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Water Improving Oil Recovery Using Miscible Selective
Simultaneous Alternating Gas (MSSWAG) Injection in
One of the Iranian Reservoirs

Abstract

In the current investigation, feasibility study hasbeen done for miscible selective
simultaneous water alternating gas (MSSWAG) injection compared with immiscible
and miscible water alternating gas (IWAG andMWAG) injection in one of the Iranian
reservoirs which has been subject to water flooding for several years and the recovery
factor (RF) for water flooding is about YY7 of the original oil in place. Through IWAG
injection, the effect of gas types comprising lean and rich has been investigated which

Zohreh Dermanaki Farahani

Mohammad Reza Khorsand Movaghar

led to increase the recovery factor to Y47 for rich and YAZ for lean gas.
Moreover,miscible injection results show that the recovery factorfor rich MWAG with
optimized injection pore volume led to ¢V,Y¢7Z which shows )Y’ greater values than
the value for immiscible one. Also, sensitivity analysis represents that under
richMWAGinjectionwith Y:YWAGratio and )+ +-day injection period, recovery factor
has improved by V7 andreached £¢A,2°7. In continuation to the study with emphasis on
the advantages of miscibility, rich MSSWAG with RF: £,YY7 has led to increase the
recovery factor by “Zcompared to rich MWAG with RF: £A,007 (being the best
scenario in this study based on simulation results). Finally,considering the economic
aspects, the net present value for rich MWAG and rich MSSWAG is significantly
increased by approximately average YV’ relative to water flooding .

) Introduction

<‘r f\' YV
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As one of the most important mechanisms present in enhanced recovery from oil
reservoirs, miscible water alternating gas (WAG) injection in which minimum
miscibility pressure (MMP) has a pivotal role in the design of miscible displacement
processes as its core parameter. Considering constant reservoir temperature, the only
controlled factors are pressure and composition of the injection gas. Due tothe
importance of minimum miscibility pressure (MMP),laboratory methods have been
provided for such measurements.The use of empirical correlations and equations of
state are also possible for MMP calculations as well. Laboratory methods for
determining the minimum miscibilitypressure are slim tube and rising bubble devices.
As for miscible injection, reservoir pressure levels should be higher than the MMP. If
the average reservoir pressure is low, which is the case for many
reservoirs,miscibleWAGinjectionwill not be possible and immiscibleWAG Injection
should be carried out.

Through the alternatingwater—gas injection method,water and gas are intermittently
injected to the reservoir in predefined cycles. Increased recovery in such methods can
be attributed to the increased interface of injected fluid with unsweeped regions,
specifically regions that have not previously been affected due to the upward movement
of gas (in gas injection) or downward movement of water (in water flooding). In this
method, the injected gas occupies pores with high oil saturation and moves oil from
unsweeped regions to production well. Through water flooding, the remaining oil
trapped around reservoir rock, moves and leads to lowering of oil saturation and
respective increase in recovery. Furthermore, water alternating gas injection prevents

Operating Valve
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on Long String

Dual Packer
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increase in oil saturation percentage and relative gas mobility, control and decrease in
gas—oil mobility ratio and formation of consistent movement front in the reservoir.

Fig. ) Selective simultaneous WAG (SSWAG), dual completions in a single injection well

PROD-01

— I g& !
036 120 1020.3 13287

Fig. ¥ Reservoir model

Table 1 Eeservoir properties

(1/psia) tempreture (F)

Water compressibility 2124E—6  Water formation 10122
{1/ psia) volume factor
{bblssth)

Averams reseryoir 410 Reservoir faults 3
pressure {psia) number

Table 2 Range of geological properties in reservoir layers

Layers Porosity (%) Vertical parmeability Horizontal permeability Horizontal permeability NTG
(md) {x) (md) (¥) (md)

Layer 1:4 0.0646-0.1428 1.1938-4.5898 11.938-45.898 11.937-45.898 0.0951-0.8350

i
i
I
REock compressibility 9E—5 Reservoir 185 I
i
i
I
I
i
I
o
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Water alternating gas injection was carried out in Alberta in Y3V for the first time and
the successful results were reported. From that point on and through t he last two
decades,due to the multiple advantages over separate water or gas injection methods,
WAG injection has widely become operational through fields in the USA, Canada, The
North Sea, Russia, Turkey and Venezuela. Researchers have studieddistinct issues
about WAG injection in order to under stand facts and variations of reservoir conditions
during the injection period. Through investigations on diverse scenarios on injection
rate, cycle and the number of production and injection wells in ECLIPSE\: -,
Cobanoglu has compared distinct immiscible gas and WAG injection methods in Baty
Kozluca field in Turkey. Investigations proved that due to improper mobility ratio,
immiscible WAG injection has not resulted in sensible increase in recovery factor.
Results further proved that immiscible WAG injection has higher production and
efficiencies compared to immiscible gas injection [Y]. Through analysis on field
information for a twenty-yearWAGinjection period, inKuparuk field in northern
Alaska, Shi et al. stated that although gas injection had primarily been chosen for EOR
in this field. Due to early fingering and increase in GOR, WAG injection was
recommended and

implemented. During ~ Tabled Reservoir fluid Components ~ Mole percent

theWAGinjection  period,oil ~ companents and mole percent

production increased for Y- H2S 13
CI-N2 45.88
C2-C02 10.62
CHC4 8.7
C3-Ch 549
CT+ 26.15

MMSTB.

Through investigations by Ramachandran and Gyani on a sandstone reservoir in an

onshore field in western India with water flooding initiated in the early stage of its

production life and more than ¥+ 7 of OIIP, reservoir was not found suitable for miscible

process due to higher miscibility pressure compared to prevailing reservoir pressure of

Yave psi. Immiscible WAG injection resulted in an increase in oil production along

with reduction in water cut from the pilot and offset wells. Promising pilot results led
to the decision of expanding the process to the entire field.

Mayowa et al. investigated possible increase in oil production and reserves from a Niger
Delta field through immiscibleWAGinjection as anEORprocess.Various development
strategies such as gas injection, water flooding and immiscibleWAG injection were
proposed. ImmiscibleWAG injection resulted in an increase in recovery above the
popular gas injection or water flooding methods.




@——

@—_———_————————_————————

Investigations on miscible water alternating gas (WAG) EOR in a Giant, Offshore Field
by Al Shehhi et al. show that for the situations studied, WAG incremental recovery over
the waterflood recovery is about Y-AZ OOIP (original oil in place) and a WAG ratio of
¢:) appears to be optimal. Incremental WAG recovery is insensitive to cycle lengths
and timing of WAG implementation. Miscible injectants provide higher recoveries than
immiscible gas injection.

Simultaneous injection of gas and water was first tried in Y21Yin Seelington field In
simultaneous water alternating gas (SWAG) injection technique, at the same time, water
Table Y Reservoir fluid components and mole percent Components Mole percent

HYS ¥, ¥
CY-NY £0,AA

CY_COY )+,

CY_C¢ A VY

Ce—C1 o,¢1

CV+ ¥Y1,Ve

and gas are injected in the reservoir through a single injection well. When water and gas
are mixed at the surface and then injected in to the reservoir, however, the process is
referred as SWAG injection. Usually gas is injected at the bottom of the formation and
water is injected into the upper portion (selective simultaneous water alternating gas
(SSWAGQG) injection). The schematic of SSWAG process is shown in Fig. V. In the
current investigation, feasibility study has been carried out for WAG and miscible
SSWAG injection in one of the reservoirs in South-West of Iran which has been subject
to water flooding for years. WAG injection investigations have been carried out for the
two miscible and immiscible injection scenarios via simulation through ECLIPSE
(EY'- +) software. Effect of gas types in immiscible WAG injection has been studied for
both lean and rich gases. Through the miscible injection mode, injection of only rich
gas has been subject of study such that in order to support pressures higher than
minimummiscibility pressure for the injection gas, optimal injection rate has been
determined based on bottom hole pressure diagrams of injection wells. Sensitivity
analysis, consideringWAG ratio andWAG cycle parameters has been undertaken for
miscible water alternating rich gas injection. SSWAG process as an applicable method
has been considered for miscible rich gas injection and was performed for this reservoir.
The results show considerable improvements in oil recovery relative to previous
scenarios. Using the NPV equation, finally, the net present values for each scenario are
also calculated.

Y.Methodology
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Network grid for the reservoir under investigation is built based on reservoir geology in
Cartesian coordinates using the corner point method. The reservoir is YA+« ft in
length,d .« «ft in width and ) » « ft in depth, having non-fractured rocks. Static model for
reservoir includes YA« « blocks(Fig. Y).

The network is Yo x YA in length and width, respectively,and has ¢ layers in vertical
direction. This grid size is based on the result of grid independency, for more details the
figure of recovery factor against time for different size of grids in the natural depletion
Appendix” (Fig. Y ¢). Simulations for the model have process has been represented in
been done in ECLIPSE software (EY+ + module). Table Y includes other key properties
for the reservaoir.
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History matching for field oil
production rate (FOPR) and field
average reservoir pressure (FPR) data
has been performed, please see
“Appendix” (Figs. ‘e, Y1). Table Y
represents the range of geological
properties in reservoir layers. Formore
details, all figures of reservoir
geological properties including
porosity map, vertical permeability
map, horizontal permeability maps (x
and y directions) and NTG map has
been represented in “Appendix” (Figs.
YYOYA YA Y Y YY), Well Locations are
adju sted according to five-spot model,
having one production well along with
four injection wells. Layers Y-¢ have
been completed in production wells
while layers Y—¢ were completed in
injection wells. Reservoir fluid has
been simulated in PVTi for which fluid
components with regarding mole
percentages are included in Table Y. To
create a fluid model, an EOS should be
chosen from the available EOSs in the
simulator and tuning must be
performed by it. In the current study,
Peng Robinson equation has been
chosen as the EOS. PR has better
tuning with  experimental data
compared to other equations as shown
in Fig. Y. Lohrenz—Bray—Clark Eq. has
been used for viscosity. The relative
permeability and capillary pressure
curves in Figs. ¢, ©, 1 and Vv were

provided. According to Figs. ¢ and ©, it can be observed that the intersection of relative
permeability curves in both charts lies before sw = +,2; the studied reservoir rock is
then approximately oil wet. The reservoir has been under water flooding for many years,
and simulation investigations have been carried out for feasibility study for WAG
injection due to the presence of gas pipeline in the vicinity of the reservoir. Since gas
injection will cause variations in rock and fluid properties (such as wettability), WAG
injection has been preferred for this reservoir. Mole percentages and compositions of

Fig. 5 Gas—oil relative permeability versus Sg

peow (psi)

Flg. 6 Water—oil capillary pressure versus Sw

peog (psi)

Fig. T Gas—oil capillary pressure versus Sg

Table 4 Injection gases components and mole percent
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Fig. 7 Gas—oil capillary pressure versus Sg I
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injection gases in WAG injection scenarios are included in Table
£,

Since water alternating gas injection  Table5 Siim tube design properties

can be carried out via twomiscible and ~ Length (cm)  Height (cm)  Porosity (%)  Permeability (md)

immiscible scenarios, om0 | 0 2000
minimummiscibility pressure has to be

distinguished for the two injection o LEANGAS o RICH GAS
gases.Determination ofMMPvalues for =l

injection gases can be done via design 100 -

of compositional model for slim tube 80

experiment in ECLIPSEY: .. This i 601

method has been implemented in the £

current report. (Specifications for the 21

designed slim tube are included in O 0w 4om som 5000 10000 12000 14000 16a0
Table ©). Through simulation of slim PRESSURE (PSI4)

tube experiment, gases areinjected into
the slim tube while recovery factor is
registered at each pressure level and
recovery factor is finally plotted against pressure in order to determine MMP values for
injection gases.Minimum miscibility pressure is the pressure from which on, the slope
of recovery factor plot decreases. In other words, from this pressure on, increase in
pressure will not lead to major changes in recovery factor, may vary minorly or remains
constant.

Fig. 8 Recovery factor versus pressure diagram

Figure A illustrates variations in recovery factor values against pressure. Based on the
recovery factor-pressure plot,minimum miscibility pressure for lean and rich gasses
areAYY/Mand €€Ae,A% (psia), respectively. None of the gases are then miscible with
oil at temperature and pressure condition of reservoir and injections for both will be
immiscible gas injection.

¥ Results and Discussion

¥,) ImmiscibleWAG Injection

Since the reservoir has been subject to water flooding for years, natural depletion and
water flooding scenarios were primarily simulated. Water alternating gas injection with
two injection gases was then investigated and simulated. All injections were carried out
in +,Y pore volume with water flooding of YYYV,1Aee STB/Day through Y« )-Y.YY,
Water alternating gas injection with different gases, water withYYV,1AAe STB/Day
and gaswith Yd¢o,70ve Mscf/Day each in a ©+ days period and Y:YWAG Ratio ()
volume of water:) gas volume) has been carried out from Y+Y) to Y-YY. Inwater
alternating gas injection, injection has been carried out once with lean gas and once with
rich gas. Figure % depicts the cumulative oil production for all scenarios. As observed
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in Fig. 4, water flooding has produced more oil over natural depletion due to oil
displacement via the injected water. Ultimate recovery factor through natural depletion
has been Y+,YY7 and water flooding has improved ultimate recovery for Y7. However,
throughWAGinjection of immiscible lean gas, the cumulative oil production increases
and a final°Zimprovement and a YA’ recovery factor is observed. In WAG injection to
the reservoir, more oil is displaced due to intermittent injection of two fluids and the
water and gas fingering problem decreases. By changing the type of injection gas and
the WAG injection of immiscible rich gas, it is observable that the cumulative oil
production increases and such a scenario has resulted in the most oil production.
Ultimate recovery factor for the immiscible water alternating rich gas injection has 7
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I Fig. 9 Total oil production versus date for all scenarios




@——

@—_———_————————_————————

Increase in the percentage of intermediate component from lean to rich gas due
toWAGinjection causes decrease in mobility ratio due to increase in gas viscosity and
finally leads to diminished gas fingering problem and enhanced oil displacement.Figure
V + depicts gas—oil ratio (GOR) for distinct water alternating gas injection scenarios.
Data from Fig. )+ show that GOR for the production well under immiscible water
alternating rich gas injection process has ¥,Y Mscf/stb lowerGORvalues compared to
productionwell under immiscible water alternating lean gas injection. This further
proves the lowered levels of fingering experienced in immiscible water alternating rich
gas injection over lean gas injection. According to data from Figs. % and Y-, water
alternating rich gas injection is chosen as the best immiscible injection scenario from
the technical point of view for the selected reservoir.

¥, YMiscibleWAG Injection

Miscible water alternating lean gas injection and miscible water alternating rich gas
injection were studied and simulated in the reservoir in the current section. As with
operational limitations in surface facility equipment, injections should be done with
constant injection rates. The optimal injection rate for miscible water alternating rich
gas injection was chosen such that injection pressures are higher than MMP values for
injection gas. In this way, rich gas was injected with different rates including Y+« -,
¢+vv andt. -+ «(Mscf/Day) and then bottom hole pressure diagrams in the different
injection wells have been compared. With regard to Figs. YY, YY, Y¢ and Ye
“Appendix,” it is clear that the diagrams of ¢+ ++ and 1+ + (Mscf/Day) injection rates
approximately overlap and they have been able to maintain pressure relatively constant
and top of the rich gas MMP. However, Y+ + + (Mscf/Day) injection rate has caused great
pressure reduction; therefore, miscible rich gas injection with Y«++ (Mscf/Day)
injection rate will not be possible. Therefore, optimal injection rate for miscible water
alternating rich gas injection, at least 1 + + Mscf/day and miscible water alternating lean
gas injection, at least Y1,+++ Mscf/day were obtained. According to the acquired
results, miscible water alternating lean gas injection is economically impractical due to
the high injection rate required. As with the miscible water alternating rich gas injection
process and according to the reservoir dimensions, injection of minimum +/1Ypore
volume leads to miscible injection which corresponds to intermittent Y:Y WAG ratio ()
volume of water:'gas volume), 71:Vi,ev¥.¢  Mscf/day gas injection,
£EYV\Y,V.4¢STB/day water flooding through  Y+W-Y«YY in  simulation
studies.

As with Fig. 4, miscible water alternating rich gas injection in +,1Y pore volume has
led to higher oil production compared to immiscible water alternating rich gas injection
in +,Y pore volume and improved ultimate recovery from Y% to YA,VVZ. Although
having higher volume of injection gas, Fig. )+ also exhibits that gas—oil ratio for
miscible water alternating rich gas injection is about % years less and has handled
fingering more compared to immiscible water alter nating rich gas injection. Through
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miscible injection, gas and reservoir 4
oil is miscible and causes for 43
reservoir oil to have lower
viscosities, better oil sweepment and
hindered injection gas fingering
problem compared to immiscible

FOE (%)

gas injection. Figure 4 further proves 40
that increasing injection pore 39
volumes have resulted in significant o8 om 1w 1m 14 1

enhancements in ultimate recovery INECTION PORE VOLUME

factor. In order to distinguish the Fig. 11 Ultimate recovery factor versus injection pore volume for

water alternating rich gas injection

optimal injection pore volume, water
alternating rich gas injection with variable injection pore volumes has been carried out.
Ultimate recovery factor has been plotted against injection pore volume in Fig. Y. From
Fig. '), it is observable that increasing injection pore volumes from +,1Y to V leads
toY7 increase in ultimate recovery factor while increasing injection pore volumes from
Y to ). ¢ will only lead to a minor V7 increase. Increases in injection pore volumes
higher than Y has then been insignificant to ultimate recovery factor and optimal
injection pore volume has been set to V. In this section, miscible water alternating rich
gas injection with optimal injection pore volume of ) and £),V¢7 ultimate recovery
have proven as the best case scenario upon which the effect of WAG ratio and WAG
cycle parameters are investigated on miscible water alternating gas injection
process.

¥,Y,YInvestigation of Wag Ratio and Wag Cycle

WAG ratio demonstrates the ratio of water rate to gas rate through injection. WAG
ratios higher than the optimal value will lead increases in water cut while ratios lower
than the optimal value will lead to high GOR values. WAG cycle, on the other hand,
refers to the repeating period of water and gas injection. Through this period water and
gas are intermittently injected in the reservoir and for each injection period, respective
durations of water and gas injection should be specified. By defining five distinct
miscible water alternating rich gas injection scenarios with optimal pore volume of ),
contributions from WAG ratio and WAG cycle in water alternating gas injection have
been studied.

In the first investigation, three routine WAG ratios (:),¥:Y,):Y) with ¢+ days of gas
and ¢+ days of water injectionWAG cycle have been defined to study the effect of WAG
ratio in miscible water alternating rich gas injection. According to Table 1 and Fig. Y,
increasing the rate of injection gas has led to respective increases in oil production
and):Y() volume of water : Y gas volume) is presumed to bethe best case amongWAG
ratios considered for the reservoirand corresponds to ¢Y,%A7 ultimate recovery factor.
As with conclusions drawn from Y:YWAG ratio, the positive effect of increasing gas
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injection rate onmiscibility between reservoir oil and injection gas and enhanced oil
recovery is verified. Thus,WAG ratio of ):Y is considered through investigations on the
effect of WAG cycle. Through the second study, two distinct Y-+ days WAGcycle
scenarios including (¥« days gas, V+ days water) and (V+ days gas and Y+ days water)
have been investigated in the miscible water alternating rich gas injection in Y:Y WAG
ratios. Referring to Table v and Fig. Y, the Y+« days WAG cycle with (V+ days gas
and Y+ days water) shown to be the best among theWAGcycles under investigation for
the reservoir and led to £A,°¢7 ultimate recovery factor. Increase in the gas injection
period to the reservoir, leading to increased gas injection rate, improves miscible water
alternating rich gas injection and leads to higher oil production rates (with the same
justifications observed in investigations on WAG ratio). The final results show that
under water alternating gas injection conditions, the studied reservoir is affected
byWAG ratio andWAGcyclewith Y:YWAGratio () volume ofwater:Y gas volume) and
\ «+-day injection period (V+ days gas andY -days water) being the best case scenario
and the ultimaterecovery factor was improved by as much as V7. Figure )Y shows a
representation of the reservoir oil saturation distribution under different scenarios.
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Table 7 WAG cycle scenarios

According to Fig. 'Y, it is clear that the miscible water alternating rich gas injection
(pv=", best case scenario) could sweep more than any other scenarios in reservoir.

¥,YMiscible SSWAG Injection

In this section, miscible rich SSWAG injection was carried out in ) pore volume.
Through miscible rich SSWAG injection, water with rate of 11AA,£YV1 STB/Day and
gas with rate of 41¢2,YATY Mscf/Day in Y:YWAG Ratio (1 volume of water:) gas
volume) has been performed from Y+ Y) to Y+ YY. In miscible richSSWAGinjection, the
difference inwater and gas densities will provide a sweeping mechanism through which
water tends to sweep hydrocarbons downward and the gas tends to sweep hydrocarbons
upward. It is expected that the two displacement mechanismswhich affect establishing
a flood front will increase the sweep efficiency and thus the oil recovery. As with Fig.
4, miscible rich SSWAG injection (pv = V) which includes the as mentioned two
mechanisms, has led to higher oil production compared to miscible rich WAG injection
(pv =, best case scenario) and improved ultimaterecovery from £A,00 tg ©£,VY7,

Table 6 WAG ratio scenarios

Scenario name Injection waler Injection gas rate FOE (%)
rate (STB/day) (Mscf/day)
1-1_Miscible_GINJ_RICH_WAG-pv = | 6688.4276 9645.2863 41.74
2-1_Miscible_GINJ_RICH_WAG-pv = | 8917.9035 6430.1918 39.17
1-2_Miscible_GINJ_RICH_WAG-pv = | 44589018 12860.3817 42.68

FOE field oil efficiency

3.0E40 7] weeFOPT vi. DATE (1-1_MISCIBLE_GINS_RICH_WAG-PV=1)_50G-0W

—|  —FOPT V5. DATE (2-1_MISCIBLE_GINJ_RICH_ WAG-PV=1)_S0G-50W

—FOPT V5. DATE (1-2_MISCIBLE_GINJ_RICH_WAG-PV=1)_350G-30W

—FOPT 5. DATE (30G-7T0W_MISCELE_GINJ_RICH_WAG-2V=1) 1-2 =
FOPT vs. DATE (TOG-30W_MISCELE_GINS_RICH WAGPV=1)_1-2 s

FOPT STB x10MN7
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DATE

Fig. 12 Total oil production versus date for WAG ratio and WAG cycle scenarios

Scenario name Injection water Injection gas rate FOE (%)
rate (STB/day) (Msci/day)
30G-70W_Miscible_GINJ_RICH_WAG-pv = | 51449443 14838.9020 33.67
50G-50W_Miscible_GINJ_RICH_WAG-pv =1 44589518 12860.3817 42.68
70G-30W_Miscible_GINJ_RICH_WAG-pv =1 3934.3692 11347.3956 48.55

FOE field oil efficiency
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¥, ¢Net Present Value (NPV)

As we know, money now is more valuable than money later on. To calculate the value
of future income in present value of money is known as present value (PV). Net present
value is defined as the sum of the present values (PVs) of incoming and outgoing cash
flows over a period of time. NPV is used in capital budgeting to analyze the profitability
of a projected investment or project. The following is the formula for calculating NPV:

T
NPV:E%—Q) (0
where Cin = net cash inflow during the period t, Cout = net cash investment during the
period t, CO = investment costs, r = discount rate, and t = number of time periods
(year)Using the above equation, the net present values for eachof the scenarios as an
economical aspect are presented inTable A. Based on the result, the NPV for miscible
rich gas injection including WAG and SSWAG are significantly increased by
approximately average YV’ relative to water flooding scenario while this value has been
raised A% by immiscible WAG scenario.

Table 8 NPV valuas for

Hifferent scenarios Scenario name NPV (10 ~ B)
WINI-pv = 0.2 6.393
Immiscible-GINI-RICH-WAG-pv = 0.2 6.962
Miscible-GINI-RICH-WAG-pv = 1 (before sensitivity analysis) 8.377
Miscible-GINJ-RICH-WAG-pv = 1 (after sensitivily analysis/best scenario) 8730
Miscible-GINI-RICH-SSWAG-pv = 1 8100
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(a) Floviz 20101

PROD-01

Oilsat

_ T =] T —
0.30048 0.42439 0.54829 067220 0.79611

(b) FloViz 2010.1

PROD-01

Oilsat

_: 1 =] I :—
0.00000 0.20341 0.40683 0.61024 0.81366

(C) FloViz 20101

PROD-01

Oilsat

O.DF 0,26I761 ;71!522 0,611283 ﬂou
¢Conclusions

Feasibility study on the water alternating gas injection and simultaneous water
alternating gas injection in one of the reservoirs in south-west Iran which had been
subject to water flooding has been carried out.Through simulation studies and

comparison of distinct EOR methods, the following conclusions can be drawn:

V)Cumulative oil production with water alternating gas injection dominates
cumulative oil production from water flooding and natural depletion scenarios.
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YYImmiscible water alternating rich gas injection dominates immiscible water
alternating lean gas injection in terms of oil production.

Y)Miscible water alternating rich gas injection scenario with optimal injection pore
volume of Y is chosen as the best case injection scenario with £Y,Y¢7 ultimate
recovery.

¢)Based on sensitivity analysis on miscible water alternating rich gas injection with
optimal injection pore volume of Y, WAG ratio of ):¥ () water volume:Y Gas volume)
and )+ + days WAG cycle (V+ days gas and Y+ days water) has had the highest
recovery of ¢A/ee”.

°)Miscible water alternating rich gas injection has hadYeZimprovement in ultimate
recovery factor over water flooding and Y71,71YZ improvement in NPV regarding the
best case scenario.

1)Miscible selective simultaneous water alternating rich gas injection has had Y7
improvement in ultimate recovery factor and Y1,Y7 improvement in NPV over water
flooding.

Appendix

See Figs. Y€, 10, YT YV YA V4 Y. Y)Y VY,
YY, Y¢and Ye. 4200
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Fig. 16 History matched results (oil production rate)
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Fig. 21 NTG map
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Fig. 20 Horizontal permeability map (¥-direction)
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Fig. 22 Bottom hole pressure versus time for multiple rich gas injection rate in well 2
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Fig. 24 Bottom hole pressure versus time for multiple rich gas injection rate in well 4
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Fig. 25 Bottom hole pressure versus time for multiple rich gas injection rate in well 5
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Fig. 23 Bottom hole pressure versus time for multiple rich gas injection rate in well 3

4

I
i
I
I
i
i
i
I
I
_______——_—_——_——_——_——@

I
i
I
I
i
i
i
I
I
L




@——

@—_———_————————_————————

References

Green, D.; Willhite, G.P.: Enhanced Oil Recovery, EOR SPE TextbookSeries () 33A).

Cobanoglu, M.: A Numerical study to evaluate the use of WAGas an EOR method for oil production
improvement at B. Kozlucafield, Turkey, PP, SPE YY) YV, presentation at the SPE Asia Pacific
Improved Qil Recovery Conference held in Kuala Lumpur,Malaysia, Oct A—% (Y++)).

doi:) YV YA/NYYYY_MS. ISBN: aYA-Y_0001Y_914.A,

Shi, W.: Kuparuk MWAG project after Y+ years, PP, SPE Y)Y4YY presentation at the SPE/DOE
Improved Oil Recovery Symposium

MS. ISBN: 2VYA-Y-ee01Y-_held in Tulsa, Oklahoma USA, Apr Y3—YY (Y« +A). doi: )+, Y YA/NITAYY
YYo..,

Ramachandran, K.P.; Gyani O.N.: Immiscible Hydrocarbon WAG:Laboratory to Field, PP, SPE
YYAAEA SPE Oil and Gas India Conference and Exhibition, Jan (Y« +). doi:) +,YYYA/YYAALA-MS,
ISBNAYA-Y-0001¥_YYo_.:

Mayowa, S.R.; Ajiboye, O.: Improving Oil Production and RecoveryUsing WAG Injection; a Niger
Delta Case Study, PP, SP)YAA¢A ESPE Nigeria Annual International Conference and
Exhibition,Lagos, Nigeria, Aug (Y+Y¢£). doi:) .Y ) YA VYYYIY-MS, ISBN:4VA-1-000TV.YVE-A,

Al Shehhi,B.: Implementation Study forMiscibleWater Alternatin Gas (WAG) EOR in a Giant,
Offshore Field, PP, SPE YYYVAY, SPE Middle East Oil and Gas Show and Conference, Manama,
Bahrain, Mar (Y+Y2). doi:) «,YYYA/AVYYAY-MS, ISBN: 4VA-)-TVY44-YEY-9,

Christensen, J.R.:ReviewofWAGFieldExperience, PP, SPE Y)Y Y presented at the SPE International
Petroleum Conference and Exhibition of Mexico. Villahermosa, Mexico March Y—2 (Y++1). doi:)+.

YVVYA/NVY L Y-PA.

Controlling Water Production by Application of Smart Well Technology
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Abstract

Water injection has been one of the most effective methods to improve oil recovery as it can
be used to maintain the reservoir pressure and displace oil toward producers. The success of
water injection projects depends on postponing or preventing water breakthrough from
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production wells which might happens so quickly in the multilayered and heterogeneous
reservoirs. The oil recovery factor can be improved by monitoring and controlling the fluid
flow of both injection and production networks through those of reservoirs [Y]. Downhole
interval control valves (ICVs) allow to control unconventional wells efficiently, even in the
heterogeneous reservoirs. These wells called smart wells, provide the ability to independently
control each perforated layer in real time. The smart wells allow to maximize the oil production
or to minimize unwanted fluid production by monitoring and controlling the fluid flow without
intervention. This paper aims to study the application of intelligent wells by using 1PM suit and
to investigate the improve in oil recovery and postpone the water breakthrough. In this paper,
one heterogeneous and multilayered oil reservoir under water injection operation was
investigated. Integrated Production Modelling (IPM) is employed to design smart wells (ICVs).
Then, this integrated intelligent reservoir model was examined to manage oil production rate
as well as water injection rate under field constraints to improve reservoir production
performance. In this regard, several reactive and proactive scenarios were studied and the
optimal scenario which maximized the oil recovery was identified.

Introduction

Water production management in oil fields is a major challengefor petroleum engineers.
Excess production of unwanted watercan shut down an oil well, substantially increasing costs
andwasting precious time. These phenomena can arise from eventssuch as coning,
breakthrough in the water flooding process,natural fractures and so on.The smart (or
intelligent) well include the assembly of downholeinstruments (sensors, ICVs and ICDs) that
are installed on the production and/or injection tubing designed

to:

Monitor well operating conditions downhole (flow, pressure,temperature, phase composition,
water pH, etc)

Image the distribution of reservoir attributes away from the well (resistivity, acoustic
impedance)

Control the inflow and outflow rates of segregated segments of the well.

Previous studies on application of smart wells in controlling water production have not focused
on the benefits of integrated production modeling (IPM).Integrated production modeling is one
of the most detailed tools for identifying the reservoir and production system. IPM is a process
that integrates whole of production system parts. This modeling can cause managing oil and
gas fields more accurately. Furthermore, the efficiency of production system can be improved
The advantage of using IPM is that each part of the production network can be modeled
separately and then integrated to produce a single complex model that approximates reality. In
addition, the IPM procedure has two steps: a) each part of the production system (reservoirs,
wells and surface equipment) is modeled separately using its special software. b) The parts then
linked together by comprehensive software. This allows variations in one part of the production
system network to affect other parts, and lead to more accurate and realistic results [Y>¢]. As a
result, each part of their production system works independently and a change in one part does
not influence other parts [°57].
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Result & discussion

In this research, areal and heterogeneous reservoir model having ¢ water injection wells and ¥
oil production wells have been simulated using REVEAL (figure Y).Water injection is
conducted in order to maintain the reservoir pressure, and because of that unwanted water
production is one the main challenges of hydrocarbon fluid production. In this regard, the major
purpose of this study is to control and manage the excessive water using intelligent well
technology. To do that, various Reactive and Proactive injection scenarios (injection of water
in different layers of the injection wells) are investigated todetermine the best one that produce
less water and increase oil recovery. To pursue this purpose, cumulative oil production is
considered as an objective function for selecting the best scenario. All of these scenarios are

evaluated by employing intelligent well in an integrated production system.
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Figure 1: Beservoir model (colors represent the ponosity).

In the base case scenario, each of layers in
production wells are producing equally, and the total
fluid production of the wells A, Band C are 4+,
++vand VY.« STBD respectively. In addition,
each of layers in the injection wells are allocated the
same rate of water, so that the total amount of water
injected to the layers of each injection well is Y©
percent of total fluid production from the reservoir.
In this study, the goal is to investigate the reduced
amount of water production in just one production
well using intelligent management of water injection
in the surrounding injection wells, rather than all
production wells. In order to select the best scenario
in surrounding water injection wells (closing the
injection layers when water cut reaches its critical
value), all possible scenarios have been simulated to
stop injection from wells A and B. In the following,
results of injection scenarios will be interpreted by
comparing oil and water production to select the best
reactive and proactive scenarios. The results showed
that in the best selected scenario, closing the second

layer of the injection wells A and B plays the most important role in controlling excessive water
production. The outputs in the reactive and proactive scenarios are as follows. Results indicate
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Figure 2- Intezrated production model.
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Figure 4: Comparison of water-out between Pro-active,

Reactive and Base case scenarios.
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Figure 3: Comparizon of cumulative water production
betwesn Reactive, Pro-active and Base se soenarios.
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that applying the reactive scenario has a little impact on reducing of water production (Figure
¥), water cut (figure ¢) and also on increase in oil production (figure ©), so that in the production
well A, an A,Y1Z increase in cumulative oil production and a 4,4Y7 decrease in cumulative
water production were observed compared to the base case, while the total volume of water
injection was the same in the both injection
scenarios. According to the results (figureY), the _
implementation of proactive scenario caused a | e

\Y,AYZ increase in cumulative oil production in | s
well A and a Yo,A¢7 decrease in cumulative water
production in this well compared to the base case
scenario. Therefore, by comparing the amounts of
increase in oil production and decrease in water
production in both scenarios, one can conclude that . |
reduced amount of water production is greater than | . . .
increased amount in cumulative oil production. RS RN O e TS O
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Figure 5: Comparizon of cumulative oil production
betvwesn Pro-active, Reactive and Base case scenarios.

Conclusions

Y.0ne of the most reliable and comprehensive methods for reduction of the unwanted water
production is applying intelligent well completions.

Y.Integrated Production Modelling (IPM) is an appropriate way to simulate smart wells
(ICVs) Also, IPM package has been recognized as an effective, robust and reliable tool for
understanding the production and injection networks performances, network problems
identification and applying various constraints at different parts of the system.

¥.Using proactive scenario has many advantageous over reactive scenario, such that using
this method led to a sharp decrease in the amount of produced water rate and consequently
water cut via the production well A.
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