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Abstract. Waterflooding is the most frequently used method in the petroleum fields to increase oil recovery. The
injected water maintains the reservoir pressure above the bubble point of fluid and displaces the cil to the producer
wells. However, water injection is associated to a technical problem called injectivity loss, which occurs due to
deposition of different types of solid particles in the porous media around the injector wells. Actions to avoid injectivity
loss have an important economic impact, especially in offshore projects, where high oil production rates are required.
One possible solution to this problem is to inject water above the fracture propagation pressure, bringing up high
conductivity channels from injectors. The fracture growth from injector wells can have a significant impact on
reservoir performance (sweep efficiency, oil production rates, oil/water ratio and recovery factor). However, thereisa
risk associated to water injection under fracturing conditions if the fractures grow up in the direction of the producer
wells, resulting in recycle of water. Due to the importance of the problem and to the difficulties to model the problem,
some different approaches can be applied to this problem. In this work, two alternatives are presented to model the
fracture propagation in a petroleum reservoir: (1) grid refinement and transmissibility modifiers and (2) virtual
horizontal wells. The impact of injectivity loss on the oil production and the net present value are studied in order to
show that the problem can be modeled, representing an initial point to future research in this area.
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1. Introduction

Water injection has been the most used recoverfiadein petroleum industries due to its advantagperational
simplicity, low cost and favorable characteristiddisplacement. The injected water displacesroinf porous media
to producer wells and maintains the reservoir pressbove of saturation pressure, increasing tbevesy process
efficiently. During the injection process, largeagtities of water are introduced into the reservaihich involves
many complex variables (Singh, 1982). Some impontaniables are the geological characteristics thtence the
water injection performance, the well localizatiand consequently the production strategy, the farimperties like
viscosity that is related directly to the watereittjon efficiency, technical variables such asdtig pressure, water
quality and water processing systems and econoaniahles. Water injection has high initial invesimhe@nd the
project conditions for the injection are more coiegted in offshore operations. According to Palsstaad. (2003), the
operational conditions in an offshore field are ptew and have narrow economic limits. The productomst of
maritime fields are elevated and many water inpectprojects are implemented quickly to support pinessure as
recovery mechanism to maintain high oil productiates. Another important characteristic of offshiedds is the
average project life that is smaller than onsheogepts (Singh, 1984 and Palsstral., 2003).

Either offshore or onshore operations, injectorlsvate associated to injectivity loss. This phenoomeinfluences
strongly the injection project performance sincesitlirectly related to the capacity to maintaie firessure and fluid
rates in the reservoir. For example, in Gulf of Mex the main causes for injectivity loss are fotiova of scales,
plugging of porous media by fine rock particledrdroplets and introduction of bacteria due te fftoor quality of the
water injected (Sharma and Pang, 2000). Some war&sconcerned about the impact of these variablethe
injectivity loss. Sharma and Pang (2000) developedinalytical model to study the injection declozaised by the
injection of fines and their impact on the injecferformance and to determine the parameters ettiop water
quality. Bedrikovetskyet al. (2001) developed a mathematical model with twoapeeters, formation damage and



filtration coefficient, to calculate the necessarfprmation to determine the injector well impainmdrom laboratory
tests and well history.

The injectivity loss increases the operational chst to the continuous filtration of the injectedtar, which cost
depends on the particle diameters in suspensiemadiition of chemical agents to inhibit the forimatof scales and
kill bacteria and the changing parts of the in@etystem that generally are neither simple noaghe

The water injection above of fracture pressurenis process that reduces or avoids the injectiaisg Idue to the
generation of channels with high conductivity, téag in elevate values of injectivity. This prosdsas been applied in
different offshore or onshore fields around theldiofhe Valhall field, in North Sea, was submittddring three years,
to the water injection with pressure above theipgrtracture in order to improve the injectivityhile its effect in the
water breakthrough was minimum (Naetral., 1994). Others examples are the Dan field, aishlarth Sea, where
water injection with fracture formation increasé@ il production (Ovengt al., 1997), in some fields in Oman the
injection with fracture propagation was implementedrder to sustain high injectivity rates withreduced treatment
of the produced water (Noiratt al., 2003) and several Petrobras’s wells in onshaleld (Souzaet al., 2005).
Although, the water injection with pressure abohe fracture pressure can generate benefits inioeldad the
injectivity loss, it can unfavorably decrease tivesp efficiency since the water channels into thetéires.

The injection with fracture propagation pressureaisnanner to avoid infectivity loss, but traditibmaservoir
numerical simulators do not consider the fractumenfitions during the injection process. In ordecdorectly model
the fracture formations and its effects in the mesie oil production, &Black-Oil reservoir simulator must be associated
to geomechanical models, which describe the fllidv fwhen the rock properties are changing during time.
Different reservoir simulators describing fluid ilcand geomechanical behavior are reported in theature (Gadde
and Sharma, 2001 and Noiret al., 2003). However, in the absence of such simudatoonventional reservoir
simulators are employed and the presence of freet@nd injectivity loss are considered using, fganeple,
mathematical models, grid refinement and transiilggi modifiers. Souzaet al. (2005) associated a non-commercial
geomechanical software to model the fracture groaviti its propagation to a commercial reservoir &on. These
authors showed that the impact of injection withcfure propagation pressure can be high, deperdiribe injection
pressure, the velocity and direction of fracturegagation, the type of well (vertical or horizojtahe injector-
producer distance and the injection pattern.

The goal of this work is to study the impact of ithgectivity loss in the reservoir performance gondmodel the
water injection with fracture propagation pressuarerder to avoid injectivity loss. Two alternats/evere considered to
model the fracture propagation: (1) the use of gefthement and transmissibility modifiers as pregs by Souzat al.
(2005) and (2) the use of a virtual horizontal wiellrepresent the behavior of the fracture. In talti a model with
injectivity loss and without injection with fraceipropagation pressure had its injectivity dectiakulated through the
variation of the formation factor damage in theatpr well.

2. Application

The reservoir model was based on the model propbgesbuzaet al. (2005) and the numerical flow model was
constituted by a 27x47x1 Cartesian grid. A produrctstrategy with direct line pattern and two vertigvells was
adopted, one producer well and one injector walthtwith bottom hole pressure constant and egeafectively, to
19,500 kPa and 16,400 kPa. The maximum injectechemliced liquid rates were equal to 2,000day. The reservoir
petrophysical properties were assumed as constaifit (1), the net to gross ratio was equal to 1dtae capillary
effects were neglected. The fluid properties adécated in Tab. 2. The reservoir simulations wesecated through a
Black-Oil commercial reservoir simulator. The total timeswhulation was 3,600 days.

Table 1. Reservoir properties.
Table 2. Fluid properties.

Property Value
Porosity (%) 21.8 Property Value
Rock compressibility (kP9 3.467x1C Temperature of reservoitQ) 91.1
Horizontal permeability (mD 1345.5[m1] Pressure of saturation (kPa) 16,609
Vertical permeability (mD) 135.55 Initial Water Saturation (%) 22.8
Initial pressure (kPa) 19,500 Initial water FVF, B; (m’/m°) 1.0073
Depth (m) 2,395

3. Procedure

Four situations of the reservoir model were studigd. 1.: (1) the base model without injectivipss (Model 1),
(2) the model with injectivity loss throughout thienulation time and none procedure was applied/éddat (Model 2),
(3) the model with injectivity loss during the iiait two years of simulation and injection with ftae propagation
pressure, which was represented by transmissibititiations in the reservoir simulation model (Mb@gand (4) the
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model was similar to third model, however the fuaetpropagation was represented by one virtualzbotal well
(Model 4). The simulation grid of the models wafined in the direction injector - producer well,cept for Model 4 as
indicated in Fig.1.

@ Injector Well O Producer well === Fracture WI -Well Index
[ [ [
G O
WI = cte WI = f(t) WI = f(t) WI = f(t)
Transmissibility Virtual
Modifiers Horizontal Well
(a) (b) (c) (d)

Figure 1. Simulation models: (a) Base model withnjgctivity loss -Model 1, (b) Model with injectity loss -
Model 2 and (c) and (d) Model with injectivity loasd injection with fracture propagation pressuMasdels 3 and 4.

The reservoir parameters analyzed, for each madegk: water injection rate, cumulative oil prodaati produced

water rate in the producer well and net presentievédNPV). The NPV values were calculated using Ekenomic
Model of UNIPAR software. Table 3 lists the economparameters adopted for NPV calculations.

Table 3. Economic parameters.

Price, Cost and Tax
Oil Price (US$/m) 125.8
Oil Production Cost (US$/f 20.0
Water Injection Cost (4 US$An 4.0
Injected Water Treatment (US$Hm 4.0
Well Cost (US$) 6.0x10
Discount Rate (%) 15.0

3.1. Modeling of the Injectivity Loss
3.1.1. Injector Well without Fracture

In order to model the injectivity loss of the Modklthe injector well index, which depends on gemim&ariables,
fluid and the rock properties, was calculated factevalue of well bore damage factor through theession:

2k, k, h

where k and k are the well block permeability in x and y directj respectively; h is the formation thicknegsisrthe

equivalent radius, that is function of grid georuetr parameters;, is the well radius and S is the well bore damage
factor, which was obtained through the expressiesgnted by Craft e Hawkins (Dake, 1978):

s={e ol 2

where k is the original formation permeability,i%the damage zone permeability apnid the damage radius.

Wi 1)




The permeability impairment was modeled by an ditalyexpression adjusted from experimental infaromathat
allows calculating the permeability variation dgrithe time (Tiab, 1996). Figure 2 shows the perntigabnd injector
well index during the time. The decline of the wialliex is resulting the formation damage due toplugging of the
formation by oil droplets, scale and water paridlesuspension.
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Figure 2. Injector well - Permeability and well exd

3.1.2. Injector Well with Fracture - Transmissibility Modifiers

Most of commercial reservoir simulators do not ¢desgeomechanical modeling. Ji and Settari (2@0é¥3ented
different manners to model suitably the fractureparous media; however their proposal requiredifivations in the
simulator code, which is impracticable with comni@rsimulators. As consequence, the fractures shbelmodeled
through different simulation parameters, such assimissibility modifiers.

In order to model the reservoir with fracture gested by water injection, the transmissibility betwethe blocks
were modified in the direction of fracture growthcarding the methodology used by Sowataal. (2005). This
procedure was employed in Model 3 and it was asdutimat the fracture propagated in all reservoickhéss. The
fracture length from the injector well;,lwhich varies during the simulation time, t, wadained by the equation:

QWinj \/?
= 3
L mhC, )

where Qinj is the water injection rate and & overall fluid loss coefficient, that dependstba injection water quality
and its filtration properties and the reservoir afidid characteristics. This coefficient is usualbbtained
experimentally. The values for offshore reservaiediin this work were based on typical values mprteseby Souzat
al. (2005). The fractured block dimension was consideas 0.125 m (Fig. 3). It was also considered! lefanement
of the simulation grid in the direction of the iojer and producer wells.

The variation of the fracture length during simigattime is illustrated in Fig. 4, that represeatseservoir with
injectivity loss and the continuously generatioradiydraulic fracture from two times: beginningtloé simulation (t =
0) and after two years of the beginning (t = 2 ggarhe values of transmissibility between simolatblocks in the
direction of fracture growth were modified in agment with the fracture length.

3.1.3. Injector Well with Fracture - Virtual Horizon tal Well

A proposed alternative to model the presence afded fracture in the reservoir was to add a virtugilzontal well
in order to substitute the fracture (Fig.3). Theliidn of a horizontal well was considered in Modkel The well
completion was in agreement with the fracture ghodtiring all simulation time (Fig. 4) and the begirg of the
fracture induction were similar to that ones emplbyo modify the transmissibility between the bk¢k=0 and t = 2
years). In this model, it was not necessary taeetihe simulation grid in the direction of the sell



Proceedings of COBEM 2005 18th International Congress of Mechanical Engineering
Copyright © 2005 by ABCM November 6-11, 2005, Ouro Preto, MG

Xk X1k

o} e} 0.125 m

Perforations

T, = f (geo, Fluid)

g
1 2,1

Injector Well @ =P O Producer Well

Fracture Growth

(a) (b)

Figure 3 Representation of the fracture: (a) Trassifility modifiers and (b) Virtual horizontal wel
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Figure 4. Fracture length during the simulationetim

4. Results

The main variables of the four proposed models vesralyzed. The water injection rates of the moaéth
injectivity loss (Model 2, 3 and 4) were compareithvthe model without injectivity loss (Model 1) disistrated in Fig.
5. The water injection rate of the Model 1 (WI =nst) was not coincident to the water rate of thedM 2 (W= f(t))
which was lower than Model 1. These two curveshefModels 1 and 2 were practically different frdme beginning
of the water injection. The characteristics of atjgn rate curve of the Model 1 were resulting ekervoir
pressurization and no permeability variations adothe injector well. In Models 3 and 4, the indudeatture was
capable to recover the initial injectivity, incr@agthe water injection rate. The curves of injectrate were similar for
these models in most simulation time, however tloelehwith the virtual horizontal well injected moneéter than the
model with transmissibility modifiers. This is amportant result since it was easier to model fra&ctwith virtual
horizontal well than to model fracture through samissibility modifiers and grid refinement. It mportant to stand
out that the injection rate values of the Modeln8 4 are super estimated compared to Model 1 aRdrzhe Model
4, the injected water rate was similar to the Mo8lehowever should be necessary an adjust procilssfracture
geomecanical model.

The cumulative oil productions for the proposed eisdre presented in Fig. 6. The virtual horizontall (Model
4) presented a similar behavior to the Model 3n&naissibility modifiers). The curves of the Mode(\&I = f(t)) and
Model 3 were below and above , respectively, ofdhese of Model 1 (without fracture), accordingtte injectivity
recovery presented in Fig. 5. The produced wattrsraf the Model 3 and Model 4 (virtual horizontedll) were
greater than the produced water rate of Model g, Fi It is important to emphasize that the indufradture in the
proposed models was in an unfavorable directiorlated to the oil producer well and the water teld be smaller
in the producer well if the fracture was consideirech more favorable direction. In the developmehproduction
strategies with water injection above the formatparting pressures, this should take advantagéefractures in
relation to the injectivity and should diminish thvater production by means of a good location adpcing wells to
diminish the impacts generated by the water praducas it was presented in the Fig. 7.

The water breakthrough in the producing well camlse observed in Fig. 7. The breakthrough fomtimglels with
fracture was lower than the Model 1l(approximatefedéince of 400 days). However, the Model 2 was tgrea



indicating that the injectivity loss delayed thetevaarrival time in the producer well and the a@iler was reduced in the
producer well (Fig. 8), which did not agree withterainjection objectives to support reservoir puessand keep oil
rates. The induced fracture was capable to maictaistant the oil rate for the Models 3 and 4 duéfb00 days.
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For the four investigated models, the NPV valuesewealculated for all simulation time (3,600 day$he
maximum NPV for each model and respectiyeaNd W, are reported in Tab. 4. It is important to empr@shat for
Model 2 (WI = f(t)), the NPV was reported at endlod simulation time due to its low oil rate. Tlesults of the Model
4 (virtual horizontal well) were similar to those Model 3 (transmissibility modifiers), therefotewas not shown in
Tab. 4. Figures 9 and 10 show the NPV angfav the models on Tab. 4. The models with fractiMedel 3 or 4)
reached the maximum NPV at 2,850 days, which wasgtieatest one of the models. Similarly, at the ehthe
simulation, the models with fracture presented @ighater production than the Models 1 and 2 (F@). FEor the total
time of simulation, the NPV for the Models 1 an&v8re similar, however, the Model 3 produced alntbstdouble of
water, which represents a non-desirable situation.

Table 4. Comparison of NPV, ;Nand W, for studied models.

Simulation model Time (days) [ NPV (US$)| N (ACPm’) | W, (10°m°)
WI = constant (Model 1) 3,360 23.73 3.16 5.60
WI = {(t) (Model 2) 3,600 22.15 3.13 4.05
WI = f(t) + Fracture (Model 3 or 4) 2,850 25.17 B.1 6.52

@ Time for maximum NPV
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5. Conclusions

This work had as goal to associated the fractunpamyation to commercial reservoir simulator that bt consider
geomechanical models. The fractures were modeledigh different parameter: transmissibility modifieand grid
refinement and virtual horizontal well. The transsilbility modifiers and inclusion of the horizontakll presented
similar results in the cumulative oil produced angkcted water rate. For the studied case, theusiwh of a virtual
horizontal well was considered the best option beeat is simpler than grid refining and transntigigy modifiers and
do not require modifications on the grid simulatidtor greater scale simulation models; this represmportant
advantages. Although the obtained models were ¢éapaintain the well injectivity, a better integoat between the
fracture geomechanical model and the reservoir laiion describing the fluid flow in porous mediaosid be
analyzed in future studies.

In order to model real situations, water qualitjpimation should be included in the models in ordehave better
predictions of the impact of the injectivity loss the reservoir performance, development stratetfias include
different parameters of the fracture.

The effect of injectivity loss in the Net Preseralyes for models as time function was analyzed. mbdels with
the injection with fracture propagation pressuieiual horizontal wells or transmissibility modifig presented NPV
higher than the model with injectivity loss andhatt fracture.

In this work, the fracture was studied only in thgector-producer well direction. However, the atigtion of the
fracture is an important variable to be considérethe process of reservoir water injection witacture propagation
pressure. In this work was used a simple geomettieqms between injectors and producers wells.ebifft patters
with fracture models should be studied to deterntieeoptimum well pattern for different field sitiens, optimizing
the fracture sizes of and injection rates.

6. Nomenclature

C. = fluid loss coefficient, m/dd{f

h = formation thickness, m

k =original formation permeability, mD

ks = damage zone permeability, mD

ke = well block permeability in x direction, mD
k, = well block permeability in y direction, mD
L =fracture length, m

NPV = net present value, US$

N, = cumulative oil production, fn

Qwinj = water injection rate, Wday

re = equivalent radius, m

rs = damage radius, m

rw = well radius, m

S =damage factor

t =time, days



WI = well index, mD m
W, = cumulative water production,’m
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