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Abstract. Although developed oil fields have an establishextiypction strategy, changes of geological, econoaonic
technological scenarios can demand changes ofsthagegy, requiring new optimization processes.s€hfields need
the improvement of the existing drainage strateggrier to increase the potential production anceitend field life.
The optimization of fields in production phaseat#ffrom the optimization of fields in the develeptnphase due to
(1) less flexibility and (2) the existence of adurotion history which allows improving reservoirathcterization
yielding more reliable reservoir forecast and makimossible more detailed and less uncertain geodgnodels. A
more reliable geological model yields more accunatenerical model for reservoir simulation allowingpre detailed
optimization of the production strategy. The malojective of this work was to develop a methodolmggutomate
optimization of drainage strategy for fields in drztion phase, using conventional simulation, strii@e simulation
and quality maps. The integration of these techesgprovides a higher reliability and speedup of tipéimization
process, mainly in the water injection and prodoictcontrol and in the allocation of new wells. Tééschniques have
been applied to an offshore field with water iniect and the presented results allow concluding tha use of the
developed methodology improves the optimizatioogss.
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1. Introduction

Drainage strategy optimization is a complex predésit involves a lot of influent variables. A @letlevelopment
planning normally comprises a great amount of itmeats and important decisions are necessary.i€lisfin the
beginning of production or in the beginning of thevelopment planning, a few of information are lde, and the
degree of uncertainties is generally high. A lottyge of uncertainties is present, such as geawgimoperties and
structural characteristic of the reservoir, tecbgalal and economic scenario uncertainties, etcthla stage, an
approximate strategy is generally defined. Theglews are predominantly in a macro scale, as famgie, definition
of the production system, number and type of wellse of or not use secondary recovery (Mezzomo3RQglic.
Developed hydrocarbon field have a given draindgategy already defined. However, the increasingyedlogical
information, changes on economical or technologcaharios can impose the necessity of changés isttategy. This
signifies the initial strategy can be in continu@uprovement or adaptation process.

Drainage strategy optimization of developed fi€lifers significantly from strategy optimization dields in
development phase. Firstly, because there is lessiljlity of changes. For example, it is not pbksito change the
position of a well. Some possible changes are addarizontal sidetracking to existing vertical wéHabel, 1999) or
placement of new wells, normally called infill dirlg (Rushing, 2003). Second, along with the prdidum; more
information is available. A more detailed knowledie¢he reservoir requires more analysis in thegss. For instance,
change a well completion, change operational candit etc.

As the quality and quantity of information increat is interesting the use of additional toolomder to refine and
improve the knowledge of the reservoir. As moreoiinfation are available, a greater refinement of gheduction
strategy is justified. This motivates the use ofliidnal techniques such as streamline simulatiod quality map.
These tools, described below, are support techgithat help more detailed analysis.

1.1 Streamline Simulation

The technique of streamline simulation decouplesyputation of saturation variation from the compiota of
pressure variation. The basic principle is a cowmtti transformation from physical space (3D) to dimaension



trajectory (streamline) along which displacementcpsses are computed. Saturation equation is selved) one
dimension. Mathematical details can be found in®&upta (2001), Baker (2001) and Samier (2001).

Streamlines are one dimensional flow paths in gervoir and have flow rates with a distinct arigind
destination. Streamlines can represent drive mésimato a producer or flux from an injector. Whereamlines have
the same origin and destination, they can be g@pesummed into bundles. Therefore, if origin aedtination is a
well pair, the relationship between the wells (@tge/producer) is quantifying in terms of flow rafehese features of
streamline simulation offer a powerful tool in apptions such as waterflood management and straiptignization
(Grinestaff, 1999; Thiele, 2003; Guimardes, 200%)ese features of streamlines simulation are usetié present
work. Water injection is one of the most applieds®lary recovery methods in the world. Thereforegfficient water
management is a key role in this scenario, andgeeat challenge for petroleum industries. Stremeniimulation is
particularly interesting in this type of applicatio

1.2 Quality Map

Quality map is a bi-dimensional representatioseferal three-dimensional properties of a reserVdie idea is to
try to encapsulate a set of properties in a unoperty, or a quality index. Besides the frequesd of quality map in
drained strategy optimization, quality concept rbayalso applied in other areas as for exampleotapare reservoirs,
to rank stochastic realizations and to incorporaservoir characterization uncertainty into decisinaking, such as
choosing well locations, with fewer full field sidation runs. In a drainage optimization proces$oteof reservoir
properties should be analyzed, such as porosity, pepneability map, net-to-gross and net-pay, flisdturation, etc.
Moreover, these properties vary between the sevayalrs of the reservoir. Quality map make the ysialmore
efficient.

Nakajima (2003) propose the use of quality mapguide reservoir managers in horizontal wells plaeet. The
maps represent the regions with production poteintia reservoir, providing the best place to lecatwell. There are
several methods of generating a quality map (Cli®899; Nakajima, 2003). In the present work, howewety
numerical method is used.

2. Methodology

The methodology presented in this paper consistth® integration of three tools: finite differenceservoir
simulation, streamline reservoir simulation andligpanap. In Fig. 1 is presented the general medhagly flowchart.

1) Evaluation of the base case to assess the maiaateristics of the field and well productioncisas for example oil
rate, water rate, water cut, gas oil rate, weltdrathole pressure and average reservoir pressaomobical indexes
are also evaluated, such as net present value ofe¢h and the field. It is assumed that the base ¢s history matched;
2) Streamline simulation is run in order to geremantitative flux relationship between producetlsvand injector
wells and the relationship between the water vokimgected and oil volumes produced. These infoionatre used to
compute injector efficiency and the influence @figen injector associated to a given producer;

3) Quality map is generated in order to classifyducer wells and to define regions for new welldgration;

4) Based on the previous analysis and on the €ilzs®n map, a set of changing is defined. Charagegested and, if
it improves the results, are implemented. Otherwtise set of changes is checked for remaining cdanghe set of
changes showed in Fig. 1 (bounded by dashed Imeglated to a given producer well. However, thedtor well
associated to the tested producer well is als@dedtor example, if the producer well is shut, tlika injector
associated is also shut;

5) If a given change is implemented, new qualitypraad new streamline simulation related to the rhosilted, are
generated;

6) The process goes on until a stop criterion &med. The stop criterion depends on the case. ¥Howsome basic
criteria can be observed. For example, the prozasde stop when all wells are analyzed, or whegrtain number of
consecutives changes (after 3 changes, for examplapt increase the analyzed index, in this ca3¢.N

To guide the strategy refinement, the classifozatinap, showed in Fig. 2 is used. Four main regaresdefined
based on two main indexes: NPV and Np. Red redarrexample, it is characterize by NPV low or meamng Np low
or mean. Each major region is divided in smallgjiars based on others indexes. For example, Rdglmve oil rate
(Qo) low and water production index (W) high. Theéx Mg that appears in the classification is egldb quality map
index. Based on this classification, orders of jycare established. Numbers inside white ellipggresent a sequence
of priority. In the classification map showed ingFR2, others indexes can be added. As consequere@umber of
regions increases.

Some general aspects related to the methodolagyBrFinite difference simulation is used asrien tool in the
process. All quantities necessary to the procesd) as, field and well production phases (oil, geater), field and
well fluids injected are generated through thisitégue; (2) the economical and technical indexescafculated using
the end of history period as reference, in otherdapis considered the increment from end of hyst@ther aspect is
that the proposed methodology is not completelpraated. Instead, it provides forms to automate @fatthe process,
through indexes that facilitates the analysis.
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2.1 Index classification for producer wells

The index classification for producer wells isggeted in Tab. 1. The indexes marked with an a&terere defined
by Schiozeeet al. (2002). Other indexes, not utilized in the presdnwork, can also be found in the work of Schiozer.

Table 1. Producer index classification

Index Classification (Denoted by letter “C")

Np _
z NPV, NPV; = NPV = Cypyhigh
NPV* | NPV=1L____ such thatJ/2NPV < NPV, < NPV = CNPVmean
n N
NPV; <1/2NPV = Cppylow

Np Np;j = Np=> Cpphigh
Np* | NP =-2—— such that{/2Np<Np; <Np= Cnpmean

n —
P Npj <3/2Np= Cpplow

n, - .

ZQO_ai Qo_aj 2Qo_a= Cqq_gahigh

Qo_a* | Qo_a=-""——— suchthay1/2Qo_a<Qo_a; <Qo_a=>Cqy gMean
n _

P _
Qo_aj <1/2Qo_a= Cqp_alow

Mg >2/3= Cpqhigh
Mg* | 0sMgs<l {¥3<Mq<2/3= Cpygmean
0<Mq <1/3=Cjpqlow

Np

W [W; 232W = Cyyhigh

W W=t W <Wj <3/2W = Cyymean
n —
P W; < W = Cyylow

2.2 Index classification for injector wells
In Tab. 2 is described the injector efficiency)(hzhich is derived from streamline simulation asdsuitable to

analyze injector wells. This index is obtained thgb the ratio between the volume injected by argingector and the
volume of oil produced as result of the injection.

Table 2 - Injector efficiency classification

Index Classification
n —
g, |IEi 232IE= Cphigh
IE IE=iL  JIE<IE; <3/2IE= Cjgmean
n J—
" |IE; <IE= Cjglow

3. Field Application

The study presented in this paper was appliedniodified offshore field. The STOIP of the fielddapproximately
100 MMm3. It is a developed field, with 1800 dayspooduction history. This field has useful life @022 days
(keeping the production strategy applied duringhistory period). The field is drained by 11 oibfducer wells and 9
water injector wells, all horizontal. In 1800 dag#i,the producer and injector wells are alreadgperation. The water
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injection began after 180 days of primary produttidbhe simulation model is composed of a grid ob&fks in the x
direction, 35 blocks in the y direction and 7 lay€t4700 simulation cells), discretized into a €sign grid. Datum
depth is located at 3000 m, water oil contact tated at 3100 m and gas oil contact is located®@® 2n. In Fig. 3 is
presented a three-dimensional horizontal perméglpilap of the reservoir.

Horizontal permeability (mD)

T T T
oan 189739 9953 529 38 9317

Figure 3. Three-dimensional permeability map ofréservoir studied

4, Results and Discussion

The following results correspond to a forecastpegiod of 2922 days after history period (1800 Jayisvo
examples of the application of streamline simulatiwe presented in Fig. 4. In part “a” of the figus showed the
relationship between a given producer (PH-02) webe injector wells. The injector IHW-04 predoniesin the total
water flux to producer. In Fig. 4-b, is the contiion of injector IHW-07 for 5 producers. The ouénmlationship
between all wells is presented in Tab. 3 and 4lerahs the distribution of the flux of each injec{row) to producers
(column) and Table 4 is the destination for eaabdpcer (column) of the injected water (row). Figreshows an
example of oil volume produced as result of watgrdted.
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Figure 4. Flow distribution between producer arjddtor during production time

Table 3. Percentage flow distribution from injesttw producers

Prod/Inje [[PH-01 | PH-02| PH-06] PH-07] PH-04 PH-09 PH-1¢ PH-1jl PH2| PH-13|] PH-14
IHW-01 - - - 0.03% - 7.89% - 91.63% - - 0.45%
IHW-02 - - 86.97% - - - 12.65% - 0.15% 0.24% -
IHW-03 || 0.97% - - 0.00% 0.00% 4.50%% - 0.45% - - 94.0[/ %
IHW-04 - 61.15% 6.14% - 0.94% 1.20% 27.3%5% 0.08% 3.14% -

IHW-05 - - 13.14% - - - - - 86.86% -
IHW-06 - 8.42% 1.59% 0.00% - - 0.00p0 0.00% 89.99% - .
IHW-07 |17.11% - 0.31% - 80.29% - 2.29% - - 0.00% -
IHW-10 - - 0.61% - 0.05% - 99.35% - - 0.00% -
IHW-12 || 0.00% 79.41% - 0.01% 0.54% 14.08% 5.97% .




Table 4. Percentage flow distribution from prodscassociated to injectors

Inje/Prod RES |IHW-01}IHW-02|IHW-03|IHW-04|IHW-05]IHW-06|IHW-07|IHW-10]IHW-12
PH-01 4.29% - - 58.369 - - - 37.35% - -
PH-02 0.07% - - - 55.859 - 18.14% - - 25.94P%
PH-06 - - 90.47% - 5.32% - 3.25% 0.01% 0.94% -
PH-07 | 13.73% 0.87% - 0.04% - 85.20p6 0.01%0 - - 0.11%
PH-08 1.36% - - 0.03%| 20.26% - - 72.280 1.8600 4.21%
PH-09 0.05% | 29.119 - 32.10% 7.48% - - - - 31.2%
PH-10 0.08% - 6.86% - 12.37% - - 0.04% 80.64% -
PH-11 0.10% | 95.139 - 0.91% 0.13% - - - - 3.73Vo
PH-12 0.40% - 0.08% - 1.459 - 98.06% - - -
PH-13 1.15% - 2.23% - - 96.62% - - 0.01% -
PH-14 1.19% | 0.25% - 98.56% - - - - - -
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Figure 5. Oil production as result of water injeati

Figure 6 presents two examples of quality map tséest injector (a) and producer placement (b).
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Figure 6. Quality map examples with injectors (a) @aroducers allocation

Regarding the optimization process specificaliyce is not feasible to show the entire processhénfollowing is
the description of some steps in order to showdbetext of the methodology application and the swuppools
employed. Firstly, an optimization process withthg use of the streamline simulation and qualitp mas carried out



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

(Process 1). Other optimization process (named Reseess 2) was done using the support tools. Apadson of
these processes is presented in Fig. 7. Some nadheeapective changes for Process 2 will be disdudsor example,
run 2 and run the main changes were shut-in twectoj wells (IHW-06 and IHW-10) with low injecticefficiency, as
can bee seen in Fig. 5. In run 30 was opened apnesucer well in a region with high quality map éxdand in run 31
was opened a new injector well in a region neigimgpto a region with a high quality map index.

The analysis of the Fig. 7-a allows observingdfielution of NPV for the two processes. It is pbksito note that
there is a higher increase in the NPV. On the dthed, less optimization run was done in the Po2e#n Fig. 7-b, 7-
c and 7-d is the cumulative oil production (Np)medative water production (Wp) and cumulative wagection (Wi),
respectively. A significant increasing in NPV foroess 2 is observed after run 21 approximatedy, ithfollowed by
an increase in Np and decrease in Wp. Between matiion runs 1 and 21, production and injectionewxaelated to
Process 2 is much lower than Process 2. This explhie increase in NPV, even with a lower Np. TigmiBcant
increase in NPV after run21 for Process 2 is redutif the increase of injection efficiency. Everraasing water
injection, water production was not increased ahgroduction was improved.
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Figure 7. Comparison of two optimization processicess 1 without using support tools and Processriz) support
tools; NPV (a), Np (b), Wp (c) and Wi (d)

5. Conclusions

The drainage optimization process is complex duehigh number of control variables involved. Usitige
integration of three important tools, exploringitigotential, this paper presented a methodology ¢an contribute for
the process. Although it can also be use usedialiproduction fields, the methodology was tesite a developed oil
field and it was possible to show the advantagethefstreamline simulation and quality map as stpjpols. Finite
difference simulation must be used as main todie dse of economic and production index permittedpurpose of
automated procedures to improve drainage optinsiazadrocesses.
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