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Abstract. Quality maps are important decision making tools capable of representing various reservoir properties
which influence field production; therefore, such maps are important for the definition and optimization process of
drainage strategies. These maps integrate geological and fluid inherent variables, allowing for the identification of
regions with greater or lower production potential, whether one is analyzing reservoirs in the development phase or
mature fields. The most commonly used method to generate a quality map uses several reservoir numerical simulations
considering a unique production well, operating for enough time to extract as much oil as possible. The well position is
changed in each simulation run in order to cover all the reservoir grid area; as a consequence, this method is time-
consuming and requires high computational effort, which could render the process unfeasible depending on the
problem features. This work presents two reservoir models, one with homogeneous characteristics and the other with
heterogeneous features. In order to reduce the time and computational effort requirements of the map generation by
numerical simulation, various quality map generation schemes have been tested: using a single well, a group of four
wells covering the reservoir grid in different ways and the simultaneous operation start of many wells distributed
around the reservoir grid area; injector wells were also used. The kriging interpolation method was used for the
missing pointsin all cases. Each method generated different maps, therefore a methodology was developed to compare
them and to determine the best generation technique.

Keywords: quality map, drainage strategy, numerical simulation, petroleum fields.
1. Introduction

Exploration, evaluation, development and productisenagement are sequential stages of a reserimicyicle.
First, in the exploration phase, a long and thohosigdy of geophysical and geologic data of theénsedtary basins is
done, in order to confirm, to a certain degree w¢antainty, the presence of oil. After this exhagststudy, the
perforation of a exploratory well can be considergege that demands great capital investmentaeepthe existence
and to study the viability of hydrocarbon produntidf this exploratory well confirms the productiammbility, the
evaluation phase starts, when other delimiter warsperforated to diminish the relative uncertaneigarding the real
reservoir area. The next step is the elaboratiom teichnical-economic feasibility study, which tlre case of positive
results, can stimulate investors to initiate theeligpment phase. In this stage, an exploitatiom ghthe field is
developed to optimize the production and to maxéntie profits during the useful life of the petrotefield.

In the elaboration of this exploitation plan, difat production strategies can be simulated anlyzatin order to
define the best position of wells, maximizing aneative function that can be a physical property, ghe cumulative
oil production, or an economic parameter, suchhasnet present value (Mezzomo and Schiozer, 2@&ermining
the best position for wells is a difficult task bese it depends on several parameters, includiegspre, saturation,
permeability, porosity, etc. The quality map, definas a two-dimensional representation of the nsgieith greater
and lower production potential in the reservoiraaris used at this stage to help in the allocafiozcess and the
determination of the ideal number of production amgction wells. The quality map tries to conceter all the
information provided by saturation, permeabilitylgrorosity matrices and other reservoir propeitigast one map.

Cruzet al. (2004) generated the quality map using a numesicallator, integrating all the parameters thaeetff
the fluid flow in heterogeneous reservoirs and gotaeing that all the dynamic interactions wereiaito account.
The authors also affirmed that, by modeling thelagio uncertainty by the elaboration of multipleerarios and
building a quality map to each one, the uncertataty be integrated in the decision process.
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There are a few works in the literature that usedbncept of quality map to help in the optimizatjgrocess of
production strategies. Badru (2003) studied thel wa#lbcation using the quality map tool integratedth an
optimization algorithm that used concepts of hyhgighetic algorithms and the polytope method (alsown as
simplex method).

lerapetritou (1999) also used the quality conc®fith information from a field, such as the qualégd the geo-
object (that express, respectively, productivityl aonnectivity of the points) he formulated a pesblto select the
location of vertical wells using MILP (Mixed-Integkinear Programming) optimization.

Nakajimaet al. (2004), working with the optimization process obguction strategies, analyzed the performance of
wells based on technical and economic parametsry;also studied the influence of defining diffdrpriorities to the
analyzed parameters and showed how the choicasedife way that the optimization process followd aow they
affect the final result. The quality map was usedi¢fine the initial production strategy, in orderguarantee a good
initial configuration.

Despite the limited number of works on this togiome researchers have proposed different waysnefrgeng the
quality maps. As mentioned before, Caial. (2004) developed a method that uses a numeritallaior to generate
the map; it consists basically in simulating oneducer well in each block of the grid. The well hade completed in
all layers and the simulation time needs to be lengugh to allow the reservoir to produce as mchassible. After
all the simulations, an objective-function reprasenthe quality of the block, e.g. Np (cumulatio& production), is
calculated for each point, thus generating a twoedlisional map. The main disadvantage of this methdke often
long time taken to simulate all the points (locasipof the reservoir grid.

Another method, proposed by Nakajima (2003), usettepts of artificial intelligence to generate thap. Some
variables were determined as the most importabétosed as input data according to their influenrcéhe productivity
of horizontal wells; the parameters used by Nakajimere porosity, porous thickness, horizontal aedtical
permeability, aquifer and gas cap distance to ték and oil saturation. Heuristic rules were crddr®m a sensitivity
analysis involving these variables, and a datatétbesuch rules was built to assist in the generatif quality maps.

Nakajima and Schiozer (2003) made a comparativdystfi quality maps generated with three differemtimods:
numerical simulation, fuzzy logic and analyticah Validate the maps, a production strategy wasddfand optimized
using each map; the main parameter used in thalysia was the field Net Present Value. The mapeigaed using
fuzzy logic and the analytical methods were congidemore flexible; however, it was observed that filezy logic
method presented a better relation between accaratgpeed.

The main goal of this paper is to analyze differgotlity map generation methods derived from nucaéri
simulation, which was initially proposed by Cretzal. (2004), in order to make this process faster (rewufewer
simulations), while still maintaining a reasonablegree of reliability. Another generation techniqusing injectors
between the producers, was also tested to verdystlitability of this method for reservoirs whicte aonsidered for
water flooding.

2. Methodology of quality map generation

Homogeneous model | | Heterogeneous model A methodology flowchart, Fig. 1, was developed to
| | help in the analysis and classification of the gatesl
maps. It allows one to identify, analyze and seslit®ons

v for the problems encountered in the proposed method
| Quality map generation | The method can also be eliminated if its solutismot
¢ considered sufficiently precise.
Comparison of the
generated map with the 2.1. Numerical simulation method

base map

¢ The methods elaborated and studied in this workemak
Analysis of the generatio use of numerical simulation; some variations of the
method methodology proposed by Cretal. (2004) were tested in

order to develop an efficient technique that rezpiifewer
Discard the simulations, thus spending less time. The numerical
method simulation methods presented in this work are dfiagdsas
“sweep”, “fixed producers” and “fixed producers and
injectors”, as detailed next.

Inefficient generation
method?

No

Quality map generation
method validation

Figure 1. Methodology flowchart
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2.1.1. Sweep

The first method is the same one proposed by @rak (2004); it was considered as the reference caséitth
the other results were compared. As mentioned bgiorthis case the well position is changed irhesimulation over
the entire reservoir grid; the well is completedalhlayers and the simulation time is long enotglyuarantee high
production.

The next procedure tested in this case is the géaerrof the map skipping some blocks of the gsmlthat a lesser
number of simulations would be necessary. Anotlagiation of this method is the use of a group ollsvieastead of a
unique well. Figure 2 shows examples of the varatf well position for cases using a single welll @ group.

e S o

Sweep with one producer wetl)( Sweep with a group of four producers wetls (
Figure 2. Representation of the sweep method

2.1.2. Fixed producers (FP)

In this method, the wells are distributed uniformly
over the grid, aiming to cover all the reservoiearThe
map is constructed with only one simulation, asvadlls
start to operate at the same time under the sanuitioms.
Figure 3 represents the uniform distribution of the
producers over the reservoir grid. problem with this
method is the rapid pressure drop that takes plaeeto
the opening of a great number of wells at the sime.
To diminish, or even eliminate, this problem, amoth
method is tested in which injectors are added betvibe
producers, as shown in the next topic.

Figure 3. Group of producers)(distributed uniformly
over the reservoir grid

2.1.3. Fixed producers and injectors (FPI)

Besides the producers, some injectors are adddHdeirreservoir grid in order to better maintain firessure.
Another good reason for adding injectors in theegation method is the fact that, in practice, wh@nengineer is
designing a production strategy of a petroleumdfiebater flooding is the usual process adopted &ntain the
pressure and improve the reservoir production. reigushows producers and injectors uniformly distied over the
reservoir grid, using the five-spot configuration.

A geoestatistical method, known as ordinary kriging
was used to estimate the skipped points of the mesh

o o 0 Journel and Huijbregts (1978) defined this local
interpolation technique as the best linear unbiased
S S S estimator of the unknown properties of a study.

Figure 4. Group of producers)(and injectors (0)
distributed uniformly over the reservoir grid irfiee-spot
configuration

2.2. Comparison of the generated map with the baseap

The generated maps are visually compared to the tmap, to check their reliability; a difference dtinon was
defined in order to assist with this comparisors ghown in Eq. (1),
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0 ‘M reference -M generated,
2y &

difference(%) = = reference x100
n

whereMieerence aNdMgeneraied ME@N, respectively, the quality of the referenag @frthe generated maps in blackndn
is the total number of blocks.
This difference function gives the mean differentall generated map blocks relative to the refeeemap blocks.

2.3. Analysis of the generation method

The analysis of the generation method is made kindasome wells simulated by the method under staly
comparing their behavior with the wells simulatgdthe reference case method. Some graphics plfuttetie analysis
are the oil and water production, water cut anld figessure versus time.

If the method does not give results coherent whid teservoir reality or if the calculated differenis too big,
yielding a map with low precision, the method candiscarded.

2.4. Validation of the quality map generation methd

After the analysis of the generation methods resthie advantages and the disadvantages of eadrefisted and
the maps are validated. The validation of the ndthtat did not use injectors (sweep and FP) ig baked on the
relative differences and on their well analyses: the methods with injectors (FPI) the validatiannmade in two
stages: first, an initial drainage strategy is wiedi for this method and for the FP method, in otdecompare and
decide which one presents the best result. Thasesgty is set with the same number of producersirgadtors to each
map. After this, producers were eliminated keeghmynumber of injectors constant in order to obta@ number of
producers that yield the higher NPV. In the elaboraof each strategy some simulations were madastist the
strategy construction, in order to guarantee a rewttebehavior between wells. The rules used tcsafisé strategy
elaboration were:

1. The producers were positioned in the locatiath Wwigh quality and the injectors in the low qualines;

2. The producers with lower NPV were closed or their position changed;

3. The injectors without a high water injectioneratere closed or had their position changed;

4. The oil saturation map was observed in ordee#&dlocate the wells during the simulations, bt thost
important factor to define the position of the wellas the quality map;
The producer and injector ratio was maintairedlase to one as possible; and,
The minimum distance between wells was thre@tat(300) meters.

With this strategy, both models are simulated d@dNPV (net present value) of each one is calallate that the
analysis can be made comparing this parametertang@dsition of the wells over the quality map. Beeond stage
aims to double-check this analysis by simulatingnsovariations of the initial strategy, always thtddased on the
quality map; in this stage, their Np and NPV armpared to describe the efficiency of each map.

oo

3. Application

Two models were developed to study the methodsgsexp by this paper: a homogeneous one, havingathe s
permeability all over the reservoir, and a hetenegelis one, containing the presence of a channetvamtarriers of
permeability, both shown in Fig. 5. A Fetckovictudgr was used to maintain the pressure in thevege

Legenc
Channel (5000 mD)
Barrier (50 mD)

-Reservoir (500 mD)
Aquifer

Figure 5. Homogeneous cases (1A and 1B), showmg@akition of the aquifers

Case A Case B
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4. Results and discussion
4.1 Sweep Method

Table 1 shows the quality maps generated by tHerdift procedures of the sweep method: well bellogated
from one block to the next, then jumping two in fwlree in three, four in four and eight in eighddks (to reduce the
number of simulations). It can be observed thatase blocks are skipped, the relative difference map increases,
at the same time that the number of simulationsie&é¢o generate the map is reduced. By visuallyyaimg the maps
for case B (heterogeneous reservoir), one can tsgewith fewer simulations (simulated points) therrpeability
channel and the barriers start to disappear bedhesafluence of the interpolating method is irmsed; the same
effect cannot be seen in case A (homogeneous)mbne simulated points, the better the definitiohthe greater and
lower regions of the reservoir; however, the sirfialatime increases considerably, sometimes renddhie process
unfeasible. The reservoir engineer can, dependirtgeocomplexity of the problem, choose a methothwmore or
fewer simulated points in order to balance the ggtien time against the required precision.

Table 1. Quality maps and differences for the swaethod with a unique well

Simulations . Case A - . Case B -
Quality map Differenceé Quality map Difference

Refere_nce case  ;4gg 0% 0%

linl

2in2 289 l |% 1% 8%

4in4 81 % 3% 46%

&P
-
8in 8 25 l | % 11% ’(fp %ﬁ 46%

The maps generated with the sweep method and @ ofdour wells are shown in Tab. 2. The distaneeveen the
wells has to be sufficient to avoid the mutualuefice of the wells; however, despite the precastibat can be taken
to avoid this influence, the simultaneous openihdpar wells results in a pressure distributionrsfigantly different
when compared to the opening of a single well; #ffsct alone can increase the difference valuecasbe seen, for
both cases the maps presented high differencesvah an accentuated visual difference relatitegaeference map.
The permeability barriers and channel in Case ¥Bwaall recognizable and the tendencies of the graagions are
coherent, but the deviation is big because thesed#ference between the mean values of the magigcéable by the
difference in the color of the larger area, whiglmostly orange in the base map and green in tips ofsCase 1B).

Table 2. Quality maps and differences for the sweethod using a group of wells

Case A Case 1B
Quality Map Difference Quality map Difference

1in1 289
4in4 25 % 37%

Simulations

37% 52%

45%
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4.2 Fixed Wells Method

Table 3 shows the maps generated with fixed praduyéd®). As can be seen for the homogeneous mdbelsyaps
constructed with fixed producers presented a terydenmpletely contrary to the reference map, asrsequence of
the big pressure drop at the very beginning ofsingulation. Some wells are closed as a result ®fldhge pressure
drop observed in regions where the aquifer effecteservoir pressure cannot be readily felt (thitlereas), making
this generation method not trustworthy. For theef@jeneous models, the fixed producers methodteelsili a map
with a large difference function (close to the elifnce of the homogeneous case), but the tenderbg same of the
reference map, with the channel and the barries® &leing identified, which indicates that the pnese of
heterogeneities diminished the effect of pressue.d

Table 3. Quality maps and differences for the fipeaducers (FP)

Case A Case B
Quality map | Difference Quality map | Difference

Simulations

25p 1 41% 44%

Table 4 shows the maps generated with the fixediymers and injectors method (FPI). Using injectiorthe
homogeneous model the quality map presented a vetteal result, with a tendency of the region mfher production
potential being located in the middle of the res@rjust like in the reference case. For the legeneous model the
map seems to be coherent with the reservoir redlite difference relative to the reference case medscalculated
because it is not appropriate to compare a maprgeakeby a method that uses injection directlyrtotier that did not
use it; thus, the drainage strategies describeddtion 2.4 were used to compare the maps gendratie FP and FPI
methods.

Table 4. Quality maps for the fixed producers amedtors (FPI)

. . Case A | Case B
Simulations .
Quality map
Five-spot 1 %
25p 16i .
©

The use of injection eliminated the pressure drogblem; however, since the maps cannot be comptardde
reference ones, another technique was used toataltdem - two drainage strategies were set foh#terogeneous
case, one for the FP method and another for theriefiod, and the results were compared to verifighvimap yields
the best results.

Figure 6 shows the NPV values for each strategwlsited. The FPI map presented better results, Hauideal
number of producers was the same for both mapso@dupers and 9 injectors). In Fig. 7, the drainstyategy number
2, generated using each map and following the reigmsed in the methodology (Item 2.4), is shows.ofke can
observe, the strategy made using the FPI map eelsuita well configuration with most of the prodigtocated pretty
close to each other over the region of higher tyalihis can be explained by the fact that, in B method, the
higher quality region is smaller than in the FP map
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Figure 6. NPV of the simulated initial strategies
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FP method FPI method
Number of producers (PV): 7 Number of producers (PV): 7
Number of injectors (IV): 9 Number of injectors (IV): 9

Figure 7. Drainage strategies generated usingPhguglity map generation method and the FPI qualdp generation
method

Some variations to the initial strategy were maderider to confirm the validation method of thesaps Figure 8
shows a comparison between the NPV and the Npeofabulting strategies made according to each msjne can
see, Np results from the strategies set with thenkdp were always greater, but the NPV of somdegias were very
close for both cases. One of the strategies oFthenap presented NPV bigger than 2 of those basdleoFPI map,
what can be a consequence of the costs relatedtty flooding.

350

300 *

250 A Py .

200 x
150

100 4

NPV (US$ * 10)

50

0 T T T T T T
16800 17000 17200 17400 17600 17800 18000 18200

Np (std m’ * 10°)

‘ + Fixed Producers and InjectorsFixed Producerb

Figure 8. Comparison of some variations of strategyber 2, based on the respective quality map
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5. Conclusion

1. The maps generated with the sweep method, asimigque well, presented trustworthy results, altfothe map
lost precision when fewer points were simulated.

2. The number of skipped blocks between each stinnlalepends on the complexity of the model andhef
studied problem, being a task of the reservoireawyi to define the precision of the required maplaow much
time can be spent in its generation.

3. When generating a map with a group of four wellsimportant factor is the distance between thehich has
to be sufficient to avoid any kind of mutual infhee. Although the maps presented the same tenddritye
reference case, the calculated relative differeatees were too high, what indicated low precision.

4. When using the FP method for the homogeneous, ¢he maps generated presented high deviationaand

tendency completely contrary to the reference emsa consequence of the large pressure drop thaths
when many producers are opened at the same timegtnthe reservoir.

5. In the heterogeneous case, the pressure dropmater and the map presented a good tendenctifideg the
two barriers and the high quality region near tameability channel.

6. In the FPI method, the water injection eliminktee pressure drop problem and the generated prapented
more coherent results compared to the reality @fréservoir (the high quality region was locatethim thickest
region of the reservoir).

7. To validate the map generated by the FPI metiiadas compared with the FP method by the constmiof
variations of the initial drainage strategy basedboth maps; the first method presented betterltsgswith
higher values of Np for all strategies, although KPPV was, in some cases, higher for the FP map.

8. More studies need to be made to improve thdtguahp generation method using injectors and tmlate it.
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