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Although there were all the uncertainties in this ASP simulation study caused by missing or
inaccurate data, it was still very clear that such a study was very useful. It helped us identify the
missing data and the most important data. It gave us some preliminary idea of the qualitative be-
havior of the process in this particular reservoir with a given description that could be used to
plan a detailed simulation design study. It showed the use of the model, e. g. , the graphical
tendency of each physical puoperty such as phase behavior, and gave some idea of the cost of
running the simulator on the sée;ié of interest. This was also needed for planning purposes, as
well as for the discrimination of any model problems that might need attention or any further mod-
el development_ that should be considered. It was used to evaluate completely different alterna-
tives, e . g, should polymer flooding be considered as an alternative to ASP and resulted in the
selection of the ASP process ofr the field pilot. Taken together, these study were very important,
and the fact that it was feasible to make su’(“:h affordable field - scale mechanistic simulations of
ASP flooding in three dimensions. Using stochagtic reservoir properties is significant since it indi-
cated the potential of such modt;ling to help us greatly improve, via optimization studies, the effi-
ciency of the ASP method and hence its economics under specific field conditions.
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The total recovery from a waterflood predicted by the layered geologic model BL, is 32% of

the oil in place, or 3.8 MMBO at a 96% water cut.



The first model recorded polymer fronis as a function of the increasing rate of the stabilized
zone water saturation. Polymer adsorption was a function of injection stage, but kept a constant
value in the injection stage. Mobility modifications were made by polymer. But there was no at-
tempt to account for polymer related flow resistance, The total recovery from this model predicted
by BL ,is 38% of the oil in place, or 4.6 MMBO at a 98% water cut.
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Polymer enters the formation at the lower section of a horizontal well at high rates if the in-
jection inflow profile along the horizontal well is uneven. To know the effects of high injection
‘rate into the formation and possible concomitant irreversible shear degradation, a 1550 ppm solu-
tion of HPAM in 13,600 ppm brine was injected into a core plug (3.6 cm diameter, 7.3 cm
long) at Darcy velocities from x to y ft/day. The pressure gradient, effluent viscosity, and poly-
mer concentration in the effluent were measured at each velocity.

The viscosity of the polymer flowed out did not decrease at velocities up to 26 ft/day. A de-
crease in viscosity was first seen at 51 ft/day and became more severe as the rate was in -
creased up to 355 ft/day. Yhe pressure gradient curve revealed that the flowing polymer pos -
sessed a substantial shear - thickening/viscoelastic effect at the higher rates, despite that the pol-
ymer was being irreversibly sheared. These effects should be considered during simulation, and

the loss in viscosity should be compensated by using a higher concentration of injected poly —

mer.
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One of the most important observations with regard to bypassing and mass transfer is shown
in the results of horizontal gasfloods in the presence of water saturation. It exhibits a monotonic
trend in recovery with enrichment. The MCM and submiscible recovery cures are similar to those
mentioned above, but the FCM recovery curve is relatively higher, This indicates the reduction in
gravity iverride, which could be indicative of an increase in the viscous to gravity force ratio. In
the presence of water, the effective permeability of the hydrocarblon phase, k, is decreased, in-
creasing N, , The recoveries in horizontal gasfloods in the water — wet core with x 5, are not a
strong function of enrichment and very poor compared to the horizontal, water — wet results at n
S, i.e., the recovery in horizontal gasfloods in the oilwet core with p S,. That is due to redistri-
bution of water in the water — wet rock during gasfloods.
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The oil recovery by near miscible WAG in this reservoir may have an upside potential com —
pared to the simulating results. The WAG process black oil formulation was believed to give too
low oil recovery by ignoring the compositional exchanges. The compositional model underesti-
mates that oil recovery by not including three — phase relative permeability hrsteresis. The ideal
simulation would use the three — phase hysteresis model in a compositional model to provide good
estimates of oil recovery. Field tests have indicated that the details of local reservoir heterogeneity
may be controlling the gas breakthrough. History match of the production from the field may be
dominated by the description of high permeable thief zones. This fact do not preclude from using
the most correct fluid flow description in the predictive pre — studied and in any history match ap-
proach on a later stage. When the physics of fluid flow in the WAG process is correctly de-
scribed, accuracy of history match by revising reservoir description is assumed to be improved.
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MI efficiency can be determined directly by dividing produced EOR oil into injected MI,
and can measured indirectly by assuming that MI remaining in the reservoir has mobilized EOR
oil. MI efficiency shows likely to end up between x and y Mscf per stb of incremental oil. This is
in keeping with the performance appeared in the simulation. Although the MIST process is com-
plex. it appears that returned MI can be used as a reliable indicator of the process. Small vol-
umes of returned MI indicate that the process is efficient . Once large volumes of returned MI are
seen, it is time to either shut in the affected production well until injection is completed or to stop
solvent injection into bulb. In a gravity — dominated reservoir, the MIST process appears to be
commercially competitive with conventional WAG using inverted five — spot patterns.
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The results are based on earlier study. Plan to continue similar experiments by changing pa-
rameters included permeability, the layout of the different permeability zones, core length, and
oil saturation. But the preliminary results show htat the delay of CO, breakthrough in the high
permeability region is a favorable phenomenon, when surfactant solution is used with CO, to form
foam, oil displacement is more efficient. Substantial reduction of CO, mobility in higher permea-
bility regions helps improve the sweep efficiency. Uader the test cinditions, although the results
show that foam is more effective in oil recovery in the isolated coaxial core system than in the
capillary contact core system, all favorable oil recovéry results indicate the potential of using foam
for improving oil recovery in heterogeneous porous media.
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Final oil recovery surpasssed 95% in all the tests and is not greatly affected by petrophysi —
cal parameters and rock texture. Gas stripping of oil intermediate components occured in all dis-
placements; the compsition of the gas fladhed from the oil produced revealed an enrichment of
light components; the volume of enriched gas used to cover a unit volume of reservoir ranged from
299 to 499 Nm’/m®, which at reservoir conditions, considering a deviation factor(z) of the gas,
became x m’/m’.

B 2 JE T SR R AE BT SCI R T 95% , H B EMRINRZ EAY SR LS
BEMPIR K, TEFTAREE R, AL TS AR RZES SAS &
BB AL, AE AR BN 299 ~499Nm’/m’ o WIRIEMBRME T,
BRSO RERBUEN xam®/m’
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After the success of the polymer gel treatment program to improve pattern performance, sev-
eral patterns were treated, and y of those were with polymer gel volumes in the z bbl range. The
success of these larger volume treatments has been the impetus for developing a lower cost, CO,
gelled foam system. There have been several pattems treated with this system and are described.

While treatment life has been evaluted to extend for a minimum of two and a half years,
there are plans to evaluate the economics of re —treatments. The initial treatments are diverting
fluid from the highest permeability and conductivity pathways to the next highest pathway. When
this pathway has been processed by four years of CO, injection , the CO, utilization will decrease

and the expense will begin to increase. The candidate selection process will include the evalua-

tion of pattern retreatments.
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Tte well is an oil producing well in a carbonate reservoir. Tt has been dead due to high wa-
ter production. The well has a high permeability streak which contributes more htan 65% of the
total well flow. The well has an open hole completion with a significant surface washout. A sodi-
um silicate/urea gelling system was used to plug the water zone and revive the well. The treat-
ment was using a coiled tubing unit over three days. First day, sodium silicate/urea solution was
injected followed by a cement slug, which was capped by sodium silicate solution. No cement
was examined after this treatment. The procedure was modified on the second day by adding cal-
cium chloride solution prior to the sodium silicate/urea solution. The objective of calcium chlo-
ride solution is to react with sodium silicate and precipitates calcium silicate, which will act as a
barrier until the cement is set. After the second treatment, cement was detected in the open
hole. Although the treatment did not plug the zone, the well was revived and it has been produ-
cing x MBD of oil.

BHR— OFFRBMAERRLMBEN = MNA, B Tk EL2E>, KHE I &
BEMKE,H 65% KHEL BIXE. ZHERRZEH,  AFBENRERM. A THEE
PRI E AT ER TR RRBEBRAE R AEEEELYIHET =K E R
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72,3 5= o «MBD,
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Tests concentrated on delaying gelation time by changing gelant composition and using retar-
ding agents are continued and results are unavailable.

In the core flooding test, E, polymer — gel showed good injectivity, the data proves the ef -
fect of disproportionate permeability reduction. After the treatment, the effective permeability to
water was significantly decreased in contrast with gas effective permeability. Additional effect of
dissolution of gels by oxidizer was also studied. The test of chemical degradation on gel sample
E demonstrated that gel formulations could be completely dissolved in a water oslution of sodium
hypochlorite and sodium hydroxide. This gives one chance for well treatment in case of premature
gelation , or bringing the system back to pre morte state if total shutoff occurs in the near wellbore
zone.
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The conformance problem being related by treatment C is similar to that for treatment B.
Production from the Ml pattern is limited by poor areal sweep efficiency due to rapid CO, break-
through to the producer well, AC9, situated to the south — east of the injector well. The M1 tar-
get CO, injection for zone 1 is 90 vol% , considerably higher than that for M10. The treatment ap-
pears to have improved the M1 injection profile relative to the targets. CO, injection has been de-
creased for zones A and B and increased to 66 vol% for zone C. In this pattern, zone A has
been over processed compared to the other zones and this is reflected in the low target for CO, in-
jection, namely. 1.9 vol% , However, a higher CO, entry into zone 3 could be advantageous if
the CO, is transfered to increase sweep towards the producers.

AEFEHE CIBBIMA KB R A B S5AEHFR B AL, Ml AN TR, FEE
CO, RS AEAFFREIA ACO A =FH P, BB CO, BRIk ABUIRE, ML HH) CO, &
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F+B) 66% , TEHIFF, % A BREEEMALE ST, RAEIE CO, AR
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Polymer stability studies have been made for a olng time. Two cores of different permeabili-
ties, MA and MB, were used respectively.

The initial untreated permeability for core MA was 340 mD. After inoculation of Product A
and incubation for seven days, sufficient biopolymer had produced to decrase the initial core per-
meability by 95% to 18 mD . At4 and 8 months slight increases from the one week treated per-
meability were noted as 23.0 mD and 35.5 mD. The initial untreated permeability ofr core MB
was 700 mD, two times greater than that of core MA. After the 1 week incubation time , the per-
meability had reduced by 96% to 27.7 mD. Again, at 4 and 8 montsh slight increases from the

one week permeability were notde as 45 mD and 42 mD, respectively.



These results indicate that the biopolymer formed by probuct A has kept stable over 180
days. The slight increases in calculated permeabilities at 3 and 6 months do not indicate any sig-
nificant degradation of the biopolymer. The stability of the polymer is very useful for permeability
modification applications, but further studies to optimize the overall injection method for product
A are needed.

REYREENPIRCHETZ0, APTRPRA T AR BERWFFE O MA fI MB,
JFIR B AL B O MA HBERN 340md, FHMT 0 AR F -AZE ERTAY
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4150 EFt 23md H135. 5md,

MB &0 FIARALIEB B Y 700md, 1 MA K—1f&, $F—MZEHEMIKT 96%
H327.7md, [G1EE 4 28 N H G458 45.0md F142md,,
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A series of core tests were made to investigate the effect of spoore concentration, nutrient
slug size, and enclosure period, The results are as follows; 0.5 N means half pore volume of nu-
trient and lidewise 4N refers to four pore volumes. In general, increasing spore suspension con-
centration by orders of magnitude tends to increase permeability reduction. But, continuous nu-
trient injection plan, as expected, resulted in a higher permeability reduction than smaller nutri-
ent slug size. The main point mentioned here is that the permeability reduction could be con-
trolled to a significant degree by a judicious choice of injection design involving spore and nutri-
ent concentrations and amount.

HRERTHRE GBI BRI /NS F R E A, T —RIE DK, SR
7,0 5N $E I RAFILBRAT AN AR 4 FLERAR, SN R AT RBATFBFRIREY
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FEFWHIRERYE, BB R EHE - EEREE L,
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These simulations were performed by keeping the amount of surfactant and polymer the
same. A fixed proiect life of abo:xt 1500 days was determined as the criterion to stop and com -
pare these simulations. The results of cumulative and incremental oilrecovery compared to that

from the continuing waterflood are summarized. The continuing water flood gives the smallest oil

.8



recovery of about 2. 8% , whereas ASP gave the highest recovery of 25% , Neither waterflooding
nor polymer flooding are favorable for this reservoir, because the average oil saturation of 0.6 be-
fore chemical flooding is not much greater than the residual oil saturation of 0. 36 , which means a
small targert oil for both processes.

BT IX SRR (RIS R TSR R & R AR . K2 1500 X A9 &l & TF R B PR 1%
Btk Ry 15 1k Fsed BRGX SR BT HE . 55 T R ZK 3R AR L3 i) R AU T B A3 7= B R 45
Ko BEEEHIKIRG I T KL 2.8% MB/D KB, T ASP BH T 25% BIEH KR i
SitFiX — M, A RK IR R S W WBREA S . HAEAERZAT 0.6 KF 233 H
AR 0.36 MR KR Z , X B E B A A B 7 N 89 H 892 B AR A
%,
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Each injection well was formed by calculating the permeability from the core derived porosity
— permeability relationships. Logging porosity was determined at one — foot intervals. The site
permeability was given by the square root mean of the calculated permeabilities. The daily field
injection rate was proportioned to each injection well based on each well’ s calculated kh value.
Each injection well was provided by site specific model. The flow into each layer was in terms of
on layer permeability. The injection models are site specific where as the geologic model to deter-
mine oil recovery is based on an average representaion of the entier oil field.

B mACBHNABRE-BERLRABERER, B E - DEAFEE, L
—HEREERENHTLERE, AGEERATENEERNTFIRFEERER. RE
FOFHER kb E, B HENEEARRLASRAETOEAN. §—OEAFEHAH
Bt FEEIRET. EAS—BHRGSEBTHRESRER, EARIRAGERN,
1F A S 7 B o b R AR R ARk H A P B R R 0 Rl — o
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Successful software packages were used to estimate the unit pressure gradient for a seven cp
aqueous fluid flowing at 39,000 bpd in seven in. pipe with an absolute roughness of 0.0019 in.
This viscosity was seleceed as the best estimate fro polymer viscosity in the field pipe after pre-
liminary tubing runs and high — shear — rate measurements with a cone and plate theometer. The
calculated pipe T, was then used to design the tubing by multiplying the pipe unit pressure drop
by the ratio of the pipe ID to the tubing ID. The flow rate needed to reach this tubing pressure
drop was determined by tuial and error, and was found to be about x and y mL/min for the x,
and y, cm ID tubing, respectively. To provide a safety factor and enhance the confidence in the

results, additional tests were made with the larger tubing in which the polymer was subjected to
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even higher shear by increasing the flow rate to produce a x, increase in T,.

FR—E BRI RAERRIN R Tep BIEKTLA LA 3900bpd F i 78 48 %0 4
BAIE S 0.0019in Ky Tin BT o HESHE B BT LR HIBREE . ZEMIE A I F4E BEAR R AE
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MR AT LVE FRM R, B 250 E X2 s BRI % M IE, 3 F A2 xcm
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S5, WA PESE -, MO0 2, EREVLTFEEHIIIRET,
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It shows that the wettability has significant influence over mass transfer. Mass transfer is
strengthened under oil ~ wet conditions over water — wet state. But it does appear that the influ-
ence of wettability is less as gas/oil capillarity increases,as in MCM and submiscible floods. This
increase can be the cause of the better connectivity of the oil — phase in the oil — wet media.
There was little effect of water saturation on mass transfer in an oil — wet core. FCM mass transfer
is governed by diffusion or flow in oil films. The results from the oil — wet core suggest that the
water holds the larger pores and does not shield oil from the flowing gas in the gap space, unlike
those observed in the water — wet core in the presence of water saturation. The same conclusions
can be obtained for the MCM and submiscible gas experiments. A slight decrease in recovery is
seen as water saturation increases due to increased gas — oil capillary forces.

ERAEEEBERWE MR, MERIMRERERIKEBH RN &, XL,
B/ MBHMEERYAE M MCM FIIRARIRES, B T iR RN . XM KT I3
THABTE SR B RIFREEEMER . X FlhERs .0, KEMEXERNEMRA D, 7
WA TSR FCM 251, Xt T H@B AL, SREAK LSEERREREAH
IEMA S BRH ) ARSI, KR A O, K AEER , M A X, T
MCM R IRHES LR A UM, TR/ MENEEFRYE, & BUK M ERm,
R IR
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The results of the tuned black oil model have been shown previously by comparing water in-
jection. But the WAG injection had serious numerical difficulties when vaporising oil/dis ~
solved gas was included. The model ran well until around ten years, where the timesteps de ~
creased from days to hours and difficulties with the convergence of the iterations was observed.
The grid was expected to have a large influence on the numerical behaviour of the simulations.
Test with a piece of model was therefore used for further study with the black oil simulator. The
black oil model underrated the oil recovery compared to the composition model. Gas production is
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larger in the black oil than in the compositional model. This can be expounded by gas vaporisa-
tion, which would not be anticipated in the black oil formulation. The black oil model therefore o-
verestimated gas production and underestimated oil yield.

i AREK, EERE TR HBMEENER, R, GFE4HEH WAC %L
M/ RS, WAG AR EMBFHR, HBIAY 10 £4 WESIN M ILRBEZIL
ANt EAELI S . 7R TR — B RIS ARIT , Bl PR S I R IE A AR A

i, A ERXA TH R R BMED RS, SEMER LB, Bl of
AT TR ARICR, ERMEE S S RATFAMER PSR, X8 Ak
AERFRAERMER FRABTN M. Eilt, BRI EEH TR58, &M
THTR,

(=+)

It shows the comparison between the simulator and actual oil rates. The field produced much
more oil than the thief model. The field is returning less MI than the thief model and using MI
more effectively. Because of the delayed returned MI production and the high oil rates, it appears
that the thief does not extend across the entire interwell distance. The no-thief model produces oil
too slowly and it shows that there must be a thief zone present across part of the area. Since the
field is returning significantly less MI than the model, the thief may be more favorably located
than in the model.

BRI S LR ME XTSRRI R LB R B L, HGER
BICRBRM, BUEEEARCUEFRAEAR ., B FRANEREE, =hERE,RE
RFWKBIHREBENHEER, TREABERMA=ERE, HITEE—-MRAE. £
TG M EFR AR TER, RRENHESIF L ERTE AR,

(=+—)

To test the effectiveness of foam on oil recovery, three important tests were made on a core
that was presaturated with the curde oil. The first test was performed using CO, as the displacing
agent. As predicted,the CO, breakthrough occurred earlier in the annulus region: at x PVthan in
the center region at y PV. Using CO,/brine to displace the oil resulted in a silght delay of CO,
breakthrough in both regions. When foam was utilized to displace the oil, a significant delay in
breakthrough time in the annulus region and an earlier breakthrough in the center region were
known. The cumulative GOR increases substantially in the center region when foam is used as a
displacing agent. This shows that foam assists in correcting the nonuniform displacement usually

associated with the heterogeneity.

N TR RMAA R, ERMRES CZAST 3 KEERK ., F—-RlKk
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