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Abstract. Water injection performance depends on the oil and petrophysical reservoir properties and fluid-flow
characteristics. When water is injected into the reservoir at pressures above formation fracturing pressure, the effects
of these properties over the reservoir model performance, and specially, on waterflooding sweep efficiency, become
critical. Quantification of these effects, using parameters such as the Recovery Factor (RF) and Net Present Value
(NPV), is important for the injection project dimensioning and to determine the feasibility and usefulness of the
injection process to be implemented.

The objective of thiswork is to quantify, using Sweep Efficiency and Net Present Value as study parameters, the effects
of three different fluid models on the production performance during a waterflooding under fracturing conditions. The
methodology proposed considers the simulation of scenarios in which the injectivity loss is represented by an
analytical decline equation, and the fracture is represented using a virtual horizontal well.

The results show the applicability of water injection under fracturing conditions in different oil type scenarios. Also,
this work shows the importance of the reservoir parameters into the injectivity loss and fracture propagation models,
and the significance of the RF and NPV in the quantification of these effects.
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1. INTRODUCTION

It is well known that water injection is the mostnemon method for oil recovery and pressure maimesathis
process involves different variables that shall taken into account in order to evaluate properly teservoir
performance. Although the injection under fractgriconditions can improve the reservoir performarbis, process
presents some disadvantages, and according to &lt@€ (2004) the injectivity loss is the most importgmbblem
associated with water injection and it has diretation with the quality of the water and the rgs@rproperties. This
phenomenon makes necessary an increase on thgoinjpressure in order to maintain a constant wiafection rate.

Different solutions can be applied to improve therfprmance of the water injection process. One hefsée,
according to Palssod. al. (2003) is to improve the water treatment systether is the removal of the formation
damage using mechanical and chemical treatmentsnAdcademic level, some studies such as Gadd&lsamna
(2001), that developed an analytical model to sthéydecline caused by injected fines; or Bedrikskaeet. al. (2005),
that developed a method to calculate the injectelt impairment from laboratory and field data, aionmodel the
influence of formation damage on the reservoir bhaand the possible forms to solve the problem.

Other way to attack the injectivity decline is watajection under fracturing conditions. This opti@llows
reestablishing the well injectivity creating higbneluctivity channels and avoiding the implementatid complex
systems for water treatment. However, a possibfs@guence of injecting water above formation fracpressure is
the canalization of the injected water throughdwe treated fracture towards producing wells leadmg water
recirculation, with its negative results for theguction performance. All these factors makes #haareful analysis
must be done, to locate correctly the productioltsy order to increase sweep efficiency.

Considering the factors above cited, geomechaginallator can be considered an useful tool to aeafnd study
fracture behavior under water injection conditionst this type of software can present high timascmnption when
used in full field applications. Other approximasoto model induced fractures by water injectiosing numerical
simulators, are local grid refinements in grid Beavith high permeability, transmissibility modifseor the use of
effective radius to represent the fracture. Anothethod to represent a fracture induced by wajectiion consist in
use a virtual horizontal well (Montoyt al, 2006 ). This approximation to model fracturesidsarid refinement and
can be easily implemented into adjusted resenioiulation models. Virtual horizontal well do notgudres any grid
modification. However, this approach depends orvitigal horizontal well index calculation.

Besides the reservoir properties, the fluid charstics are fundamental for the analysis of tleemneoir behavior
in order to achieve a better understanding ofrfection process and its effects on the sweepiefioy.

This work aims to study the modeling of the injentunder fracturing conditions process. Also islyred the effect of
anisotropies and reservoir fluid type on the sweffipiency.



2. PROCESS MODELING

To better understand the effect of the reservait fuid properties on the sweep efficiency of th@gction under
fracturing condition process, it is necessaryltesstrate how the whole process is modeled in corigesimulators.

The coupling of geomechanical calculations and flimulation is a fundamental part of the modelinags,
nevertheless, the access to a full coupled simulatdimited and a hi the most of the times andué ¢oupled
simulation presents a high computational consumgiime, making necessary the use of the resul@irdd from an
in-house geomechanical simulation to represenfltie flow into the reservoir rock as the rock pespes vary with
time.

In commercial simulators, it is common to represhatfractures by means of mathematical modeld,rgfinement
or transmissibility modifiers. In this study theeusf virtual horizontal wells is proposed to motted fracture opening
and propagation process.

2.1. Injectivity loss modeling

The injectivity loss is modeled by the variationtbgé terms of the Well Index (WI) equation. Theseiations
include properties as well block permeability, themation damage factor (skin factor) and their borations given by
the Eq. (1).
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The mathematical model for the permeability vaoiatin the damaged region that was used in thisystadsiders a

hyperbolic permeability decline. Bedrikovetsityal. (2001) proposed this model in order to descriteeptermeability
decline as a function of the time, as it is showrEh. (2).
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In Eq. (2)ks is the absolute permeability of the damaged redipis the original injector well block permeability,
and ¢ and ¢; are the constants that determine the decline tafnthe curve with time (1.00 and 1.25 E -02
respectively). Figure 1 shows the permeability véran the damaged region normalized by the blpekmeability as
function of the simulation time.
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Figure 1. Permeability decline in the damaged megio
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Due to the lack of bibliographical sources thatigtthe relationships between the fracture lengthand the skin
factor @) in injector wells under fracturing conditions,ethCinco-Ley and Samaniego (1981) model, which
approximates the relation of a skin factor valua foacture length value, has been used. In tHzeeaests, this model
is applied for any fracture length value obtaineshf the geomechanical simulation. The Cinco-Ley &athaniego
model is based on the fracture dimensionless cdivitydactor, given by:

Foo = 3
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In Eq. (3)ks is the fracture permeabilityy is the fracture widthk is the formation permeability, andis the fracture
length. Equation (4) gives the relationship betwéen fracture dimensionless conductivity and theiejent skin

factor, that is represented in Fig. 2.
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Figure 2. Equivalent skin factor as function oftftae dimensionless conductivity.
Fracture permeability is given by the following egsion (Aguilera, 1980):
k, =84x10°w? (5)

In Eq. (5) the fracture width values is obtaineghirgeomechanical simulation, and for the purpostisfwork a
mena values of 2.45 E-03 meters is used in théuira@ermeability calculation.

Once calculated the values of the permeabilitiebath the well block and the damaged zone, it ieggary to
calculate the bulk permeability of the injector Wabck. For this, the harmonic mean formulationown in Eq. (6) is

used.
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In Eq. (6)r,, andr, represent the well and the equivalent radius smty; andrs is the radius of the damaged
region.

Ky =




2.2. Fracture generation and propagation simulatiormodeling

The use of transmissibility modifiers as a method fepresenting the fracture generation and prdmagaas
proposed by Souza al (2005), consists in a grid refinement in the fuagtpropagation direction, the definition of thin
grid blocks and the transmissibility value multiaiiion for the block that content the fracture.tAs transmissibility
between two grid blocks is a function of the geainetock-fluid, and rock properties, the multiptg factor favors
preferably a direction instead the other.

The virtual horizontal well approach to represdret fracture growth is based in the analyses of Gguya (2005),
who considered the horizontal well as a small hefgicture. In this model, the well parameters eakulated as
function of the geometric characteristics of thacfure, avoiding the high time consumption of théyfcoupled
simulators with geomechanics. The well index icelted as described previously and divided for nibenber of
perforations opened accordingly with the fracturepagation profile obtained from geomechanical $ation (Mufioz
Mazoet al, 2006).

Figure 3. shows the virtual horizontal well appioac
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Figure 3. Virtual horizontal well approach for repenting the fracture propagation.

2.3 Sweep efficiency analysis

Taking into account the simplifications of the mhder the sweep efficiency determination, the asgtion of the
vertical efficiency of the injection process foetmodel is 1, since the homogeneous condition e@fmtibdel and the
meaningless of the gravitational effects is madednsequence, the sweep efficiency of the prdsestsdied using as
main parameters the Recovery Factor (RF) and théMNsent Value (NPV).
3. METHODOLOGY
3.1. Simulation models

The simulation models that were used to obtainrdselts reported in this work consist in a Cartesjad, with
51x51x10 active cells. Each cell has 30 x 30 x 4amd the main reservoir properties are shown in TabThe
production strategy implemented for the simulaticgmresents a five spot arrangement, with a cenéndical injector
well, and four vertical producer wells, as it imam in Figure 4.

Table 1. Reservoir properties

Property Nomenclature Value
Porosity [0 25%
Horizontal Permeability kx = ky 500 mD
Vertical Permeability kz 200 mD
Water viscosity Ihw 0.9cP
Relative Permeability to oil kro’ 0.5833
Relative Permeability to water krw’ 0.3593

For the purpose of this work, which is to analyhe effect of the oil type on the sweep efficiendytloe
waterflooding under fracturing conditions, threffetent oil types are used:
» Light oil (817.2 kg/m3, 0.6 cP).
* Intermediate oil (871.5 kg/m3, 3.4 cP).
» Heavy oil (924.8 kg/m3, 17.1 cP).
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Figure 4. Well arrangement in the simulation grid.
3.2. Simulation analysis

The simulation process is carried out in three estad-irst, the model is simulated without consiggrboth
injectivity loss and fracturing presence (thishe toriginal model”, named as NLNF for No Loss — N@cture).

Then, the injectivity loss is introduced into thmslation model by modifying the simulation WI ftire time steps,
reproducing in this way the effect of the formatidamage, and maintaining the pressure of the resdrelow the
value of fracture pressure (WLNF, for With Loss e Rracture). The purpose of this stage is to estalihe effect of
the formation damage on the original model.

Finally, when the well bottom-hole pressure readhesfracturing pressure, the fracture propagasantroduced.
Fracture propagation is represented using a hdateirtual well, whose perforations are open faling the fracture
propagation profile determined from the geomeclarsitnulation (WLWF, for With Loss — With Fracture)

As a mechanism to establish the effect of bothirifetivity loss and the fracturing on the resendmhavior, it is
necessary to compare the results obtained fronstdiges mentioned above. For this, two parametde€LID and
RECOVI are introduced.

The Decline Index (DECLI) is the ratio between tra@ues obtained from the simulation of the cases tmly
involve the injectivity loss due to the formatioardage (WLNF) and the cases with the original m@gdeNF). DECLI
values are smaller than 1, indicate that, dueddrtfectivity loss, there was a decrease in therobmdicators used for
the analysis. Values of DECLI equal to the uniti¢atle that the injectivity loss did not affect tfeservoir performance,
and values larger than 1 indicate that even wigctivity loss the productive behavior of the systeas improved.

In the other hand, the Recovery Index (RECOVIhis tatio between the obtained values of the sinauaif the
cases that involve the fracture presence (WLWF)taedobtained values of the other two cases: @ )otiginal case
(NLNF) and (2) the case that takes into accouninfeetivity loss (WLNF). Recovery Index values dkaathan 1 will
indicate that the presence of the fracture didimprove the behavior of the system, consideringair the injectivity
loss. Otherwise, values equal or larger than 1 stmavthe fracture got, at least, to equal thedaidirs of the cases to
the which it is compared, showing improvement iatbes of behavior of the reservoir when the vahfethe index are
larger than 1. Besides the Recovery Factor (RF)thed\et Present Value (NPV) as control parameteusnulative
Production of Water (W} and the Cumulative Water Injection,)lare used the to accomplish a global analysis. The
economic scenario for the calculation of NPV iswhan the Tab. 2.

Table 2. Economic scenario for the simulations.

Taxes
Discount rate (%) 10
Royalties (%) 10
Other (%) 36.65
Price
Oil price (US$/m?3) 220.15
Investments
Platform (US$) 10000000
Producer or injector well (US$) 2000000
Costs
Oil production (US$/m3) 37.74
Water production (US$/m3) 4.03

Water injection (US$/m3) 4.03




For the analysis of the obtained results, mobitiyo is used as comparative parameter, the caicnlaf this factor
is given by Eq. (7):

M = kr'w:uo (7
kro/uw

In Eq. (7)M is the mobility ratiok;, andk;, are the terminal relative permeabilities to wated oil respectively;
andu, andu,, are the oil and water viscosities respectively.

4. RESULTS AND DISCUSION
4.1 Mobility ratio determination for the oil types
The mobility ratios calculated based in the oilrelateristics and using Eq. (7), are reported in. Bab

Table 3. Mobility ratios for the tested oil types.

Oil type Lo M
Light 0.6 0.4
Intermediate 3.4 2.3
Heavy 17.1 11.7

4.2 Effect of the injectivity loss in sweep efficiecy

To analyze the impact of injectivity loss in theseevoir performance the Decline Index (DECLI) ahd tontrol
parameters described in Section 3.2 are used.€Hudts are listed in Tab. 4. and are illustrateBign 5.

Table 4. DELCI values for the tested oil types.

DECLI
Oil type RF W lw NPV
Light 0.72 0.02 0.63 0.86
Intermediate  0.87 0.18 0.82 0.91
Heavy 0.47 0.00 0.38 0.41
WLNF vs. NLNF
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Figure 5. Effect of injectivity loss on control jpamneters.

From Fig. 5 it can observed that DECLI, for all thelicators and for all the three different molet, has values
minor than 1. This indicates the negative effecthef injectivity loss on the reservoir performansiece both the oil
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production and the water injection (and in consegaethe waterflooding sweep efficiency) presentigmificant
diminution as the permeability reduction is introdd to the simulation model.

Figure 5 also shows that among the control paras)etiee cumulative water production (Aéxperienced a more
accentuated diminution. This behavior is logicahseruence of the progressive diminishing of theemimtake to the
reservoir (decline in,) due to injectivity loss, and this affects dirgcthe recovery factor and the economic
performance of the model, leading to decay in theep efficiency of the waterflooding process.

For the three fluids analyzed, Fig. 5. shows thatdffect of injectivity loss is more evident fagh mobility ratios
(heavier oils) as a consequence of more difficuived of a heavy oil by a lighter water, affecting the contrl
parameters used for this analysis.

4.3 Effect of the fracture propagation for cases wth injectivity loss problems

The fracture effect on the performance of the casils injectivity loss is made using the Recovendéx
(RECOVI); the results are shown in Tab.5. and 6ig.

Table 5. RECOVI values for the tested models.

RECOVI
Qil type RF Wp Iw NPV
Light 1.36 40.11 1.54 1.11
Intermediate  1.13 5.08 1.20 1.08
Heavy 1.59 *x 1.63 1.54
WLWF vs. WLNF
1.7
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Figure 6. Effect of fracture presence on controbpeeters.

The values reported in Tab. 5. show how the fracaffects positively the reservoir performance. RiECOVI
values, greater than 1 indicate that the controhpaters experienced an increase because of tdtarfrey process if
compared with the cases that only consider thetinjéy loss. For the heavy oil the value of,\¥ not reported because
its calculation implies a division by zero, sinbe water production for the case with injectivibgs was absent and for
the case with fracture presence a significant diyaot water was produced as consequence of thieehiguantity of
water entering the reservoir throughout the fraetur

Figure 6. presents the behavior of RECOVI for tbetmol parameters. It is important to outstand thatabsence of
the control parameter Ws due to factors above explained. And it can bseoved that, as observed in the previous
section, the effects are more accentuated in thesoaith a higher mobility ratio.

4.4. Comparison between cases with fracturing presee and cases without injectivity loss (original nael)

RECOVI values are used to compare the WLWF casdsttay NLNF cases. The values lower than 1 in Tab. 6
indicate, mainly, that the waterflooding under fraimg conditions process does not get to impraeither the behavior
(nor the sweep efficiency) of reservoirs with irjeity loss problems until the level of the origimaservoir models.

Analogously to the previous sections, form Figt Gain be observed that the difficulty of the fraetto increase the
performance levels to the original case is mordex for models with high mobility ratios



Table 6. Recovery index values for the testedypies.

RECOVI
Qil type RF Wp Iw NPV
Light 0.98 0.88 0.97 0.95
Intermediate  0.99 0.90 0.99 0.98
Heavy 0.74 0.01 0.62 0.63
WLWF vs. NLNF
1.0 +
0.8
> ,
o 0.6
O ——RF
lEIEJ 04 1 |=m=WwWp
W
0.2 | |=¢=NPV
0.0
0.4 2.3 11.7
M

Figure 7. Comparison between fractured and originaks.

To better illustrate the whole process, in Tabnd Big. 8 are presented the effects of the diffieneobilities and the
simulation stages on the recovery factor of theetemodels.

Table 7. RF behavior for the tested oil types.

WLNF vs. NLNF WLWF vs. WLNF WLWF vs. NLNF

DECLI RECOVI RECOVI
Oil type M RF RF RF
Light 0.4 0.72 1.36 0.98
Intermediate 2.3 0.87 1.13 0.99
Heavy 11.7 0.47 1.59 0.74
Mobility effect on Recovey Factor
1.8
16 -
5 1.4
O
m 1.2
x
— 1.0 |
3 il —&— Light
i 0.8 gt
[a) —#- Intermediate
0.6 1 —A— Heavy
0.4 ‘ ‘
WLNF vs. NLNF ~ WLWF vs. WLNF ~ WLWF vs. NLNF
DECLI RECOVI RECOVI

Figure 8. Effect of mobility on the Recovery Faabdithe tested models.
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In Fig. 8. it is possible to observe that the d@Heof the injectivity loss (WLNF vs. NLNF) and tHeacture
propagation (WLWF vs. WLNF and WLWF vs. NLNF) affdn the same way the three oil types tested. Alsis,
possible to show how, for heavier oils, the reductdue to the injectivity loss, the increment doethe fracture
propagation and the difficulty to restore the prctthn to the level of the original model is morecastuated,
evidencing the existing relation between the ailgarties and the sweep efficiency of the casesabérffooding under
fracturing conditions.

5. CONCLUSIONS

» The impact of injectivity loss and the fracture pagation on the reservoir performance leads to the
research for more realistic and reliable tools t@ei the process in reservoir simulators. The agraent
of these computational aids implies that subjem$sgeomechanics and formation damage analysid, shal
be coupled as most as possible.

* This coupling, some times, is not totally availabdlecommercial reservoir simulators, and makes that
solutions that present high time consumption, asitiplementation of in-house coupled simulatioralish
be the option to be adopted in order to analyzeftfeets of the process on the reservoir sweepieffty.

* Other solution, as the described in this work,his tise of the results obtained from non-commercial
geomechanical simulation and use them, jointly veitfalytical models, to modify some parameters in
commercial simulator, in order to represent the leprocess of injectivity and fracture propagatiora
more coherent way, taking advantage of the simulasources and avoiding high time consumption.

* The results show that the waterflooding under ndy conditions, in spite of to be a useful toot f
overcoming the problem of injectivity loss, incremsthe sweep efficiency, it cannot to restore the
reservoir performance to the level of models thatrbt present neither injectivity loss nor fracture
propagation.

» This effect can be observed for all the threeygks tested in this study, and can be establidiachtgh
mobility ratios affect in a more accentuated wag blehavior of the reservoir during the process, ith)ia
more sensitive reduction of the performance ofrdservoir due to the injectivity loss, a greateréase
of the reservoir production and injection due te fracture propagation, and a more evident difficol
restore the performance indicators to the leveheforiginal models, without neither injectivitys® nor
fracture propagation.

* The analysis of the effects of both injectivity doand fracture presence on the behavior of theswell
aligned and perpendicular to the fracture propagadiirection, jointly with the oil mobility variatin, is
proposed here as a next step in the study of therfieeoding under fracture conditions process.
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