:

RSVD

-- Depth Rsi

8000.0 0.768

8300.0 0.768/

-- Solution output controls:

-RPTSOL

-- PRESSURE SWAT SGAS SOIL FIP /

-- Output basic restart files every time step:

RPTRST

BASIC=2/

-- Summary Section

-- The SUMMARY section specifies a number of variables that are
-- to be written to Summary files after each time step of the
-- simulation. The graphics post-processor may be used to display
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-- the variation of variables in the Summary files with time and
-- with each other.

SUMMARY

-- Requests a neat tabulated output of the RSM summary file:
RUNSUM

-- Requests RUNSUM output to go to a separate RSM file:
SEPARATE

-- Requests that the summary data is only produced at report times:

--RPTONLY

-- Specify Field/Group/Wellparameters to be written in the RSM.
-- Requests a basic set of field/group/well keywords for all:
-- ALL

-- Production Rates
FOPR

FWPR

FGPR

FVPR

--FLPR

-- Production Totals
FOPT

FWPT

FGPT

FVPT

--FLPT

-- Injection Rates
--FOIR

FWIR

FGIR

FVIR

-- Injection Totals
-FOIT

FWIT

FGIT

FVIT

-- Saturations
FOSAT

FWSAT

FGSAT

-- Ratios

FGOR

FWGR

--FGLR

FRS

-- Avg Pressure & Water Cut
FPR

FWCT

--Recovery Efficiency
FOE

-- BHP for each Well
WBHP

/

-WWCT

-/

--WOPR

-/

-WWPR

-/

-WGPR

-- Schedule Section

107



-- The SCHEDULE section specifies the operations to be simulated
-- (production and injection controls and constraints) and the
-- times at which output reports are required. Vertical flow
-- performance curves and simulator tuning parameters may also
-- be specified in the SCHEDULE section.
SCHEDULE
-- Schedule output control switches:

RPTSCHED

00000020000100000
000000000000000OO
000000000000000O0/

DRSDT

0.005/
-- Well general specifications:
-- Name, Group, |, J, Dref, Phase, Rdrain, Flag, Auto Shut,..
WELSPECS

'PR''A"41 21 1*'OIL" /

‘'W''A' 01 21 1* 'WAT' /

'G''A'01 21 1* 'GAS' 3*/

/

-- Well completion specification data:

-- Name,|,J,K1,K2,Status,1,0,diam,3*default, penetration direc.:
COMPDAT

'PR'4121 01 15'OPEN'100.53*Z/
‘W'01210114'OPEN'100.53*Z/
'G'01211515'OPEN'100.53*z/

/

-- Control data for production wells:

-- Name,status,control mode,Oq,Wq,Gq,Lqg,ResV,BHP, THP,..:
WCONPROD

'PR''OPEN' 'RESV' 4* 1000 14.7 /

/

-- Economic limit data for production wells:

-- Name, Oq, Gq, WC, GOR, WGR, ...:

--WECON

-'PR'0.51*0.95/

-/

TUNING

0.001 01.0 0.001 6*0.01/

/

2* 100 1* 50 5%/

-- Include Injection Schedule

-- Water Injection Periodic shut-off

-- 5 Months on

-- 1 Month off

-- Total Period = 30 Years

-- Gas Injection:

WCONINJP

'G' 'GAS' 'OPEN' 5600 /

'PR"/

/

-- Water Injection:

WCONINJP

'W' 'WAT' 'OPEN' 5600 /

'PR"/

/

TSTEP

3*50.0

/

WCONINJP

'W''WAT' 'SHUT' 5600 /

'PR"/

/

TSTEP

2.530.0

/
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WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR"/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP
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‘W' 'WAT' 'SHUT" 5600 /

WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

'W''WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR"/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

WCONINJP
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'W''WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

'W''WAT' 'SHUT' 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
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'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR"/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR"/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/
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/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR"/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

/
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WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

'W''WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR"/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/
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TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

'W''WAT' 'SHUT' 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP
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2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR"/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0
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/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR"/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR"/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR"/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

/

TSTEP

2.530.0

/
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WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR"/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/
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WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

'W''WAT' 'SHUT' 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP
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‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR"/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR"/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
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WCONINJP

‘W' 'WAT' "'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT' 5600 /
'PR"/

/

TSTEP

2.530.0

/

WCONINJP

'W''WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

'W''WAT' 'SHUT' 5600 /
'PR'/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR"/

/

TSTEP

2.530.0

/

WCONINJP

‘W' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

3*50.0

/

WCONINJP

‘W' 'WAT' 'SHUT" 5600 /
'PR'/
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APPENDIX C

SAMPLE SIMULATION DATA FILE: SWAG INJECTION

-- RUNSPEC section

-- The RUNSPEC section is the first section of an ECLIPSE data input file.

-- It contains the run title, start date, units, various problem dimensions

-- (numbers of blocks, wells, tables etc.), flags for phases or components

-- present and option switches.
RUNSPEC

-- Checking Data file - No simulation:
--NOSIM

-- Suppress Eclipse warning messages
NOWARN

-- Run title:

TITLE

5 Spot Pattern Waterflood

-- Phase present:

OoIL

WATER

GAS

DISGAS

-- Use FIELD unit:

FIELD

-- Simulation Start date:

START

01 Jan 2000 /

-- Dimensions of the well data to be used:
WELLDIMS

1020210/

-- Cartesian geometry:

CART

--Specify Grid dimensions:
DIMENS

412115/

-- Default PVT Tables Dimensions
TABDIMS

115050/

-- Linear solver stack size:
NSTACK

25/

SAVE

/

-- Grid section

-- The GRID section determines the basic geometry of the simulation
-- grid and various rock properties (porosity, absolute permeability,
-- net-to-gross ratios) in each grid cell. From this information,

-- the program calculates the grid block pore volumes, mid-point
-- depths and inter-block transmissibilities.

GRID

-- Default Block Centered Geometry.

-- The origin in Cartesian geometry is the top left back corner.
Include

'c-GRID.dat'

/

-- Porosity Data:

Include

'C-PORO.dat'
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/

-- Absolute permeability Data in the X, Y & Z directions:
Include

'C-PERM.dat'

/

-- Grid output controls:

-RPTGRID

-111117*01/

-- Output initial file:

INIT

-- Properties Section

-- The PROPS section of the input data contains pressure and
-- saturation dependent properties of the reservoir fluids and rocks.
PROPS

--Relative Permeability & PVT Data:

Include

'B-SPVT.dat'

/

-- Fluids Surface densities / Gravities (API, W sepc.g, G spec.g):
GRAVITY

351.070.7/

--Rock compressibility at Pref:

ROCK

3000.0 1.0E-09 /

-- Water PVT Properties at Pref (Pref Bwref Cw Vw viscosibility=dVw/dP):

PVTW

3000.0 1.00 1.0E-09 0.31 0.0/

-- Properties output controls:

--RPTPROPS

-- SWFN SGFN PVTO PVTW PVDG SOF3/

-- Regions Section
-- The REGIONS section divides the computational grid into regions.
REGIONS

-- No. of Saturation Regions:

SATNUM

12915*1 /

-- Regions output controls:

--RPTREGS

-1115*01/

-- Solution Section

-- The SOLUTION section contains sufficient data to define the
-- initial state (pressure, saturations, compositions) of every
-- grid block in the reservoir.

SOLUTION

-- Initial equilibration conditions at Datum depth & Pref.:
EQUIL

-- Datum Pref WOC Pcow GOC Pcog

8145.0 3000.0 15000 0 0 0 1 0 0/

-- Rs versus depth Tables at initial conditions:

RSVD

-- Depth Rsi

8000.0 0.768

8300.0 0.768/

-- Solution output controls:

-RPTSOL

-- PRESSURE SWAT SGAS SOIL FIP /

-- Output basic restart files every time step:

RPTRST

BASIC=2/

-- Summary Section
-- The SUMMARY section specifies a number of variables that are
-- to be written to Summary files after each time step of the

-- simulation. The graphics post-processor may be used to display
-- the variation of variables in the Summary files with time and

-- with each other.

SUMMARY
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-- Requests a neat tabulated output of the RSM summary file:
RUNSUM

-- Requests RUNSUM output to go to a separate RSM file:
SEPARATE

-- Requests that the summary data is only produced at report times:

--RPTONLY
-- Specify Field/Group/Wellparameters to be written in the RSM.

-- Requests a basic set of field/group/well keywords for all:
-- ALL

-- Production Rates
FOPR

FWPR

FGPR

FVPR

--FLPR

-- Production Totals
FOPT

FWPT

FGPT

FVPT

--FLPT

-- Injection Rates
--FOIR

FWIR

FGIR

FVIR

-- Injection Totals
--FOIT

FWIT

FGIT

FVIT

-- Saturations
FOSAT

FWSAT

FGSAT

-- Ratios

FGOR

FWGR

--FGLR

FRS

-- Avg Pressure & Water Cut
FPR

FWCT

FOE

-- BHP for each Well
WBHP

/

-WWCT

-/

-WOPR

-/

-WWPR

-/

-WGPR
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-- Schedule Section

-- The SCHEDULE section specifies the operations to be simulated

-- (production and injection controls and constraints) and the
-- times at which output reports are required. Vertical flow

-- performance curves and simulator tuning parameters may also

-- be specified in the SCHEDULE section.

SCHEDULE

-- Schedule output control switches:
RPTSCHED
00000020000100000
00000000000000000
00000000000O0OO0QOO/

DRSDT
0.005/

-- Well general specifications:

-- Name, Group, |, J, Dref, Phase, Rdrain, Flag, Auto Shut,..
WELSPECS

'PR''A"41 21 1*'OIL" /

'W''A' 01 21 1* 'WAT' /

'G''A' 01 21 1* 'GAS' 3*/

/

-- Well completion specification data:

-- Name,|,J,K1,K2,Status,1,0,diam,3*default, penetration direc.:

COMPDAT

'PR'4121 01 15'OPEN'100.53*Z/
‘W'01210115'OPEN'10053*Z/
'‘G'01210115'OPEN'100.53*z/

/

-- Control data for production wells:
-- Name,status,control mode,Oq,Wq,Gq,Lq,ResV,BHP,THP,..:
WCONPROD

'PR''OPEN' 'RESV' 4* 1000 14.7 /

/

-- Economic limit data for production wells:
-- Name, Oq, Gq, WC, GOR, WGR, ...:
WECON

'PR'0.51*0.95/

/
WCONINJP

'W''WAT' 'OPEN' 5600 /

'PR"/

/

WCONINJP

'G' 'GAS' 'OPEN' 5600 /

'PR"/

/

TUNING

0.001 1.0 0.001/

/

2* 50 1* 24 5%/

-- Specifies the number and length of the timesteps required
TSTEP

1*30.0 182*60.0

/

END
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APPENDIX D

SAMPLE SIMULATION DATA FILE: WAG INJECTION

-- RUNSPEC section

-- The RUNSPEC section is the first section of an ECLIPSE data input file.

-- It contains the run title, start date, units, various problem dimensions

-- (numbers of blocks, wells, tables etc.), flags for phases or components

-- present and option switches.
RUNSPEC

-- Checking Data file - No simulation:
--NOSIM

-- Suppress Eclipse warning messages
NOWARN

-- Run title:

TITLE

5 Spot Pattern Waterflood

-- Phase present:

OoIL

WATER

GAS

DISGAS

-- Use FIELD unit:

FIELD

-- Simulation Start date:

START

01 Jan 2000 /

-- Dimensions of the well data to be used:
WELLDIMS

1020210/

-- Cartesian geometry:

CART

--Specify Grid dimensions:
DIMENS

412115/

-- Default PVT Tables Dimensions
TABDIMS

115050/

-- Linear solver stack size:
NSTACK

25/

SAVE

/

-- Grid section

-- The GRID section determines the basic geometry of the simulation
-- grid and various rock properties (porosity, absolute permeability,
-- net-to-gross ratios) in each grid cell. From this information,

-- the program calculates the grid block pore volumes, mid-point
-- depths and inter-block transmissibilities.

GRID

-- Default Block Centered Geometry.

-- The origin in Cartesian geometry is the top left back corner.
Include

'c-GRID.dat'

/

-- Porosity Data:

Include
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'C-PORO.dat'

/

-- Absolute permeability Data in the X, Y & Z directions:
Include

'C-PERM.dat'

/

-- Grid output controls:
--RPTGRID
-111117*01/

-- Output initial file:
INIT

-- Properties Section
-- The PROPS section of the input data contains pressure and

-- saturation dependent properties of the reservoir fluids and rocks.

PROPS

--Relative Permeability & PVT Data:
Include

'B-SPVT.dat'

/

-- Fluids Surface densities / Gravities (API, W sepc.g, G spec.g):
GRAVITY

351.070.7/

--Rock compressibility at Pref:
ROCK

3000.0 1.0E-09 /

-- Water PVT Properties at Pref (Pref Bwref Cw Vw viscosibility=dVw/dP):

PVTW

3000.0 1.00 1.0E-09 0.31 0.0/

-- Properties output controls:

--RPTPROPS

-- SWFEN SGFN PVTO PVTW PVDG SOF3/

-- Regions Section

-- The REGIONS section divides the computational grid into regions.

REGIONS

-- No. of Saturation Regions:
SATNUM

12915*1 /

-- Regions output controls:
--RPTREGS

-1115*01/

-- Solution Section

-- The SOLUTION section contains sufficient data to define the
-- initial state (pressure, saturations, compositions) of every
-- grid block in the reservoir.

SOLUTION

-- Initial equilibration conditions at Datum depth & Pref.:
EQUIL

-- Datum Pref WOC Pcow GOC Pcog

8145.0 3000.0 15000 0 0 0 1 0 0O/

-- Rs versus depth Tables at initial conditions:

RSVD

-- Depth Rsi

8000.0 0.768

8300.0 0.768/

-- Solution output controls:

-RPTSOL

-- PRESSURE SWAT SGAS SOIL FIP /

-- Output basic restart files every time step:

RPTRST

BASIC=2/

-- Summary Section

-- The SUMMARY section specifies a number of variables that are
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-- to be written to Summary files after each time step of the

-- simulation. The graphics post-processor may be used to display
-- the variation of variables in the Summary files with time and

-- with each other.

SUMMARY

-- Requests a neat tabulated output of the RSM summary file:
RUNSUM

-- Requests RUNSUM output to go to a separate RSM file:
SEPARATE

-- Requests that the summary data is only produced at report times:

--RPTONLY

-- Specify Field/Group/Wellparameters to be written in the RSM.
-- Requests a basic set of field/group/well keywords for all:
-- ALL

-- Production Rates
FOPR

FWPR

FGPR

FVPR

--FLPR

-- Production Totals
FOPT

FWPT

FGPT

FVPT

--FLPT

-- Injection Rates
--FOIR

FWIR

FGIR

FVIR

-- Injection Totals
--FOIT

FWIT

FGIT

FVIT

-- Saturations
FOSAT

FWSAT

FGSAT

-- Ratios

FGOR

FWGR

-FGLR

FRS

-- Avg Pressure & Water Cut
FPR

FWCT

FOE

-- BHP for each Well
WBHP

/

-WWCT
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-- Schedule Section

-- The SCHEDULE section specifies the operations to be simulated

-- (production and injection controls and constraints) and the
-- times at which output reports are required. Vertical flow

-- performance curves and simulator tuning parameters may also

-- be specified in the SCHEDULE section.
SCHEDULE

-- Schedule output control switches:
RPTSCHED
00000020000100000
0000000000000000O0
000000000000000O/

DRSDT

0.005/

-- Well general specifications:

-- Name, Group, |, J, Dref, Phase, Rdrain, Flag, Auto Shut,..
WELSPECS

'PR''A"41 21 1*'OIL" /

'WAG' 'A' 01 21 1* 'WAT' /

--'G''A'01 21 1*'GAS' 3*/

/

-- Well completion specification data:

-- Name,l,J,K1,K2,Status,1,0,diam,3*default, penetration direc.:

COMPDAT
'PR'41210115'OPEN'100.53*2/
'WAG'01210115'OPEN'100.53*2/
-'G'01210115'OPEN'100.53*z/
/
-- Control data for production wells:
-- Name,status,control mode,Oqg,Wq,Gq,Lq,ResV,BHP,THP,..:
WCONPROD

'PR''OPEN' 'RESV' 4* 1000 14.7 /

/

-- Economic limit data for production wells:
-- Name, Oq, Gq, WC, GOR, WGR, ...:
--WECON

-'PR'1.01*0.95/

-/

TUNING

0.001 01.0 0.001/

/

2*100 1* 50 5%/

-- Include WAG Cycles

-- WAG Cycles

-- 6 Month Gas

-- 6 Month Water

-- At WAG Ratio = 1.0

-- Total Period = 30 Years
WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /

'PR"/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /

'PR"/

/

TSTEP

62.5 2*60.0

WCONINJP
'WAG' 'WAT" 'OPEN' 5600 /
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'PR'/

/

TSTEP
62.5 2*60.0
/
WCONINJP
'WAG' 'GAS' 'OPEN' 5600 /
'PR"/

/

TSTEP
62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT" 'OPEN' 5600 /
'PR"/

/

TSTEP

62.5 2*60.0

/

WCONINJP
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'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT" 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/
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WCONINJP

'WAG' 'WAT" 'OPEN' 5600 /
'PR"/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT" 'OPEN' 5600 /
'PR"/

/

TSTEP

132



62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR"/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT" 'OPEN' 5600 /
'PR"/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/
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TSTEP
62.5 2*60.0

WCONINJP

'WAG' 'WAT" 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP
'WAG' 'WAT" 'OPEN' 5600 /
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'PR'/

/

TSTEP
62.5 2*60.0
/
WCONINJP
'WAG' 'GAS' 'OPEN' 5600 /
'PR"/

/

TSTEP
62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR"/

/

TSTEP

62.5 2*60.0

/

WCONINJP
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'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT" 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

WCONINJP

'WAG' 'WAT' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0

/

WCONINJP

'WAG' 'GAS' 'OPEN' 5600 /
'PR'/

/

TSTEP

62.5 2*60.0
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-- Grid block sizes & Tops

BOX
010101210115/
DX

315*4.000

/

BOX
020201210115/
DX

315*4.730

/

BOX
030301210115/
DX

315*5.594

/

BOX
040401210115/
DX

315*6.615

/

BOX
050501210115/
DX

315*7.822

/

BOX
060601210115/
DX

315*9.250

/

BOX
070701210115/
DX

315*10.939

/

BOX
080801210115/
DX

315*12.936

/

BOX
090901210115/
DX

315%15.297

/

BOX
101001210115/
DX

315*18.090

/

BOX

APPENDIX E

MODEL INCLUDE FILE: C-GRID.DAT
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111101210115/
DX

315*21.392

/

BOX
121201210115/
DX

315*25.297

/

BOX
131301210115/
DX

315*29.915

/

BOX
141401210115/
DX

315*35.376

/

BOX
151501210115/
DX

315*41.834

/

BOX
161601210115/
DX

315%49.471

/

BOX
171701210115/
DX

315*58.502

/

BOX
181801210115/
DX

315%69.181

/

BOX
191901210115/
DX

315*81.810

/

BOX
202001210115/
DX

315*96.745

/

BOX
212101210115/
DX

315*114.405

/

BOX
222201210115/
DX

315*96.745

/

BOX
232301210115/
DX

315*81.810

/

BOX
242401210115/
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DX

315*69.181

/

BOX
252501210115/
DX

315*58.502

/

BOX
262601210115/
DX

315*49.471

/

BOX
272701210115/
DX

315*41.834

/

BOX
282801210115/
DX

315*35.376

/

BOX
292901210115/
DX

315*29.915

/

BOX
303001210115/
DX

315*25.297

/

BOX
313101210115/
DX

315*21.392

/

BOX
323201210115/
DX

315*18.090

/

BOX
333301210115/
DX

315%15.297

/

BOX
343401210115/
DX

315*12.936

/

BOX
353501210115/
DX

315*10.939

/

BOX
363601210115/
DX

315*9.250

/

BOX
373701210115/
DX
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315*7.822

/

BOX
383801210115/
DX

315*6.615

/

BOX
393901210115/
DX

315*5.594

/

BOX
404001210115/
DX

315*4.730

/

BOX
414101210115/
DX

315*4.000

/

ENDBOX

-- DY
BOX
014101010115/
DY

615*114.405

/

BOX
014102020115/
DY

615*96.745

/

BOX
014103030115/
DY

615*81.810

/

BOX
014104040115/
DY

615*69.181

/

BOX
014105050115/
DY

615*58.502

/

BOX
014106060115/
DY

615*49.471

/

BOX
014107070115/
DY

615*41.834

/

BOX
014108080115/
DY

615*35.376

/

BOX
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014109090115/
DY

615*29.915

/

BOX
014110100115/
DY

615*25.297

/

BOX
014111110115/
DY

615*21.392

/

BOX
014112120115/
DY

615*18.090

/

BOX
014113130115/
DY

615*15.297

/

BOX
014114140115/
DY

615*12.936

/

BOX
014115150115/
DY

615*10.939

/

BOX
014116160115/
DY

615*9.250

/

BOX
014117170115/
DY

615*7.822

/

BOX
014118180115/
DY

615*6.615

/

BOX
014119190115/
DY

615*5.594

/

BOX
014120200115/
DY

615*4.730

/

BOX
014121210115/
DY

615*4.000

/

ENDBOX

141



142

--Dz
DZ
861*19
861*19
861*19
861*19
861*19
861*19
861*19
861*19
861*19
861*19
861*20
861*20
861*20
861*20
861*20/

-- Cell top depths
TOPS
861*8000.0
861*8019.0
861*8038.0
861*8057.0
861*8076.0
861*8095.0
861*8114.0
861*8133.0
861*8152.0
861*8171.0
861*8190.0
861*8210.0
861*8230.0
861*8250.0
861*8270.0/



MODEL INCLUDE FILE: C-PORO.DAT

-- Porosity Data:

PORO

-- Layer-01
20*0 01*0.05250 20*0

19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0

01*0.02625 39*0.10500 01*0.02625

-- Layer-02
20*0 01*0.05250 20*0

19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0

01*0.02625 39*0.10500 01*0.02625

-- Layer-03
20*0 01*0.05250 20*0

19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
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14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-04
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-05
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-06
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
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14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-07
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-08
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-09
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
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14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-10
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-11
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-12
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
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14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-13
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-14
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625
-- Layer-15
20*0 01*0.05250 20*0
19*0 01*0.10500 01*0.21000 01*0.10500 19*0
18*0 01*0.10500 03*0.21000 01*0.10500 18*0
17*0 01*0.10500 05*0.21000 01*0.10500 17*0
16*0 01*0.10500 07*0.21000 01*0.10500 16*0
15*0 01*0.10500 09*0.21000 01*0.10500 15*0
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14*0 01*0.10500 11*0.21000 01*0.10500 14*0
13*0 01*0.10500 13*0.21000 01*0.10500 13*0
12*0 01*0.10500 15*0.21000 01*0.10500 12*0
11*0 01*0.10500 17*0.21000 01*0.10500 11*0
10*0 01*0.10500 19*0.21000 01*0.10500 10*0
09*0 01*0.10500 21*0.21000 01*0.10500 09*0
08*0 01*0.10500 23*0.21000 01*0.10500 08*0
07*0 01*0.10500 25*0.21000 01*0.10500 07*0
06*0 01*0.10500 27*0.21000 01*0.10500 06*0
05*0 01*0.10500 29*0.21000 01*0.10500 05*0
04*0 01*0.10500 31*0.21000 01*0.10500 04*0
03*0 01*0.10500 33*0.21000 01*0.10500 03*0
02*0 01*0.10500 35*0.21000 01*0.10500 02*0
01*0 01*0.10500 37*0.21000 01*0.10500 01*0
01*0.02625 39*0.10500 01*0.02625

/
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-- Permeability Data:

BOX
014101010110/
PERMX

410*112.5

/

BOX
014102200110/
PERMX
7790*225.0

/

BOX
014121210110/
PERMX

410*112.5

/

BOX
014101011115/
PERMX

205*300.0

/

BOX
014102201115/
PERMX
3895*600.0

/

BOX
014121211115/
PERMX

205*300.0

/

ENDBOX

BOX
010101210110/
PERMY

210*112.5

/

BOX
024001210110/
PERMY
8190*225.0

/

BOX
414101210110/
PERMY

210*112.5

/

BOX

APPENDIX G

MODEL INCLUDE FILE: C-PERM.DAT
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010101211115/
PERMY

105*300.0

/

BOX
024001211115/
PERMY
4095*600.0

/

BOX
414101211115/
PERMY

105*600.0

/

ENDBOX

-- Layer-01
20*0 01*14.1250 20*0

19*0 01*28.2500 01*56.5000 01*28.2500 19*0
18*0 01*28.2500 03*56.5000 01*28.2500 18*0
17*0 01*28.2500 05*56.5000 01*28.2500 17*0
16*0 01*28.2500 07*56.5000 01*28.2500 16*0
15*0 01*28.2500 09*56.5000 01*28.2500 15*0
14*0 01*28.2500 11*56.5000 01*28.2500 14*0
13*0 01*28.2500 13*56.5000 01*28.2500 13*0
12*0 01*28.2500 15*56.5000 01*28.2500 12*0
11*0 01*28.2500 17*56.5000 01*28.2500 11*0
10*0 01*28.2500 19*56.5000 01*28.2500 10*0
09*0 01*28.2500 21*56.5000 01*28.2500 09*0
08*0 01*28.2500 23*56.5000 01*28.2500 08*0
07*0 01*28.2500 25*56.5000 01*28.2500 07*0
06*0 01*28.2500 27*56.5000 01*28.2500 06*0
05*0 01*28.2500 29*56.5000 01*28.2500 05*0
04*0 01*28.2500 31*56.5000 01*28.2500 04*0
03*0 01*28.2500 33*56.5000 01*28.2500 03*0
02*0 01*28.2500 35*56.5000 01*28.2500 02*0
01*0 01*28.2500 37*56.5000 01*28.2500 01*0

01*07.0625 39*28.2500 01*07.0625

-- Layer-02
20*0 01*14.1250 20*0

19*0 01*28.2500 01*56.5000 01*28.2500 19*0
18*0 01*28.2500 03*56.5000 01*28.2500 18*0
17*0 01*28.2500 05*56.5000 01*28.2500 17*0
16*0 01*28.2500 07*56.5000 01*28.2500 16*0
15*0 01*28.2500 09*56.5000 01*28.2500 15*0
14*0 01*28.2500 11*56.5000 01*28.2500 14*0
13*0 01*28.2500 13*56.5000 01*28.2500 13*0
12*0 01*28.2500 15*56.5000 01*28.2500 12*0
11*0 01*28.2500 17*56.5000 01*28.2500 11*0
10*0 01*28.2500 19*56.5000 01*28.2500 10*0
09*0 01*28.2500 21*56.5000 01*28.2500 09*0
08*0 01*28.2500 23*56.5000 01*28.2500 08*0
07*0 01*28.2500 25*56.5000 01*28.2500 07*0
06*0 01*28.2500 27*56.5000 01*28.2500 06*0
05*0 01*28.2500 29*56.5000 01*28.2500 05*0
04*0 01*28.2500 31*56.5000 01*28.2500 04*0
03*0 01*28.2500 33*56.5000 01*28.2500 03*0
02*0 01*28.2500 35*56.5000 01*28.2500 02*0
01*0 01*28.2500 37*56.5000 01*28.2500 01*0

01*07.0625 39*28.2500 01*07.0625
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-- Layer-03
20*0 01*14.1250 20*0

19*0 01*28.2500 01*56.5000 01*28.2500 19*0
18*0 01*28.2500 03*56.5000 01*28.2500 18*0
17*0 01*28.2500 05*56.5000 01*28.2500 17*0
16*0 01*28.2500 07*56.5000 01*28.2500 16*0
15*0 01*28.2500 09*56.5000 01*28.2500 15*0
14*0 01*28.2500 11*56.5000 01*28.2500 14*0
13*0 01*28.2500 13*56.5000 01*28.2500 13*0
12*0 01*28.2500 15*56.5000 01*28.2500 12*0
11*0 01*28.2500 17*56.5000 01*28.2500 11*0
10*0 01*28.2500 19*56.5000 01*28.2500 10*0
09*0 01*28.2500 21*56.5000 01*28.2500 09*0
08*0 01*28.2500 23*56.5000 01*28.2500 08*0
07*0 01*28.2500 25*56.5000 01*28.2500 07*0
06*0 01*28.2500 27*56.5000 01*28.2500 06*0
05*0 01*28.2500 29*56.5000 01*28.2500 05*0
04*0 01*28.2500 31*56.5000 01*28.2500 04*0
03*0 01*28.2500 33*56.5000 01*28.2500 03*0
02*0 01*28.2500 35*56.5000 01*28.2500 02*0
01*0 01*28.2500 37*56.5000 01*28.2500 01*0

01*07.0625 39*28.2500 01*07.0625

-- Layer-04
20*0 01*14.1250 20*0

19*0 01*28.2500 01*56.5000 01*28.2500 19*0
18*0 01*28.2500 03*56.5000 01*28.2500 18*0
17*0 01*28.2500 05*56.5000 01*28.2500 17*0
16*0 01*28.2500 07*56.5000 01*28.2500 16*0
15*0 01*28.2500 09*56.5000 01*28.2500 15*0
14*0 01*28.2500 11*56.5000 01*28.2500 14*0
13*0 01*28.2500 13*56.5000 01*28.2500 13*0
12*0 01*28.2500 15*56.5000 01*28.2500 12*0
11*0 01*28.2500 17*56.5000 01*28.2500 11*0
10*0 01*28.2500 19*56.5000 01*28.2500 10*0
09*0 01*28.2500 21*56.5000 01*28.2500 09*0
08*0 01*28.2500 23*56.5000 01*28.2500 08*0
07*0 01*28.2500 25*56.5000 01*28.2500 07*0
06*0 01*28.2500 27*56.5000 01*28.2500 06*0
05*0 01*28.2500 29*56.5000 01*28.2500 05*0
04*0 01*28.2500 31*56.5000 01*28.2500 04*0
03*0 01*28.2500 33*56.5000 01*28.2500 03*0
02*0 01*28.2500 35*56.5000 01*28.2500 02*0
01*0 01*28.2500 37*56.5000 01*28.2500 01*0

01*07.0625 39*28.2500 01*07.0625

-- Layer-05
20*0 01*14.1250 20*0

19*0 01*28.2500 01*56.5000 01*28.2500 19*0
18*0 01*28.2500 03*56.5000 01*28.2500 18*0
17*0 01*28.2500 05*56.5000 01*28.2500 17*0
16*0 01*28.2500 07*56.5000 01*28.2500 16*0
15*0 01*28.2500 09*56.5000 01*28.2500 15*0
14*0 01*28.2500 11*56.5000 01*28.2500 14*0
13*0 01*28.2500 13*56.5000 01*28.2500 13*0
12*0 01*28.2500 15*56.5000 01*28.2500 12*0
11*0 01*28.2500 17*56.5000 01*28.2500 11*0
10*0 01*28.2500 19*56.5000 01*28.2500 10*0
09*0 01*28.2500 21*56.5000 01*28.2500 09*0
08*0 01*28.2500 23*56.5000 01*28.2500 08*0
07*0 01*28.2500 25*56.5000 01*28.2500 07*0
06*0 01*28.2500 27*56.5000 01*28.2500 06*0
05*0 01*28.2500 29*56.5000 01*28.2500 05*0
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04*0 01*28.2500 31*56.5000 01*28.2500 04*0
03*0 01*28.2500 33*56.5000 01*28.2500 03*0
02*0 01*28.2500 35*56.5000 01*28.2500 02*0
01*0 01*28.2500 37*56.5000 01*28.2500 01*0
01*07.0625 39*28.2500 01*07.0625

-- Layer-06
20*0 01*14.1250 20*0

19*0 01*28.2500 01*56.5000 01*28.2500 19*0
18*0 01*28.2500 03*56.5000 01*28.2500 18*0
17*0 01*28.2500 05*56.5000 01*28.2500 17*0
16*0 01*28.2500 07*56.5000 01*28.2500 16*0
15*0 01*28.2500 09*56.5000 01*28.2500 15*0
14*0 01*28.2500 11*56.5000 01*28.2500 14*0
13*0 01*28.2500 13*56.5000 01*28.2500 13*0
12*0 01*28.2500 15*56.5000 01*28.2500 12*0
11*0 01*28.2500 17*56.5000 01*28.2500 11*0
10*0 01*28.2500 19*56.5000 01*28.2500 10*0
09*0 01*28.2500 21*56.5000 01*28.2500 09*0
08*0 01*28.2500 23*56.5000 01*28.2500 08*0
07*0 01*28.2500 25*56.5000 01*28.2500 07*0
06*0 01*28.2500 27*56.5000 01*28.2500 06*0
05*0 01*28.2500 29*56.5000 01*28.2500 05*0
04*0 01*28.2500 31*56.5000 01*28.2500 04*0
03*0 01*28.2500 33*56.5000 01*28.2500 03*0
02*0 01*28.2500 35*56.5000 01*28.2500 02*0
01*0 01*28.2500 37*56.5000 01*28.2500 01*0

01*07.0625 39*28.2500 01*07.0625

-- Layer-07
20*0 01*14.1250 20*0

19*0 01*28.2500 01*56.5000 01*28.2500 19*0
18*0 01*28.2500 03*56.5000 01*28.2500 18*0
17*0 01*28.2500 05*56.5000 01*28.2500 17*0
16*0 01*28.2500 07*56.5000 01*28.2500 16*0
15*0 01*28.2500 09*56.5000 01*28.2500 15*0
14*0 01*28.2500 11*56.5000 01*28.2500 14*0
13*0 01*28.2500 13*56.5000 01*28.2500 13*0
12*0 01*28.2500 15*56.5000 01*28.2500 12*0
11*0 01*28.2500 17*56.5000 01*28.2500 11*0
10*0 01*28.2500 19*56.5000 01*28.2500 10*0
09*0 01*28.2500 21*56.5000 01*28.2500 09*0
08*0 01*28.2500 23*56.5000 01*28.2500 08*0
07*0 01*28.2500 25*56.5000 01*28.2500 07*0
06*0 01*28.2500 27*56.5000 01*28.2500 06*0
05*0 01*28.2500 29*56.5000 01*28.2500 05*0
04*0 01*28.2500 31*56.5000 01*28.2500 04*0
03*0 01*28.2500 33*56.5000 01*28.2500 03*0
02*0 01*28.2500 35*56.5000 01*28.2500 02*0
01*0 01*28.2500 37*56.5000 01*28.2500 01*0

01*07.0625 39*28.2500 01*07.0625

-- Layer-08
20*0 01*14.1250 20*0

19*0 01*28.2500 01*56.5000 01*28.2500 19*0
18*0 01*28.2500 03*56.5000 01*28.2500 18*0
17*0 01*28.2500 05*56.5000 01*28.2500 17*0
16*0 01*28.2500 07*56.5000 01*28.2500 16*0
15*0 01*28.2500 09*56.5000 01*28.2500 15*0
14*0 01*28.2500 11*56.5000 01*28.2500 14*0
13*0 01*28.2500 13*56.5000 01*28.2500 13*0
12*0 01*28.2500 15*56.5000 01*28.2500 12*0
11*0 01*28.2500 17*56.5000 01*28.2500 11*0
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10*0 01*28.2500 19*56.5000 01*28.2500 10*0
09*0 01*28.2500 21*56.5000 01*28.2500 09*0
08*0 01*28.2500 23*56.5000 01*28.2500 08*0
07*0 01*28.2500 25*56.5000 01*28.2500 07*0
06*0 01*28.2500 27*56.5000 01*28.2500 06*0
05*0 01*28.2500 29*56.5000 01*28.2500 05*0
04*0 01*28.2500 31*56.5000 01*28.2500 04*0
03*0 01*28.2500 33*56.5000 01*28.2500 03*0
02*0 01*28.2500 35*56.5000 01*28.2500 02*0
01*0 01*28.2500 37*56.5000 01*28.2500 01*0
01*07.0625 39*28.2500 01*07.0625

-- Layer-09
20*0 01*14.1250 20*0

19*0 01*28.2500 01*56.5000 01*28.2500 19*0
18*0 01*28.2500 03*56.5000 01*28.2500 18*0
17*0 01*28.2500 05*56.5000 01*28.2500 17*0
16*0 01*28.2500 07*56.5000 01*28.2500 16*0
15*0 01*28.2500 09*56.5000 01*28.2500 15*0
14*0 01*28.2500 11*56.5000 01*28.2500 14*0
13*0 01*28.2500 13*56.5000 01*28.2500 13*0
12*0 01*28.2500 15*56.5000 01*28.2500 12*0
11*0 01*28.2500 17*56.5000 01*28.2500 11*0
10*0 01*28.2500 19*56.5000 01*28.2500 10*0
09*0 01*28.2500 21*56.5000 01*28.2500 09*0
08*0 01*28.2500 23*56.5000 01*28.2500 08*0
07*0 01*28.2500 25*56.5000 01*28.2500 07*0
06*0 01*28.2500 27*56.5000 01*28.2500 06*0
05*0 01*28.2500 29*56.5000 01*28.2500 05*0
04*0 01*28.2500 31*56.5000 01*28.2500 04*0
03*0 01*28.2500 33*56.5000 01*28.2500 03*0
02*0 01*28.2500 35*56.5000 01*28.2500 02*0
01*0 01*28.2500 37*56.5000 01*28.2500 01*0

01*07.0625 39*28.2500 01*07.0625

-- Layer-10
20*0 01*14.1250 20*0

19*0 01*28.2500 01*56.5000 01*28.2500 19*0
18*0 01*28.2500 03*56.5000 01*28.2500 18*0
17*0 01*28.2500 05*56.5000 01*28.2500 17*0
16*0 01*28.2500 07*56.5000 01*28.2500 16*0
15*0 01*28.2500 09*56.5000 01*28.2500 15*0
14*0 01*28.2500 11*56.5000 01*28.2500 14*0
13*0 01*28.2500 13*56.5000 01*28.2500 13*0
12*0 01*28.2500 15*56.5000 01*28.2500 12*0
11*0 01*28.2500 17*56.5000 01*28.2500 11*0
10*0 01*28.2500 19*56.5000 01*28.2500 10*0
09*0 01*28.2500 21*56.5000 01*28.2500 09*0
08*0 01*28.2500 23*56.5000 01*28.2500 08*0
07*0 01*28.2500 25*56.5000 01*28.2500 07*0
06*0 01*28.2500 27*56.5000 01*28.2500 06*0
05*0 01*28.2500 29*56.5000 01*28.2500 05*0
04*0 01*28.2500 31*56.5000 01*28.2500 04*0
03*0 01*28.2500 33*56.5000 01*28.2500 03*0
02*0 01*28.2500 35*56.5000 01*28.2500 02*0
01*0 01*28.2500 37*56.5000 01*28.2500 01*0

01*07.0625 39*28.2500 01*07.0625

-- Layer-11
20*0 01*060.0 20*0

19*0 01*120.0 01*240.0 01*120.0 19*0
18*0 01*120.0 03*240.0 01*120.0 18*0
17*0 01*120.0 05*240.0 01*120.0 17*0
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16*0 01*120.0 07*240.0 01*120.0 16*0
15*0 01*120.0 09*240.0 01*120.0 15*0
14*0 01*120.0 11*240.0 01*120.0 14*0
13*0 01*120.0 13*240.0 01*120.0 13*0
12*0 01*120.0 15*240.0 01*120.0 12*0
11*0 01*120.0 17*240.0 01*120.0 11*0
10*0 01*120.0 19*240.0 01*120.0 10*0
09*0 01*120.0 21*240.0 01*120.0 09*0
08*0 01*120.0 23*240.0 01*120.0 08*0
07*0 01*120.0 25*240.0 01*120.0 07*0
06*0 01*120.0 27*240.0 01*120.0 06*0
05*0 01*120.0 29*240.0 01*120.0 05*0
04*0 01*120.0 31*240.0 01*120.0 04*0
03*0 01*120.0 33*240.0 01*120.0 03*0
02*0 01*120.0 35*240.0 01*120.0 02*0
01*0 01*120.0 37*240.0 01*120.0 01*0
01*030.0 39*120.0 01*030.0

-- Layer-12
20*0 01*060.0 20*0

19*0 01*120.0 01*240.0 01*120.0 19*0
18*0 01*120.0 03*240.0 01*120.0 18*0
17*0 01*120.0 05*240.0 01*120.0 17*0
16*0 01*120.0 07*240.0 01*120.0 16*0
15*0 01*120.0 09*240.0 01*120.0 15*0
14*0 01*120.0 11*240.0 01*120.0 14*0
13*0 01*120.0 13*240.0 01*120.0 13*0
12*0 01*120.0 15*240.0 01*120.0 12*0
11*0 01*120.0 17*240.0 01*120.0 11*0
10*0 01*120.0 19*240.0 01*120.0 10*0
09*0 01*120.0 21*240.0 01*120.0 09*0
08*0 01*120.0 23*240.0 01*120.0 08*0
07*0 01*120.0 25*240.0 01*120.0 07*0
06*0 01*120.0 27*240.0 01*120.0 06*0
05*0 01*120.0 29*240.0 01*120.0 05*0
04*0 01*120.0 31*240.0 01*120.0 04*0
03*0 01*120.0 33*240.0 01*120.0 03*0
02*0 01*120.0 35*240.0 01*120.0 02*0
01*0 01*120.0 37*240.0 01*120.0 01*0

01*030.0 39*120.0 01*030.0

-- Layer-13
20*0 01*060.0 20*0

19*0 01*120.0 01*240.0 01*120.0 19*0
18*0 01*120.0 03*240.0 01*120.0 18*0
17*0 01*120.0 05*240.0 01*120.0 17*0
16*0 01*120.0 07*240.0 01*120.0 16*0
15*0 01*120.0 09*240.0 01*120.0 15*0
14*0 01*120.0 11*240.0 01*120.0 14*0
13*0 01*120.0 13*240.0 01*120.0 13*0
12*0 01*120.0 15*240.0 01*120.0 12*0
11*0 01*120.0 17*240.0 01*120.0 11*0
10*0 01*120.0 19*240.0 01*120.0 10*0
09*0 01*120.0 21*240.0 01*120.0 09*0
08*0 01*120.0 23*240.0 01*120.0 08*0
07*0 01*120.0 25*240.0 01*120.0 07*0
06*0 01*120.0 27*240.0 01*120.0 06*0
05*0 01*120.0 29*240.0 01*120.0 05*0
04*0 01*120.0 31*240.0 01*120.0 04*0
03*0 01*120.0 33*240.0 01*120.0 03*0
02*0 01*120.0 35*240.0 01*120.0 02*0
01*0 01*120.0 37*240.0 01*120.0 01*0

01*030.0 39*120.0 01*030.0
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-- Layer-14
20*0 01*060.0 20*0

19*0 01*120.0 01*240.0 01*120.0 19*0
18*0 01*120.0 03*240.0 01*120.0 18*0
17*0 01*120.0 05*240.0 01*120.0 17*0
16*0 01*120.0 07*240.0 01*120.0 16*0
15*0 01*120.0 09*240.0 01*120.0 15*0
14*0 01*120.0 11*240.0 01*120.0 14*0
13*0 01*120.0 13*240.0 01*120.0 13*0
12*0 01*120.0 15*240.0 01*120.0 12*0
11*0 01*120.0 17*240.0 01*120.0 11*0
10*0 01*120.0 19*240.0 01*120.0 10*0
09*0 01*120.0 21*240.0 01*120.0 09*0
08*0 01*120.0 23*240.0 01*120.0 08*0
07*0 01*120.0 25*240.0 01*120.0 07*0
06*0 01*120.0 27*240.0 01*120.0 06*0
05*0 01*120.0 29*240.0 01*120.0 05*0
04*0 01*120.0 31*240.0 01*120.0 04*0
03*0 01*120.0 33*240.0 01*120.0 03*0
02*0 01*120.0 35*240.0 01*120.0 02*0
01*0 01*120.0 37*240.0 01*120.0 01*0

01*030.0 39*120.0 01*030.0

-- Layer-15
20*0 01*060.0 20*0

19*0 01*120.0 01*240.0 01*120.0 19*0
18*0 01*120.0 03*240.0 01*120.0 18*0
17*0 01*120.0 05*240.0 01*120.0 17*0
16*0 01*120.0 07*240.0 01*120.0 16*0
15*0 01*120.0 09*240.0 01*120.0 15*0
14*0 01*120.0 11*240.0 01*120.0 14*0
13*0 01*120.0 13*240.0 01*120.0 13*0
12*0 01*120.0 15*240.0 01*120.0 12*0
11*0 01*120.0 17*240.0 01*120.0 11*0
10*0 01*120.0 19*240.0 01*120.0 10*0
09*0 01*120.0 21*240.0 01*120.0 09*0
08*0 01*120.0 23*240.0 01*120.0 08*0
07*0 01*120.0 25*240.0 01*120.0 07*0
06*0 01*120.0 27*240.0 01*120.0 06*0
05*0 01*120.0 29*240.0 01*120.0 05*0
04*0 01*120.0 31*240.0 01*120.0 04*0
03*0 01*120.0 33*240.0 01*120.0 03*0
02*0 01*120.0 35*240.0 01*120.0 02*0
01*0 01*120.0 37*240.0 01*120.0 01*0

01*030.0 39*120.0 01*030.0
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MODEL INCLUDE FILE: B-MPVT.DAT (“M” RELATIVE PERMEA

-- Relative Permeability Data

SET AND PVT DATA INCLUDE FILE)

APPENDIX H

--Water saturation functions (Sw, Krw, Krow, Pc):

SWOF

-- Sw krw krow Pcow
0.20 0.000000 0.900000 0.0
0.25 0.000364 0.709187 0.0
0.30 0.002536 0.544963 0.0
0.35 0.007892 0.405962 0.0
0.40 0.017660 0.290741 0.0
0.45 0.032987 0.197760 0.0
0.50 0.054960 0.125368 0.0
0.55 0.084625 0.071765 0.0
0.60 0.122991 0.034959 0.0
0.65 0.171041 0.012686 0.0
0.70 0.229732 0.002243 0.0
0.75 0.300000 0.000000 0.0/
--Gas saturation functions (Sg, Krg, Krog, Pc):

SGOF

--Sg krg krog Pcog
0.00 0.000000 0.900000 0.0
0.05 0.004389 0.724054 0.0
0.10 0.016608 0.570544 0.0
0.15 0.036175 0.438425 0.0
0.20 0.062847 0.326599 0.0
0.25 0.096462 0.233902 0.0
0.30 0.136893 0.159099 0.0
0.35 0.184043 0.100859 0.0
0.40 0.237829 0.057735 0.0
0.45 0.298179 0.028125 0.0
0.50 0.365033 0.010206 0.0
0.55 0.438335 0.001804 0.0
0.60 0.518036 0.000000 0.0
0.65 0.604092 0.000000 0.0
0.70 0.696463 0.000000 0.0
0.75 0.795110 0.000000 0.0
0.80 0.900000 0.000000 0.0/
--3-phase Oil saturation functions models or (table: So, Krow, krog):
STONE2

-- --PVT data

-- Oil PVT Properties (Rs, Pbub, Bo, Vo):

PVTO

--Rs Pr Bo Vo

0.0467 178 1.119000 1435118/
0.09 288 1.153000 1.211123/
0.154 525 1.199000 1.106076 /
0.223 750 1.239000 1.028836 /
0.29 1025 1.277000 0.967044 /
0.356 1250 1.313000 0.919156 /
0.424 1500 1.353000 0.874356 /
0.493 1750 1.391000 0.834964 /
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BILITY



0.568
0.648
0.735
0.768

/

2000
2250
2500
2600
2700
2800
2900
3000
3100
3500
4000
4500
5000
5500
6000

1.432000
1.477000
1.526000
1.545000
1.540000
1.535000
1.532000
1.526000
1.524000
1.511000
1.496000
1.483000
1.477000
1.472093
1.471006

-- Dry Gas PVT Properties (Pr, Bg, VQ):

PVDG
- Pr
178
288
525
750
1025
1250
1500
1750
2000
2250
2500
2600
2700
2800
2900
3000
3200
3400
4000
4500
5000
5500
6000

Bg (RB/MSCF)
18.69991095
11.72751558
6.747996438
4.464826358
3.317898486
2.632235085
2.181656278
1.857524488
1.620658949
1.442564559
1.296527159
1.262429007
1.215036528
1.171051831
1.130120844
1.091936857
1.022775345
0.961803435
0.815693142
0.723877672
0.650539051
0.590618268
0.540747433

Vg (cP)

0.022806
0.022999
0.026478
0.028024
0.029570
0.030537
0.032469
0.034015
0.035562
0.037301
0.039234
0.039794
0.040471
0.041147
0.041824
0.042500
0.043872
0.045225
0.049303
0.052705
0.056106
0.059508

0.799434 /
0.770082 /
0.737642 /
0.727600
0.733355
0.738298
0.743242
0.750000
0.753128
0.772400
0.797116
0.822606
0.847322
0.872103
0.896964 /

0.062909 /
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APPENDIX |
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MODEL INCLUDE FILE: B-SPVT.DAT (“S” RELATIVE PERMEA  BILITY SET

AND PVT DATA INCLUDE FILE)

-- Relative Permeability Data ==========
--Water saturation functions (Sw, Krw, Krow, Pc):
SWOF

-- Sw krw krow

0.00 0.0000000 1.0000000
0.2000 0.0000000 1.0000000
0.22 0.0000014 0.8680000
0.24 0.0000173 0.7510000
0.26 0.0000761 0.6460000
0.28 0.0002180 0.5530000
0.30 0.0004940 0.4700000
0.32 0.0009630 0.3980000
0.34 0.0016900 0.3340000
0.36 0.0027600 0.2790000
0.38 0.0042500 0.2310000
0.40 0.0062500 0.1890000
0.42 0.0088600 0.1540000
0.44 0.0122000 0.1240000
0.46 0.0163000 0.0988000
0.48 0.0214000 0.0777000
0.50 0.0276000 0.0603000
0.52 0.0349000 0.0461000
0.54 0.0436000 0.0346000
0.56 0.0538000 0.0255000
0.58 0.0655000 0.0184000
0.60 0.0791000 0.0129000
0.62 0.0945000 0.0087600
0.64 0.1120000 0.0057400
0.66 0.1320000 0.0036000
0.68 0.1540000 0.0021400
0.70 0.1790000 0.0011900
0.72 0.2070000 0.0006010
0.74 0.2370000 0.0002690
0.76 0.2710000 0.0001010
0.78 0.3080000 0.0000285
0.80 0.3490000 0.0000049
0.8200  0.3930000 0.0000000
0.84 0.4420000 0.0000000
0.86 0.4940000 0.0000000
0.88 0.5520000 0.0000000
0.90 0.6130000 0.0000000
0.92 0.6800000 0.0000000
0.94 0.7520000 0.0000000
0.96 0.8290000 0.0000000
0.98 0.9110000 0.0000000
1.00 1.0000000 0.0000000

--Gas saturation functions (Sg, Krg, Krog, Pc):
SGOF

--Sg krg krog

0.00 0.0000000 1.0000000
0.02 0.0000000 0.9110000

Pcog
0.0
0.0



--3-phase Oil saturation functions models or (table: So, Krow, krog):

0.8290000 0.0
0.7520000 0.0
0.6800000 0.0
0.6130000 0.0
0.5520000 0.0
0.4940000 0.0
0.4420000 0.0
0.3930000 0.0
0.3490000 0.0
0.3080000 0.0
0.2710000 0.0
0.2370000 0.0
0.2070000 0.0
0.1790000 0.0
0.1540000 0.0
0.1320000 0.0
0.1120000 0.0
0.0945000 0.0
0.0791000 0.0
0.0655000 0.0
0.0538000 0.0
0.0436000 0.0
0.0349000 0.0
0.0276000 0.0
0.0214000 0.0
0.0163000 0.0
0.0122000 0.0
0.0088600 0.0
0.0062500 0.0
0.0042500 0.0
0.0027600 0.0
0.0016900 0.0
0.0009630 0.0
0.0004940 0.0
0.0002180 0.0
0.0000761 0.0
0.0000173 0.0
0.0000014 0.0
0.0000000 0.0/

Vo
1.435118 /
1.211123/
1.106076 /
1.028836 /
0.967044 /
0.919156 /
0.874356 /
0.834964 /
0.799434 /
0.770082 /
0.737642 /
0.727600
0.733355
0.738298
0.743242
0.750000
0.753128
0.772400
0.797116
0.822606

0.04 0.0000000

0.06 0.0000000

0.08 0.0000000

0.10 0.0000000

0.12 0.0000000

0.14 0.0000000

0.16 0.0000000

0.18 0.0000000

0.20 0.0000049

0.22 0.0000285

0.24 0.0001010

0.26 0.0002690

0.28 0.0006010

0.30 0.0011900

0.32 0.0021400

0.34 0.0036000

0.36 0.0057400

0.38 0.0087600

0.40 0.0129000

0.42 0.0184000

0.44 0.0255000

0.46 0.0346000

0.48 0.0461000

0.50 0.0603000

0.52 0.0777000

0.54 0.0988000

0.56 0.1240000

0.58 0.1540000

0.60 0.1890000

0.62 0.2310000

0.64 0.2790000

0.66 0.3340000

0.68 0.3980000

0.70 0.4700000

0.72 0.5530000

0.74 0.6460000

0.76 0.7510000

0.78 0.8680000

0.80 1.0000000

STONE2

-- --PVT data

-- Oil PVT Properties (Rs, Pbub, Bo, Vo):

PVTO

--Rs Pr Bo

0.0467 178 1.119000

0.09 288 1.153000

0.154 525 1.199000

0.223 750 1.239000

0.29 1025 1.277000

0.356 1250 1.313000

0.424 1500 1.353000

0.493 1750 1.391000

0.568 2000 1.432000

0.648 2250 1.477000

0.735 2500 1.526000

0.768 2600 1.545000
2700 1.540000
2800 1.535000
2900 1.532000
3000 1.526000
3100 1.524000
3500 1.511000
4000 1.496000
4500 1.483000
5000 1.477000

0.847322
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5500 1.472093 0.872103
6000 1.471006 0.896964 /
/
-- Dry Gas PVT Properties (Pr, Bg, Vg):

PVDG

--Pr Bg (RB/MSCF) Vg (cP)
178 18.69991095 0.022806
288 11.72751558 0.022999
525 6.747996438 0.026478
750 4.464826358 0.028024
1025 3.317898486 0.029570
1250 2.632235085 0.030537
1500 2.181656278 0.032469
1750 1.857524488 0.034015
2000 1.620658949 0.035562
2250 1.442564559 0.037301
2500 1.296527159 0.039234
2600 1.262429007 0.039794
2700 1.215036528 0.040471
2800 1.171051831 0.041147
2900 1.130120844 0.041824
3000 1.091936857 0.042500
3200 1.022775345 0.043872
3400 0.961803435 0.045225
4000 0.815693142 0.049303
4500 0.723877672 0.052705
5000 0.650539051 0.056106
5500 0.590618268 0.059508

6000 0.540747433 0.062909 /
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