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ABSTRACT

Well testing is a common and important tool of reee characterization. Many well
testing methods have been developed in order tairollifferent reservoir properties.
Interference tests and pulse tests are used totiyuaommunication between wells.
These methods are often applied to two or moreswelth only one active well sending
the signals (by changing flow rates) and the shutbservation wells receiving them.
However, for a large field such as a waterfloodtesys multiple wells are present and
most of them are active at the same time. Indage, a pulse test or an interference test
with only one active well is difficult to condudinse the signal can be distorted by other
active wells in the reservoir.

Interwell connectivityepresents the ability of fluid to flow from oneslivto the
others. It is a function of distance and reservoioperties between wells. In
waterfloods, information on interwell connectivity essential in reservoir management,
infill drilling and field development plan. Thisugly presents a novel technique to
guantify interwell connectivity in a waterflood $gm based on fluctuations of bottom-
hole pressure of both injectors and producers. ifiteewell connectivity between active
and observation wells were quantified by calcutatimerwell connectivity coefficients.
An interwell connectivity coefficient is the fraoh of pressure change at an observation
well due to an active well of the total pressurargie at the observation well due to all
active wells. More details on the interwell conimaty coefficients are provided later in
this report. Both active and observation wells could be activégha same time. The
technique utilizes a constrained multivariate Imaagression analysis to obtain

information about permeability trends, channels badiers. Analytical models for the
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multi-well systems with water injection are derivbdsed on the concept of regional
reservoir pressure trend and the pseudo-steady gtassure behavior. Solutions are
provided for fully penetrating vertical wells, fullpenetrating hydraulic fractures and
horizontal wells. Different common reservoir chaeaistics were investigated including:
homogeneous reservoirs, anisotropic reservoirservess with high permeability
channels, partially sealing barriers and sealingidrs and naturally fractured reservoirs
which exhibited dual porosity behavior.

An analytical model, which is based on pseudo-stestate solutions of different
wellbore conditions in a closed rectangular resenttas been developed for the new
technique. By applying the analytical model, a nparameter, called theslative
interwell permeability is introduced to quantify the interwell connettyiv This
parameter does not depend on the distance betweks and the wellbore conditions
(vertical, horizontal or hydraulically fractured lmores). A technique utilizing the least
squares regression analysis is used to estimatavédrage pressure change at each test
time interval. Thus, reservoir pore volume, totalerage porosity and reservoir
compartmentalization can be inferred from the tssulin this study, a new analytical
model was also developed for a technique publighedlbertoni and Lake (2003) that
used production data of a waterflood to infer it connectivity. The results showed
excellent agreement for a reservoir flowing undstesdy state condition.

Instrumented oil fields, where down-hole pressuaessrs are installed at every
well to monitor real-time data, are becoming veoynemon. Hence, collecting bottom
hole pressure data at every well at any given tsne longer an impossible task. This

study provides a robust technique to utilize theesta for reservoir characterization. The
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results obtained from the technique are essermididld development plans, which aim
to optimize oil production by changing and managmel patterns, well locations and
infill drilling. The study also provides better dgrstanding of the reservoir behaviors of
a multi-well system in which both injectors and gwoers are present.

The main conclusions drawn from this study cantated as follows:

1. The proposed technique using bottom hole pres$ata is more robust than a
similar technique that uses production data agaviges better results with less data
points and without the need of subjective judgment$he interwell connectivity
coefficients obtained can be used to identify nesieranisotropy, high permeability
channels and flow barriers. The validity of thesulés for different heterogeneous
reservoirs containing different wells of differemtellbore conditions such as fully
penetrating vertical wells, fully penetrating hydlia fractures and horizontal wells were
verified using data from a commercial black oil slator.

2. Pressure transient solutions of a well in atiwell system are used to derive
the mathematical model for the technique. Thus, gtudy introduced a new parameter
called relative interwell permeability to quantifgterwell connectivity. The relative
interwell permeability does not depend on distadmetveen wells or wellbore conditions.

3. The new procedure also allows the calculatioaverage pressure change for
each test time interval. Using a material balaegeation, the total pore volume can be
calculated. Furthermore, based on these presssudts, reservoir compartments can be
identified.

4. The test design is flexible. This study hasvah that active wells could be

either injectors or producers and observation wadisld be injectors, producers or shut-
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in wells. This is important for the field applicats as the actual field situations may
vary from one reservoir to another.

5. Under the pseudo-steady state condition, pressolution for a well in a
naturally fractured reservoir, which behaves likdual-porosity system, is the same as
the solution for a well in a homogeneous resergoien that the effective permeability
for the naturally fractured reservoir is equal he tpermeability of the homogeneous
reservoir.  Thus, the technique introduced in tkisidy to determine interwell
connectivity is applicable to both a naturally ttaed reservoir and homogeneous
reservoir.

6. Different wellbore conditions such as vertigdhactured wells and horizontal
wells were considered in this study. The interveelhnectivity information can also be
obtained from different types of wellbore condison With the analytical model, the
systems with different wellbore conditions can malgzed and the resulting relative
interwell permeabilities can be used to infer thrfation properties between active and
observation wells.

7. The analytical approach can be used to devalomnalytical model for
production data from a waterflood system flowinglein steady state condition. The
results obtained from analytical models fit wellthwvithose obtained from synthetic
models in the Albertoni and Lake study. Thus, #&malytical solution gives a better
understanding to the techniques available in theraiure that require the use of

production data.

XXXI



CHAPTER 1 - INTRODUCTION

1.1. Objectives

The interwell connectivity is an important factor ieservoir characterization especially
for a mature field where decisions on infill dmidj, well flow rates and well pattern are
essential in cost reduction and production optitioraof the reservoir. The traditional
well test techniques to quantify the degree ofrimédl connectivity are interference tests
and pulse tests. These methods are often appligdotor more wells as only one active
well sending the signals (by changing flow ratesyi @ne or more observation wells
receiving them. However, in a large field that pasduced for sometime, there are often
multiple active wells. In this case, a pulse tasan interference test between an active
well and one or multiple observation wells areidifft to conduct since the signal can be
distorted by other active wells in the same fieleurthermore, the observation wells in
pulse tests or interference tests are often shcdilsing production down time.

Recent studies have introduced techniques to interwell connectivity from
production data of a waterflood. Even though thesaniques contributed greatly to the
development of the interwell connectivity studyanwaterflood system, they still have
their own limitations and restrictions. The limitas include the need of diffusivity
filters, large number of data points and subjediidgment. Thus, the main objectives of
this work are as follows:

* Develop a novel multiwell testing technique to mfaeterwell connectivity

from bottom hole pressure fluctuations. The neehmégue should address
the major drawbacks of the current techniques astioreed above with

minimized complexity and maximized applicability.



» Derive an analytical model for the new techniquelfetter understanding as
well as for further extension of the technique.

* Extend the technique to a naturally fractured reserrepresenting a dual
porosity system and to different wellbore condi@uch as fully penetrating
vertically fractured wells and horizontal wells lwkes fully penetrating
vertical wells.

* Provide an analytical solution for the existingheicjue that uses production

data of a waterflood.

( 1\
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Figure 1.1. Flowchart for the application of thegmosed interwell connectivity test.



Fig. 1.1 shows a flowchart of a possible applicatd the interwell connectivity
test in a reservoir simulation study. Followingtie step-by-step procedure for this
application:

Step I Reservoir geological properties obtained frornsreec, well log, core
analysis and well test data are used to build #wogical model of the reservoir. The
model can contain reservoir boundaries and surfdeeft structures, permeability and
porosity maps.

Step 2 Well information is input into the model. Th&aermation includes well
locations and trajectory. In this step, the datenfan intewell connectivity test can be
used to calculate the interwell connectivity caméints. Details about the test are
provided in the following chapters. Thus, the miell connectivity between wells can
be inferred and this information can be used toatpdhe reservoir model and clarify
uncertainties.

Step 3 In this step, simulation run is performed usimgction and well control
history.

Step 4 The resulted production from the simulation ignmatched with the
available production history. If a satisfactorytoiis obtained then the model can be
used for production forecast and optimization.thé match is not satisfactory then the
model should be revised or the steps 1 to 4 shmeiletpeated.

Step 5 The future production forecast is performed his tstep. Different
production optimization strategies can be used &ximize the production using the

simulation model.



All results in this study are verified using datangrated from numerical

simulation models using a commercial black oil resg simulator.

1.2. Organization

The following Chapter 2 provides a background andbvelopment of techniques
to infer interwell connectivities in a reservoir ttviwater injection. Chapter 2 also
includes important terms and definitions associatgith the new technique and the
statistical methods used in the technique.

Chapter 3 introduces the new technique to infeerwell connectivity from
bottom hole pressure fluctuations in a waterflo@imulation results for different cases
of reservoir heterogeneity and detailed analysishefresults are also provided in this
chapter.

Chapter 4 presents the analytical model for thertegie which is derived from a
transient pressure solution for a fully penetratirggtical well in a closed rectangular
reservoir. In this chapter, new parameters sudheselative interwell permeability and
the influence functions are introduced. The re@interwell permeability is then used
along with the interwell connectivity coefficients quantify the degree of connectivity
between wells. The calculation of total resernmre volume is also presented in this
chapter.

Chapter 5 presents the application of the techniqueaturally fracture reservoir
which represents a dual porosity system. Syntluaises similar to the simulation cases
in the previous chapters were run for the dual pity®ystem. The results were analyzed
in details. A literature review and the importamiathematical concepts are also

provided.



Chapter 6 presents the application of the technitmefields with only
hydraulically fractured wells. Only fully penetirag vertical fractures with different
fracture half lengths were considered. Again, ltesior different synthetic cases were
analyzed. The calculation method to calculateitiaence function is also explained in
detail.

Chapter 7 presents the application of the technigueslds with only horizontal
wells. Only vertically centered horizontal wellerg considered in the analysis. Results
for different synthetic cases and calculation mdthor the influence function are
provided.

Chapter 8 presents some simulation results obtdreddifferent cases of mixed
wellbore conditions. Fields with all vertical wsllhydraulically fractured wells and
horizontal wells or fields with two of any of thoseell types were considered. The
results were analyzed to validate the techniqueaasdss the degree of errors.

Chapter 9 provides an analytical model for a systémwertical wells in a closed
rectangular reservoir under steady state conditamork with production data. Thus the
model was derived and the interwell connectivitgutes obtained were compared with
the results from previous studies that used praoluciata to infer interwell connectivity.

Chapter 10 provides the summary and conclusionsthe study and

recommendations for future work.



CHAPTER 2 - BACKGROUND

This chapter presents a literature review of studieectly related to the new technique
and a mathematical review of the statistical teghes used in this work, the Multivariate
Linear Regression (MLR) and the Least Squares LiRegression (LSLR). Albertoni
and Lake (2003) used the MLR technique to infeerwell connectivity from production

data as described in section 2.2. The LSLR meihddscribed in section 2.3.

2.1. Literature Review

Numerous studies on inferring interwell connecyivih a waterflood have been
carried out. Some of the previous studies usetistital techniques that are very
different from the approach used in this study. wideer, only MLR and LSLR
techniques were used in this study.

Heffer et al. (1995) determined the connectivitiween wells by calculating the
Spearman rank correlation coefficients of nonpatamestatistics and showed that these
coefficients are somewhat related to the localndaiiion of horizontal earth stresses in
waterfloods.

Refunjol (1996) also determined reservoir heteregas using the Spearman
rank correlation coefficient and compared the mssulith gas tracer response. She
correlated injection wells with their adjacent puodrs and calculated the maximum
coefficient value by varying time lags. Refunj@B@6) also proposed for future work a
linear model that related each production wellltdhee injectors and the other producers.
DeSant’Anna Pizarro (1998) provided more insighb ithe Spearman rank correlation

coefficient approach, as well as its advantagediamthtions.



Albertoni and Lake (2003) developed a techniqué tiaéculates the fraction of
flow caused by each of the injectors in a produc&his method uses a constrained
multivariate linear regression model similar to thedel proposed by Refunjol (1996).
The model introduced by Albertoni & Lake, howevegnsidered only the effect of
injectors on producers, not producers on producétbertoni & Lake also introduced
the concepts and uses of diffusivity filters to@aat for the time lag and attenuation that
occurs between the stimulus (injection) and th@arse (production). The procedures
were proven effective for synthetic reservoir mggak well as real water flood fields.

Yousef et al. (2006) introduced capacitance modelinich a nonlinear signal
processing model was used. Compared to Albertoriiake’s model which was a
steady-state (purely resistive), the capacitancedeinancluded both capacitance
(compressibility) and resistivity (transmissibiltgffects. The model used flow rate data
and could include shut-in periods and bottom hoésgures (if available).

Recently, Dinh and Tiab (2007, 2008) used similapraach as Albertoni and
Lake (2003), however, bottom hole pressure data weed instead of flow rate data.
Some constraints were applied to the flow rates siscconstant production rate at every
producer and constant total injection rate. Sordeamtages of using bottom hole
pressure data are no diffusivity filters neededjimal of data required and flexible plan

to collect data.

2.2. Multivariate Linear Regression (MLR)

A linear model is often used to predict the behawiba dependent variable as a

function of independent variables. A linear mockah be expressed as follows:



y:ﬁ0+iﬂkxk+g (2.1)

where y is the dependent variablg,axe the independent variabless a random error,
andpo andpx are parameters to be adjusted or determined lvgssign. The error term
is used to account for the imbalances in the maddimeasurement errors.

For example, considering flow rates data from #&lfieith N producers and |

injectors, the linear model for th® producer is (Albertoni and Lake, 2003):

~ I . .

G; (t) = Ao; +D_Ai () (i=1,2,..N) (2.2)
i=1

This equation states that at any given time, the fiwoduction rate at well j has a

linear relationship with the rates of every injectdrhe constant terml,; accounts for
the possible imbalance in the field and the pararsef; are called the interwell
connectivity coefficients. Thus, the termh,; represents the liquid production not

associated with injected water (primary productiamd injection fluid losses. When

N
Z/IOJ. is significantly different from zero, the field imbalanced and MLR must be used.
j=1

The model in Eg. 2.2 assumes steady state flow, clBanges in injection rate
cause instant changes in production rate. Howewest of the time in a waterflood,
transient flow creates time lags and attenuatioftués flows from injectors to producers.
To account for the time lag and attenuation, diffin filters are used. The diffusivity
filters partially correct these effects of transiflow. Further discussion of diffusivity
filters is presented in section 2.4.

Given a set of observed data of production anciige rates, the variance of q



JI\ZALR,j =Var(ﬁl,- _qj) = El_(dj _qj')zl (2.3)

is a measure of the difference between the obsemveduction rate and the modeled
production rate calculated from the model for piaiuj. The interwell connectivity

coefficients A; and the constant terdg; can be determined by minimizing this variance.

This minimization leads to the following systemliokar equations:

oy Op af | | A ] |9
Ou Ou - Oa ||| 4
o o - o] |a] Lot
The covariance betweenand j is defined as
Coui;,q,) =02 = E{fi, ~E(i,)]x|a, - E(a,)] (2.5)

Eqg. 2.4 can be solved for thk s by conventional method such as Gauss Elimination.

The first term of Eq. 2.4, therif square matrix, is called injector-injector covada

matrix, and the vector on the right side of the atiqun is called injector-producer
covariance column vector.

The constant terml,; is determined by
l -
Ay =1 _Z/]ijh (2.6)
i=1

where the symbol indicates an average.
The MLR approach involves the determination procedsthe interwell

connectivity coefficientsd; that relate a producgrto an injectorn. Therefore, for each

producer, a set dft1 equations antt1 unknowns must be solved (Egs. 2.4 and 2.6).



The interwell connectivity coefficientd; obtained from the solution of Eq. 2.4 provide a
guantitative expression of the influence of eaghdtori on each producgr the larger
the magnitude of4; is , the greater the influence. The constant teymrepresents

amount of fluid produced at the producer j affedigdhe producers. Further discussion

can be found in Chapter 9.

2.3. Least Squares Linear Regression (LSLR)

The LSLR method is well established in the literatand considered equivalent
to the MLR method (Yousef et al., 2006). Considgithe following model representing

each data point:
Y=A+CA+CA +...+CA +¢& (2.7)
Where the response is Y. The regression modelnpmdess are A and A, the

explanatory variables ai@ ande is random error (Jensen et al., 2000, see alspr&féa

Canale, 1988). With (L-1) data sets, (I+1) estadaimodel parameters, we have the

following equation:

@ @ o @
[ i A e (2.8)
Yool |1t ey s gt A
The short form of Eq.2.8 is
Y =CxA, (2.9)
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By minimizing the sum of the squared differenceswieen the observed
responses and the predicted responses for each Gt , the least squares estimation of

the parameter vector,As (Jensen et al., 2000 or Chapra & Canale, 1988):
A =[cc]'cTy (2.10)

Where C is the transpose of C.
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CHAPTER 3 — INFERRING INTERWELL CONNECTIVITY FROM

BOTTOM HOLE PRESSURE FLUCTUATIONS

This chapter presents a new procedure to detenmi@ewell connectivity in a reservoir
based on fluctuations of bottom hole pressure dh bojectors and producers in a
waterflood. The method uses the same constraingtivariate linear regression analysis
as mentioned above to obtain information about pability trends, channels and
barriers.

Albertoni and Lake (2003) applied the same analisisjection and production
rates to infer connectivity between wells. Howewver order to obtain good results,
various diffusivity filters are applied to the flonate data to account for the time lags and
the attenuation. This process requires subjegtidgments and is time consuming.
Shut-in periods in the data, usually unavoidablenva large number of data points were
used, created significant errors in the resultsvaack often eliminated from the analysis.

This new method yielded better results comparethéoresults obtained when
production data were used. Its advantages incl(ideNo diffusivity filters needed for
the analysis; (2) Minimal numbers of data pointgureed to obtain good results; and (3)
Flexible plan to collect data as all constrainta ba controlled at the surface. The new
procedure was tested using a numerical reservoiulator. Thus, different cases were
run on two fields, one with five injectors and foproducers and the other with 25
injectors and 16 producers.

For a large waterflood system, multiple wells arespnt and most of them are
active at the same time. In this case, pulseotessiterference test between two wells are

difficult to conduct since the signal can be distdrby other active wells in the reservoir.
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In the proposed method, interwell connectivity banobtained quantitatively from multi-

well pressure fluctuations without running inteefiece tests.

3.1. Overview

In this method, data can be obtained from multihpetssure test that resemble
interference test. Thus, we can have several wsdlsding signals and the others
receiving the signals at the same time. Howevex,wblls that are receiving the signal
can either be shut-in or kept at constant producatgs. The pressures at all wells are
recorded simultaneously within a constant timerirde The length of the test will
depend on the length of the time interval and tinalmer of data points. Results of this
method can be used to optimize operations and etiesaand enhance oil recovery of
existing waterfloods by changing well patterns,raiag injection rates, recompletion of
wells, and in-fill drilling.

This new technique is based on previous work coteduby Albertoni and Lake
(2003) using injection and production rates. Inirtherk, Albertoni and Lake developed
and tested different approaches using constraindtvariate linear regression analysis
with a numerical simulator and then applied to atewfbboded field in Argentina.
Diffusivity filters are required to account for thiene lag and attenuation of the data.
Another drawback when production data were usetldies the requirement of large
number of data points. In his thesis, Dinh (2008)ified the method using different
reservoir simulator and applied to a waterflooddfiem Nowata, Oklahoma. He also

investigated the effect of shut-in periods andigaldistances on the results.
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The main objectives of this chapter are to comphee results obtained from
pressure data with results from flow rate data tanpropose a new method to determine
interwell connectivity.

Similar to the method that uses production rates, will concentrate on
waterflood system only. The reservoir is consideage a system that processes a stimulus
(a well that is sending signals) and returns a aesp (a well that is receiving the
signals). The effect of the reservoir on the inpighal will depend on the location and
the orientation of each stimulus-response paincé&the total pressure changes at active
and observation wells are not equal, only the Matiate Linear Regression was used.
The effect of diffusion was not significant, thtise diffusivity filters were not used.

The method was applied to two synthetic fields, oth five injectors and four

producers and the other with 25 injectors and bélycers.

3.2. Procedure

The method uses the bottom hole flowing pressumeetirshut-in pressure data of
every well in a waterflood as input data. The poes is obtained from pressure data
measured simultaneously in every well. This analysll only consider oil and water
system, thus there is no gas involved. The multl-weessure test can be conducted
similarly to an interference test by changing flates at several active wells and records
the pressure responses at the observation wellshwdre flowing at constant rates or
have been shut-in. The test will require recordimgssure data of every well
simultaneously. In this analysis, we use injectigglls as active wells and production
wells as observation wells. Thus, the productates are kept constant. All producers

need to be able to flow at designated rates witreout support from the surface
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throughout the testing period. A well is consideshut in when its production rate is set
to zero. The diffusivity filters were not used this analysis because the effect of
diffusion was not significant. Excellent resultsres@btained for the base case without

diffusivity filters.

3.2.1. Multivariate Linear Regression for Pressure data

In a field with N producers and | injectors, the@posed model for the interwell
connectivity test is expressed in Eq. 3.1. In tmsedel, the estimated pressure at a

producei (observation well) is given by:

. |

p.)=5+X. 800 (=12 ..N (3.1)
i=1

whereN is the total number of producers anid the number of injectors. This equation
states that at any time the total pressure at perduis a linear combination of the
pressure of every injector corresponding to thatlpcer plus a constant tery,;. The
factors G are the weighting factors or the interwell connaist coefficients and the
constant term/%; accounts for the unbalance.Thus, the interwell connectivity
coefficient,3;, represents the fraction of pressure change atpitwelucer j due to the
injector i of the total pressure change at the proer due to all injectorsSince the total
injection rates are kept constant in each timervale the total pressure change at the
producerj due to all injectors are expected to be constaite ahe reservoir reach
pseudo-steady state at late time during each thteevial. The pressure change at the
producer due to the change in the reservoir presand the pressure drops at all the
producers including the investigated producesr accounted for in the constant tefg

Thus, the sum of interwell connectivity coefficienf;, is equal to unity and the
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coefficients vary from zero to unity. If the prasss in the injectors are known, the
coefficientsg; and the ternf; need to be determined.
Jensenret al. (1997) present the solution for this multivariditeear regression

problem. To solve this over-determined system tlaiance, Var(ﬁj—pj), is

minimized. This minimization leads to the followiset ofl linear equations:

0121 J122 lel '811' lej
0‘2 0’2 cos 0‘2 '82. 0'22
e A B (3.2)
U|2,1 J|22 U|2| 'Bli g”?
which can be solved by standard means. The cdristam/; is given by:
|
ﬁo,’ =P _Zlgij o (3.3)
i=1

whered?; andczi,- are injector-injector and injector-producer cogades respectively.

Thus, a set of+1 equations antt1 unknowns must be solved for each producer
(Egs. 3.2 and 3.3). The interwell connectivity fficeents £; obtained from the solution
of the N systems of equations provide a quantiagixpression of the influence of each
injectori on each producegr the larger thg3;, the greater the influence.

Since all producers will be set to a constant rdite,total pressure change at all
producers due to production will decrease lineaHpwever, since the total pressure loss
at the producers is always lower than the totadgaree increase caused by the injectors,
pressure at all the wells will keep increasing. widweer, the analysis only considers the
pressure change at the producers caused by predsange at the injectors. If the
increasing of pressure at all the wells is alsongirag, it will interfere in the analysis.

Thus, in order for this analysis to work, the tgpaéssure change at the injectors also
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needs to be constant, or the total injection rateds to be constant. In fag; terms
account for the constant pressure increase dughemtotal injection rate compared to

total production rate.

|
The second term on the right hand side of Eq.E.EH o} (t) accounts for the
i=1

increase of production pressure due to each ing@idnjectors. Assuming the
waterflood is a closed system, thus all increaspressure at a producer is due to the

injectors, we should have

> B =1 (=1,2,..N) (3.4)

i=1
|
The larger is the tern,; in equation 1, the smaller is the teE][z’ij p,(t) and
i=1
thus the interwell connectivity coefficient will lzdfected. In order for the coefficients to
be comparable among producers, it is necessargve tihe production rate constant and

equal among producers.

3.3. Assumptions

This section describes assumptions for the teclesiqun general, the technique
assumes that all the parameters except injectiah paoduction rates (response and
explanatory variables respectively) are constamtis includes constant injector and
producer conditions and constant reservoir conustio Possible sources of errors are
discussed later in this chapter.

Two general assumptions for the methods are neetmtstant injector and
producer conditions and constant reservoir conastioFor the first general assumption to

hold, no new wells should be drilled in the fieldeo the analyzed period. New wells
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result in a totally new set of coefficients for MLBhd LSLR approaches and a
completely new analysis must be done. Flow ratdbheaproducers, given they are all
operated under rate control, must be constane dime method assumes that changes in
bottom hole pressures at the producers are dugtochanges in injection rates, and the
effects of the change in average reservoir presanck bottom hole pressures at the
producers on any producer are constant. The MLBiodealso assumes that the change
of bottom hole pressure at the producers associaitidall the producers and the field

average pressure is constant over the entire ahlgeriod (3, is constant for each

injector-producer pair). Finally, changes in wedire conditions at the injectors (active
wells) will change the connectivity properties bbse wells to the producers, so we
assume the well bore conditions at the injectoes @nstant. Further discussion on
wellbore conditions of the producers will follow tine next chapters.

The second general assumption, constant resenaditons, consists of
assumption of constant main reservoir and fluidpprtes such as absolute permeability,
porosity, layer thickness, fracture properties, idfluviscosity, constant total
compressibility and constant relative permeability.this study, we assume single phase
flow. Some factors such as permeability trendsygmissibility barriers and fractures are
to be determined from the results of the analysid #us, their properties should be
constant with time. The field is also assumeddabder pseudo steady state condition at

the time the pressure data are recorded.

3.4. Simulation Results

The method was tested by applying it to two symthéelds, one of four

producers and five injectors (5x4 Field) and thieeotof 16 producers and 25 injectors
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(25x16 Field). The results were verified with thosbtained from application of the

method to the flow rates data.

3.4.1. Application to 5x4 Field.

MLR approach as explained above was applied tonaenigally simulated field
with a five-spot injection pattern: 5 injectors adgbroducers. The oil is undersaturated
oil. The injector-producer distance is 1000 ftheToil-water mobility ratio is equal to
one, and the oil, water, and rock compressibility approximately 80°, 1.10° and
1x10° psi' respectively. All wells are vertical wells.

Fig. 3.1 shows one layer of the grid system, thdl Weeations and the field
dimensions used in the model. Injection rate data generated randomly ranging from

100 to 900 bbl/d, with total injection rates kep2800 bbl/d.
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Figure 3.1. Grid system for the simulation modei(synthetic field).
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Fig. 3.2 shows the injection rates for the fiveeators in the field as well as the
total field injection rates. The flow rate of eaptoducer (observation well) was set to
300 bbl/d (Base case). The simulation was rub@months (1500 days approximately).
This represented a history of 50 data points oédtgr and producer pressure. The

numerical simulator used was Boast 98, a finitdediince simulator that uses block

centered calculations.

Input Data for Injection Rates

Injection Rate (bbl/d)

Time (months)

—— 101 —=—102 103 104 —x— 105

Figure 3.2 . Flow Rates for five injectors. Tb&l field injection is constant at 2000
bbl/d.

Grid dimensions of the model is 31x31x1 (Fig. &ty the grid block dimensions
were 100 ft x 100 ft x 60 ft. The water-oil mobyjlratio was set to one with constant oil
and water viscosities. The pressure of the foadpcers and the five injectors obtained

from the simulation process were analyzed using MhBhod described previously.

Several cases were analyzed for this field.

a. Homogeneous reservoir.
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This is the simplest case of a single-layered hamegus reservoir with an
isotropic permeability of 100 mD. Different casesre run for this reservoir. The first
case is also considered as the base case wherothetion rate at the observation wells
was kept constant and equal to 300 bbl/d. T&Hbleshows the numerical values of the

interwell connectivity coefficients obtained fromLR.

Table 3.1: Results for the interwell connectidbefficientss. 5x4 field, homogeneous

reservoir.
P1 P2 P3 P4 Sum
Boj (psia) | -332.8 | -332.8 | -332.8 | -332.8 | -1331.19
11 027 | 027 | 0.11 | 0.12 0.77
12 027 | 0.12 | 0.27 | 0.12 0.79
13 0.23 | 023 | 0.23 | 0.23 0.91
14 0.12 | 0.27 | 0.12 | 0.27 0.77
15 011 | 0.11 | 0.26 | 0.26 0.75
Sum 1.00 | 1.00 1.00 1.00

Asymmetry coefficient )A In order to compare the quality of the interwadhnectivity
coefficient results for homogeneous symmetric reses, we use the asymmetry
coefficient (A). Albertoni and Lake (2003) introduced the asyrrgneoefficient (A) to
measure the quality of the results in symmetriemesrs. In the case of this 5x4
synthetic model, the reservoir has several plaheyrametry that define three groups of
injector-producer pairs with similar relative loicais. In a homogeneous and isotropic
reservoir, the well pairs in each group should h#ve same or similar interwell
connectivity coefficients. These groups are: @ner injectors with nearby producers
101-PO1, 101-P02, 102-P01, 102-P03, 104-P02, 104+PI05-P03, and 105-P04; (b) corner
injectors with farther producers 101-P03, 101-P®R-P02, 102-P04, 104-P01, 104-P03,

I05-P01 and 105-P02; and (c) center injector widany producers 103-P01, 103-P02,
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103-P03 and 103-P04. According to Albertoni andkéa“To quantify the symmetry
shown by the interwell connectivity coefficients wlefine a term that describes their
variability in each similar group. The asymmetogfficient (A is the square root of the
sum of the variances gfsof the group, weighted by the number of well pairsach
group”. For the case of 5x4 field, with 3 grougsweighing coefficients (or interwell

connectivity coefficients) (a, b and c) shown abawe a total of 203 coefficients, the

asymmetry coefficient (4 is defined as:

A = \/ 8var, (8) + 8va2rt6 (B) +4var (B) (3.5)

For a symmetric homogeneous and isotropic syntlieservoir, good symmetry
is expected from the interwell connectivity coea#itt results. Since Aindicates the
asymmetry of the interwell connectivity coefficisntthe smaller the asymmetry
coefficient, the better the results. Thus, theeldA get tozerq the better are the results

for the case of homogeneous symmetric syntheterves.

Coefficient of DeterminatiorAnother way to determine the quality of the résig using
the coefficient of determination,”’R R* measures the quality of the correlation between

observed and modeled response data.

ST (m) (m)y2
Z‘i(pj Y )

R?2=1- =L — (3.6)
> (p"-p,)
m=1

However, the coefficient of determination proviaesy a poor description of the
guality of the results. According to Jensen (1997¢ coefficient of determination does

not measure the appropriateness of the model. , Thua symmetric homogeneous and
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isotropic synthetic reservoir, the asymmetry caogffit is a better tool to evaluate the
quality of the results than®Rand should be included in the analysis. Howeiveactual
applications that involve heterogeneity and congpian in the reservoirs, symmetry is
not expected from the results and onfyc@n be used.

In the base case, with the production rates apthducers are kept constant at
300 bbl/d, the interwell connectivity coefficiermssults are shown in Tab&1. Fig3.3
presented the interwell connectivity coefficieras the base case by inverted arrows that
start from the™ injector and point to thg" producer. The longer the arrow is and the

larger the values of the coefficient are, the lbeiethe connectivity between the two

PO1 102
—]
\V ¢ _(T

P02 @ e @ P03

103
() J
P04 105

Figure 3.3 . Representation of the interwell cectivity coefficientg3, shown in Table
3.1. The lengths of the arrows are proportionalte values of the coefficients. 5x4
field, homogeneous reservoiry(R1.00, A = 0.000902).

wells.

The low asymmetry coefficientX0.000902) and perfect’R1.00) as shown in

Fig. 3.4 represents excellent results. The above seardtbetter than the results obtained
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from the same field with flow rates data using Mifethod without diffusivity filters (A
= 0.01096 and R= 0.970%. They are also better than results obtained terdni and
Lake (2003) using MLR without diffusivity filtersA¢ = 0.00778 and &= 0.977) or with

diffusivity filters (As = 0.01160 and R= 0.996).
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Figure 3.4 . Comparison between total modeledgqresusing MLR and the total
simulated pressure. 5x4 field, homogeneous regservo
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Figure 3.5 . The resulted interwell connectivipetficientsS versus the distances of well
pairs. 5x4 field, homogeneous reservoir.
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Fig. 3.5 shows the plot of the interwell connectivity coeifints versus distance
between wells. The well pairs at the same postiadh in the same distance have almost
exactly the same interwell connectivity coefficenSummation of the coefficients of
each producer was equal to one suggesting thequewmentioned condition is satisfied.

Since the injection rates are uncorrelated, theleec@ symmetry shown by the
calculatedfs suggests thafs do not depend on injection rates. This was ieeriby
using different sets of injection rates on the sdield, the results are similar for all the
cases. Thus, similar to the other approach wheke fates were used, the weighing
coefficients, 3, only depend on the reservoir properties and ¢etive location of the
wells. With all the constraints stated before oodpiction rates and total injection rates,
the weighing coefficients are independent of ingacttates at each producer.

Considering the case of production rate at obsenvatells equal 300 bbl/d as
the base case, the obtained results were excélent low As and R close to one). The
diffusivity filters as applied when production dateere used are not necessary for this
method since the coefficient of determination wiasaaly equal to unity. This will help
simplify the calculation and save time.

b. Anisotropic reservoir.

In this case, the permeability in the y directiomswset to be 1/fDof the
permeability in the x direction. Results obtairfexin the MLR approach are presented
in Fig. 3.6and Table 3.2. As expected, larger interwell catiniy coefficients occurred

in the x direction, indicating the obvious prefdiahpermeability orientation.
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Table 3.2: Results for the interwell connectizibefficientss. 5x4 Synthetic field,
Anisotropic reservoir (R=1.00).

P1 P2 P3 P4 Sum
Boj (psia) | -269.5 | -418.3 | -418.2 | -254.7 | -1360.6
11 0.40 | 020 | 010 | 0.05 | 0.65
12 0.48 | 0.08 | 008 | -002 | 063
13 006 | 063 | 063 | 012 | 145
14 005 | 009 | 009 | 041 | 064
I5 002 | 009 | 009 | 043 | 064
Sum 1,00 | 1.00 | 1.00 | 1.00

101 POL 102
V ° W

P02 @ (| ————e— @ P03

L () _&L
104 P04 105

Figure 3.6 . Representation of the interwell cartivity coefficientss for 5x4 field,
anisotropic reservoir (#k,~10).

c. Reservoir with high permeability channel.

To investigate the effect of spatial heterogenatyghannel of high permeability
was created in the original synthetic homogeneaoslayered reservoir. The results are
presented in Fig. 3.7 and Table 3.3.

The shaded area in Fi8.7 represents a channel with a permeability oOLOD.

Permeability for the rest of the reservoir was 180. Vertical permeability was
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constant at 10 mD. Within the same distance, tbhdswocated in high permeability

channel (101 and P04) are better connected to @thks than those not in the channel.

Table 3.3: Results for the interwell connectizibefficientss. 5x4 Synthetic field with
high permeability channel.

P1 P2 P3 P4 Sum
Boj (psia) | -291.4 | -242.9 | -305.7 | -213.8 | -1053.8
11 034 | 036 | 022 | 027 | 119
12 021 | 010 | 024 | 010 | 064
13 022 | 026 | 021 | 027 | 0.96
14 012 | 017 | 011 | 018 | 057
I5 011 | 012 | 022 | 019 | 064
Sum 1.00 | 1.00 | 1.00 | 1.00

Figure 3.7 . Representation of the interwell castivity coefficientss for 5x4 field,
reservoir with high permeability channel.

d. Presence of a partially sealing barrier.

When the barrier is only partially sealing, theutéag coefficients are presented
in Fig. 3.8 and Table 3.4. The presence of transmissibilityi®acan also be inferred.

Low connectivities are found for well pair on eaitie and close to the barrier.
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From Fig. 3.8, we can see that connectivity betweelts depends on the location
of the well relative to the barrier. If two webge on each side of the barrier, the closer

they are to the open end of the barrier, the b#tr are connected.

Table 3.4: Results for the interwell connectizibefficientss. 5x4 Synthetic field with
partially sealing barrier.

P1 P2 P3 P4 Sum
Boj (psia) | -524.6 | -293.5 | -418.6 | -329.8 | -1566.4
11 0.07 | 030 | 007 | 011 | 056
12 060 | 007 | 041 | 011 | 1.19
13 007 | 025 | 010 | 0.22 | 0.63
14 0.06 | 029 | 009 | 028 | 0.72
I5 0.19 | 0.10 | 0.33 | 0.28 | 0.90
Sum 1.00 | 1.00 | 1.00 | 1.00

101 PO1 102
S . [ ——
P02 @ — @ PO3
103
L [
104 P04 105

Figure 3.8 . Representation of the interwell castivity coefficientg3. 5x4 Field,
reservoir with a partially sealing barrier (diagohblocks).
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e. Presence of a sealing barrier.

When a sealing barrier is introduced into the sated reservoir and the MLR
model is applied, results are presented in. Bi§ and Table 3.5. The values #f
corresponding to pairs of wells located on eacle silithe barrier such d&1, Bis, B2z,
24, are either zero or very close to zero. This inggao communication between these

wells based only on the analysis of the field presslata.

Table 3.5: Results for the interwell connectizibefficientss. 5x4 Synthetic field with
sealing barrier.

P1 P2 P3 P4 Sum
Boj (psia) | -381.6 | -379.0 | -297.3 | -443.3 | -1501.2
11 000 | 035 | 000 | 019 | 053
12 070 | 002 | 053 | 003 | 1.27
13 009 | 027 | 008 | 032 | 0.76
14 -0.02 | 035 | -0.02 | 044 | 0.76
I5 0.16 | 0.05 | 035 | 0.06 | 0.62
Sum 093 | 1.04 | 093 | 1.05

101 PO1 102
i& o
Y
P02 @ i @ P03
103
7 S
104 P04 105

Figure 3.9 . Representation of the interwell castivity coefficients3. 5x4 field,
reservoir with a sealing barrier (diagonal blocks).

29



The coefficients for injectors close to the bourdand producers on the other
side of the barrier such 8si, B33, Bs2, Bs4 Still show some connectivity. This is probably
because of the boundary effect that creates errtbrel data. Some interwell connectivity
coefficients, such aB4;, B43 are negative small numbers. These negative nisrdre
probably due to error in the calculation and cantria@slated as zeros for this case.
Notice that for this case, the sealing barrierdbgi the reservoir into two compartments
which could be considered as two separate ressrvdinus, the total injection rate is not
constant in each of these reservoirs since onevaseontains 102 and 105 and the other
contains 101, 103 and 104. Thus, the changingl tofaction rate in each compartment
would interfere in the analysis and caused errdrkis is the reason sums of interwell
connectivity coefficients for each producer are eqial to unity.

f. Other cases.

The base case of homogenous was run with diffezenstant production rates.
Producers were shut-in and put on production af 200, 300, 400 and 500 bbl/d. Fig
3.10 shows the asymmetry coefficients versus the prooluatates. When the total
production rate was less than the injection ratedjpction rate at each producer is less
than 500 bbl/d), asymmetry coefficients were abth# same. However, when
production rate was equal to 500 bbl/d at the preds) the asymmetry coefficient
increased significantly indicating poor resultd. tHe producers were on production at
rate higher than 500 bbl/d or if the total prodotrate was higher than the total injection
rate, the producers can not be maintained at tkeederate without other sources of
pressure, then the analysis would be erroneousus,Tihe total production should be

lower than total injection to avoid errors. Moretail will be discussed later in this
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chapter. Different cases of formation permeabiityhe homogeneous model were also
run. Fig 3.11shows the graph of asymmetry coefficients versasm&tion permeability
for the case of homogeneous reservoir. It is patite that the higher is the permeability,

the lower is the asymmetry coefficient or the lredire the results.
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Figure 3.10 . Asymmetry coefficientg)(®ersus cases of different production rates for
5x4 field, homogeneous reservaoir.

The time interval between data points for the bemse is 30 days. However,
different time intervals were also run for the basse. Figs3.12 and 3.13 show the
relationship of the asymmetry coefficient and thieiwell connectivity coefficient with
the time interval respectively. From Fig.12 it is clear that longer time interval

between data points gives better results as tharasyry coefficients are smaller.
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Figure 3.11 . Asymmetry coefficientg)(ersus cases of different formation

permeability for 5x4 field, homogeneous reservoir.
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Figure 3.12 . Asymmetry coefficients)(®ersus cases of different time interval between

Fig. 3.13 shows the maximum and the minimum interwell connégt
coefficients versus the time interval between ghimts for the homogeneous case. As
the time interval gets smaller, the difference lesw the maximum and the minimum
coefficients also gets smaller. This indicateswsakening of the signal from injectors

to producers as the time interval between datatpgets smaller. More details will be

discussed later.

data points for 5x4 field, homogeneous reservoir.
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Figure 3.13 . Interwell connectivity coefficielif® versus cases of different time interval
between data points for 5x4 field, homogeneousvese

3.4.2. Application to 25x16 Field.

MLR approach was again applied to a homogenous grianfield with 25
injectors and 16 producers. Reservoir propertiesevkept the same as the homogenous
5x4 Field. The grid block dimensions were 100 ft00 ft x 60 ft. The distance between
closest injector and producer was 848.5 ft. Tlection rates at the injectors were
randomly generated between 100 and 700 bbl/d. t®ted injection rates were kept
constant at 10,000 bbl/d. The producers were kegbnstant rate of 400 bbl/d. The
simulation was run for 218 months (6540 days appmately). This represented a history
of 218 data points of injector and producer pressuFig. 3.14 shows the resulted
interwell connectivity coefficients for this field.Fig. 3.15 is the graph of distance
between wells versus the interwell connectivityfGioents. The interwell connectivity
coefficients are in great symmetry. The field Baseral planes of symmetry. There are
55 symmetric group of interwell connectivity coeféints over a total of 400 interwell

connectivity coefficients. The small asymmetry fliogent (As) of 0.00416 indicates
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excellent results. The results obtained were béelien those by Albertoni and Lake
(2003) (A= 0.00492) using 390 data points of flow rate data

Overdetermination coefficient ( Altertoni and Lake (2003) used the concept
of Overdetermination coefficient to analyze theseffof the number of data points on the

quality of the results. The Overdetermination @ogfnt is defined as:

_ M,
o, = i+ (3.7)

Where M is the number of data points and | is the numifenjector. In their
analysis, where production data were used, theadeflelded best results whery @as
larger than six. Fig3.16 shows a graph of number of data points vebgusr both 5x4

Field and 25x16 Field.

Figure 3.14 . Representation of the interwell ceetivity coefficientsf) for 25x16 field,
homogeneous reservoir{R1.00, A = 0.000902).
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Figure 3.15 . The resulted interwell connectivbefficients () versus the distances of
well pairs. 25x16 field, homogeneous reservoir.

250

200

150 4

100 +

No. of Data Points

50 1

|

1
0 1 2 3 4 5 6 7 8 9
Over Determination Coef. (Od)

| —+—5x4 Field —m—25x16 Field |

Figure 3.16 . Number of data points versus thedetermination coefficients (pfor
both 5x4 and 25x16 field, homogeneous reservoir.

Figs 3.17 and 3.18 are the plots of the asymmetry coefficighd and the
coefficient of determination (@R versus @ respectively for both fields. According to the
figures, the quality of the results significantlgadeased as¢ncreased and Riecreased
when Q was less than one. Foglrger than one, fand R remained almost the same.

Thus, for this method, we can obtain very good ltesuith Qy larger than one. So, with

35



a few more than six data points for 5x4 field atddata points for 25x16 field, we can
obtain excellent result with the method. This nsetre method requires less time and

measurements to obtain acceptable results.
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3.5. Sensitivity Analysis

This section provides discussion on the assumptemsr analysis, properties of

the interwell connectivity coefficients and disdaesson selection of data points.
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3.5.1. Assumptions.

As discussed above, the method uses some constraihius, in order to obtain
good results, the water flood system must satisfyesal assumptions. Generally, the
assumption for this method is that all the paramsatethe field must be constant during
the testing period, except the injection flow ratédbertoni and Lake (2003) listed some
assumptions when production data are used in deiadh as no new wells, constant well
productivity, constant gas-oil ratio (GOR), and mew completion. These assumptions
are also applied for this method. Other assumgtiweded particularly for this analysis
are shown below

Constant flow rates at observation wel@hanges in flow rates at the observation
wells will produce pressure changes that are naised by injectors resulting in
erroneous results. Thus, all observation wells khbe either kept at constant rate or
shut-down. The method assumes that every chantipe ipressure at observation well is
exclusively caused by changes in pressure at tineeagell and the pressure changes at a
observation well due to its production rate is ¢ans As discussed above, flow rates of
the production wells should also be equal in orfter the interwell connectivity
coefficients comparable among producers.

Constant total injection rateAs discussed above, the total injection rate néeds
be constant. A variable total injection rate va#luse changes of pressure that are not
caused by individual injectors at the producers, this interfere in the analysis.

Flow rate at the observation wells is maintained ibjection: All observation
wells should flow at desired rate solely by thesarp of injectors. No outside supports

such as artificial lift, surface pumping are allave If the injection is not enough to
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support all producers flowing at a certain rate,oaa either lower the production rate or

increase the total injection rate.

3.5.2. Possible sources of error.

All the assumptions stated above must be applievoad any error in the results.
Other possible sources of error are listed below:

Measurement ErrorsError analysis shows that the method is relatigelgsitive
to the quality of the data. Randomly generatedrsrwithin a certain range of negative
and positive percent error of the first pressuréa daoint were in turn added to the
pressure data of Producer 1 and Injector 1.. Biff9 show the percentage of resulted

error in the interwell connectivity coefficients.

60%

6
A 4

40% A

0% 4_@/\‘/’ _ :

0Po 5% 10% 15% 20% 25% 30%
-20% -
-40%

‘\.v.

Percent Error of Results

-60%

-80%

Percent Error of Injector 1

‘—Q—Max —&— Min Average‘

Figure 3.19 . Percent errors of the interwell ceotivity coefficients versus random
percent errors of Injector 1 data for 5x4 field,rhogeneous reservoir.

It is clear that as the errors in the data increagers in the result also increase.
We can also notice that the error in the resultsemses drastically as the data errors

increase above 5%. Errors applied to producer 1§ affect interwell connectivity
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coefficients of producer 1 while errors applied itgector 1 affect the interwell
connectivity coefficients of all the wells.

When the same fraction of error was applied toedata point of producer 1, the
same error fraction was observed at all the intbweomnectivity coefficients of producer
1 and other interwell connectivity coefficients wamnot affected. When the error was
applied to injector 1, only the coefficients ofanjor 1 were affected. In addition, the
error fraction of the coefficients were the samedlh coefficients and smaller than the
fraction error of the input data.

Boundary effectslf a well is too close to a boundary, it is likehat the boundary
effect will cause errors to the pressure data ekl

Weak signal from injectord/hen the permeability of the formation is too low
the time interval between data points is too shibg,pressure signal from an injector to a
producer will be weak. This causes inaccurate antarpretable results as in the case of
5x4 Field when the formation permeability equaled® or when the time interval was 1
day. The more fully the signals from injectors ereeived, the better is the quality of the
interwell connectivity coefficients. However, & necessary to notice that weak signals
are also caused by poor connectivity between wells.

If the production rates at observation wells areatgr than zero, they will have
dampening effect on the signals from active wellus, the larger are the production
rates, the higher is the dampening effect and thedess the producers can “feel” the
pressure change at the injectors. Thus, too higlduygtion rates could lead to poor

results. The best way to decide which producteate should be used is to operate the
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field with different rates applied to the producarsl make sure they are maintained at a

constant total injection rates.

3.5.3. Properties of the interwell connectivity coefficiesn

As discussed before, the interwell connectivityfiioents only depend on the
relative location of the wells and the reservoibpgerties. From the results of both 5x4
field and 25x16 field cases, the sum of interwalhmectivity coefficients for each

observation well is equal to one.

Z,Bi. =1 (=1,2,..N) (3.8)

3.5.4. Testing scheme and data selection

Selection of a testing scheme includes choosingha interval in which the flow
rates at the active wells will be kept constantpastant rate for observation wells and a
constant total injection rate. As mentioned abakie,constant rate at observation wells
and the constant total injection rate should beetbasn actual performance of the
waterflood on the field.

For the time interval between data points, an éguatlerived by Tiab for
interference test may apply. Considering an ipterice test between a constant rate
active well and an observation well, the equatialcuates the time £} in hours to reach
the maximum value of time rate of change of presg&y’) in psia at the observation
well. In order to obtain a good response at thgepkation well, the time to run the
constant rate at the active well should be wellveldg. The equation is

_948x S xr?
m T

r

t (3.9)

40



Where r is the distance (ft) between active andenMadion wells. T is the

transmissibility (mD-ft/cp) and 3s the Storativity (ft/psi) which can be calculhtas

below:

S =gh= 0.027{2—?Jr—12 (3.10)

T =kh (3.11)
U

In reality, we can estimate, &nd $ using data obtained from core data and well
logs, then estimateg,t Thus, the interval between data points should/élé higher than
tn. For example, in the base case of homogenoudiéx4 t,, was calculated to be 18.2
hours for the injector-producer pair with the losig@istance (corner injectors with
farther producers). Thus the time interval needse higher than 18.2 hours. Rould
also be calculated to decide on sensitivity of tieasuring device. However, since the
reservoir boundaries need to be reached beforalpsstaady state flow is reached and
the observation well may not be shut-down, obsertire flooding performance is the
best way to choose a time interval between datatp&or the analysis.

Since this method only requiresy @arger than 1 to obtain good results, the
number of data points need to be larger than nurabarjectors plus one (six for 5x4
field and 26 for 25x16 field). This would make tibest much shorter than when
production rates were usedql@rger than 6 to obtain best results).

Example
A synthetic field with grid dimensions of 31x31xkhsvgenerated. The grid block

dimensions were 100 ft x 100 ft x 60 ft. The fidlas five injectors and four producers.

Similar to the Base Case, the reservoir was honmagenwith an isotropic permeability
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of 100mD. Injection rate data was generated ramgeoanging from 100 to 900 bbl/d
with total injection rate kept at 2000 bbl/d. Tke&ep-by-step calculations are as
followings:

Step 1- Choosing a production rate for the test: Pradacates at all producers
need to be equal and kept constant throughout ébe tNormally, the sum of the
production rates should be lower than the sumefrjection rates to maintain a constant
production rate at each producer. Trial-and-emmthod can be used to choose a
suitable production rate by keeping the injecti@ies constant and adjusting the
production. If a production rate can be maintaiaeevery well with a constant total
injection rate, the production rate can be usedutinout the test. In our case, with total
injection rate of 2000 bbl/d, any production ragtow 400 bbl/d (total production rate of
1600 bbl/d) can be used. The production rate 6fl#f)/d was chosen for the example.

Step 2— Choosing the time interval between data poiAtsshown before, the
longer is the time interval between data points,libtter are the results. Equation 7 can
be used to estimate the timg)(to reach the maximum value of time rate of a geaof
pressure at the observation well as for an intenieg test (one active well and one
observation well). In this case, Was estimated to be 18.2 hours for the most distan
injector-producer pair. However, we have multiplgctors and producers; thus rates of
any well can be affected by those of other wellkerefore, the time interval needs to be
long enough so that the injection can reach theymers. This can be estimated as the
time from the start of injection to the time whdhpsoducers start to produce at expected

rates. In this example, we chose the intervaktd® days (Fig. 3.20).
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Figure 3.20 . Bottom Hole Pressure Data for thauiple. 5x4 field, homogeneous
reservoir. 10-day intervals.

Step 3— Data collection. The number of data points eeeshould be more or
equal to six (@is more or equal to one). However, the highemiln@ber of data points
are used, the better are the results. Thus, wéhautest for 12 time intervals representing
12 data points with different injection rate set3he data obtained are demonstrated in
Fig. 3.20.

Step 4 — Interwell connectivity coefficients calculatiomjector-injector and
injector-producer covariances were then calculaed plugged to Eq8.2 and 3.3 to
solve for the interwell connectivity coefficients.

Step 5-The results for this example are shown in Téb&. Notice that the
results are similar to the results for the BaseeGasshown in Tablg.1.

However, the Asymmetry Coefficient {Ais higher than that of the Base Case.
This is due to shorter time interval and less gatats. From the results, we can infer the

relative connectivity among well pairs as well agriation properties.
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Table 3.6 . Results for the interwell connegtieivefficientgfor the Example. 5x4
field, homogeneous reservoirs(A0.0109).

P1 P2 P3 P4 | Sum
11 [0.24]0.27]0.12 | 0.15| 0.78
12 [0.25]0.14]0.25|0.14 | 0.78
I3 [0.210.21]0.23|0.24| 0.89
14 [0.14]0.25|0.14|0.24| 0.78
I5 [0.15]0.14 | 0.25| 0.24 | 0.78

Sum | 0.99 | 1.00 | 1.00 | 1.00

3.6. Conclusions

Following are the conclusions for this chapter:

- Results from the proposed procedure are better the results obtained from
application of the method to production data presgrin the literature in terms of
asymmetry coefficient (4 and R.

- The fact that the new technique provides bettesults with an
overdetermination coefficient Od larger than uribd no diffusivity filters are necessary
indicates its advantage in saving time and comjuutat

- Pressure data used in the analysis can be eltarhile all the producers in the
field are still producing. Thus, different fromgrdar interference test or pulse test, the

producers do not need to be shut down.
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CHAPTER 4 — ANALYTICAL MODEL

This chapter is an extension of the novel technigtesented in the last chapter to
determine interwell connectivity in a reservoir éason fluctuations of bottom hole
pressure of both injectors and producers in a Watel system. The technique uses a
constrained multivariate linear regression analysis obtain information about
permeability trends, channel and barriers. Somt@fdvantages of this new technique
are simplified one-step calculation of interwell noectivity coefficients (interwell
connectivity coefficients), small number of dataint® and flexible testing plan.
However, the previous chapter did not provide eitimdepth understanding or any
relationship between the interwell connectivity fficeents and other reservoir
parameters.

This chapter presents a mathematical model foobotiole pressure response of
injectors and producers in a waterflood systeme Model is based on available solution
for fully penetrating vertical wells in a closedctangular reservoir. It is then used to
calculate relative interwell permeability, averageservoir pressure change and total
reservoir pore volume using data from interwell mectivity test described in previous
study. Reservoir compartmentalization can be reterfrom the results. Cases of
producers as signal wells, injectors as respondis aed shut-in wells as response wells
are also presented. Summary of results for thaesescare provided. Reservoir behaviors
and effect of skin factors are also discussedigstudy.

Different synthetic reservoir models were analyzedluding: homogeneous,
anisotropic reservoirs, reservoirs with high perbi@s channel, partially sealing barrier

and sealing barrier.
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4.1. Introduction

Last chapter has introduced a new technique ta inferwell connectivity from
bottom-hole pressure fluctuations in a waterflogstam. The technique was proven to
yield good results based on numerical simulationdei® of various cases of
heterogeneity.

In this chapter, an analytical model for multi-wgjistem with water injection was
derived for the technique. The model is based wailable solution for a fully
penetrating vertical well in a closed rectanguladtirwell system and uses the principle
of superposition in space. Based on analyticalyaisa a new technique to analyze data
of interwell connectivity test was developed. Theshnique utilizes the least squares
regression method to calculate the average presshmege. Thus, reservoir pore
volume, average reservoir pressure and total agepagosity can be estimated from
available input data. The results were verifiethgia commercial black oil numerical
simulator.

In this chapter, the interwell connectivity coeiicts mentioned in the previous
chapter will be referred to as interwell connetyiwoefficients. The practical value of
interwell connectivity coefficients was investigate In order to derive the relationship
between interwell connectivity coefficients withhet reservoir parameters, a pseudo-
steady state solution of the previously mentionedieh was used. The wells were fully
penetrating vertical wells flowing at constant sateThe investigation proves that the
interwell coefficients between signal (active) amdponse (observation) wells are not
only associated with the properties between thewieltls but also the properties at the
signal wells. In order to calculate relative imiel permeabilities, we assumed the

properties at the signal wells are constant. Thysyarying permeability between well
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pairs to match the interwell connectivity coeffieiecalculated from analytical model and
simulation results, the relative interwell perméiibs can be found. Different cases of
heterogeneous synthetic fields were consideredidino) anisotropy reservoir, reservoir
with high permeability channel, partially sealingrider and sealing barrier. In the
sealing barrier case, the results indicated twoiggaf average reservoir pressure change
corresponding to two reservoir compartments. Thesgrvoir compartmentalization can
be detected.

The technique presented in the previous chapteuires) several constraints
including constant production rates and constatat iojection rates. These constraints
pose difficulties in applicability of the technigtea real field situation where production
rates are hardly kept constant. For this chaptersystems with constant injection rates
and changing production rates were investigatethe dbtained interwell connectivity
coefficients were almost exactly the same as tlsellte from the case of constant
production rates and changing injection rates. tElenique is also applicable for fields
with only producers; where some producers are wsedsignal wells and others as
response wells provided that all assumptions alé.valhis suggests the technique is
applicable to depletion field as well. Also, respe wells can act as shut-in wells.

This new study provides a tool to analyze reserbaterogeneity and better

understanding of multiwell system with the preseoickoth injectors and producers.

4.2. Background
In 2002, Albertoni and Lake developed a technidua¢ talculates the fraction of

flow caused by each of the injectors in a produc&his method uses a constrained

Multivariate Linear Regression (MLR) model.

47



Recently, Dinh and Tiab (2007, 2008) used similapraach as Albertoni and
Lake (2003); however, bottom hole pressure dateewesed instead of flow rate data.
Some constraints were applied to the flow rates siscconstant production rate at every
producer and constant total injection rate. Sordeamtages of using bottom hole
pressure data are: (a) Diffusivity filters are needed, (b) Only minimal number of data
points are required and (c) The program for calhectlata is flexible.

This chapter is to extend the work presented inp@&he8 (see also Dinh and Tiab,
2008) on interwell connectivity calculation from ttwon hole pressure in a multiwell
system. The purpose of this chapter is to inc@jgon pseudo-steady-state analytical
solution for closed system to the problem. Thubgeoreservoir parameters such as
relative interwell permeability, reservoir pore wwle can be quantified. This chapter

also provides in-depth understanding of the methatlits applications.

4.3. Analytical Approach

Numerous studies concerning multi-well systems hdoeen carried out.
Bourgeois and Couillens (1994) provided a technitqupredict production from a well
test analytical solution of a multi-well system. mduayponwiwat et al. (2000)
investigated the pressure behavior of individual wmea multi-well closed system. Both
vertical well and horizontal well pressure behasiaere considered. Valko et al. (2000)
developed a solution for productivity index for inwell system flowing at constant
bottom hole pressure and under pseudo-steady ctatition. Marhaendrajana et al.
(1999 and 2001) introduced the solution for wellwfing at constant rate in a multi-well
system. The solution was used to analyze pressule up test and to calculate average

reservoir pressure using decline curve analysis. et al. (2007) proposed an analytical
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solution for the pressure behaviors in multi-wghtem with both injectors and producers

based on the work by Marhaendrajana et al. (2001).

4.3.1. Analytical Model Application

Considering a multi-well system with producers mjectors and initial pressure
pi, the solution for pressure distribution due taibyfpenetrated vertical well in a close

rectangular reservoir is as follows (Marhaendragina., 1999):

Nyel|

Po (XD Yo ’tDA) = ZqD,iai (XD 1 Y1 Xupis Yup,i 1 Xeps yeD’[tDA _tsDA]) (4.1)
i=1

Where the dimensionless variables are defineckld finits as follows:

X
X, = —— 4.2
° = A (4.2)
y
=7 4.3
Yo \/K (4.3)
kh
= (p. —plx vyt 4.4
Po 14_l_zqrewa(lom. p(x y.t)) (4.4)
kt
t

a is the influence function equivalent to the dimenkess pressure for the case of
a single well in bounded reservoir produced at mstant rate. Assumingph= 0, the

influence function is given as:
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i“ i E (XD *+ Xup,i 2n>%D)24:["D(AyD *Ywp,i T 2myeD)2

N |

2l (XD* Yo XwD,i» YwD,i» XeD: YeD: tDA) =

m=-co NE—co

(XD ~Xwp,i t 2nxeD)2 + (yD * Yup,i t ZmyeD)2

| At | (4 6)

i (XD +Xup,i t ZnXeD)2 + (YD ~Ywp,i t ZmyeD)z_ '
Ao

+E|

+Ej|

i (XD ~Xap,i T ZnXeD)2 + (yD ~Yup,i t 2myeD)2
dtpp

+E

Eq.4.1 is valid for all flow regimes and can be ri¢gen as below:

_1412By e

Pini — p(X’ y) - T z a, [XD 1 ¥ 1 Xuon 1 Ywonr Xepsr Yen ’tAD]qn (4-7)
i=1

EqQ. 4.7 is the pressure response at poityx) due to a well n at (¥n, Ywon) IN
a homogeneous closed rectangular reservoir. Theeirce function (g can be different
for different wellbore conditions as well as flovegimes (horizontal well, partial
penetrating vertical well, fractured vertical wel)... This chapter only considered the
case of fully penetrating vertical well in a closesttangular reservoir, which is under
pseudo-steady state condition. Summary of thevalgon of Eq. 4.6 is presented in
Appendix A.

Eq. 4.7 is applicable to a field where all the wedlre either producing or
injecting. Lin and Yang (2007) have extended theeh to a field with both injectors

and producers based on the model suggested by Egs 4hown below:

Pini ~ p(X, y) kh Zaj [XD » Yo r Xupj 1 Yuoj Xep Yeo: tao ]qj

=1

_ 141.28/,1{””

(4.8)

n

- Z & [XD » ¥ r Xupi + Yupi » Xepr Yep 'tAD]qi }

i=1
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Where i and j denote injectors and producers reésede Eq. 4.8 is for a homogeneous
reservoir with initial reservoir pressurey(pequal everywhere. Applying Eq. 8 to each
time interval of an interwell connectivity testinge the total injection and production are
kept constant, the average reservoir pressure ehamgssumed to be constant for every
time-interval. The first term in the bracket or thght hand side of Eq. 4.8 is constant
due to constant rates at every producer throughwmaittest. Applying to each time
interval in the interwell connectivity test, assagthe initial pressure at the beginning of
each interval increases at the same rate as tmageveeservoir pressurafae, EQ. 4.8

can be rewritten as:

1412B &
Pave = p(X, y) = T’u{_ Z & [XD » Yo r Xapi » Ywni» Xeps yeD’tAD]qi } + Appr (4-9)
i=1
141.2Bp &
Where Appr = Tﬂz aj [XD ! yD ' XWDj ’ waj XeD’ yeD’tAD ]q] + Apave (410)
j=1

pave = pini _Apave
Both Ap,, and Ap,,. are assumed to be constant. Applying Eq. 4.@&fpoint at
the circumference of the well bore of producemddaking into account the skin factor,

we obtain:

_1412Bu |~

inj
Pave = pwf,j‘(Xij‘* waj')_ i Zaij‘[Xij‘-waj‘ *Twoj s Xwpi » Ywbi » yeD]qi +S;.0; ¢ tAp,, (4.11)
i=1

where the third term in the bracket accounts fer gkin at well j’. For injector ', we

have
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_1412By

ninj
pave B pr ’i'(XWDi" wai‘) - kh {_ Z aii'[XNDi" wai' + rWDJ"' XWDi ’ yWDi ’ yeD]qi + Sq} + Appr
i=1

(4.12)

To simplify the problem, we assume all skin factars equal to zeros. Eg. 4.11

& 4.12 can be rewritten for each time interval as

1412Bu( < 5
Pave = Puwr j = _T’u[ij"aﬂ'j"'Appr forj=1..J (4.13)
i1
!
Pave ™ Putir = _%(zqii'aﬁ‘j-kAppr forir=1..1 (4.14)
=1

Where ¢ = g; = g are the flow rates at injectors (signal wells).

4.3.2. Interpretation of interwell connectivity coefficieis using bottom hole

pressure data

Now, let us consider the interwell connectivityttes order to obtain better
results, the reservoir should reach pseudo-stetady before the test begins. Different
testing schemes were also considered includinginj@ctors as response wells, (b)
producers as both response and signal wells argh(t)in wells as response wells. The
response wells need to be directly effected by digmal wells. The case that total
injection equals to total production is not consadefor the test due to the reason stated
in Chapter 3.

The interwell connectivity coefficients calculatading the bottom hole pressure

data should satisfy the equation:

p.(at)= 4, +ZI:,8". p(at) for j=1... (4.15)
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Where p,(At) is the bottom hole flowing pressure at produceg,, is a constant and
B is the interwell connectivity coefficient accourdi for the effect of bottom hole

pressure at injector i {pon producer j. At is the length of the time interval as the
injection rates were changed after each time iaterMncluding the average reservoir

pressurep,,., to Eq.4.15, we have

I
pave_ pvvf,j‘(At):lBOj' + pave_ZIBij'pwf,i (416)
i=1

One of the properties of Eq.4.15 is

> B =1 (4.17)

i=1

Thus Eq.4.16 becomes

|
pave_ pvvf,j‘ = ﬁoj‘ +218ij'(pave_ pvvf,i) (418)
i=1

Marhaendrajana et al. (1999) introduced the conoépnterference effect as a
regional pressure decline to analyze pressure-opildata at a production well. Lin and
Yang (2007) extended the work to a field with batfectors and producers. Their
solutions basically state that the pressure regpohs well (injector or producer) in a
multiwell system is affected by the flow rate at thell plus an interference effect due to
other wells in the field flowing under pseudo-steathte. The solution for a producer

(") can be written as:

2 g, (3~ 2700 + 27800t (419)

Pini ~ pwf,j'(xwoj', waj”t):
For injector i’, we have
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141.2B
Pini ~ Pus ,i‘(XwDi" Ywoir ’t) = T’u[qi‘(ai T ZHDA)+ qutottDA] (4.20)

Where Aqg,, =Yg, =Y q . Egs. 4.19 and 4.20 state that the pressure ehah@
j=1

i=1
producer or injector is a combination of two termssshown on the right hand sides of the
two equations. The first term is proportional be flow rate of the well itself and the
second term account for the regional effect ofdtiteer wells. In our case, the second

term in the brackets is constant for each timewale Using material balance, we have

Ap,,. _ 0.23398
At cV,

AQ,, (4.21)

p

Where the constant 0.23394 is the conversion fdotdield units and ¥ is the reservoir
pore volume in reservoir barrels. Applying the deion of Ha (Eq.4.5) and Eqg.4.21 to

the second term in the right hand side bracke®.2@.becomes

141.2B
Pini ~ pwf,i‘(vaDi" wai"t) = Tlu[qi‘(ai'i‘ + ZIIDA)] + Apave(t) (4-22)

Moving Apave to the left-hand side, Eq. 4.22 can be rewritten dach time

interval of the interwell connectivity test as

141.2B
Pave(t) = Pus ,i'(xNDi" yWDi"t) = Kh K [qi'(a'i' + 27IDA)] (4.23)
or
pave(t)_ p i' XW i',yW i"t
% = 41o8uy, Wor Yool (4.24)
=@ + 2715, )]

kh

Substitute g defined in Eq.4.24 into Eq.4.13, we have
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|
_ &
. = o (Y N A 4.25
pave pr,J ;[pave pvvf,l (XWDI yWDl)](aii +27—IDA)+ ppr ( )

Eq.4.25 can only be applied to pseudo-steady Stateand equivalent to Eq.4.18

if the following condition satisfied:
| | ai"
2B = =1 (4.26)

Notice that Eq. 4.25 does not depend on productistody and holds true for any

! o
time interval assuming pseudo-steady state flowe §lerz %
= (a +211,,

) can be set to
1 by adjusting the time duratio\t]. The equivalent time duratiomg,) obtained
indicates the time of pseudo-steady state requstedhat Eq. 4.26 is satisfied at the

response well. Thus, Eqg.4.25 can be written as

' a.
- L= — Pus i Xooi» Yoo J——— + Ap, (At, 4.27
pave pwf,J iZ:l:[pave pwf,|( wDi wal )](aii +271_DA) pp ( q) ( )
|
Where za'—le and Ap,, (At ) is the pressure change defined by Eq. 4.10
= (aii +27IDA)

corresponding tat,,. Ap, (At,,) depends on the pseudo-steady state initial pressur

the total field flow rate and the influence of predts and not on the actual time interval.
Thus, with the same total field flow ratAd), assuming pseudo-steady state has been

reachedAp,, (At,, I8 constant with any test time intervalt]. Eq. 4.27 is true for any

Pave Since Equations 4.27 and 4.18 are now equivaknshould have:

B.=———— withi=1...land j=1...J (4.28)
(& +27t5,)
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IBOj‘ = Appr (Ateq) (429)

Eq.4.28 indicates that the interwell connectiviteffiwient ; reflects the effect

of both the flow rates at the signal wells and thituence of other wells on the signal

! o
wells. Sinceza’—'=1, Pave ON both sides are canceled out and Eq. 4.27 can
= (a +271,,)

also be written as

I L
pwf,i' = Z pwf,i (XwDi ’ yWDi ) a“ + Appr (Ateq) (430)

= (a; +27t,,)

| |
Even though)_ 5. and Z% are both equal to 1, the meanings are
i=1 i=1

aii + 27—‘:DA

|
different for each caseZ B;. =1 indicates the pressure fluctuation at the respordis
i=1

I o
are only due to signal wells Whi|§a'—')=l indicates a state of pressure

= (3 + 27ty
distribution due to pseudo-steady state flow dfterperiodAte
Since the interwell connectivity coefficients werelcodated without the

knowledge of pressure history during each time wvaterit is reasonable to apply the
pseudo-steady state equation (Eqg.4.25) with the tavation ofAte, to each pressure
data. Thus, the original test system is now seartoequivalent pseudo-steady state
system with the time interval afte;, The model works with the assumption that the
bottom hole pressures at the response wells resaldp-steady state before the rates at

the signal wells are changed.

4.4. Model Verification

In order to verify the analytical model, two homogeus synthetic fields were
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used. One field has 5 injectors and 4 producer4 &ynthetic Field) and the other field
has 25 injectors and 16 producers (25x16 Syntliegic)). The reservoir simulator used
was ECLIPSE 100 Black Oil Simulator. Figs. 4.1 arlghow the grid systems for the
two models and the well locations with | and J intiga injector and producer

respectively. The grid configuration for 5x4 Syatib Field was 73x73x5 and for 25x16
Synthetic field was 59x59x5. The dimensions f@& 8x4 Synthetic Field were 3100ft x
3100 ft x 60 ft and for 25x16 Synthetic Field we@086 ft x 5900 ft x 60 ft. The initial

static reservoir pressure was 650 psia.

Table 4.1: Input data for homogeneous simulation nsodel

Horizontal Permeability kn =100 mD Water compressibility Cw=1E-6 psi*
Vertical Permeability ky =10 mD Oil compressibility Co = 5E-6 psi™”
Porosity ¢=0.3 Rock compressibility ¢ = 1E-6 psi'1
Viscosity u=2cp Total compressibility ¢ = 2.8E-6 psi”
Initial reservoir pressure pi = 650 psi Formation volume factor B =1.03 bbl/STB
Water saturation Svw=0.8 Wellbore radius ry = 0.355 ft

Other reservoir properties for the homogeneous aasshown in Table 4.1. One
phase flow of water was assumed. 5x4 Synthetic Fredd run for 50 months
representing 50 data points (time intervdl= 30 days), while 25x16 Synthetic Field was
run for 130 months. However, only data after theoed month were used to better

satisfy the condition of over all pseudo-steadyesta

4.4.1. 5x4 Synthetic Field
Both Eqgs. 4.27 and 4.30 were used to verify theyéiocal model. The bottom

hole pressure calculated from Eq. 4.15 and Eq. w&®@& compared. The coefficients
calculated from the influence function were also pamed with those obtained from
simulation data. Investigation on the effect dfetent tq on the interwell connectivity

coefficients was also carried out.
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Figure 4.1. Grid system for 5x4 Synthetic Field (736).
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Table 4.2: Interwell Connectivity Coefficient resuirom MLR for the 5x4 Synthetic field

P1 P2 P3 P4 Sum
By (psia) | -740.6 | -740.3 | -741.3 | -741.0 | -2963
11 025 |026 |013 |o014 |o0.78
12 025 |014 |026 |014 |o0.78
13 022 |021 |022 |02 |o087
14 014 |025 |014 |o025 |o0.78
5 014 |014 |025 |o025 |o0.78
Sum 1.00 | 100 |1.00 | 1.00

Table 4.3: Interwell Connectivity Coefficient retsulrom analytical solution withteq =
12.63 days for the 5x4 Synthetic field

P1 P2 P3 P4 Sum
11 0.24 1 024 | 0.15 ] 0.15 | 0.77
12 0.24 | 0.15 | 0.24 | 0.15 | 0.77
13 0.23 | 0.23 | 0.23 | 0.23 | 0.91
14 0.15 | 0.24 | 0.15 | 0.24 | 0.77
15 0.15 ] 0.15 1 0.24 ] 0.24 | 0.77
Sum | 1.00 | 1.00 | 1.00 | 1.00

Table 4.2 and 4.3 show the interwell connectivity fiicents obtained from
simulation data using MLR technique and calculatesn analytical solution with
equivalent timeAteq = 12.63 days. The coefficients for each well geom both tables
are close with the difference less than 10%. Notiwd the interwell connectivity
coefficients in Table 4.2 are different from thdseTable 3.1which were calculated
using simulation data from different simulator (BOAS8). These differences could be
due to the way the data were input into the simuatdifferent from ECLIPSE 100
where most input data can be entered directly, sompet data for BOAST 98 are
calculated from other inputs such as the fluid cagagibilities. This leads to inconsistent
input data of the same parameters for the two mpdetsthus produces slightly different

interwell connectivity results.
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Figs. 4.3 and 4.4 show the results obtained from Bd&/ and 4.30 with the
simulation results respectively. The average pmessfor analytical solution (Egs. 4.27)
were calculated using material balance equation (#g1). The constant term
Ap, (At,,) was calculated using trial-and-error method by friaty two representative
equivalent points on both graphs. The coefficiE#ndetermination (B does not depend
on this constant term. Good match is observed gn48 with R= 0.95. The error
could be because the average reservoir pressaog exactly constant due to the change
in total compressibility. However, excellent matsiobserved in Fig. 4.4. The constant

terms Ap,, (At,, ) for both cases are close fig calculated from simulation data using

MLR technique (Table 4.2).
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Figure 4.3. Absolute Values of {2P.s) from Eq.4.28 and from simulation results for
Well P-1, 5x4 homogeneous field.
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Figure 4.4. Rt Results from Eq.4.30 and from Simulation for Well, Bx# homogeneous

field.
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Figure 4.5. Plot of the ternf,;. = Ap,, (At,,) versus different time intervall{), 5x4
homogeneous field.

Similar results were obtained for other producerfwus, the analytical approach

works well for the 5x4 homogeneous reservoir. Fi§.shows a plot of the constghy.

calculated from simulation results versus differmgth of the test time intervali).

B, for differentAt are almost the same with less than 1% differemtence, the results
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agree with the analytical model that the tefum), (At,,) = 3,;. does not depend on the test
time interval.

4.4.2. 25x16 Synthetic Field

Similar procedure was used to verify the applicatid analytical model to 25x16
Synthetic Field. The equivalent time was found & 587 days At.q = 5.87 days).

Again, Fig. 4.6 shows the results obtained from EB8Q 4or Well P1.
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Figure 4.6. R Results from Eg.4.30 and from Simulation for Well, 2516
Homogeneous Synthetic Fieltt{; = 5.87 days).

Again, a perfect match was obtained for bottom hoéssures calculated using
Eq. 4.30 and from simulation results. However, thesgure difference plots display a
good match only at early time. The poor matchate time resulted in low value of R
(0.42). At later time, as more water was pumped he, ¢thange of water saturation
became more significant. Since water and oil cosgibdity were different, the change
in water saturation would lead to a change in tatatgressibility. Thus, the assumption

of a constant average reservoir pressure changeviwkited. R, used in Eq. 4.27,

62



which was calculated from material balance, was ngdomaccurate with changing total
compressibility. When the actual average fieldspoee from simulation results were
used for Eq. 4.27, we obtained much better matathawn in Fig. 4.7 (R= 0.92). Since
excellent match was again obtained for bottom hoéssure results even at late time
(Fig.4.6), it was confirmed that once the well reacpseudo-steady state, the bottom
hole pressure is independent from production hysf@alko et al., 2000).

Different values of permeability were applied to $@me reservoirs (5x4 and
25x16 Synthetic Fields) to investigate the behawoidhe equivalent timeAtey). Plots of
permeability of both 5x4 and 25x16 synthetic fields the equivalent time are shown on
Fig.4.8. Itis clear that as the permeability easesAte, decreases. The fact thstt, of
25x16 field was higher than that of 5x4 field indexhthat with the designed flow rates,

25x16 field reached pseudo-steady state quickerikad field.

4.5. Calculation Techniques for Interwell Connectivity Tests

Albertoni and Lake introduced the Multivariate LineRegression (MLR)
technique to solve a system of linear equationsirfterwell connectivity coefficients
using flow rate data. Dinh and Tiab (2008) usedstirae technique to calculate interwell
connectivity coefficients from bottom hole presswlata. Least Squares Linear
Regression (LSLR) is another technique to solvgstem of linear equations by least
square fitting (Jensen et al., 2000, see also @h&pCanale, 1988). According to
Yousef et al. (2006), MLR technique is equivalentLemst Squares Linear Regression
(LSLR). Thus, using either MLR or LSLR is an optibased on convenience. In this

study, both the MLR and the LSLR techniques wereluse
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4.5.1. Calculation Approaches

Consider a system of J producers and | injectorsravirgectors are the signal
wells and producers are response wells. All wellsfaltg penetrating vertical wells.
The reservoir is assumed to be homogeneous witktaanrock properties. The fluid
saturations are assumed to be constant. Singkegdloav of a slightly compressible fluid
of constant viscosity is also assumed. In an we#rconnectivity test as described in
Chapter 3, the injection rates were changed aftnatant time intervalAt) while the
production rates were kept constant and equal ¢jimawt the test. The total injection and
production rates were also kept constant. The vesewas assumed to have reached

pseudo-steady state at the end of each time ihterva
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Figure 4.7. Absolute Values of (2P Calculated and Simulated withRtaken from
simulation results for Well P-1, 25x16 Homogeneousheyie Field (teq = 5.87 days).
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Figure 4.8. Equivalent timel{ey) as a function of permeability-Homogeneous 5x4 and
25x16 Synthetic Fields.

Egs. 4.18 and 4.19 were used as models for themvelleconnectivity test. Thus
the equations were applied to each time intervahduhe test. Since the total field-wise
flow rate and the time interval are constant, therage reservoir pressure change is
constant for every time interval. Let the supepidrbe the order of the data points used

for the test, we obtain a system of equations fdata points for producer |’ as follows:

1412Bu(

T’u(__l qu(l)au -'-Appr= pave(l) - p\f\}f)]

14128/,1 I @ _ 2 @

T( - Qij‘2 a'u +Appr_ Pave ~ pW?f] (431)
1412B '

Tlu(_:l qlEL)au -'-Appr= pave(L) - p\SVI;)j

4.5.2. Average Pressure Change Calculation

Now, assuming constant B, p,andApave We can subtract the previous equation
in the system of Eq.4.31 from the next equationngknto account that\p,, stay

constant. Thus, we have
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IZ(q”(Z) - qu(l) )M ij’ _Apave = _(p\fv?,J" a p‘f‘]/.f)J)

[y

i=1

(qu(S) - qu(Z) )M it Apave = _(p\fvef,)vi' B p\fﬁ)J) (432)

(2 -6 My 80, =05, - P2

i=1

Where M, are coefficients account for the state of the weljardless of
production history. Since the total injection ratas kept constant, when one equation
was subtracted from the other, the sum of the rfferehces was equal to zero. The sum
of the resulted coefficients (M was also equal to zeros indicating that if thevflates
are kept constant and equal, the change of botengressure is equal to the change of
average pressure. However, sincg Mere calculated without the information of
production rates, they do not reflect the actuatiesand are not used in the analysis.

Eq.4.32 can be solved using either LSLR or MLR teghe. In this study, LSLR

was used to calculafgp,

we- AP, IS positive when the average pressure increases and
negative when it decreases. Assuming constant ¢otapressibility and porosity, the
reservoir pore volume (Y can be estimated using Eq.4.21. Knowing the ingtakic

pressure, the average pressure after each timeahtean be estimated by adding the

total pressure changd&g

ave

). With the known total reservoir volume g)y total porosity

can also be calculated:

\
=t 4.33
o = (4.33)

Relative Interwell Permeability Calculation from énvell Connectivity

Coefficients using Bottom Hole Pressures
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A direct relationship between interwell connectiwtefficients and the influence
functions (@) is presented in Eq.4.28, in whicl aepresents the connectivity between
two wells i and |’ and the tern{a, +272,,) is associated with the injector i. Thus, the
permeability value in ja reflects the permeability between wells i and jatigle to the
permeability given to injector i in the ter(ra1i +271DA). If the permeability values given
for every injector are equal, then the permeaeditin g are relative to one another
among injector-producer pairs and the permeabditythe injectors. The equivalent

timeAt,,was calculated using trial-and-error technique withagsigned homogeneous

! a.

permeability system to the injectors so tth‘%:l. Thus, by varying
i=1 (aii +271DA)

permeability between each well pair so t ik =g, relative permeability
8 +27t;,)

among wells can be estimated.

The reference reservoir is a homogeneous resewitir permeability equal to
permeability given to the signal wells (injectord)Ve call the permeability assumed for
the signal wells reference permeability.fkand the permeability accounting for the flow
property between signal and response wells relatitexwell permeability (k). The
matching process can be carried out using triateanakr method by varying relative
interwell permeabilities until the total differencketween interwell connectivity
coefficients from analytical model and simulati@sults for each response well equal
zero. Different from the interwell connectivity céeients, the relative interwell

permeabilities do not depend on the distance betweds and the position of the wells.
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4 .5.3. Calculation Procedures

Step 1 Obtain both flow rate and pressure data from thenivell connectivity
test. The number of data points should be mone B4 to obtain good results (Dinh &
Tiab, 2007). The time interval should be long agtofor every well to reach pseudo-
steady state. However, if the reservoir is alreadyseudo-steady state, the time required
for each well to reach pseudo-steady state aftdnr este change will be much shorter
than the time required for the reservoir to reasbudo-steady state from a static initial
pressure (Umnuayponwiwat et al., 2000). The interweilinectivity coefficients can
then be calculated using MLR method as describ&thempter 3.

Step 2 Calculate the average reservoir pressure chaogesponding to each

producer,Ap,,., using Eq.4.32.Ap,,. for every producer should be close if all prodscer

are connected to the same reservoir pore volunme biilk volume (Y) of the reservoir
can also be calculated knowing the reservoir gegmefihe pore volume and the total
average porosity can then be calculated using4£8%.and 4.33.

Step 3 Define a homogeneous pseudo-steady-state refereggervoir by
assuming a reference permeabilityedk ket should be representative of the entire
reservoir. Further details about the charactesstif ker will be discussed later. The
equivalent time intervalAteg) corresponding to the reference reservoir canabeuated
using trial-and-error method as described before.

Step 4 Using ke and Ateq from step 3, match the interwell connectivity
coefficients from analytical equation (Eq.4.28) witiose calculated from the bottom

hole pressure data. The denominator in Eq. 4a28,271,,), is associated with the

injector i and is calculated usingek The nominator is calculated using the relative
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interwell permeability (K). Thus, k is varied to obtain the match whileskis kept
constant. The match is obtained when the perceat between interwell connectivity
coefficients calculated from analytical equationd asimulation is 0%. The results
include a value of kfor each injector-producer pair. Thesg de relative interwell
permeability corresponding to assumed referencegability.

Step 5 The results obtained are used to analyze theva@s@roperties including
high permeability channel, permeability barrier arebervoir compartmentalization.

More details are discussed in the next section.

4.6. Simulation Results

The calculation approaches presented in the latibsewvere applied to data from
two synthetic fields, one with 5 injectors and 4 proet (5x4 Synthetic Field) and the
other with 25 injectors and 16 producers (25x16 &stit Field). These synthetic fields
are already described in the previous sections.th Bommogeneous reservoir and

reservoirs with heterogeneity were considered.

4.6.1. 5x4 Synthetic Field

Consider a waterflood system of 5 injectors andotlpcers as shown in Fig. 4.1,
where production and injection rates were kept @nsduring a constant time intervals.
Injection rates were changed after each time intelowd production rates and total
injection rate stayed constant,(¢G constant) as described in Chapter 3. The systas

assumed to be in pseudo-steady state so Eqgs.dd18 10 apply.
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Figure 4.9. Top view of the simulation model for$ixd Synthetic Homogeneous
Reservoir.

a. Homogeneous Reservoir

The permeability distribution for the simulation d&b for this case is shown in
Fig. 4.9. The reservoir is homogeneous with forarapermeability of 200 mD.

The interwell connectivity coefficients calculatedorh simulation data and
analytical model were presented in the previousi@ectLSLR technique was used to
calculate the average pressure change as desbel@me. AP, is in perfect match with
result obtained from material balance and the tedyporosity was 0.301. By keeping
the permeabilities associated with injectors corisatari00 mD, the interwell coefficient
in Table 4.3 can be matched with those in Table b2adjusting the permeability

between injector/producer pairs or the influencechiam g. The resulted relative

70



interwell permeabilities are shown in Table 4.4..Bid.0 shows the representation of the
permeabilities in Table 4.4 in form of inverse arso The lengths of the arrows are
proportional to the permeability between injectandl @roducers. The relative interwell

permeabilities are very close to each other aridgonput formation permeability.

Table 4.4: Relative Interwell Permeability results fhe 5x4 Homogeneous Synthetic
Field (ke=100mD,Ateq= 12.63 days)

P1 | P2 | P3 | P4 | Ave.
11 105 | 109 | 93 98 | 101
12 104 | 95 | 108 | 98 | 101
13 95 94 97 95 95
14 99 | 106 | 97 | 104 | 101
15 97 97 |1 105 ] 106 | 101

Ave. | 100 | 100 | 100 | 100

N 7

P02 @ (e ® P03
103
k_ ° ;l/
104 Po4 105

Figure 4.10. Representation of relative interwedtmeability for the case of 5x4
Homogeneous Reservoir.
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b. Anisotropic Reservoir

In this case, the permeability in x direction (106D) is ten-fold the permeability
in y direction (100 mD). The results for relativedarwell permeabilityare shown in
Table 4.5. The permeability at the injectors wat te the geometric average of the
maximum and minimum permeability which equals 316 mie equivalent timeAteo)
was found to be 4.00 days.

Fig. 4.11 shows the representation of the relatiterwell permeabilities. The
results agree with the actual permeability of theldfiwith high permeability in x
direction and low permeability in y direction. Thesults indicate that the relative
permeability is not directional permeability betweeell pairs but rather be the average
permeability of the effective area between the twdswvelhe interwell connectivity for
some well pairs such as 11P2 and 12P3 are larger tti& others such as 12P2 and I1P3.
However the permeabilities between 12P2 and 11P3 anget than those of 11P2 and
I2P3 even though the distance between the formes pae less than the latter pairs.
Thus, the relative interwell permeabilities aregpdndent on the distance between wells
or the position of the wells. Results for the chaonf average reservoir pressure for this
case are almost the same as the previous casgethus/erage pressure change does not

depend on permeability.

Table 4.5: Relative interwell permeability resutisnh pseudo-steady state equation for
the 5x4 Anisotropic Synthetic Fieldgk316mD,Ateq = 4.0 days)

P1L | P2 | P3 | P4 | Ave.
11 1309|134 [168| 90 | 176
12 [307]170]136 | 92 | 176
I3 [138 317|318 (138 | 228
14 95 | 134 (168 | 305 | 175
15 87 | 170 [ 136 | 312 | 176

Ave. | 187 | 185 | 185 | 187
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Figure 4.11. Representation of relative interwedtmeability for the case of 5x4
Anisotropic Reservoir.

c. Reservoir with High Permeability Channel

In this case, a high permeability channel was prieas shown on Fig.4.12. The
red shaded area is the high permeability channelspeirmeability of 27000 mD which is
ten-fold the permeability in other area of the rese (100 mD).

For this case, permeability at the injectors wass@00 mD. Again, the relative
interwell permeability between well pairs were cadtetl by matching the values of
interwell connectivity coefficients calculated froamalytical model with the values
obtained from MLR technique using simulation resultSome resulted permeabilities
were lower than reservoir permeability which was usmoeable. It was because well 11
was actually located in the high permeability zond &hus, assuming permeability of
well 11 (k) was the same as formation permeability would leadrirealistic results.

Thus, in order to address this problem, an appraténaverage reservoir permeability of
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300 mD was assumed for well I1. The same permealibity applied to other injectors
to guarantee comparable relative permeability. Av nget of relative interwell

permeabilities were found as shown in Table 4.6.

VA

Perm: (mD)

I I
100.000 1000.000

Figure 4.12. Top view of the simulation model showirggx-direction permeability
distribution for the 5x4 Synthetic Reservoir witghhpermeability channel.

Table 4.6: Relative interwell permeability resutisnh pseudo-steady state equation for
the 5x4 Synthetic field-Reservoir with High PermiighChannel (k~=300mD,
Ate=12.15 days)

P1 P2 P3 P4 Ave.
11 529 568 424 508 507
12 113 79 148 91 108

I3 87 102 107 124 105
14 86 65 101 84 84
15 92 94 127 98 103

Ave. 182 182 181 181
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Figure 4.13. Representation of relative interwedhmeability for the case of 5x4
Synthetic field with high permeability channel.

Representation of the relative interwell permetibdiis shown in Fig. 4.13. A
clear trend of the high permeability channel carobserved by looking at the relative
interwell permeabilities on Fig. 4.13. The flow lretchannel seems to affect the relative
interwell permeability between wells on each sidéhefchannel. For examplg; for the
pair 103-P02 is lower than,kor the pair 103-P03 even though the permeabidgyween
103-P02 is higher. Thus, flow interference may eiftbe relative interwell permeability.

d. Reservoir with Partially Sealing Barrier

In this case, a reservoir with partially sealingrtgarsimilar to the case discussed
in Chapter 3 was investigated. The partially sgatarrier is indicated by the white
shaded strip as shown on Fig. 4.14. The barriersea® zero porosity and permeability.

Permeability at injectors was equal to formatiompeability of 200 mD.
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Figure 4.14. Top view of the simulation model showirggx-direction permeability
distribution for the 5x4 Synthetic Reservoir witpatially sealing barrier.

Table 4.7: Relative interwell permeability resutisnh pseudo-steady state equation for
the 5x4 Synthetic field-Reservoir with partiallalseg barrier (ke=100mD,Ateq = 12.63
days)

P1 P2 P3 P4 | Ave.
11 20 [ 129 | 62 98 77
12 249 | 65 | 174 | 95 146
13 52 99 60 94 76
14 79 [ 111 | 87 | 106 96
15 116 | 95 | 120 | 108 | 110

Ave. | 103 | 100 | 101 | 100

The relative interwell permeability results are shownTable 4.7. Fig. 4.15
shows the representation of the relative interwelimaabilities in form of reverse
arrows. It is clear that the permeabilities of walrs with wells on different side of the

barrier are small. Unlike the homogeneous case,ctimstantfy; calculated for each
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producer were different indicating each producer wader different influence by the

other producers.
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Figure 4.15. Representation of relative interwedtmeability for the case of 5x4
synthetic field with partially sealing barrier

The average pressure change for this case is higherthat of previous case
indicating a decrease in pore volume. This is beedhe barrier was set to zero porosity
causing a decrease in overall pore volume. Thaulzkd total porosity was 0.29 which
is slightly lower than assigned formation poros@y30).

e. Reservoir with Sealing Barrier

This case is similar to the partially sealing barrihowever, the barrier seals
completely as shown in Fig.4.16. Thus, the reseriactually divided into two
compartments. The results for interwell connegtizbefficients were similar to those
presented in the previous chapter. Some coeffgiare significantly small compared to

the others for the same producers. To simplifycdleulation, a cut-off value was set at
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0.1. Thus, any coefficients less than 0.1 were®eeros. Since the relative interwell

permeabilities do not exist at zero interwell caréints, they were also set to zero.

¥ Il
Permi {mDy)

I 1
100.000 100.000

Figure 4.16. Top view of the simulation model showirggx-direction permeability
distribution for the 5x4 Synthetic Reservoir witkealing barrier.

Table 4.8: Change of Average Reservoir Pressusalltefor the 5x4 Synthetic field-
Reservoir with Sealing Barrier g=100mDAte=12.63 days)

P1 P2 P3 P4 Ave

Apave (psia) | 181.0 | 390.3 | 180.8 | 390.2 | 285.6
11 -0.13 | 014 | -0.18 | -0.01 | -0.18
12 0.42 | -0.24 | 030 | -0.20 | 0.28
13 -0.21 | 016 | -0.23 | 0.19 | -0.08
14 -0.09 | 0.07 | -012 | 0.12 | -0.02
5 0.00 | -0.13 | 0.23| -0.11 | 0.00
Sum 0.00 | 0.00 | 0.00]| 0.00

The representation of relative interwell permeapilresults is presented in

Fig.4.17. The resulted average pressure changeg a&tdh coefficients M are shown in
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Table 4.8. It is obvious that there are two sed\adrage pressure changes (181 psi and
390 psi) corresponding to two groups of producedsRB) and (P2,P4) suggesting two
different reservoir pore volumes. From the reinterwell permeability results, we can
identify the wells connected to the same pore volurbg analyzing both relative
interwell permeabilities and average pressure clengbe results indicate two groups of
wells. One group of wells connected to the same poleme includes well P1, P3, 12
and I5. The other group includes P2, P4, 11, 18 & This agrees with the actual
reservoir model setup. Thus, the new technique lmanused to detect reservoir

compartmentalization and identify the wells tha s the same compartment.
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Figure 4.17. Representation of relative interwedtmeability for the case of 5x4
synthetic field with a sealing barrier.

f. 25x16 Synthetic Field

Only the homogeneous case was considered for tlds fiks mentioned before,

128 data points were obtained to calculate intereainectivity coefficients using MLR
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technique. Similar results to the results preskemteChapter 3 were obtained. The
interwell connectivity coefficients are very low ftre well pairs that are too far apart.
Since the percentage errors as mentioned in Steperd magnified for low interwell

coefficients, a cut-off value of 0.04 was applie@hus, the percentage errors of any
coefficients lower than the cut-off value were sete¢oo, and the corresponding relative
interwell permeability were considered as undeterthineOnly relative interwell

permeability corresponding to the connectivity ¢oednts higher than or equal to the

cut-off values were calculated. The results arevehia Fig.4.18 and 4.19.
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Figure 4.18. Plot of relative interwell permeabilitl;) after cut-off fj.cut-orr = 0.04) for
25x16 homogeneous synthetic field:k 100 mD Ateq = 5.87 days).

The relative interwell permeability results are elas one another. However, the
average value for;kis slightly lower than the input permeability dd@ mD as shown in
Fig. 4.18. This could be due to cross flow effatiopag wells. As shown in Fig. 4.19,
only k; between well pairs that did not have any other welween them could be

determined. The relative interwell permeabilitiéswell pairs with farther distances
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were slightly higher than those with closer distancdis agreed with a conclusion
drawn by Umnuayponwiwat et al. (2000) that “the irdeghce effects are not always
dominated by the nearby wells. Under certain coowi#i farther wells may play more

important roles on the well performance.”
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Figure 4.19. Representation of relative interwahmeability after cut-offfj.cut-orr =
0.04) for the case of 25x16 homogeneous synthelit(fe = 100 mD ,4teq = 5.87
days).

4.6.2. Different flowing conditions at the response andysial wells

The previous chapter considered injectors as sigmdls (changing rates) and
producers as response wells (constant rates). Howievezal field situation, it is not
always possible to keep the production rates constlmus, different test designs should
be considered. The characteristics of the analyticodel discussed in the previous
section indicate that either injector or producan e used as response wells or signal
wells. Hence, the technique should not be restriidtie case injectors as signal wells

and producers as response wells. In this sectionpbteined simulation results from
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several other case scenarios to verify this thedResulted interwell connectivity and
discussion on any necessary modification to théytical solutions are also presented.

Table 4.9 and 4.10 summarize the results for al ¢hses discussed in this
section. The second column shows the average pezcem of interwell connectivity
coefficients comparing to the Base Case (constanttyetion rate and changing injection
rate in homogeneous reservoir). The third columesents the asymmetry coefficients
(Ag). The fourth column is the total field flow rate¥he fifth and sixth column shows
the AP, results and their percent error comparing to thegenml balance solution
respectively. The last column is the calculatebgpities with input porosity of 0.3 for all
the cases.

a. Constant injection rates and changing production rées

For this case (Constant Injection), the injectofbx4 homogeneous synthetic
field described before were converted to produeens the producers were converted to
injectors. Thus, the 5x4 synthetic field now haver&@ducers and 4 injectors. Flow rates
of the new producers are the same as of the ofigmectors except they are now
producing flow rates. The new injectors were maimgdiat constant rates (850 STB/day)
so that the difference between total injection astdltproduction was the same as the
Base case. The results are shown in Table 4.9.

Determination coefficients of R1 and the low asymmetry coefficients A
0.004482 indicate good results. The coefficienits average pressure change are almost
exactly the same as for the case of constant ptiotiu@tes and changing injection rates

(Table 4.9).

82



Similar results were obtained for 25x16 synthetieldfi with asymmetry
coefficient A, = 0.0059. Almost the samap,. was also obtained. Table 4.10
summarizes the results.

A few changes are required for the analytical modeahis case. The negative
sign in front of the first terms on the right haside of both Eqs.4.13 and 4.14 become

positive and the\p,, becomes:

1412Bu &
Appr = _—’uz aj [XD Y Xij ) waj Xep) yeD’tAD]qj + Apave (434)

j and i is now standing for injectors and produaesspectively. Eq.4.19 should be used

instead of Eq. 4.20 to derive the flow rates fonactvells (producers).

b. All production wells with constant rates at respone wells

In this case (All producers), for 5x4 homogeneogkifithe injectors in the Base
case were converted to producers and acted as sighial Thus, all wells in the system
were producers. The response wells were set to cdnstaduction rate of 100 BPD.
The results are shown in Table 4.9. Poorer resuft elatained forAP,e with the
percentage error compared to the material balaesdtrof 8.3% (Table 4.9). This was
because as all wells were producing, the water satnrdecreased leading to changing
total compressibility or deviation from originalsasnption. ThusAP,e was actually
different for each time interval.

Similar approach was applied to the 25x16 homogenesynthetic field.
However, with the original flow rates, when all well poothg, it was impossible to

maintain the production rates as scheduled dueitk glepletion of the reservoir. Thus,
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no results were obtained for 25x16 synthetic fieldhis case. Therefore, the challenge
to carry out the interwell connectivity test whenwdlls are producing is to maintain the
scheduled production rates and make adjustmehgetohtange in total compressibility.

c. Shut-in Wells as Response Wells

In this case, all response wells in previous cases steut-in (shut-in producers
and shut-in injectors). The results obtained wése similar for both changing injection
rates and changing production rates. Both caseshwifin producers for the constant
production rate and changing injection rate caseé siut-in injectors for constant
injection rates and changing production rates das&x4 homogeneous synthetic field
were investigated. Results for the shut-in injecese (A= 0.0431) were not as good as
the results for the shut-in producerss A 0.0035) as shown in Table 4.9. The reason
could be more significant change in total comphabti in the case of shut-in injectors.

The same approach was applied to 25x16 homogengotiesc field. The case
of all producers with shut-in wells as response wetlsld be simulated for this field.
Good results were obtained for the case of shutedymer and changing injection rates
(Table 4.10). However, poor results with an averagreent error op;; = 420.85% were
obtained for shut-in injectors and active produaamsn after a cut-off value of 0.04 was
applied to the interwell connectivity coefficients shown in Table 4.10. Again, these
errors were due to the significant change in totahgressibility as water was drawn
from the reservoir and the decreasing reservoisque leading to weak signals from
active producers.

As seen in the Tables 4.9 and 4.10, with negatival fiaéld flow rate (total

injection is higher than total production), theatdatedAP,e are positive indicating an
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increase in reservoir pressure and vice versa. rékelts for the Base case and the
constant injection case are very close indicativggroles of injectors and producers can

be switched without significantly affecting the intedl connectivity results.

Table 4.9: Interwell connectivity result summary different test schemes for the 5x4
homogeneous synthetic fielgefkL00MD,4te.=12.63 days)

Cases Ave. % Error for 3 As Aqu: (STB/day)  Ave. APqe (psi) % Error for AP,.  Porosity
Base Case 0.00% 0.0035 -800 286.0 0.01% 0.301
Constant Injection 2.28% 0.0045 -800 285.6 0.12% 0.301
All producers 2.27% 0.0044 2400 -930.3 8.30% 0.277
Shut-in Producers 0.04% 0.0035 -2000 711.5 0.63% 0.302
Shut-in Injectors 2.35% 0.0431 2000 -683.2 4.58% 0.315

Table 4.10: Interwell connectivity result summaryddferent test schemes for the 25x16
homogeneous synthetic fieldefk 100 mD Ateq= 5.87 days)

Cases Ave. % Error for B3 As Aqi: (STB/day)  Ave. APqe (psi) % Error for AP,  Porosity
Base Case 0.00% 0.0059 -3600 353.0 0.58% 0.303
Constant Injection 0.70% 0.0059 -3600 352.5 0.70% 0.303
Shut-in Producers 1.37% 0.0072 -10000 964.6 2.45% 0.308
Shut-in Injectors 420.85% 0.1307 10000 -970.6 1.74% 0.306

4.7. Conclusions

Some conclusions drawn from this chapter are asvisst|

- The analytical model presented in this study wonkedl with the interwell
connectivity tests with the assumption that the geesteady state of the field has been
reached at the end of each time interval. The mpdalides in-depth understanding of

the multi-well system with water injection in the pease of heterogeneity
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- Tests that are longer than required (more daiatg) may create errors because
of deviation from the constant total compressipilissumption due to the change of total
reservoir saturation. Thus, an adequate numbeéataf points should give better results.

- The relative interwell permeability does not depem the position and the
distance between wells. Thus, it provides an additiparameter to evaluate interwell
connectivity.

- The average reservoir pressure change with therwetl connectivity
information can be used to identify reservoir comipantalization as well as the wells
connected to each compartment.

- Results from this study have shown that the sigmells could be either
producers or injectors so are the response wdlle response well could also be either
flowing or shut-in. Thus, this study provides tHexibility in design of interwell

connectivity test to fit a field situation.

86



CHAPTER 5 — APPLICATIONS OF THE INTERWELL CONNECTIV ITY

TEST TO NATURALLY FRACTURED RESERVOIRS

This chapter extends the technique to naturallgtdir@d reservoirs represented by dual
porosity systems. A pseudo steady state solutioa fally penetrating vertical well in a
dual-porosity closed rectangular reservoir was usechlculate the influence functions
between active and observation wells. Similar topiteeedure described in the previous
chapter, the model was then used to calculateivelaiterwell permeability, change of
average reservoir pressure and total pore volume imierwell connectivity coefficients
obtained from simulation results.

Different dual porosity reservoir simulation modéism a commercial reservoir
simulator were run to verify the technique. Comgams between the results obtained

from single porosity systems and double porosisteays are explained in detail.

5.1. Literature Review

Naturally fractured reservoirs are often associatg@ti carbonate rocks which
contribute to more than half of the world oil resenA naturally fractured reservoir often
consists of two system, the matrix system and thetdre system. Nelson classified the
naturally fractured reservoirs into four types lthsm engineering criteria (Tiab and
Donaldson, 2004):

- Type 1: Reservoir fractures provide both storagecey and permeability while
the matrix provides negligible or no storativitypermeability.
- Type 2: The fractures provide most or all of thewflcapacity and the matrix

contributes to most or all the storage capacitlyis Type is the most common type
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among naturally fractured reservoirs and is ofteferred to as a dual porosity

system.

- Type 3: Both fracture and matrix systems contribiotehe permeability of the
reservoir. This type of naturally fractured resers is often referred to as a dual
permeability system.

- Type 4: Fractures are filled with minerals and tthezome barriers to fluid flow.
This reservoir type is often uneconomic to develop.

In this study, only naturally fractured reservoiexhibiting dual porosity
behaviors were considered (Type 2). There has agrmber of studies on the behavior
of dual porosity systems. Warren and Root (1968yide a model for a dual porosity
often referred to as “sugar cube model”. In theodel, Warren and Root divided the
reservoir into a system of blocks that represeatrtiatrix system and the space between
the blocks represents the fracture system as showsgi 5.1. The assumptions for
Warren and Root’s model are that the fluid flow frdme matrix to the fracture system is
under pseudo-steady state flow condition and dmyftactures feed the wellbore. Two
key parameters to characterize the dual porosisgesy were introduced, the storage
capacity ratio ¢) and the inter-porosity flow paramet).( Kazemi (1969) developed a
model for a dual porosity system based on the Waamd Root model. However,
Kazemi’'s model assumed the matrix and the fractasea slab system as shown in Fig.
5.1. The results for this model were similar to Warren and Root model. In this study,

the simulation models for naturally fractured resarwere based on the Kazemi model.
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Mode! Reservoir Actual Reservorr
Fracture

Matrix

1

Madel Reservoy
~

11

Fractures

A Finite Reservoiwr with Centrally Located Well
Matrix

Figure 5.1:. Idealization of a naturally fractureystem showing I. The actual reservaoir,

II. Warren-Root’s “Sugar cube model” & Ill. Kazemidodel (Source: Kazemi H.,
1969).

De Swaan O, A (1976) provided analytical solutionsdietermining dual porosity
system properties by well testing based on Kazemdel. From the analytical
solutions, different reservoir parameters could daéculated based on the transient
pressure behavior of the reservoir. Engler antd 71895) developed a transient pressure
analysis technique to analyze natural fracturegrvesrs based on pressure derivative

curves.

5.2. Analytical Model

For simplicity, the pseudo-steady state solution goessure distribution of a
vertical well in a naturally fractured reservoir wased to calculate the influence
function. Ozkan (1988) (also Raghavan (1993)) mledithe late-time approximation for
pressure distribution due to a fully penetratedizak well in a closed rectangular dual

porosity reservoir as follows:
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pszaV:mDAJrzﬂyeo{g_yD Y6 wa]_l_

3 Yep 2ye2D

COShkﬂ[ Yep _|yD - yWD|J + COShkﬂ[ Yep ~ (yD + wa)j (5.1)
j XeD XeD
sin}{knyeDJ
XeD

Where pa is the dimensionless time based on drainage egpa% = tf;/
eD JeD

XeD

+ ZZ% co{ KD Jco{kﬂ Xwp
k=1

XeD Xep

The dimensionless variables are defined as follows:

X
XD :I (52)
y
Yo =E (5.3)
kh
= N (h —plxyit 5.4
Po 141_quefBﬂ(|om. p(x, y,t)) (5.4)
kt
ty = 0.0002637— (5.5)
g,

Where L = x, for the vertical well case.

It is necessary to note that the dimensionlessspresn Eq. 5.1 is also the late
time solution for a vertical well in a closed redalar reservoir as described in Chapter
4. Eq. 5.1 does not depend on the dual porositgnpeters and should be applicable to a

homogenous medium as well. The derivation of Eqibdescribed in the Appendix C.

5.3. Calculation Methods

5.3.1. Ozkan Calculation Method
Applying the formula given by Ozkan (1988, page %8 ,have
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COSS?;/E(E/)/_;;; jYD ) = {eXF(_ \/BYeD)"' eXF{_ \/B(ZYeD Yo )]}x {1"' mi:leXF(_ Zrn\/ByeD )} (5.6)

Eq.5.1 and Eq.5.6 become

p =27t +27‘[y9D['_yD+y[2)y"2"DJ
Dv DA +
XeD 3 yeD 2y§D

(5.7)
+ Zii co{kﬂXDJ CO{kﬂ))((WDJG(XeD’ Yenr Yun» Yoo k)

k=1 eD eD

Where

coshﬁ[ Yeo ~|¥o - wa] N coshﬁ[ Yeo = (Yo * Yup )J

XeD XeD

s oo
) {e‘{%yy]“{%[zy . ym {“zex‘{_ mlo H (5.8)
R R e [ R BT

:{1+§ex{_2mm]} ,{fyo wa]_‘_eXF{ U5 o +Yio) wa)J

Xep +ex{_ \/5( Yeo -Xis -yWDH+ ex{_ ‘/B(Zyw_zz +wa)H

G(XeD' Yen: Yup s yD'\/B):

Whereb = (k77)?

5.3.2. Valko Calculation Method

Valko et al. (2000) proposed a different methodaicuate the influence function

using Ozkan’s solution. The influence function praed in their study only considers

the pseudo-steady state pressure distribution egpect to average reservoir pressure.

Thus, the ternment,, was not included in the equation of the influenaection. In this
study, however, the terrnt,, is necessary for the influence function to accdanthe

time interval. The calculation procedure is sunipeal below.
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Taking into account the symmetry:

a'\/1[XD ! yD ! XWDn ! wan’ yeD] =

) . . (5.9)
=a [maX(XD ’ XWDn)’ max(yD ’ wan)’ mln(XD ’ XWDn)’ mln(yD ’ wan)' yeD]

Where a is defined as (Valko et. al., 2000)

2 .2
avl[XD'yD1XWDn' yWDn'yeD] =2 Yeo [E_ Yo Yo " Yo J"’

Xep (3 Yep 2y%
coshmﬂ(yeD —|yD - wa|)+COShm]T(yeD _|yD + wa|)
Sinh(mnyeo)

(5.10)

+ 22i codmrx,, )codmrx )
m=1 m
-The & term above can be calculated as follows:

a\?l[XD » YD Xwpn+ Ywon yeD] if |XD - XWD| >|yD - yWD| (5.11)

a\J}lX 'y 'Xwn’ywn'ye = i
[D D+ AwD D D] {a\(,)l[yo,xo’wan’Xan’llyeD] otherwise

-The equation%can be calculated as

o Yol Yo . Y5tV
aV[X Y ’Xwnlywnlye]_ZH (—‘ + +3 (5.12)
' ° ° ° ° ° XeD 3 yeD 2y§D
Where
—_ c tm XD XWD
S, = ZZE coSmT—2- cosnir . (5.13)
m=1 eD eD
-y, - —ly, +
Coshmn(yeo Yo waI}Coshm,{yeD Yo wa|]
XeD XeD
t = (5.14)

sinhmn( yeDJ
XeD

The infinite sum of equation above can be rewrittefinite approximation as follows (P

Valko et. al., 2000):
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S, =5 +S,+S, (5.15)

S = Zit—r”r‘] codmrx, )Jcodmrx, ) (5.16)

S, = = nfL-codr{x, +x,0 ) +[sin{r(x, +x,0 )}

. (5.17)
= infiL-cosalx, —x,0 ) +[sin(x; ~x,0 )7}
S, =2t, i% codmrx, )codmzx, ;) (5.18)

m=1

N is the number of term in the summation.

Adding the term2st,, to &, , we obtain the influence function for verticallirges

aV[XD ! yD ' XWDn' yWDn' yeD’tDA] = 27-“.DA + avl[XD ' yD ! XWDI’]’ yWDn' yeD] (519)

Fig. 5.2 shows the comparison of the influence tioncvalues calculated using
different calculation methods and equations. Tledl v¢ at the center of the closed
rectangular reservoir and the dimensionless wedllbadius equals 0.000229. The results
are in good agreement especially at late time.ceSthe calculation methods suggested
by Ozkan and Valko et al. are for the late timeusoh, the results for the influence
functions fit well into a straight line with a slepof 2t The solution provided by
Marhaendrajana et al. (1999), on the other harghasl for both early and late time flow.
Thus, at small dimensionless timea(t<0.3), the results by the Marhaendrajana et al.
equation are different from those calculated ushegOzkan or Valko et al. equations.
However, for this case at smaller dimensionlese tiign < 0.02), the Marhaendrajana et
al. solution could not give a value for the inflgenfunction due to calculation errors.

Solutions that are applicable for both early tinnel #ate time are recommended because
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they better represent the actual pressure behavibie wells. Further discussion on the

different solutions is presented later in this mepo

90 J‘

80

70

60

50 ]
]

Pup

40 [}

30

20

""""

10 ogptf

0 2 4 6 8 10 12

toa

‘ # Marhaendrajana et al. m Valko' etal. Ozkan ‘

Figure 5.2:. Dimensionless Pressures or Influefucetions versus dimensionless time
for a fully penetrating vertical well at the centara closed rectangular reservoir
calculated by different methods.

Fig. 5.2 and Table 5.1 show the comparison of tifeience function results
calculated using the methods mentioned above. nid¢teod by Marhaendrajana et al. is
good for both the early and late time. Howeverewlhe time became very small, this
method could not provide any results (see Tablg 5The results obtained from Ozkan
and Valko et al. can fit into a straight line. Hewer, at early time when transient flow is

dominant, these results are not accurate as trediegs are late time solutions.

5.3.3. Shape Factor Calculation

Shape factors are used to calculate pressure & atetlifferent locations in a
reservoir of a certain shape. Letting @=note the shape factor, we have the well known

shape factor equation (Dietz, 1965):

4A

P.o = 27t,, + 05In oC, L2

(5.20)
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with L = ry, Ly and Ly/2 for vertical well, vertically fractured well anfibrizontal well

respectively ang is Euler’s constanty(= 0.5772...)

Table 5.1: Dimensionless Pressures or Influencetfans of the well at the center of
the 5x4 synthetic field calculated from differequiations/methods

toa Marhaen;rajana et Valko' et al. Ozkan
1.00E-04 N/A 7.072 7.072
5.00E-04 N/A 7.074 7.074
1.00E-03 N/A 7.077 7.077
5.00E-03 N/A 7.103 7.102
1.00E-02 N/A 7.134 7.134
2.00E-02 6.830 7.197 7.197
3.00E-02 7.033 7.260 7.260
4.00E-02 7.177 7.322 7.322
5.00E-02 7.291 7.385 7.385
6.00E-02 7.386 7.448 7.448
7.00E-02 7.470 7.511 7.511
8.00E-02 7.546 7.574 7.574
9.00E-02 7.618 7.637 7.637
1.00E-01 7.687 7.699 7.699
2.00E-01 8.328 8.328 8.328
3.00E-01 8.956 8.956 8.956
4.00E-01 9.584 9.584 9.584
5.00E-01 10.213 10.213 10.213
6.00E-01 10.841 10.841 10.841
7.00E-01 11.469 11.469 11.469
8.00E-01 12.098 12.098 12.098
9.00E-01 12.726 12.726 12.726
1.00E+00 13.354 13.354 13.354
1.10E+00 13.983 13.983 13.983
1.20E+00 14.611 14.611 14.611
1.30E+00 15.239 15.239 15.239
1.40E+00 15.868 15.868 15.868
1.50E+00 16.496 16.496 16.496
2.00E+00 19.637 19.637 19.637
3.00E+00 25.921 25.921 25.921
4.00E+00 32.204 32.204 32.204
5.00E+00 38.487 38.487 38.487
6.00E+00 44,770 44,770 44.770
7.00E+00 51.053 51.053 51.053
8.00E+00 57.337 57.337 57.337
9.00E+00 63.620 63.620 63.620
1.00E+01 69.903 69.903 69.903
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Thus, the shape factor can be calculated usinfptlosving equation

C,= Exr{(4ntDA -2p,5)+ Log ala } (5.21)

L*e”
Table 5.2 presents the dimensionless coordinateslfathe wells in the 5x4
synthetic field. Other data includeg* yep = 1 and p = 0.00029. Table 5.3 shows the
shape factors for all the wells in the 5x4 synthdield calculated using 8 results
(influence functions) from the different calculatitechniques and Eq. 5.21. As shown in
Table 5.3, the shape factors are in good agreenmEmese shape factors can be used to

calculate the influence functions using Eqg. 5.20.

Table 5.2: Dimensionless coordinates of the wallghe 5x4 synthetic field

Wells XwDv Ywbv
101 0.1774 0.8226
102 0.8226 0.8226
103 0.5000 0.5000
104 0.1774 0.1774
105 0.8226 0.1774
PO1 0.5000 0.8226
P02 0.1774 0.5000
P03 0.8226 0.5000
P04 0.5000 0.1774

Table 5.3: Shape factors for the wells in the Sxatisetic field calculated from different

equations/methods
Wells Ca
Marhaendrajana et al. Valko et al. Ozkan
101 0.8456 0.8470 0.8457
102 0.8436 0.8442 0.8437
103 30.8823 30.8811 30.8848
104 0.8476 0.8470 0.8477
105 0.8456 0.8442 0.8457
P01 6.6951 6.7012 6.6959
P02 6.7072 6.7097 6.7080
P03 6.6951 6.6926 6.6959
P04 6.7072 6.7012 6.7080
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5.4. Simulation Results

5.4.1. General Model Descriptions

A dual porosity simulation model was set up forststudy in ECLIPSE 100
simulator (2006). The keyword DUALPORO was usettifie dual porosity model. The
grid system was kept the same as in the case dlirtigke porosity reservoir presented in
the previous chapter. Since the simulator defimafl of the layers as matrix blocks and
the other half as fracture blocks, the number péids for the model needed to be an even
number. In our case, the number of layers waasmd to six and the thickness of each
layer was changed to 10 ft so that the total tresknstayed the same at 60 ft. The
Kazemi dual porosity model was used by the simulatdhis model is similar to the
Warren and Root model, however, instead of dividihg reservoir into sugar-cube
blocks, the Kazemi model defined matrix blocks &madtures as slabs and was proved to
be a more effective dual porosity model for nunmedrezmulation (Kazemi, 1969).

The Dual Porosity Matrix-Fracture Coupling paramd@GMA keyword) was
set to 0.12. The SIGMA keyword represents therfatéal contact between matrix and
fracture blocks. Further details can be foundhiem ECLIPSE 100 manual (2006). The
No Dual Porosity Permeability Multiplier (NODPPM yegord) option was chosen.
Thus, as defined by the simulator, the effectiven@abilities at different directions (X, y
and z) can be entered directly. The effective pafnlities were set to be equal to those
in the single porosity cases as described in chapfer easy comparison. Thus these
dual-porosity systems and the corresponding sipgtesity systems as described in

Chapter 4 are comparable.
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5.4.2. Isotropic Reservoir

Similar to the homogeneous case of the single ggrég4 Synthetic field, the
effective permeability for both x and y directioimsthis case was set to 100 mD. Table
5.4 and Fig. 5.3 present the interwell connegticbefficient results for this case. The
results are approximately equal to the results ftbm single porosity homogeneous
reservoir as shown in Fig. 5.4 (also see Table. 4Pable 5.5 and Fig. 5.5 show the
corresponding relative interwell permeability reésulor this reservoir. The calculated
relative interwell permeability is in good agreemeiith the input effective permeability

of the model of 100 mD.

S T
b . o

104 P04 105

Figure 5.3. Representation of the interwell coniviigt coefficients for the case of 5x4
Isotropic Dual-porosity Reservoir.
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Table 5.4: Interwell Connectivity Coefficient resuirom simulation data for the
isotropic dual-porosity 5x4 Synthetic fieldsA0.005201)

P1 P2 P3 P4 | Sum
Boj (psia) | -1481.8 | -1481.0 | -1483.9 | -1483.1 | -5930
11 0.24 0.25 0.14 0.15| 0.79
12 0.24 0.14 0.25 0.15 | 0.79
13 0.22 0.21 0.22 0.22 | 0.86
14 0.15 0.24 0.15 0.24 | 0.78
15 0.15 0.15 0.24 0.24 | 0.79
Sum 1.00 1.00 1.00 1.00
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Figure 5.4. Comparison of interwell connectivityefitcient results for the case of 5x4
Isotropic Dual-porosity and Homogeneous single-giyoReservoir.

Table 5.5: Relative interwell permeability resulis the 5x4 Isotropic Dual-porosity
Synthetic Field (k=100mD,4teq= 12.16 days)

Pl P2 P3 P4 Ave.
11 99 106 98 104 102
12 99 100 104 105 102
I3 94 92 97 94 94

14 106 101 102 98 102
15 103 103 101 101 102
Ave. 100 100 100 100
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Figure 5.5. Representation of relative interweltrpeability for the case of 5x4 Isotropic
Dual-porosity Reservoir.

5.4.3. Anisotropic Reservoir

The effective permeability in the x directions(k 100 mD) for the 5x4 dual
porosity reservoir was tenfold the effective perbigg in the y direction (k = 1000
mD). Table 5.6 and Fig. 5.6 show the results fier interwell connectivity coefficients.
As expected, the results are very close to theltseesibtained in the single porosity

homogeneous reservoir.

Table 5.6: Interwell Connectivity Coefficient resuirom simulation data for the
Anisotropic Dual-porosity 5x4 Synthetic field

P1 P2 P3 P4 Sum
Boj (psia) | -414.6 | -492.2 | -492.2 | -415.2 | -1814
11 0.34| 017] 015] o0.08| 0.74
12 034| 016] 017| 0.08| 0.74
13 016| 036| 036| 016 1.03
14 0.09| 016] 015| 0.34| 0.74
15 0.07| 0.16| 017| 0.35]| 0.74
Sum 1.00| 1.00| 1.00| 1.00
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Figure 5.6. Representation of the connectivityffo@ents for the case of 5x4
Anisotropic Dual-porosity Reservoir.

Table 5.7 and Fig. 5.7 present the correspondilagive interwell permeabilities
with the equivalent time of 12.16 days, and thenezice permeability of 316 mD. As
shown on both figures, the inverted arrows cleaHgw the anisotropy of the reservoir

with high connectivity (high relative interwell paeability) in the x direction and lower

connectivity in the y direction.

Table 5.7: Relative interwell permeability results the 5x4 Anisotropic Dual-porosity
Synthetic Field (k=316mD,4teq= 12.16 days)

Pl P2 P3 P4 Ave.
11 297 135 170 102 176
12 296 173 137 102 177
I3 139 311 311 139 225
14 109 133 170 201 176
15 96 174 137 302 177

Ave. 187 185 185 187
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Figure 5.7. Representation of relative interweltmpeability for the case of 5x4
Anisotropic Dual-porosity Reservoir.

5.4.4. Dual porosity reservoir with high permeability chael

Fig. 5.8 shows the top view of the fracture pernigghlistribution for this case.
The cells in red color indicate high permeabilityboth x and y directions. Similar to the
high permeability channel case in chapter 4, thienpability of the channel was ten-fold

(1000 mD) of that in other areas of the reservoir.
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Figure 5.8. Top view of the simulation model shapthre fracture permeability in x
direction for the High permeability channel casdlw 5x4 Dual porosity Synthetic field.

Table 5.8 and Fig. 5.9 show the results for therimell connectivity coefficients.
Similar to previous cases, the results are in gagréement with the results obtained in
the single porosity reservoir with high permeapildthannel. The high permeability
channel is indicated by the high connectivity oflM@l1, which is located in the channel,

with other producers.

Table 5.8: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Dual-porosity Synthetic field with High permeatyilchannel

P1 P2 P3 P4 Sum
Boj (psia) | -1078.9 | -914.6 | -1199.2 | -578.1 | -3771
11 0.55 | 0.59 0.39 | 046 2.00
12 0.15 | 0.07 0.19 | 0.09| 0.50
13 012 | 0.14 015| 0.17] 058
14 0.08| 0.1 010 | 0.3] 0.42
15 0.09 | 0.09 0.17 | 0.15| 0.50
Sum 1.00 | 1.00 1.00 | 1.00
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Figure 5.9. Representation of the interwell conivéigt coefficients for the 5x4 Dual-
porosity Synthetic field with High permeabilityacimel.

Table 5.9 and Fig. 5.10 present the correspondilagive interwell permeabilities
with the equivalent time of 12.16 days, and thenaice permeability of 300 mD. The
magnitude of the relative interwell permeabilitreslects the formation permeability of

100 mD and the channel permeability of 2000 mD.

Table 5.9: Relative interwell permeability results the 5x4 Dual-porosity Synthetic
Field with High permeability channel {k=300mD,At.q = 12.16 days)

Pl P2 P3 P4 Ave.
11 476 509 379 442 452
12 119 93 151 107 117
I3 104 117 125 139 121
14 102 79 117 100 99
15 105 107 135 116 116

Ave. 181 181 181 181
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Figure 5.10. Representation of relative interwedhpeability the 5x4 Dual-porosity
Synthetic field with High permeability channel.

5.4.5. Dual porosity reservoir with a partially sealing baer

Fig. 5.11 below shows the top view of the fractpegmeability distribution for
this case. The cells in white color were set tcctive and thus, served as a partially
sealing barrier. Table 5.10 and Fig. 5.12 showrésallts for the interwell connectivity
coefficients. Similar to previous cases, the issate close to the results obtained in the
single porosity homogeneous reservoir. Table 5ahd Fig. 5.13 present the
corresponding relative interwell permeabilities lwthe equivalent time of 12.16 days,
and the reference permeability of 1200 mD.

Similar to results of the single porosity reserytiire partially sealing barrier can

be inferred from the interwell connectivity and tie¢ative interwell permeability.
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Figure 5.11. Top view of the simulation model simgvthe fracture permeability in x
direction for the 5x4 Dual porosity SyntheticdigVith a Partially sealing barrier.

Table 5.10: Interwell Connectivity Coefficient résdrom simulation data for the 5x4
Dual-porosity Synthetic field with a Partially Sewy barrier

P1 P2 P3 P4 Sum
Boj (psia) | -2179.0 | -1321.2 | -1807.8 | -1462.9 | -6771
11 0.08 0.28 0.09 0.15 | 0.61
12 0.48 0.10 0.36 0.15| 1.08
13 0.14 0.21 0.16 021 0.72
14 0.12 0.26 0.13 0.24 | 0.75
15 0.17 0.15 0.27 0.25 | 0.84
Sum 0.99 1.01 0.99 1.00

Table 5.11: Relative interwell permeability resutis the 5x4 Dual-porosity Synthetic
Field with a Partially sealing barrier ¢k=100mD,A4teq = 12.16 days)

Pl P2 P3 P4 Ave.
11 19 121 73 104 79
12 216 79 156 104 139
I3 63 93 68 92 79
14 86 108 93 100 97
15 115 103 112 104 108
Ave. 100 101 100 101
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Figure 5.12. Representation of the connectivityficients for the 5x4 Dual-porosity
reservoir with a Partially sealing barrier.
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Figure 5.13. Representation of relative interwehmpeabilities for the 5x4 Dual-porosity
reservoir with a Partially sealing barrier.
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5.4.6. Dual porosity reservoir with a sealing barrier

Fig. 5.14 is the top view of the fracture permagpitlistribution for the dual
porosity reservoir with a sealing barrier case.aidgthe cells in white color were set to
inactive and thus, served as a sealing barrier. séen on the figure, the barrier
completely seals the reservoir and divides it i@ compartments. Based on the
change in average reservoir pressure calculatedn freach producer, the

compartmentalization can be inferred.

¥ I

Fracture Permi (mD}

I 1
10000 10000

Figure 5.14. Top view of the simulation model simgvithe fracture permeability in x
direction for the 5x4 Dual porosity Synthetic figltth a Sealing barrier.

Table 5.12 and Fig. 5.15 show the results for theerwell connectivity
coefficients. Similar to previous cases, the itssaite very close to the results obtained in

the single porosity reservoir. Small connectividgefficients are still observed for
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injectors and producers on different sides of thgibr. This could be due to noises in

the data as well as numerical errors.

Table 5.12: Interwell Connectivity Coefficient résdrom simulation data for the 5x4
Dual porosity Synthetic field with a Sealing barrie

P1 P2 P3 P4 Sum
Boj (psia) | -1460.0 | -1780.1 | -1149.5 | -2033.2 | -6423
11 0.03 0.33 0.02 0.24 | 0.63
12 0.49 0.09 0.39 0.12 | 1.10
13 0.08 0.26 0.09 0.29 | 0.72
14 0.06 0.31 0.06 0.35 | 0.78
15 0.13 0.12 0.26 0.13 | 0.65
Sum 0.80 1.11 0.82 1.13

Table 5.13 and Fig. 5.16 present the correspondialgtive interwell
permeabilities with the equivalent time of 12.1¢/slaand the reference permeability of
100 mD. A cut-off coefficient of 0.13 was appliéal eliminate the low connectivity
coefficients. Thus, the relative interwell permidiibs corresponding to the coefficients
lower than 0.13 were set to zeros. The resultahgtive interwell permeabilities show a

clear presence of the sealing barrier.

Table 5.13: Relative interwell permeability resutis the 5x4 Dual porosity Synthetic
field with a Sealing barrier (k=100mD,Ateq= 12.16 days)

P1 P2 P3 P4 | Ave.
11 0.00 |143.44| 000 |148.71] 73.04
12 |22468| 000 |173.82| 0.00 | 99.63
13 0.00 |114.15| 0.00 |127.18]| 60.33
14 0.00 |134.08| 0.00 |152.29| 7159
I5 0.00 | 000 |110.82| 0.00 | 27.71

Ave. 45 78 57 86
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Figure 5.15. Representation of the connectivigfitaents for the 5x4 Dual porosity
Synthetic field with a Sealing barrier.
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Figure 5.16. Representation of relative interwadtmeability for the 5x4 Dual porosity
Synthetic field with a Sealing barrier.
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Table 5.14 presents the results for the averagervas pressure change as
described in Chapter 4 for all producers in eade ad the 5x4 synthetic field. Except
for the case with the presence of the sealing drarthe changes in average reservoir
pressure for all the cases are consistent and tboee corresponding values for single
porosity reservoirs. For the case with the preseoic sealing barrier, the resulting
pressure change for wells PO1 and P03 (about 1i3ispdifferent from those for wells

P02 and P04 (390 psi) indicating two different rese compartments (see Chapter 4).

Table 5.14: Average pressure chang®4 after each time interval for different cases
of 5x4 Dual-porosity Synthetic Field

Cases P1 P2 P3 P4
Isotropic Reservoir 286.36 | 286.51 | 285.67 | 285.82
Anisotropic Reservoir 286.13 | 286.05 | 286.04 | 285.57
Channel 286.08 | 286.27 | 285.77 | 286.02
Partially Sealing Barrier | 288.03 | 305.29 | 291.57 | 300.53
Sealing Barrier 181.24 | 390.59 | 180.94 | 390.07

5.4.7. 25x16 isotropic reservoir

Fig. 5.17 shows the top view of the fracture petoigg distribution for the dual
porosity 25x16 synthetic field. As seen on thaufeg the permeability was set to 100
mD.

Table 5.15 presents the results for the interwatinectivity coefficients. Similar
to the case of 25x16 homogeneous single porostg,fgood results were obtained for
the connectivity coefficients with the asymmetreffiwient (A of 0.00799. Table 5.16
and Fig. 5.18 present the corresponding relatiierwell permeabilities with the
equivalent time of 5.6 days, and the reference pahiity of 100 mD. A cut-off

coefficient of 0.07 was applied to eliminate thevloonnectivity coefficients. Thus, the

111



relative interwell permeabilities correspondingthe coefficients lower than 0.07 were

set to zeros.

Z i is

f A

Fracture PermX (m0

I 1
100.00 100.00

Figure 5.17. Top view of the grid system showimgfthcture permeability in the x-
direction for 25x16 Dual porosity Synthetic field.

Fig. 5.19 shows the plot of all relative interwpéirmeability values. The results
show two groups of permeabilities. One group fa plairs of wells close to each other
has value close to the input value of 100 mD. @tiner group for pairs with wells that
are far away from each other has a permeabilityevalf about 50 mD which is lower
than the input value. This is different from thenfbgeneous single porosity case.
However, if we compare the interwell connectivityefficients as shown in Fig. 5.20, it
is clear that the interwell connectivity coefficisrior both cases are the same. Thus, the

difference is due to the equation used to calculaeinfluence functions. In this case,
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the late time solution was used, so when the irgktreonnectivity coefficients became
very small, they were translated to very small galof time and the influence functions
were not accurate any more. On the other handnwiikience functions are calculated
from a solution which is good for both early timedalate time, they are able to give
relative interwell permeability closer to the adtugput permeability. Thus, for a field
with many low interwell connectivity coefficientshe influence function should be
calculated from a solution applicable for both yérhe and late time.

The average reservoir pressure changes for theupeosl are about the same at
353 psi. Based on the material balance, this presshange is equivalent to the pore
volume of the reservoir or a porosity of 0.302, evhis in agreement with the input

porosity of 0.3.
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<
£
P

Figure 5.18. Representation of relative interwadtpeability for the 25x16 Isotropic
Dual-porosity Reservaoir.
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Table 5.15: Interwell Connectivity Coefficient résdrom simulation data for the 25x16 isotropicadtporosity Synthetic field (A

0.00799)
P1 P2 P3 P4 PS5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 Sum

11 0.15) 005| 0.02| O0.00| 006 0.04] 0.02) 0.00( 0.04| 0.03 0.02 000|] 0.03] 0.03f 002] 0.01] 0.52
12 0.12)| 0.12| 0.06| 0.04| 0.03| 0.04] 0.03)] 0.03( 0.01| 0.02 0.02 002] 0.00] 0.01f 0.02] 0.02] 0.60
I3 005 0.12 0.12]| 0.05( 0.03| 0.04| 0.04)| 0.02| 0.03| 0.02 0.02 001| 0.03] 0.02]| 0.02] 0.00| 0.62
14 002 004 0.13]| 014 001) 003 0.05| 0.06| 0.00| 0.01 0.03 0.04| 000] 0.01] 0.02] 0.03] 0.60
15 0.02) 002| 0.04)| 0.13| 0.03| 0.02] 0.02) 0.04( 0.03| 0.02 0.02 002] 0.03] 0.02f 0.02] 0.02] 0.50
16 0.13)| 004| 001) O0.00| 0.22| 0.04] 0.02) 0.02 0.05| 0.03 0.02 002] 0.03] 0.02f 0.02] 0.02] 0.60
17 0.11) 009| 0.03| 0.01| 0.10f 0.10] 0.03] 0.02 0.04]| 0.04 0.03 003] 0.02] 0.02| 0.03] 0.04]| 0.72
18 0.03[ 009 0.10| 0.05f( 0.03| 0.09| 0.10) 0.05| 0.03] 0.04 0.04 0.04| 002] 0.01]|] 0.02] 0.03]| 0.76
19 003 005 0.11] 011 0.02| 0.03f 0.09| 010 0.01| 0.02 0.03 004| 001] 002] 0.03] 0.03] 0.71
110 0.02)| 003| 004) 011| 002 0.03] 0.04) 021 0.01]| 0.02 0.03 005] 001] 0.02f 0.03] 0.03] 0.61
111 0.04)| 004| 004 0.04| 010 0.03] 0.03)] 0.03( 0.10| 0.03 0.02 002] 0.04)] 002 001] 001] 0.61
112 005 005 0.04| 003 0.10| 0.10f 0.04| 0.02| 0.10| 0.09 0.03 0.01| 0.03] 0.03]| 0.02] 0.01]| 0.76
113 001 003 0.03| 002 0.03| 0.09| 0.09] 0.03| 0.04] 0.10 0.10 0.04| 004] 0.05]| 0.05] 0.03] 0.79
114 002 002 0.04| 005 0.02| 0.04| 0.10) 0.10| 0.02]| 0.04 0.10 0.10| 0.02] 0.03| 0.03] 0.03]| 0.75
115 0.02) 002| 0.03| 0.04| 0.03| 0.03] 0.04) 021 0.02| 0.03 0.04 0.11] 0.01)] 0.02| 0.02] 0.04]| 0.64
116 0.04)| 003| 0.02) 0.00| 0.06f 0.03] 0.02) 0.00f 0.13| 0.05 0.02 000] 0.14)] 0.05( 0.02] 0.00]| 0.60
117 0.02 | 002 0.02| 002 0.04| 004 002) 0.02| 0.11)] 0.10 0.03 0.02| 012] 0.10]| 0.03] 0.01] 0.72
118 001 001 0.02| 0.03| 0.02| 0.03| 0.04| 0.04| 0.04]| 0.10 0.10 0.05| 0.03] 0.09]| 0.10] 0.05]| 0.76
119 001 002 0.03| 003 0.01) 002 0.04| 005 0.02]| 0.03 0.09 0.10| 0.03] 0.04| 0.09]| 0.09]| 0.72
120 0.02) 002| 0.02| 0.02]| 0.02| 002] 0.02) 0.03| 0.02| 0.03 0.04 0.11] 0.03] 0.03f 0.05] 0.13] 0.59
121 0.02) 002|] 001) 001 0.03| 002] 001 0.01| 0.06| 0.04 0.02 001] 015 0.06f 0.02] 0.01] 051
122 001 002 0.02| 002 0.02| 0.02| 0.02] 0.02| 0.04]| 0.04 0.03 0.02| 012] 0.12] 0.05] 0.03]| 0.60
123 002 002 0.01| 001 0.02| 0.03| 0.02] 0.01| 0.03| 0.04 0.04 0.03| 004] 011] 0.12] 0.06]| 0.62
124 0.02) 002| 0.02| 0.03| 0.02| 0.02] 0.03)] 0.03| 0.02| 0.02 0.04 005] 001)] 0.03f 0.11] 0.2] 0.60
125 0.01) 002] 0.02] 0.02| 0.01f 0.02] 0.03] 0.03| 0.01] 0.02 0.04 006] 0.01] 0.02f 0.05] 0.15] 0.53
Sum |100] 1.00|] 1.00f( 100 1.00( 1.00] 1.00f 1.00] 1.00( 1.00 1.00 1.00] 1.00f 1.00] 1.00f 1.00




Table 5.16: Relative interwell permeability resutis the 25x16 Isotropic Dual-porosity Syntheti@llli (ke=100mD,Ateq = 5.6 days)
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Figure 5.19. Relative interwell permeability resufor the case of 25x16 Isotropic Dual-
porosity Reservoir.
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Figure 5.20. Representation of relative interwedtmeability for the case of 25x16
Isotropic Dual-porosity Reservoir.

5.5.

Conclusions

Some of the conclusions drawn from this chapter are

- The technique can be applied to dual-porositytesygs to infer interwell

connectivity as it is applied to single porositg®ms;
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- Since the late time analytical solution for senglorosity and dual porosity
reservoirs are identical, the results from simolatdata obtained from a dual porosity
system are close to the results from its singleogity counterpart given the same
effective permeability;

- For the cases where many interwell connectivitgfficients are small, the use
of pseudo-steady state solutions to calculate rifieeince functions may lead to errors
because the small coefficients can be translatethdéoearly time effects. Thus, the
solutions good for both transient and late-timeiqus should be used to calculate

influence functions for more accurate results.
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CHAPTER 6 — APPLICATIONS OF THE INTERWELL CONNECTI VITY

TEST TO HYDRAULICALLY FRACTURED WELLS

Bottom hole pressure fluctuations were used tordete the interwell connectivity in a
waterflood where all the vertical wells are hydreally fractured. The previous chapters
only considered reservoirs with vertical wells with any hydraulic fractures.

A late time solution for a well with a fully penating vertical fracture in a closed
rectangular reservoir was used to calculate thkuante functions and the relative
interwell permeabilities. The results were theeduso obtain information on reservoir
anisotropy, high permeability channels and transimility barriers.

Different synthetic reservoir models were analyzedluding: homogeneous,
anisotropic reservoirs, reservoirs with high perbi@s channel, partially sealing barrier
and sealing barrier. The case where the fractare®f different fracture half lengths is

also considered.

6.1. Literature Review

Hydraulic fracturing is an important well stimulati technique that has been
widely used in the oil and gas industry. Gringare al. (1974) provided a solution for a
fully penetrating vertically fractured well in anfinite horizontal reservoir. Gringarten
obtained the solution for the pressure distributbthe fracture by Green’s function and
the product solution method using source functi@msngarten and Ramey, 1973). Tiab
(1994) provided a technique to analyze transieasgure data of fractured wells using
both pressure and pressure derivative. His tedenttgs been applied successfully to
pressure analysis of vertically fractured well lased systems for both uniform flux and

infinite conductivity vertical fracture cases wittellbore storage and mechanical skin
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factor. The technique was also applied to finwaductivity hydraulic vertical fracture
(Tiab, 2005). Several other studies were focusethe type curve matching technique to
obtain a quick approximation of reservoir paransetEom a fractured well pressure
response. The technique provides best results whed simultaneously with a specific
analysis method for each flow regime (Cinco-Lewletl981 & Tiab et al., 1987). Ozkan
(1999) provided pressure distribution solutions footh uniform flux and infinite

conductivity fractures in a closed rectangular nesie in Laplace space.

6.2. Analytical Model and Calculation Approach

For a hydraulically fractured well, for simplicitghe late time solution for a
uniform flux fracture in a closed rectangular resar provided by Ozkan was used

(Ozkan, 1988):

L Yeo(1_ Yo . Yo+ Yap
=a; = 27tp, + 2L | = - 2D D _Jwb |y
Pot f o 0[3 Yen 2ye2D
Coshm[yeo-yD-yWo]+Cosh(,,[yeo-(yo+ywo)] (6.1)
] XeD XeD

sinr{knyeD]
XeD

Where the L term in the definitions of dimensioslegiantities is L = § which is the

+

2>;;D zklzsin[knlj co{ knx‘”[’] co{anD

k=1 XeD XeD XeD

fracture half length. For the case of infinite daativity fractures, the dimensionless
pressure can be obtained by evaluating the abowatieqg at ¥ = 0.732 (Gringarten et
al., 1974). In term of the G equation as descriimethe last section, Eq. 6.1 can be

written as:

pr = 2]IDA +2]T

Yeo {1_yD+ va +yfm)+
XeD 3 yeD 2y:D

Xp o 1. 1 X X
£ — sin| kir €08 kir—*2 |cos kit—2 G(X., V., Vorr, Vo , K
T kZ:;kz ( XeD\J { XeD] { Xep ]G( o0 Yeor Yoo Yo )

(6.2)

+
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Table 6.1 presents the dimensionless coordinatealffdhe vertically fractured
wells in the 5x4 Synthetic field given the samecfuae half length of 145 ft. Other data

include %p = Yep = 21.38 andp = 0.0049.

Table 6.1: Dimensionless coordinates of the framtiunvells in the 5x4 synthetic field

Wells Xwpt Ywot
101 3.7931 17.5862
102 17.5862 17.5862
103 10.6897 10.6897
104 3.7931 3.7931
105 17.5862 3.7931
PO1 10.6897 17.5862
P02 3.7931 10.6897
P03 17.5862 10.6897
P04 10.6897 3.7931

Table 6.2 shows the shape factors for all the wellshe 5x4 synthetic field
calculated using Jf» results (influence functions) from the differenalaulation
techniques and Eq. 5.21. As shown in Table 6&sttape factors are in good agreement.

These shape factors can be used to calculateftherioe functions using Eqg. 5.20.

Table 6.2: Shape factors for the fractured wellghi@ 5x4 synthetic field calculated for
different fracture types

Wells Cai
Uniform Flux Infinite Conductivity
101 0.1144 0.2665
102 0.1140 0.1606
103 4.1698 7.5580
104 0.1144 0.2665
105 0.1140 0.1606
P01 0.9083 1.6560
P02 0.9026 1.9678
P03 0.9003 1.3396
P04 0.9083 1.6560
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6.3. Simulation Results

6.3.1. Model Descriptions

The grids in the small areas containing the wellsemefined using the Local
Grid Refinement (LGR) options. Thus, there areenifGRs in this model. Fig. 6.1
shows the top view of the permeability distribution this case. The LGRs can be seen
at each well. Fig. 6.2 is a permeability distribat plot showing the cross sectional
through three wells. The hydraulic fractures agpresented in red indicating high
permeability. The LGR areas are 300ft x 20ft eatth a global grid configuration of 13
x 1 which is refined to a grid configuration of 8525. No refinement in the vertical
direction was applied. Thus, the number of layerhe LGRs stayed at five layers. Fig.
6.3 presents a zoom-in top view of a LGR containaghigh permeability strip
representing a hydraulic fracture. Notice thatghemeability of the cell at the tips of the
fracture was set to zero following the assumptlat there was no flow through the tips
of the fracture. The permeability of the fractuvess set to 8000 Darcys. The width of
the fractures was 0.8 ft and the fracture halfdkagvere the same at 145 ft. Thus, the
dimensionless fracture conductivity for every fraet which is the product of fracture
permeability and fracture width divided by the pwot of formation permeability and
fracture half-length, is equal to 441. Thus, adoay to previous studies (Tiab, 1994 and
Cinco-Ley and Samaniego, 1981), the fractures eactobsidered as infinite conductivity
fractures (dimensionless fracture conductivityasger than 300). The porosity of the

fracture was input as 0.6 which is higher thangbesity of the formation of 0.3.
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Figure 6.1. Top view of the simulation model shawhre LGRs at the fractured wells in
the homogeneous 5x4 synthetic field.
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Figure 6.2. Cross sectional view showing three svafid the hydraulic fractures in the

5x4 homogeneous synthetic Reservoir.
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Figure 6.3. A zoom-in view of a LGR showing a lpghmeability strip representing a
hydraulic fracture - 5x4 homogeneous reservoir.

6.3.2. Homogeneous reservoir with hydraulic fractures

Table 6.3 and Fig. 6.4 show the results for therimell connectivity coefficients.
Similar to previous cases, the results are as gsothe results obtained in the case of
homogeneous reservoir with vertical wells only witstymmetry coefficient of 0.0048.
Table 6.4 and Fig. 6.5 present the correspondilagive interwell permeabilities with the
equivalent time of 5.66 days, and the referencenpability of 100 mD. The difference
between the high and low interwell connectivity fficéents is more significant than in
the case of vertical wells suggesting an obsematiell is less affected by a far away
active fractured well than by a vertical unfractureell of the same distance away. This
is reasonable because with the same flow ratgréssure drop in a fractured well is less

than its unfractured counterpart.
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Table 6.3: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Homogeneous Synthetic field with Hydraulic fraetlivells (A= 0.0048)

P1 P2 P3 P4 Sum
Boj (psia) | -223.6 | -226.1 | -225.7 | -223.6| -899
11 032] 031] 006] 006| 075
12 032 006| 031] 006| 075
13 024 025| 026 025| 1.01
14 006 | 031] 006 032] 075
15 006 006| 031 032] 075
Sum 100 100 1.00| 1.00

Table 6.4: Relative interwell permeability results the 5x4 Homogeneous Synthetic
Field with Hydraulic fractured wells f§=100mD,4t.q = 5.66 days)

Pl P2 P3 P4 Ave.
11 114 112 90 91 102
12 114 91 111 91 102

I3 92 96 99 93 95
14 92 111 91 114 102
15 91 92 113 117 103

Ave. 101 101 101 101

101 PO1 102

104 P04 105

Figure 6.4. Representation of the interwell cortivity coefficients for the 5x4
Homogeneous Reservoir with Hydraulically fractuveells.
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Figure 6.5. Representation of the relative intdhpermeability for the 5x4
Homogeneous Reservoir with Hydraulically fractuveells.

6.3.3. Homogeneous reservoir with hydraulic fractures offfeérent fracture

half lengths

In this case, the fracture half length can be offieé for each well. The fracture
half length values are presented in Table 6.5.. &i§ shows the cross section through

wells 14, P4 and I5. The fracture cells are showned clearly indicating different half

lengths (Table 6.5).

Table 6.5: Fracture half lengths for different ftaced wells in the 5x4 Homogeneous

Synthetic field

Wells Ly (ft)
11 76.15
12 126.93
13 99.25
14 76.15
15 145.40
P1 145.40
P2 99.25
P3 126.93
P4 53.08
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Figure 6.6. Cross sectional view showing threetineed wells of different fracture half
lengths in the 5x4 Homogeneous synthetic reservoir

Table 6.6 and Fig. 6.7 present the interwell cativiéy coefficient results for
this case. Fig. 6.8 shows the comparison betweernnterwell connectivity coefficient
results obtained from simulation data and calcdlateing the influence functions. The
coefficients are in good agreement with :R0.9834. Table 6.7 and Fig. 6.9 show the
corresponding relative interwell permeability reésuior this reservoir. The calculated
relative interwell permeabilities are in good agneat with the input permeability of the

model of 100 mD.

Table 6.6: Interwell connectivity coefficient ressulrom simulation data for the 5x4
Homogeneous Reservoir with Vertically Fracturedisvef Different Half Lengths

P1 P2 P3 P4 Sum
Boj (psia) | -246.4 | -273.0 | -245.4 | -293.8 | -1059
11 029 030| 006 007] 072
12 033 008| 032] 007 079
13 024 025| 024 o024| o098
14 007] 029] 006 02| o071
I5 007 008| 032 034]| o081
Sum 100 100| 1.00| 1.00
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Figure 6.7. Representation of the interwell cortivity coefficients for the 5x4
Homogeneous Reservoir with Vertically Fracturedisvef Different half lengths.
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Figure 6.8. Comparison of simulated and calculatedrwell connectivity coefficient
results for 5x4 Homogeneous Reservoir with Fractwells of Different fracture half
lengths.
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Table 6.7: Relative interwell permeability results the 5x4 Homogeneous Field with
Fractured wells of Different fracture half lengt{ige=100mD,4teq = 6.21 days)

Pl P2 P3 P4 Ave.
11 111 114 87 90 101
12 118 93 112 89 103
I3 94 98 93 93 94
14 90 112 87 109 100
15 90 93 115 120 105

Ave. [ 101 102 99 100

In order to investigate the effect of fracture h&hgths on the interwell
connectivity coefficients, a graph of the maximualues of the coefficients for every
injectors versus their fracture half lengths wasttpld as shown on Fig. 6.10. Except for
well 103, which is at the center of the reservother wells positions can be considered as
equivalent to each other due to the symmetry oféiservoir. A clear trend is shown on
Fig. 6.10. The higher the fracture half-lengths, dhe larger the maximum coefficient
values become. Well 101 and 104 have the samduimchalf length and thus, the
maximum coefficients for those two wells are thensa Thus, the longer the fracture
half length of an active fractured well is, the monfluence the well has on nearby

observation wells and the less influence it hataommway wells.
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Figure 6.9. Representation of relative interweltrpeability for the 5x4 Homogeneous
Reservoir with Vertical fractures of Different h#hgths.
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Figure 6.10. Maximum values of interwell connetyigoefficients versus fracture half-
lengths.
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6.3.4. Homogeneous reservoir with hydraulic fractures withfferent fracture

half lengths for injectors and the same fracture lidength for producers

To investigate the effect of fracture half lengttighe producers or the response
wells on the interwell connectivity coefficientd)et same simulation model as in the
previous case was run with an exception that thetdre half lengths of the producers
were the same at 145 ft. The fracture half lendthsthe injectors are different as
indicated in Table 6.5. The results of the intdheennectivity coefficients are presented

in Table 6.8.

Table 6.8: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Homogeneous Synthetic field — Different fracturlf leegths at injectors

P1 P2 P3 P4 Sum

Boj (psia) | -246.4 | -255.8 | -239.7 | -245.2 | -987
11 029 030| 006 o007 o071
12 033 008| 032] 007] 079
13 024 026| 024 024| o098
14 007 029| 006| 02| o071
15 007| 008| 032] 034]| o081
Sum 100 100| 1.00| 1.00

Fig. 6.11 presents a comparison of the interwetineativity coefficient results
for the case of the same and different fracturé lemligths at the vertically fractured
producers. The results for both cases are idémtidecating that the fracture half lengths
at the producers or the response wells do nottatieanterwell connectivity coefficients.
This is also in excellent agreement with the amedytmodel because the wellbore
conditions of the producers or response wells atepart of the equation to calculate

interwell connectivity coefficients.
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Figure 6.11. Comparison of the interwell connetyivioefficient results for the case of
the same vs. different fracture half lengths at fhactured producers in 5x4
Homogeneous Synthetic Reservoir.

6.3.5. Anisotropic Reservoir with hydraulic fractures

Similar to the anisotropic case in the previousptlia the effective permeability
in the x direction is tenfold the fracture permdiabin the y direction. Table 6.9 and
Fig. 6.12 show the results for the interwell conivity coefficients. As expected, the
results are good indications of the anisotropy Watige coefficients for well pairs in the
direction of high permeability. Table 6.10 and .F&13 present the corresponding
relative interwell permeabilities with the equivaidime of 5.66 days, and the reference

permeability of 316 mD.

Table 6.9: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Anisotropic Synthetic field— Hydraulically fractutevells

P1 P2 P3 P4 Sum
Boi(psia) | -69.6| -965| -965| -69.6| -332
11 043] 013| 010] 002] o067
12 043] 010| 013] 002] o067
13 011] 055| 055 011] 1.32
14 002] 013| 0.10] o042] o0.67
I5 002 010| 013] 043| 067
Sum 100| 1.00| 1.00| 1.00
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Figure 6.12. Representation of the connectivigfitcients for the case of 5x4
Anisotropic Reservoir — Hydraulically fractured ugel
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Figure 6.13. Representation of relative interwedtmeability for the case of 5x4
Synthetic Reservoir— Hydraulically fractured wells.
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Table 6.10: Relative interwell permeability resutis the 5x4 Anisotropic Synthetic Field
— Hydraulically fractured wells ¢¢=316 mD,4t.q = 5.66 days)

P1 P2 P3 P4 Ave.
11 353 75 152 78 164
12 351 152 76 80 164

I3 90 444 444 90 267
14 80 75 151 350 164
15 77 153 77 357 166

Ave. 190 180 180 191

6.3.6. Reservoir with a high permeability channel

Fig. 6.14 shows the top view of the permeabilitgtiaoution for this case. The
cells in yellow color have high permeability in hot and y direction. Similar to the high
permeability channel cases in the previous chaptieespermeability of the channel was
ten-fold (1000 mD) of that in the other areas & thservoir (100 mD). There are nine
vertically fractured wells with the same fractuadfhength of 145 ft.

Table 6.11 and Fig. 6.15 show the results for theerwell connectivity
coefficients. Similar to previous cases of higmnpeability channel, the results reflect
well the presence of the channel. Different frdra previous cases, well 103 has much
higher connectivity with producers P02 and P04.e Téason for this is in the previous
cases, well 103 was not connected to the high palriy channel while in this case, due
the extension provided by the hydraulic fractutas idirectly connected to the channel
and has better connectivity with the producers.

Table 6.12 and Fig. 6.16 present the correspondiaigtive interwell

permeabilities with the equivalent time of 5.66 slagnd the reference permeability of

300 mD.
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Figure 6.14. Top view of the simulation model simgthe permeability in x direction for
the high permeability channel case of the 5x4 Strthield with fractured wells.

Table 6.11: Interwell Connectivity Coefficient réssifrom simulation data for the 5x4
Synthetic Reservoir with a high permeability chdandydraulically fractured wells

P1 P2 P3 P4 Sum
Boj (psia) | -153.5| -54.1| -194.2| -65.4| -467
11 046 | 042| 010] o016| 1.14
12 023 002| 028 002| o055
13 026 045| 033] 053] 157
14 002] 007| 003] 013] 0.25
I5 003| 004| 025/ 016]| 0.48
Sum 100 100| 1.00] 1.00

Table 6.12: Relative interwell permeability resutis the 5x4 Synthetic Reservoir with a
high permeability channel- Hydraulically fractureglls. (ke=300mD,Ateq = 5.66
days)

PL | P2 | P3| P4 | Ave.
11 | 369|337 153|200 265
12 [162| 77 | 210 84 | 133
13 | 202 | 347 | 256 | 412 | 304
14 | 79 | 24| 92| 69 | 66
5 | 90 | 94 | 184|104 | 118
Ave. | 180 | 176 | 179 | 174
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Figure 6.15. Representation of the connectivigfitoients for the case of 5x4 Synthetic
Reservoir with a high permeability channel- Hydreally fractured wells.

Figure 6.16. Representation of relative interwedhpeability for the 5x4 Synthetic
Reservoir with a high permeability channel- Hydreaily fractured wells.

6.3.7. Reservoir with a partially sealing barrier
Fig. 6.17 shows the top view of the x-directionrpeability distribution for this

case. The permeability for the cells in gray cal@re set to zero and thus, those cells

served as a partially sealing barrier. The foramapermeability was 100 mD.
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Figure 6.17. Top view of the simulation model simgwthe permeability distribution in x
direction for the case of 5x4 Synthetic field vatpartially sealing barrier—
Hydraulically fractured wells..

Table 6.13 and Fig. 6.18 show the results for theerwell connectivity
coefficients. The presence of the partially seplbarrier is well established by the
results. Table 6.14 and Fig. 6.19 present the esponding relative interwell
permeabilities with the equivalent time of 5.66 slagnd the reference permeability of
100 mD. The relative interwell permeability for Nveair 101-PO1 was negative because
the influence function for the pair was calculatesihg the late time solution. When the
interwell connectivity coefficients are small, thase translated to early time periods and
thus the late time solution becomes inaccurateluti®as that are good for both early

time and late time should be used for better result

136



Table 6.13: Interwell Connectivity Coefficient réésdrom simulation data for the 5x4
Synthetic field with partially sealing barrier— Hyailically fractured wells.

P1 P2 P3 P4 Sum
Boj (psia) | -440.1 | -204.0 | -306.9 | -226.1 | -1177
11 0.01| 0.34] 001] o006 042
12 079 | 002| 049| o006 1.36
13 0.06| 025 008| 022| o061
14 0.04| 0.32] 005| 0.33]| 073
15 011| 007| 037] 0.33]| 087
Sum 1.00| 1.00| 1.00| 1.00

Table 6.14: Relative interwell permeability resutis the 5x4 Synthetic field with
partially sealing barrier— Hydraulically fracturedells (ke=100mD,Ateq = 5.66 days)

Pl P2 P3 P4 Ave.
11 -40 127 68 90 62
12 347 71 199 92 177
I3 23 95 29 83 58
14 80 114 88 119 100
15 115 95 141 125 119
Ave. 105 101 105 102
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Figure 6.18. Representation of the connectivigfitoients for the case of 5x4 Dual-
porosity reservoir with a partially sealing barrieHydraulically fractured wells.
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Figure 6.19. Representation of relative interwedtmeability for the case of 5x4 dual-
porosity reservoir with a partially sealing barrieHydraulically fractured wells.

6.3.8. Reservoir with a sealing barrier
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Figure 6.20. Top view of the simulation model simgthe permeability in x direction for
the case of 5x4 Synthetic field with a sealing iear Hydraulically fractured wells .
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Fig. 6.20 shows the top view of the x-directionmeability distribution with a
sealing barrier case. The permeability of thescellgrey color was set to zero and thus,
those cells served as a sealing barrier. As seethe figure, the barrier completely
divides the reservoir into two compartments. Basedhe change in average reservoir

pressure calculated from each producer, this comneattalization can be inferred.

Table 6.15: Interwell Connectivity Coefficient réésdrom simulation data for the 5x4
Synthetic field with a sealing barrier — Hydrauligafractured wells.

P1 P2 P3 P4 Sum
Boj (psia) | -336.6 | -266.0 | -225.4 | -365.7 | -1194
11 0.00] 0.35] 000| o0.10| 045
12 0.87| -001| 060| -0.01| 1.44
13 0.05| 027]| 005| 035 073
14 -002| 036] -0.02| 053] 0.84
15 0.07| 004| 035| 005| 051
Sum 097 | 101| 097| 1.02

Table 6.16: Relative interwell permeability resutis the 5x4 Synthetic Field with a
sealing barrier — Hydraulically fractured wells,k=100mD, Aty = 5.66 days)

P1 p2 P3 P4 Ave.
11 0.00 | 13154 | 0.00 | 11252 [ 61.01
12 385.61 | 000 | 253.13| 0.00 [ 159.69
13 000 | 10171 | 0.00 | 13258 | 5857
14 000 | 137.43 | 0.00 | 216.50 | 88.51
I5 98.19 | 000 | 13261 | 000 | 57.70

Ave. 97 74 77 92

Table 6.15 and Fig. 6.21 show the results for theerwell connectivity
coefficients. Similar to previous cases, the mssualearly reflect the presence of the
sealing barrier. Some connectivity coefficients aery small and even negative. They
indicate poor connectivity or no connectivity at. alSmall connectivities were still
observed for some pairs of wells on different sidkthe sealing barrier. As explained

before, these non-zero connectivity coefficients @ne to the noises in the data as the
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injection rates were generated randomly. This lgralcan be resolved by increasing the
number of data points. For this case, the intdre@hnectivity coefficients should be
analyzed with the average reservoir pressure chaegdts. If the pressure changes
indicate reservoir compartmentalization, then tinalsinterwell connectivity coefficients
can be evaluated to decide whether the injectatgpamducers are on different side of the
barrier. Table 6.16 and Fig. 6.22 present the esponding relative interwell
permeabilities with the equivalent time of 5.66 slagnd the reference permeability of
100 mD. A cut-off coefficient of 0.06 was appliéal eliminate the low connectivity
coefficients. Thus, the relative interwell permiéigbcorresponding to the coefficients
lower than 0.06 were set to zeros. The resultidive interwell permeabilities show a

clear presence of the sealing barrier.
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Figure 6.21. Representation of the connectivityftoients for the 5x4 Synthetic Field
with a sealing barrier — Hydraulically fractured W=
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Figure 6.22. Representation of relative interwedtmpeability for the 5x4 Synthetic Field
with a sealing barrier — Hydraulically fractured W=

Table 6.17 shows the results for the average resepressure change as
described in Chapter 4 for all producers in eacte adescribed above. Similar to the
results obtained from the previous chapters, extmpthe case of sealing barrier, the
changes in average reservoir pressure for all #sescare consistent and close to the
pressure changes obtained from the simulatioritseskor the case with the presence of
sealing barrier, the calculated pressure changesdils PO1 and P03 (about 181 psi) are
different from those for wells P02 and P04 (abd2@ Psi) indicating two different pore
volumes and thus, two different reservoir compartitmg¢see Chapter 4). The calculated
values of reservoir pressure change are almostaime as the results obtained from the

previous chapters showing the consistency of thmilzdion method.
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Table 6.17: Average pressure chang®4 after each time interval for different cases
of 5x4 Synthetic Field — Hydraulically fractured lige

Cases P1 P2 P3 P4
Homogeneous Reservoir | 285.93 | 285.93 | 285.74 | 285.74
Anisotropic Reservoir 285.83 | 285.82 | 285.82 | 285.77

Channel 285.82 | 285.82 | 285.81 | 285.82
Partially Sealing Barrier | 295.33 | 300.01 | 296.38 | 298.84
Sealing Barrier 180.93 | 390.14 | 180.77 | 390.18

6.4. Conclusions

Some of the conclusions drawn from this chapter are

- The interwell connectivity determination techregcan be applied to reservoirs
with presence of hydraulic fractures;

- The effect of a vertically fractured well on othgells at far distance is very
close to the effect of its vertical well countetpgiven the same flow rate. Thus, only the
pressure drops at the wells themselves are differen

- Fracture half-lengths have effect on the mageitudf the interwell
connectivities. The longer the fracture half-ldngt an active fractured well is, the more

influence it has on the observation wells.
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CHAPTER 7 — APPLICATIONS OF INTERWELL CONNECTIVITY TEST

TO HORIZONTAL WELLS

In this chapter, reservoirs with only horizontalllwevere considered. Similar to the
previous chapters, MLR was used to determine thervirell connectivity coefficients
from bottom hole pressure data. For simplicibg tate time solution for a horizontal
well in a closed rectangular reservoir was usedaloulate the influence functions and
the relative interwell permeabilities. The reswltsre then used to obtain information on
the reservoir anisotropy and the presence of higlimpability channels and
transmissibility barriers. The cases in which thservoir contains horizontal wells of
different lengths and different directions wereoat®nsidered. To investigate the effect
of observation wells on the interwell connectivitpefficients, the case of different
injector well lengths and unchanged producer vezlgths was analyzed.

Different synthetic reservoir models were analyzedluding: homogeneous,
anisotropic reservoirs, reservoirs with high perbi@s channel, partially sealing barrier
and sealing barrier. Results for different caseh@s all wells are horizontal wells along
x direction, along both x and y-directions and eliéint horizontal well lengths are

provided in this chapter.

7.1. Literature Review

Horizontal wells are widely used to increase praitg of the field. They are
often used to overcome fluid flow problems suchhagh viscosity and high density
reservoir fluids and to overcome heterogeneousrvesecharacteristics. In naturally
fractured reservoir, horizontal wells can interda@agher number of fractures and thus are

much more effective than vertical wells. Horizdmells are also a good choice for the
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field development of a thin reservoir as they dmke do drain a much larger area than
their vertical well counterparts. As for gas resar, the use of horizontal wells can
reduce the near well bore pressure drop and tog] &igh gas velocity at the wellbore
(Joshi, S. D., 1991).

There are numerous studies concerning the prebsiigvior of a horizontal well
covering a wide variety of topics on horizontal el A few relevant studies are
mentioned in this section. Ozkan provided the gures distribution solutions for the
uniform flux and infinite conductivity horizontalells at an arbitrary location in a closed
rectangular reservoir (Ozkan 1988, Ozkan and Raghal©88). Umnuayponwiwat and
Ozkan (2000) investigated the inflow performancenaiitiple horizontal wells in closed
systems based on the pseudo-steady state solumgler and Tiab (1996) analyzed
transient pressure data of a horizontal well inaamsotropy reservoir based on both
pressure and pressure derivative curves. Ozka#Bjl®roposed a transient solution in
Laplace space for a horizontal well at an arbitrlogation in a closed rectangular
reservoir. In this study, for simplicity, we onlise the late time form of the solution

provided by Ozkan (1988).

7.2. Analytical Model and Calculation Methods

The pressure distribution equation for a horizomtall in a closed rectangular

reservoir is (Ozkan, 1988):
Pon =&, = Py tFy (7.1)

where
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Where b =n?7L% +k?7°/x%, and the L term in the dimensionless definitionthge
D XeD

horizontal well half length L =2, z, =z/h and L, =1/h, =L/2h. X and y,p are

at the mid-point of the well length for the uniforthax horizontal well case. For the
infinite conductivity horizontal well case, OzkalB88) showed that the poing x 0.732
used to calculate pressure distribution for a itdiconductivity fracture can also be used

for a infinite conductivity horizontal well. Therm F can be rewritten as follows:

2 > 1
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To calculate Fas suggested by Ozkan:

Fo=F+F, +F, +Fg; (7.4)
Where
0 +1
F= Z Codan )Coinme )j Ko[nﬂ-o \/(XD ~ Xup _a)z + (yD ~Yuo )2 }da (7.5)
n=1 -1
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For the case ofyy= yup, if |X|<a then
+a 1 b(a+X) b(a-X)
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-a 0 0
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If |X| > a then

+a b(|x|+a) b(X|-a)

J'Ko[b (X —a)z}da :%[ [ Kylu)du= [Kq(u)du (7.10)
If |X|=a then

TKO[b (X —a)z}da =%2fbKo(u)du (7.11)

Wherea=1, b =mp

Table 7.1 presents the dimensionless coordinateslfathe wells in the 5x4
Homogeneous Synthetic field. Other data incluge=xy.p = 20.67 andp = 0.004733.
Table 7.2 shows the shape factors for the horizomédls in the 5x4 synthetic field
calculated using f results (influence functions) from Eq.7.1 and &E@1. These shape

factors can be used to calculate the influencetfong by applying Eg. 5.20.

Table 7.1: Dimensionless coordinates of the hotizlorwells in the 5x4 synthetic field

Wells Xwbh Ywbh

101 3.6667 | 17.0000
102 | 17.0000 | 17.0000
103 | 10.3333 | 10.3333
104 3.6667 | 3.6667
I05 | 17.0000 | 3.6667
PO1 | 10.3333 | 17.0000
P02 | 3.6667 | 10.3333
PO3 | 17.0000 | 10.3333
P04 | 10.3333 | 3.6667
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Table 7.2: Shape factors for uniform flux and iit@rconductivity horizontal wells in 5x4
Synthetic Reservoir

Wells Can
Uniform Flux | Infinite Conductivity
101 0.0404 0.0950
102 0.0403 0.0563
103 1.4741 2.6713
104 0.0404 0.0950
105 0.0403 0.0563
PO1 0.3212 0.5857
P02 0.3190 0.6997
P03 0.3182 0.4699
P04 0.3212 0.5857

7.3. Simulation Results

7.3.1. Model Description

Fig. 7.1 shows the top view of the permeability trbsition of the 5x4
homogeneous synthetic field with horizontal wellsll the wells were horizontal wells
with their centers at the cell where the verticallsy were completed in the previous
chapters(see Table 7.1). Fig. 7.2 shows the pdriiitgalistribution cross section cutting
through three representative horizontal wells. sTtall the wells were completed in the
center layer of the reservoir so that their distsno the top and bottom boundaries of the
reservoir were equal. The formation permeabiligsvset to 100 mD in the x, y and z
directions. All wells are at the same length o 30and completed along the x direction.
The wells were assumed to be infinite conductitatyizontal wells. Thus, the influence
functions were calculated using the pressure digion equation (Eqg.7.1) evaluated at

the point % = 0.732 and iy = Yup.
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Figure 7.1. Top view of the simulation model shapthre horizontal wells of the
homogeneous 5x4 Synthetic field.
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Figure 7.2. Cross sectional view showing three fmmtal wells and their completions in
the homogeneous 5x4 Synthetic Reservoir.

7.3.2. Homogeneous Reservoir

Table 7.3 and Fig. 7.3 show the results for thermell connectivity coefficients

obtained from the simulation data for this casemil@r to the same cases in the previous
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chapters, the results are very close to the resblned for the homogeneous reservoir
with vertical wells. Small value of the asymmaetpefficient for this case (& 0.00445)
indicates good results for the interwell connetyioefficients. Table 7.4 and Fig. 7.4
present the corresponding relative interwell peimigi@s with the equivalent time of
6.59 days, and the reference permeability of 100. mBotice that the differences
between the high and low interwell connectivity fficeents are less significant than in
the case of vertically fractured wells of similaalfhlength suggesting the observation
wells are less affected by the nearby active hatedowells than as in the vertically
fractured well case. This is reasonable becausthé&same flow rate, the pressure drop
in a fractured well is less than in a horizontallwensidering the fracture half-length is

approximately equal to the horizontal well halfgém

Table 7.3: Interwell Connectivity Coefficient retsulrom simulation data for the
Homogeneous 5x4 Synthetic field with Horizontalsv@ = 0.00445)

P1 P2 P3 P4 Sum
Boj (psia) | -291.9 | -293.7 | -294.0 | -292.1 | -1172
11 029| 0.30] 008| 0.09]| 076
12 029| 008| 030| 0.09| 076
13 024| 024]| 025| 023| 096
14 0.09| 029] 009| 029 076
15 0.09| 009| 029| 030 076
Sum 1.00| 1.00| 1.00| 1.00

Table 7.4: Relative interwell permeability results the 5x4 Homogeneous Synthetic
Field with Horizontal wells (k=100mD,4teq = 6.59 days)

Pl P2 P3 P4 Ave.
11 108 112 92 97 102
12 107 94 109 97 102
I3 93 93 98 93 94
14 98 107 96 106 102
15 96 97 106 109 102
Ave. 100 101 100 100
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Figure 7.3. Representation of the connectivityffocients for the case of 5x4
Homogeneous Reservoir with Horizontal wells.
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Figure 7.4. Representation of the relative intefvpermeability for the case of 5x4
Homogeneous Reservoir with Horizontal wells.
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7.3.3. Homogeneous Reservoir with horizontal wells of éifént lengths

In this case, the horizontal well half-lengths difterent. The half-length values
are presented in Table 7.5. Fig. 7.5 shows theitp of the permeability distribution of
the reservoir. In Fig. 7.5, the lengths of theizumtal wells corresponding to the data
given in Table 7.5 are also observed. Figure Advs the cross section through wells

104, P04 and 105. Again, the wells are completethe middle layer.

Table 7.5: Horizontal well half-lengths for differtehorizontal wells in the 5x4
Homogeneous Synthetic field

Wells | L/2 (ft)
11 75.00
12 125.00
13 100.00
14 75.00
I5 200.00
P1 150.00
P2 100.00
P3 125.00
P4 50.00

Table 7.6 and Fig. 7.8 present the interwell cohvgy coefficient results for
this case. Fig. 7.7 shows the comparison of ttexwell connectivity coefficients results
obtained from simulation data and by calculationngisinfluence functions. The
coefficients are in good agreement with /R0.9607. Table 7.7 and Fig. 7.9 show the
corresponding relative interwell permeability reésuior this reservoir. The calculated
relative interwell permeabilities are in good agneat with the simulation model input

permeability of 100 mD.
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Figure 7.5. Top view of the simulation model shawhe horizontal wells of different
lengths for the homogeneous 5x4 Synthetic field.
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Figure 7.6. Cross sectional view showing three rmmial wells of different lengths in
the homogeneous 5x4 Synthetic Reservoir.
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Table 7.6: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Homogeneous Synthetic field — Horizontal wellsiiééent lengths

P1 P2 P3 P4 Sum
Boj (psia) | -330.5 | -371.6 | -325.9 | -420.8 | -1449
11 025| 0.27] 008| 0.09]| 069
12 030| 0.11] 029| o0.10| 0.80
13 023| 023]| 022] 022] 089
14 010| 0.26] 008| 0.24| 068
15 012 | 0.13] 033] 035 094
Sum 1.00| 1.00| 1.00| 1.00

Table 7.7: Relative interwell permeability results the 5x4 Homogeneous Synthetic
field — Horizontal wells of different lengths«k100mD,Adteq = 6.21 days)

P1 | P2 [ P3 | P4 | Ave.
11 1101|109 87 | 95 98
12 1111 | 98 [ 107 | 95 | 102
I3 92 | 94 | 88 | 88 91
14 97 1103 [ 89 | 94 96
I5 1100|105 (113|119 ] 109

Ave. | 100 [ 102 | 97 | 98

0.4
R? = 0.9607
0.35

*/\ AR /A\
L ALY

0.05

Values of Connectivity Coefficients

0 2 4 6 8 10 12 14 16 18 20
Well Pairs

‘+ Simulated —#— Calculated ‘

Figure 7.7. Comparison of simulated and calculatadrwell connectivity coefficient
results for the 5x4 Homogeneous Synthetic fieladrzdntal wells of different lengths.
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Figure 7.8. Representation of the connectivity fioiehts for the case of 5x4
Homogeneous Reservoir - Horizontal wells of difiéfengths.
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Figure 7.9. Representation of relative interweltmpeability for the case of 5x4
Homogeneous Reservoir- Horizontal wells of diffefengths.
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Figure 7.10. Maximum values of interwell connetyicoefficients versus horizontal well
half-lengths.

Similar to the case of vertically fractured wells,order to investigate the effect
of horizontal well half-lengths on the interwell roeectivity coefficients, a graph of
maximum values of the interwell connectivity coeiiénts for every injector versus their
horizontal well half-lengths was plotted as shownFig. 7.10. Except for well 103,
which is at the center of the reservoir, the posgiof the other wells can be considered
as equivalent to each other due to the symmettlieofeservoir. A clear trend is shown
on Fig. 7.10. The higher the horizontal well Haligths, the larger the maximum
coefficient values. Well 101 and 104 have the samogizontal well half-length and,
consequently, the maximum coefficients for those tmells are the same. Thus, the
longer the horizontal well half-lengths are, therenmfluence the wells have on nearby

wells and the less influence they have on far awel{s.
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7.3.4. Homogeneous Reservoir with horizontal injectorsdifferent lengths

and producers with the same length

Again, to investigate the effect of horizontal wedllf lengths of the producers or
response wells on the interwell connectivity casdints, the same simulation model as in
previous case was run with the exception that twézdntal well half lengths of the
producers were the same at 150 ft. The fractufddraths of the injectors are shown in
Table 7.5. Fig. 7.11 shows the top view of theeresir permeability distribution. From
Fig. 7.11, the lengths of the horizontal injectoosresponding to the data given in Table

7.5 are also observed. However, the lengths ofitinzontal producers are the same.

Fhud is

Parmi (mD)

I 1
100.000 100.000

Figure 7.11. Top view of the simulation model simgvthe horizontal wells in the 5x4
homogeneous Synthetic field-The same horizontahadé lengths for producers.
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The results of the interwell connectivity coefficie are presented in Table 7.8.
Fig. 7.12 presents a comparison of the interwelineativity coefficients for the case of
the same and different horizontal well half lengtthshe producers. The results for both
cases are identical indicating that the horizomtall lengths for the producers do not
affect the interwell connectivity coefficients. i§hs also in excellent agreement with the
analytical model because the wellbore conditionshef producers or observation wells

are not part of the equation to calculate interwetinectivity coefficients.

Table 7.8: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Homogeneous Synthetic field — Different fracturd-teangths at injectors

P1 P2 P3 P4 Sum
Boj (psia) | -330.4 | -340.9 | -313.0 | -319.3 | -1304
11 025| 0.27] 008| 0.09]| 069
12 030| 0.11] 029| o0.10| 0.80
13 023| 023 022] 022] 089
14 010| 0.26] 008| 0.24]| 067
15 012 | 0.13] 033] 035 094
Sum 1.00| 1.00| 1.00| 1.00

S IAN Nl
R AR AN A
S AV W A WA

[~ ChangedProducerLengihs 8- UnchangedProducerLengths |

Figure 7.12. Comparison of the interwell connetyivoefficient results for the case of
the same vs. different horizontal well half ldvsgfior the producers in the 5x4
Homogeneous Synthetic Reservoir.
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7.3.5. Homogeneous Reservoir with horizontal wells in bothk y directions

To investigate the effect of horizontal well diriecis on the interwell connectivity
coefficients, the 5x4 simulation model with horizainvells of different directions (x and
y directions) was run. Fig. 7.13 shows the topwvief the reservoir permeability
distribution and the horizontal well directions.s Ahown on Fig. 7.13, wells 102, 103,
P03 and 104 are in y-direction while the other welite in the x-direction. The centers of

the wells however are at the same positions dseiptevious cases.

W A

Parmi (mD)

I 1
100.000 100.000

Figure 7.13. Top view of the simulation model simgvthe horizontal wells of the
homogeneous 5x4 Synthetic field-Different horizZiowtl directions.

The results of the interwell connectivity coefficie are presented in Table 7.9
and Fig. 7.14. Figs. 7.15 and 7.16 present a casgmof the interwell connectivity

coefficient results of this case with the case what wells are in the x-direction. The
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results for both cases are almost identical ingigahat the horizontal well directions do

not affect the interwell connectivity coefficier@sults given the same well locations.

Table 7.9: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Homogeneous Synthetic field — Different horizonll directions (A= 0.00484)

P1 P2 P3 P4 Sum
Boj (psia) | -292.0 | -293.5 | -292.9 | -292.2 | -1171
11 029| 0.30] 008| 0.09| 076
12 029| 008| 030| 0.09| 076
13 024| 023 024| 024| 095
14 0.09| 029] 009] 029 076
15 0.09| 009| 029| 030 076
Sum 1.00| 1.00| 1.00| 1.00

101 PO1 102
\/
PO2 N — I P03
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104 L — _-éL|
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Figure 7.14. Representation of the connectiviggfitdents for the case of 5x4
Homogeneous Reservoir - Horizontal wells of difiéirections.
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Figure 7.15. Comparison of the interwell connetyivioefficient results for the case of
different well directions vs. all wells in the xlition in 5x4 Homogeneous Synthetic
Reservoir.
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Figure 7.16. Comparison of the relative interwedrmeability results for the case of
different well directions vs. all wells in the x-@ttion in 5x4 Homogeneous Synthetic
Reservoir.

7.3.6. Anisotropic Reservoir with horizontal wells
In this case, the effective permeability in theivedtion (1000 mD) is tenfold the

permeability in the y direction (100 mD). Similar the homogeneous base case, all

wells have the same horizontal half-lengths. Tabi® and Fig. 7.17 show the results
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for the interwell connectivity coefficients. Aspmected, the results are good indications
of the reservoir anisotropy with large coefficiefds well pairs in the direction of high
permeability. Table 7.11 and Fig. 7.18 present ¢baresponding relative interwell

permeabilities with the equivalent time of 6.59 slagnd the reference permeability of

316 mD.

Table 7.10: Interwell Connectivity Coefficient résdrom simulation data for the 5x4
Anisotropic Synthetic field— Horizontal wells

P1 P2 P3 P4 Sum
Boj (psia) | -131.3 | -165.7 | -165.7 | -131.5 | -594
11 038 015] 013] 0.05]0.71
12 038 013]| 015| 0.05]0.72
13 014 | 043| 043] o014/ 114
14 0.05| 015 013] o0.38]0.71
15 0.04| 013 015| 0.39]0.72
Sum 1.00| 1.00| 1.00| 1.00

Table 7.11: Relative interwell permeability resutis the 5x4 Anisotropic Synthetic Field
— Horizontal wells (=316 mD,4teq = 6.59 days)

P1 | P2 [ P3 | P4 | Ave.
11 1319|104 [175] 95 | 173
12 1317|177 [105| 96 | 174
I3 [117] 354|355 (117 | 236
14 [100 103|174 (314 ] 173
15 91 | 177 1105|321 | 174

Ave. | 189 | 183 | 183 | 189
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Figure 7.17. Representation of the interwell cartivity coefficients for the case of 5x4
Anisotropic Reservoir — Horizontal wells.
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Figure 7.18. Representation of relative interwedtmeability for the case of 5x4
Synthetic Reservoir — Horizontal wells.
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7.3.7. Reservoir with high permeability channel

Fig. 7.19 shows the top view of the permeabilitgtidbution for this case. The
cells in red color indicate high permeability inthhoc and y directions. Similar to the
high permeability channel cases in the previoupigra, the permeability of the channel
was ten-fold (1000 mD) of that in the other ardasreservoir (100 mD). There are nine

horizontal wells with the same horizontal well Riglihgth of 150 ft.

Perm: (mD)

I I
100.000 1000.000

Figure 7.19. Top view of the simulation model simgthe permeability in x direction for
the high permeability channel case of the 5x4 Sytmtiield — Horizontal wells.

Table 7.12 and Fig. 7.20 show the results for theerwell connectivity
coefficients. Similar to the fractured well caskeaoreservoir with high permeability
channel, the results reflect accurately the presefche channel. Table 7.13 and Fig.
7.21 present the corresponding relative interwethpeabilities with the equivalent time

of 6.59 days, and the reference permeability of IBTD
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Table 7.12: Interwell Connectivity Coefficient résdrom simulation data for the High
permeability channel case of the 5x4 Synthetid fieHorizontal wells

PL | P2 | P3 | P4 |sSum
Boj (psia) | -197.5 | -73.2 [ -241.7 | -83.5 | -596
11 0.46 | 045 | 014 | 0.22 | 1.27
12 0.20 [ 0.03 | 0.25 | 0.04 | 051
13 0.26 | 041 | 034 | 0.48 | 1.50
14 0.03 [ 0.07 | 005 | 012 |0.27
I5 0.04 | 0.04 | 021 | 0.15 | 0.45
Sum | 1.00 | 1.00 | 1.00 | 1.00

Table 7.13: Relative interwell permeability resutis the high permeability channel case
of the 5x4 Synthetic field — Horizontal wellg£&3800mD,4teq = 6.59 days)

Pl P2 P3 P4 Ave.
11 374 368 179 245 292
12 142 76 188 86 123
I3 209 321 271 384 296
14 83 29 97 66 69
15 91 92 155 95 108
Ave. 180 177 178 175

Figure 7.20. Representation of the connectiviggfitaents for the high permeability
channel case of the 5x4 Synthetic field — HorizZomialls.
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Figure 7.21. Representation of relative interwedhmpeability for the high permeability
channel case of the 5x4 Synthetic field — HorizZomialls.

7.3.8. Reservoir with a partially sealing barrier

Fig. 7.22 below shows the top view of the x-directpermeability distribution for
this case. The cells in white color were inaciwel thus, served as a partially sealing
barrier. The formation permeability was 100 mD.

Table 7.14 and Fig. 7.22 show the results for thterwell connectivity
coefficients. The presence of the partially sepbarrier is well established based on the
results. Table 7.15 and Fig. 7.24 present the spomding relative interwell
permeabilities with the equivalent time of 6.59 slagnd the reference permeability of
100 mD. Similar to the same case for fracturedsyéte relative interwell permeability
for well pair 101-PO1 was negative because theuerfte function for the pair was
calculated using the late time solution. Whenittiierwell connectivity coefficients are
small, they are translated to early time-periods, anus, the late time solution becomes

inaccurate. Thus, the negative value was setrtodige to small connectivity coefficient.
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Figure 7.22. Top view of the simulation model simgvthe permeability distribution in x
direction for the 5x4 Synthetic field with partiaBealing barrier— Horizontal wells..

Table 7.14: Interwell Connectivity Coefficient réssdfrom simulation data for the 5x4
Synthetic field with partially sealing barrier— Haontal wells.

P1 P2 P3 P4 Sum
Boj (psia) | -540.6 | -260.1 | -391.4 | -291.3 | -1483
11 0.01| 034] 002] 009 046
12 073| 003] 047] 009 131
13 0.07| 024] 010] 022] 063
14 0.0s| 0.30] 007] 0.30] 073
I5 013| 009| 034| 0.31]| 087
Sum 1.00| 1.00| 1.00| 1.00

Table 7.15: Relative interwell permeability resutis the 5x4 Synthetic field with
partially sealing barrier— Horizontal wells {&100mD,4teq = 6.59 days)

Pl P2 P3 P4 Ave.
11 -32 130 64 97 65
12 321 67 195 96 170
I3 30 93 38 85 62
14 80 114 89 111 98
15 119 98 130 115 116
Ave. 104 101 103 101
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Figure 7.23. Representation of the connectivityffi@ents for the case of 5x4 Dual-
porosity reservoir with a partially sealing barrierHorizontal wells.
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Figure 7.24. Representation of relative interwedtmeability for the case of 5x4 dual-
porosity reservoir with a partially sealing barrieHorizontal wells.
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7.3.9. Reservoir with a sealing barrier

Fig. 7.25 shows the top view of the x-directionrpeability distribution for the
sealing barrier case. The cells in white coloreveactive and thus, served as a sealing
barrier. As seen on the figure, the barrier comepledivides reservoir into two
compartments. Based on the change in averagesogspressure calculated from each
producer, the compartmentalization can be inferred.

Table 7.16 and Fig. 7.26 show the results for theerwell connectivity
coefficients. Similar to the previous cases, #ults clearly reflect the presence of the
sealing barrier. Some connectivity coefficients aery small and even negative. They

indicate poor connectivity or no connectivity dt al

Perm: (mD)

I 1
100.000 100.000

Figure 7.25. Top view of the simulation model simgthe permeability in x direction for
the case of 5x4 Synthetic field with a sealing iear Horizontal wells .

169



Table 7.17 and Fig. 7.27 present the correspondiaigtive interwell
permeabilities with the equivalent time of 6.59 slagnd the reference permeability of
100 mD. A cut-off coefficient of 0.06 was appliéal eliminate the low connectivity
coefficients. Thus, the relative interwell permiéigbcorresponding to the coefficients
lower than 0.06 were set to zeros. The resultidive interwell permeabilities show a

clear presence of the sealing barrier (Fig. 7.27).

Table 7.16: Interwell Connectivity Coefficient résdrom simulation data for the 5x4
Synthetic field with a sealing barrier — Horizontaglls.

P1 P2 P3 P4 Sum
Boj (psia) | -336.6 | -266.0 | -225.4 | -365.7 | -1194
11 0.00] 0.35] 000| o0.10| 045
12 0.87| -001| 060| -0.01| 1.44
13 0.05| 027]| 005| 035 073
14 -002| 036] -0.02| 053] 0.84
15 0.07| 004]| 035| 005| 051
Sum 097 | 101| 097| 1.02

Table 7.17: Relative interwell permeability resutis the 5x4 Synthetic Field with a
sealing barrier — Horizontal wells =100mD, 4t.q = 6.59 days)

Pl P2 P3 P4 Ave.
11 0 137 0 104 60
12 391 0 259 0 163
I3 0 106 0 138 61
14 0 143 0 222 91
15 89 0 135 0 56
Ave. 96 77 79 93
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Figure 7.26. Representation of the connectivityfficents for the 5x4 Synthetic Field
with a sealing barrier — Horizontal wells.
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Figure 7.27. Representation of relative interwedtmpeability for the 5x4 Synthetic Field
with a sealing barrier — Horizontal wells.

Table 7.18 shows the results for the average resepvessure change for all

producers in each representative case describabisnchapter. Similar to previous

171



chapters, the changes in average reservoir prefsuedl the cases are about the same
and close to the simulated pressure changes. hEaase with the presence of a sealing
barrier, the resulted pressure changes for wellsé?@ P03 (about 181 psi) are different
from those for wells P02 and P04 (390 psi) indimatitwo different reservoir

compartments (see Chapter 4 and 5). Thus, thevos@ressure change results are

consistent.

Table 7.18: Average pressure chang®4 after each time interval for different cases
of 5x4 Synthetic Field — Horizontal wells.

Cases P1 P2 P3 P4
Homogeneous Reservoir | 285.98 | 286.04 | 285.79 | 285.84
Anisotropic Reservoir 285.93 | 285.92 | 285.92 | 285.79

Channel 285.90 | 285.94 | 285.82 | 285.91
Partially Sealing Barrier | 294.99 | 300.45 | 296.10 | 298.96
Sealing Barrier 180.93 | 390.14 | 180.77 | 390.18

7.4. Conclusions

Some of the conclusions drawn from this chapter are

- The interwell connectivity determination techregcan be applied to reservoirs
containing horizontal wells;

- The well length at the observations wells orwhedl directions do not affect the
interwell connectivity results;

- The complication of pressure distribution caubgda horizontal well can be
captured using the analytical model and thus itsneotivities with other wells can be
interpreted.

- Given the same well position (position of the mpamint of a horizontal well), the
directions of the horizontal wells do not have #igant effect on the interwell

connectivity coefficients.
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CHAPTER 8 — SIMULATION RESULTS FOR MIXED WELL-BORE

CONDITIONS

This chapter provides the results for differentesagwhere mixed wellbore conditions are
present. The 5x4 synthetic reservoirs containipdrdwlic fractures and vertical wells,

horizontal and vertical wells or all three typesa@lbore conditions are considered.

8.1. Fully Penetrating Vertical Wells and Fully Penetraing Hydraulic Fractures

In this section we investigate the effect of welbrd conditions of the
hydraulically fractured injector and vertical pre@gus on the interwell connectivity
coefficients. Fig. 8.1 shows the top view of tregmeability distribution for this case.
Thus, we have all the injectors as hydraulicallgcfured wells and all producers as

vertical wells.

Permx {mD)
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Figure 8.1. Top view of the simulation model shawthre x direction permeability for the
5x4 Homogeneous Synthetic field— Hydraulically tuaed injectors and vertical
producers .
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Fig. 8.2 shows the cross section through wells R4 and 105. The fractures are
shown in red, which indicates high permeabilityel\W04 is a vertical well and does not
intersect any hydraulic fractures. More model desions for the fractures can be found
in section 6.3.1. The results of the interwell mectivity coefficients for this case are

presented in Table 8.1.
14

Figure 8.2. Cross sectional view showing three sveflthe 5x4 Homogeneous Synthetic
field— Hydraulically fractured injectors and vesél producers .
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Table 8.1: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Homogeneous Synthetic field — Hydraulically fraetliinjectors and vertical producers.

P1 P2 P3 P4 Sum
Boj (psia) | -444.6 | -446.2 | -445.8 | -444.6 | -1781
11 032] 032] 006] 006]| 075
12 032] 006| 031] 006]| 075
13 025| 025| 026] 025| 1.01
14 006 | 031| 006| 032] 075
15 0.06| 006| 031| 032]| 075
Sum 1.00 | 1.00| 1.00| 1.00

Fig. 8.3 shows a comparison of the interwell cotimgg coefficient results for
the case of all fractured wells versus the casbyodfaulically fractured injectors and
vertical producers. The results for both casesi@eatical, again indicating that the
wellbore conditions at the producers do not afteetinterwell connectivity coefficients.

This is also in excellent agreement with the amedytmodel because the wellbore
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conditions of the producers or observation welts rawt part of the equation to calculate

interwell connectivity coefficients.
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Figure 8.3. Comparison of the interwell connecyiabefficient results for the case
Hydraulically fractured injectors and vertical placers vs. All fractured wells in 5x4
Homogeneous Synthetic Reservoir.

8.2. Mixed case of fully penetrating vertical wells andully penetrating hydraulic

fractures

Fig. 8.4 shows the top view of the permeabilitytritisition for this case. As
shown on the figure, wells 101, P01, 103, P03 abi &re hydraulically fractured wells
and all the other wells are fully penetrating \aatiwells.

Table 8.2 and Fig. 8.5 present the interwell catividy coefficient results for
this case. It is obvious that hydraulically fraetd injectors have better connectivity with
the producers than the vertical injectors. TabBahd Fig. 8.6 show the corresponding
relative interwell permeability results for thissegvoir. The relative permeabilities for
the well pairs of vertical injectors are slightigwer than those of hydraulic fractures.
However, the calculated relative interwell permégbis in good agreement with the

input permeability for the model of 100 mD.
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Figure 8.4. Top view of the simulation model shawthre x direction permeability for the
5x4 Homogeneous Synthetic field— Mixed Hydrauljcictured and vertical wells .

Table 8.2: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Homogeneous Synthetic field — Mixed Hydraulicathetfured and vertical wells.

P1 P2 P3 P4 Sum
Boj (psia) | -281.1 | -502.1 | -282.1 | -501.9 | -1567
11 0.37| 036] 010] o0.11] 0.94
12 016 | 004| 016| 0.04| 041
13 032| 033] 034] 033] 1.32
14 0.04| 016] 004| o016 041
15 011| 0.11] 035| 0.36] 093
Sum 1.00| 1.00| 1.00| 1.00

Table 8.3: Relative interwell permeability results the 5x4 Homogeneous Synthetic
Field— Mixed Hydraulically fractured and verticaleNs (ke=100mD,Ateq = 7.33 days)

Pl P2 P3 P4 Ave.
11 123 122 92 93 108
12 81 74 80 74 77
I3 109 110 114 110 111
14 75 81 74 80 78
15 93 94 121 125 108
Ave. 96 96 96 97
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Figure 8.5. Representation of the connectivityffecents for the 5x4 Homogeneous
Synthetic field — Mixed Hydraulically fractured audrtical wells.
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Figure 8.6. Representation of relative interweltrpeability for the 5x4 Homogeneous
Synthetic field — Mixed hydraulically fractured anektical wells.
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Fig. 8.7 shows the comparison of the interwell @mtivity coefficients results

obtained from simulation data and calculations gsinfluence functions.

coefficients are in good agreement with=R0.9875.
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Figure 8.7. Comparison of the interwell connecyivabefficient results for the 5x4

Homogeneous Synthetic field — Mixed hydraulicalgtured and vertical wells.

8.3.

Fully Penetrating Vertical producers and Horizontal injectors

In this section, the effect of well bore conditiaasnvestigated in a homogeneous

reservoir with horizontal injectors and verticabgucers on the interwell connectivity

coefficients. Fig. 8.8 shows the top view of tregmeability distribution for this case.

As shown on the figure, all the injectors are homial wells and all the producers are

vertical wells. Fig. 8.9 shows the cross sectimough wells 104, PO4 and 105. Wells

104 and 105 are horizontal wells completed in tbater layer. Well P04 is a vertical well

penetrating all five layers. More description be torizontal well models can be found

in section 7.3.1.
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Figure 8.8. Top view of the simulation model shavihme x direction permeability for the
5x4 Homogeneous Synthetic field— Horizontal imectand vertical producers .

Fermix (mD)

I 1
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Figure 8.9. Cross sectional view showing three sveflthe 5x4 Homogeneous Synthetic
field— Horizontal injectors and vertical producers

The results of the interwell connectivity coefficte for this case are presented in

Table 8.4. Fig. 8.10 shows a comparison of thenmell connectivity coefficient results
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for the case of all horizontal wells versus theecas horizontal injectors and vertical
producers. The results for both cases are idérgigain indicating that the wellbore
conditions at the producers do not affect the wédirconnectivity coefficients. Again,

this is also in excellent agreement with the amzdytmodel because the wellbore
conditions of the producers or observation welks rawt part of the equation to calculate

interwell connectivity coefficients.

Table 8.4: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Homogeneous Synthetic field — Horizontal injectarsl vertical producers.

P1 P2 P3 P4 Sum

Boj (psia) | -484.0 | -484.8 | -485.2 | -484.2 | -1938

11 0.29 0.30 0.08 0.09| 0.76

12 0.29 0.08 0.30 0.09| 0.76

I3 0.24 0.23 0.25 0.24| 0.96

14 0.09 0.29 0.09 0.29| 0.76

15 0.09 0.09 0.29 0.29 | 0.76

Sum 1.00 1.00 1.00 1.00
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Figure 8.10. Comparison of the interwell connetyivdoefficient results for the case
Horizontal injectors and vertical producers vsll Rorizontal wells in 5x4
Homogeneous Synthetic Reservoir.
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8.4. Mixed case of fully penetrating vertical wells anchorizontal wells

Fig. 8.11 shows the top view of the permeabilitgtidbution for this case. As
shown on the figure, wells 101, P01, 103, P03 add &re horizontal wells and all the
other wells are vertical wells. Fig. 8.12 shows tnoss section through wells 104, P04
and 105. Wells 104 and P04 are fully penetratiregtical wells and similar to other
horizontal wells, horizontal well 105 is completiedthe middle layer.

Table 8.5 and Fig. 8.13 present the interwell eatimity coefficient results for
this case. It is obvious that horizontal injectdv@ve better connectivity with the
producers than the vertical injector. Table 8.6 &g. 8.14 show the corresponding
relative interwell permeability results for thissezvoir. The relative permeabilities for
the pairs of vertical injectors are slightly lowtian those of horizontal injectors. This
could be due to numerical errors and analyticalmggions. However, the calculated
relative interwell permeability is in good agreermarith the input permeability for the
model of 100 mD. Fig. 8.15 shows the comparisonth& interwell connectivity
coefficients results obtained from simulation datad by calculation using influence

functions. The coefficient results are in goodesgnent with R= 0.9681.
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Figure 8.11. Top view of the simulation model simgvthe x direction permeability for
the 5x4 Homogeneous Synthetic field— Mixed horaa@mtd vertical wells .
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Figure 8.12. Cross sectional view showing thredsaafl the 5x4 Homogeneous Synthetic
field— Mixed horizontal and vertical wells..
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Table 8.5: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Homogeneous Synthetic field — Mixed horizontalaerntical wells.

P1 P2 P3 P4 Sum
Boj (psia) | -349.3 | -540.1 | -350.7 | -540.5 | -1781
11 034| 035] 012] o014 094
12 017| 006| 017| 0.06| 047
13 030 029] 031] 030] 1.20
14 0.06| 0.17] 006| 017 046
15 0.13| 0.13] 033] 0.34] 093
Sum 1.00| 1.00| 1.00| 1.00

Table 8.6: Relative interwell permeability results the 5x4 Homogeneous Synthetic
Field— Mixed horizontal and vertical wells{&100mD,At.q = 7.33 days)

PL | P2 | P3 | P4 | Ave.
11 | 117 [ 122 | 96 | 102 | 109
12 80 | 80 | 82 | 83 81
I3 | 107 | 104 | 111 | 106 | 107
14 83 | 79 | 82 | 78 81
I5 |100 (100 | 116 | 118 | 108

Ave. | 97 | 97 | 97 | 97
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Figure 8.13. Representation of the connectivitgfitoients for the 5x4 Homogeneous
Synthetic field — Mixed horizontal and vertical isel
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Figure 8.14. Representation of relative interwedhmpeability for the 5x4 Homogeneous
Synthetic field — Mixed horizontal and vertical isel

045
R?=0.9681

0.35

AR A /A\\ /MZ
R AN AV AV S
Y

Values of Connectivity Coefficients
o
N

|~ Simuiated 8- Calculated|

Figure 8.15. Comparison of the simulated and caltad interwell connectivity
coefficient results for the 5x4 Homogeneous Syicthietd — Mixed horizontal and
vertical wells.
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Wells

8.5. Reservoir with Vertical Wells, Hydraulically Fractured Wells and Horizontal

In this case, all three well types are presenthan x4 homogeneous synthetic
field. Fig. 8.16 shows the top view of the permkgbdistribution for this case. As
shown on the figure, wells 102, 103 and P04 arazoorttal wells, wells 101, PO1 and 105
are hydraulically fractured wells and the otherlsi@re vertical wells. The horizontal
well lengths are 300 ft, the fracture half-lengéine 145 ft and all vertical wells are fully
penetrating the formation. Fig. 8.17 shows thesrgection through wells 104, P04 and
105. Well 104 are fully penetrating vertical welliell 105 is hydraulically fractured well

and the horizontal well 105 is completed in the diedlayer.
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Figure 8.16. Top view of the simulation model smgvithe x direction permeability for
the 5x4 Homogeneous Synthetic field— Mixed hor&phydraulically fractured and
vertical wells .
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Figure 8.17. Cross sectional view showing thredsaafl the 5x4 Homogeneous Synthetic
field— Mixed horizontal, hydraulically fractured drwertical wells.

Table 8.7 and Fig. 8.18 present the interwell eatimity coefficient results for
this case. It is obvious that horizontal and hytically fractured injectors have better
connectivity with the nearby producers than thdigarinjector. The vertically fractured
injectors have better connectivity with the neapbgducer than the horizontal well have.
This is reasonable because the pressure drop altragtured well is higher than that of a
horizontal well of the same half-length. Table 8l Fig. 8.19 show the corresponding
relative interwell permeability results for thisezvoir.

The relative permeabilities for the pairs of hydilly fractured injectors are
higher than those of horizontal injectors and weaitinjectors. This could be due to
numerical error and analytical assumptions. Anotteason could be the cross flow
effect that altered the properties of fluid flolHowever, the average relative interwell
permeability is in good agreement with the inputnpeability of the model of 100 mD.
Fig. 8.20 shows the comparison of the interwellraativity coefficients results obtained
from simulation data and by calculation using iefiee functions. Even though the
match is not as good as in previous cases, thdiadeaf results are well proportional

with R? = 0.7846.
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Table 8.7: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Homogeneous Synthetic field — Mixed horizontalydwyiically fractured and vertical

wells.
P1 P2 P3 P4 Sum

Boj (psia) | -301.7 | -538.9 | -524.9 | -404.2 | -1770
11 0.39| 040| 013| 0.14| 1.06
12 0.25| 0.08| 0.25| 0.08| 0.65
13 0.18| 020| 019| 0.20| 0.77
14 005| 0.18| 0.05| 0.18| 0.47
15 013| 0.14| 0.38| 040| 1.06
Sum 1.00| 1.00| 1.00| 1.00

Table 8.8: Relative interwell permeability results the 5x4 Homogeneous Synthetic
Field— Mixed horizontal, hydraulically fractured drvertical wells (k=100mD,Ateq =
7.33 days)

P1L [ P2 [ P3 | P4 | Ave.
11 [138]145] 110118 | 128
12 86 | 91 | 87 | 91 [ 89
I3 73 | 78 | 75 [ 78 | 76
14 92 | 99 | 92 [ 98 | 96
I5 |110| 118 [ 137 | 146 | 128

Ave. | 100 | 106 | 100 | 106

.
CTTT

P02

@® ro3

103

b

104 P04 105

Figure 8.18. Representation of the connectivitgfitoients for the 5x4 Homogeneous
Synthetic field — Mixed horizontal, hydraulicalhadtured and vertical wells.
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Figure 8.19. Representation of relative interwedhmpeability for the 5x4 Homogeneous
Synthetic field — Mixed horizontal, hydraulicalhadtured and vertical wells.
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Figure 8.20. Comparison of the simulated and caltad interwell connectivity
coefficient results for the 5x4 Homogeneous SyiatRetd — Mixed horizontal,

hydraulically fractured and vertical wells.
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CHAPTER 9 — ANALYSIS OF PRODUCTION DATA OF A WATERF LOOD

UNDER THE STEADY STATE FLOW CONDITION

This chapter presents a new analytical model taw flates data in a waterflood system to
provide an in-depth understanding of the MLR teghasi for production data and the
relationships between the interwell connectivitefficients calculated from production
data and other reservoir parameters. The modeased on an analytical solution for
bottom hole pressure responses of fully penetratergjcal injectors and producers in a
closed rectangular reservoir. The assumption i model is that the field is under
steady-state flow condition. Similar to the caske ppessure data, the interwell
connectivity coefficient results are used to catelrelative interwell permeability.
Different synthetic reservoir models were analyzedluding: homogeneous,
anisotropic reservoirs, reservoirs with high perbil@g channel and transmissibility
barriers. Comparisons are made with results obtairom previous studies from both

production data and bottom hole pressure data.

9.1. Overview

Production data is one of the most abundant welh da waterfloods. As
mentioned before, there are numerous studies auingerinterwell connectivity
calculation from production data. Albertoni andkea(2003) used multivariate linear
regression analysis of the flow rates in a watedldo infer interwell connectivity. The
advantages of this technique include simplified-ste@ calculation and availability of
the production data. Diffusivity filters are reged to account for the time lag and
attenuation of the flow rate signals. The methodppsed by Albertoni and Lake,

however, did not take into account the effect efflow rates of other producers.
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A capacitance model based on the Albertoni ancelrakdel was developed to
account for the shut-in periods and the changé®itom-hole pressures at the producers
(Yousef et al., 2006). The approach still requseljective judgments.

The analytical model proposed in this chapter i @b take into account the
effects of both injectors and producers on thestigated producer or observation well.
It also provides a relationship between the intdra@nnectivity coefficients calculated
from production data and other reservoir parametiexghe influence functions defined

in previous chapters.

9.2. Analytical Model for Reservoir Flowing in Steady Sate with Injection Wells

9.2.1. MLR method

The main assumption for this analytical model iattthe reservoir is flowing
under steady state condition. Thus, the produm@rsinder pressure control and the total
injection rate is equal to the total productionerat the end of every rate interval.
Different from Albertoni and Lake’s solution (2008hich assumed all flow rates at the
producers are caused by the rates at the injecods used balanced multivariate
regression (BMLR) for the case, the solution presgim this section uses only the MLR
method. In the MLR method, a constant term isudet in the equations for the
response well flow rates; while in the BMLR meththis term is equal to zero. In our
case, the term was included in the flow rates shoase wells to account for the effect of
other response wells. Further explanation carobed in the following section.

Similar to the pressure model, the estimated flate at a producgr(observation

well) is given by:
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qj (t)=/101 +Z/1ij di (t) [(=1,2,...N) (9.1)

whereN is the total number of producers ang the number of injectors. This
eguation states that at any time the total flow edtproducey is a linear combination of
the flow rate portion of every injector corresporglito that producer plus a constant
term, Ao The factorsi; are the weighting factors or interwell connectiwtbefficients
and the constant terdy; accounts for the unbalance. If the flow ratepmfducers and
injectors are known, the coefficiemts and the termly; need to be determined.

Again, the minimization of the errors leads to ttelowing set of I linear

equations:

0121 0122 lel /111 0.12]_

0-221 0-222 0-22| X AZJ 0-221 (9 2)

U|21 J|22 J|2| /]IJ 0'“2

which can be solved by standard means. The cdristam/; is given by:
pr— I pr—
/]Oj =q; _z/]ij di (9.3)
i=1

whered?; andozi,- are injector-injector and injector-producer cosages respectively.
Thus, a set of+1 equations antt1 unknowns must be solved for each producer
(Equations 9.2 and 9.3). The interwell connegtivabefficientsA; obtained from the
solution of the N systems of equations provide angjtative expression of the influence
of each injecton on each produceyr; the larger thel;, the greater the influence. The

assumption for this test is that the bottom hokspure at the producers is kept constant.
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9.2.2. Analytical Model for Production Data

From Egs. 4.19 and 4.21, we can write the pressguation for the producer j as

pave(t) - pwf,j (Xij ' waj ’t): %[qj (ajj - 2I-IDA)] (94)
Or
lpave(t) - pwf j (Xij ’ waj ’t)]
= ’ (9.5)
| 141Il.j]B,u [( i 277tDA)]

Substituting Eqg. 9.5 to Eq. 4.8 for producer j’, al#ain

Pini ~ pwf,j'(Xij"waj‘):

14128/'1 Z Jl [XWDJ yWDJ WDJ waJ eD? yeD AD ][ pave pwf,j (Xij ! waj ’t)] (9 6)
kh |43 1412B,u[ - )] '
kh i DA
- Zml: ;. [Xij' » Ywoj' s Xwpi » Ywoi » Xeps Yen: Lap ]CIi }
Substituting the right hand side of Eqg. 9.6 with E4.9, we have
14]l-<2|3'u [ ( - ZHDA)+ qutottDA] =
141. ZB,U z aj [XWDJ Yuoj' s Xwoj » Ywoj » Xep» YensLap ][ pave ~ Pt (Xij » Yuoj ’t)] - 97

kh = 1412Bu (a.. B HDA)]

- Z ;. [Xij' 1 Yupj s Xwoi + Yuoi 1 Xepr Yen: tao ]Qi }
i=1
SinceAq,, =0, EQ. 9.7 becomes
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% a ‘[XWDj‘iyWDj‘*XWDj*yWDj'XeD*yeD*tAD][pave(t)_ Put i (XWDj’yWDj t)]

[qj‘(aj'j' _ZHDA)]:

n
J

i
j=1 141|;hB,U [(ajj _ZHDA)] (9.8)
—i aij.[Xijv, Ywpj'» Xwbi » Ywbi » Xepr Yen: tap ]qi
i=1
Or
B Mlinj a“..
= +A |
q, lz:l: —— q, +Aq,, (9.9)

Where Aqg, is a constant due to constant average reservesspre (e and constant

bottom hole pressure at the produceggfp Aq,, is defined as

_ & ajj‘l_pave(t) - pwf,i (XWDj ’ yWDj ’t)] 9 10
» ; 141.2By( \ ) (9.10)
Kh & —27p, 3, — 27,
Eq. 9.9 should be equivalent to Eq. 9.1 if we have
A = al (9.11)
a;; —27tp,
and A,;. = Aqg, (9.12)

Again, since Eq. 9.9 should be true at any timenduthe steady state flow, we
can adjust the time ipt term so that Eq. 9.11 is satisfied (the equivaliem¢). Eq. 9.12,
however, is a constant term and depends on théhl@fhghe time intervals.

Note that if we assume the flow at every well ftselunder pseudo-steady state
condition, thus Eqg. 5.1 applies, then the te?m, in the influence functions of the
denominators of both Egs. 9.10 and 9.11 are cathoeie Thus, the denominators do not

depend on time. Hence, the interwell connectieibgfficientsA.., for the producer j’,

ij
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only depend on the location of producer j’ anditifeience functions between injectors,
I, and the producer j'.
Since pve Stay constant for every time interval and the dratthole pressures at

the producers are equal and constant, we shoulbleeto calculate the,p from Eq.

9.10:
A
P )= iy # P, (K1 Voo 1) 9.13)
Z i’
= 14:L.il3,u[(ajj - ZHDA)(ai'J" - ZHDA)]

However, sinceAps, is not perfectly constant at every time step and th
permeability may vary due to the reservoir hetenegs, Eq. 9.13 can only be used to
calculate the approximate value @f4with an assumed average permeability. The time

involved in Eq. 9.13 should be the total time afleéime interval.

9.3. Simulation Results

9.3.1. Model Description

The basic model for this case is the same as iptehd except that the producers
are controlled by bottom hole pressures. All welte vertical wells and the injection
rates were generated randomly between 100 and k)@lay (see Fig. 9.1). The time
interval was increased from 30 days to 300 dayguarantee the steady state flow

condition. The bottom hole pressure at every predwas kept constant at 300 psia.
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Figure 9.1. Input flow rate data for the injectoBx4 homogeneous synthetic field-
Production data.

9.3.2. Homogeneous Reservoir

Similar to the homogeneous case of 5x4 Synthettd fin Chapter 4, the
permeability for both x and y direction was setl@) mD for this case. 50 data points
were obtained. Fig. 9.2 shows a plot of the cutiudavater injection and production for
the whole field versus time. At any time, the twalues are about equal. Fig. 9.3
presents the total field injection rate versus pobdn rate. The two rates are
approximately equal at every time step. Thussteady state condition assumption can
be considered as satisfied.

Table 9.1 and Fig. 9.4 present the interwellnemtivity coefficient results for
this case. The results are in good symmetry with dasymmetry coefficient @A of
0.007343 indicating good results. Table 9.2 amd #i5 show the corresponding relative
interwell permeability results for this reservolq. 4.6 was used through out this chapter

to calculate influence function as it is applicafde both early time and late time. Since
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the summations of the coefficients for the prodsaae not constant when bottom-hole
pressures are used, we may assume a permeabiliopnéowell pair is known, and then
adjust theAtgq so that the calculated interwell connectivity that pair is equal to the

corresponding coefficient obtained from MLR methusihg simulation data. In our case,
the reference pair was 105-P04 with a referencepability of 100 mD as colored in red
in Table 9.2. The resulted relative interwell peahilities are in very good agreement

with the input permeability of 2100 mD for the model
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Figure 9.2. Water injection and production totat tbhe 5x4 homogeneous synthetic field-
Production data.
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Figure 9.3.
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Water injection and production rates tloe 5x4 homogeneous synthetic

field-Production data.

Table 9.1: Interwell Connectivity Coefficient retsuirom MLR for the 5x4 homogeneous
synthetic field-Production data {& 0.00734)

PL |P2 |P3 | P4 |[sum
Aoj (psia) | 29.9 | 30.1 [ 29.9 | 30.1 [ 120
11 0.29 | 0.29 [ 0.14 | 0.14 | 0.87
12 0.31]0.16 [ 0.31 | 0.16 | 0.93
13 0.23 | 0.23] 0.23 | 0.23 | 0.90
14 0.14 | 0.30 [ 0.14 | 0.30 | 0.88
I5 0.16 | 0.16 | 0.31 | 0.31 | 0.94
Sum 113 ] 1.13 | 1.13 | 1.13

Table 9.2: Relative interwell permeability results the 5x4 Homogeneous Synthetic
Field— Production data (k=100mD,Ateq = 7.57 days)

Pl P2 P3 P4 Ave.
11 94 94 103 103 98
12 99 110 99 110 105
I3 94 94 95 95 94
14 104 94 104 95 99
15 111 111 100 100 106
Ave. 100 101 100 100
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Figure 9.4. Representation of the connectivity ftcehts for the 5x4 Homogeneous
Synthetic fields — Production data.
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Figure 9.5. Representation of relative interweltmpeability for the 5x4 Homogeneous
Synthetic field — Production data.
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Figure 9.6. Flow rate from Eq.9.9%7.57 days) and from simulation results for Well P-
01, 5x4 homogeneous synthetic field.

Fig. 9.6 shows the flow rate results for well Pelftained from Egs. 9.9 and 9.10
in comparison with the simulation data. The caégfit of determination (f shown on
Fig. 9.6 does not depend aw;.. Excellent match is observed on Fig. 9.6 with=R
0.9923. The average pressure was calculated W@besi using Eq. 9.13 with the time
equal the total length for each time interval 003fays and\y equal 29.9 psia obtained
from Table 9.1. The actual value was 650 psiactvig close to the calculated value.

Fig. 9.7 shows the comparison of the interwell @mtivity coefficients results
obtained from simulation data and from calculatiarssng influence functions. The

coefficients are in good agreement with=R0.9822.
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Figure 9.7. Comparison of the simulated and caltadainterwell connectivity
coefficient results for the 5x4 Homogeneous Syiathietd — Production data.

The input data for the analytical calculation wehanged to match the input data
the corresponding simulation model in Albertontsdy (the horizontal permeability was
changed to 40 mD). The connectivity coefficiensules from the analytical model
proposed in this study were compared with the tesidtained by Albertoni (2002) using
MLR with diffusivity filters as shown in Fig. 9.8.The plot indicate a good match
between Albertoni’s results and the analytical gkition results with R= 0.9800. Thus,
the final interwell connectivity coefficients obtgéd from MLR technique with
diffusivity filters match well with the steady stadnalytical solutions.

These results confirm the validity of the analyiticendel proposed in this chapter.
The results also indicate that the diffusivity it eventually lead the interwell
connectivity coefficient results from total injemti-production unbalanced flow rate data
to the results from steady state data where tofattion rates approximately equal to the

total production rates.
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Figure 9.8. Comparison of the interwell connecyiabefficient results for the 5x4
Homogeneous Synthetic field obtained from simuladi@mta using MLR technique with
diffusivity filters in the Albertoni and Lake studyd the results obtained from analytical
model in this study — Production data.

9.3.3. Anisotropic Reservoir

In this case, the effective permeability in theisedtion (1000 mD) is tenfold the

permeability in the y direction (100 mD). Tabl& @nd Fig. 9.9 show the results for the

interwell connectivity coefficients. As expectate results are well indications of the

anisotropy with large coefficients for well pains the direction of high permeability.

Table 9.4 and Fig. 9.10 present the corresponditagive interwell permeabilities with

101-P0O1 as reference well pair and with the refeegmermeability of 316 mD.

Table 9.3: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Anisotropic Synthetic field— Production data

PL |P2 |P3 | P4 |[sum
Aoj (psia) | 10.9| 86| 86112 39
11 0.53 | 0.18 [ 0.17 | 0.08 | 0.96
12 0.53 | 0.17 | 0.19 | 0.08 | 0.98
13 0.18 | 0.31 [ 0.31 | 0.18 | 0.97
14 0.08 | 0.19 [ 0.17 | 0.53 | 0.96
I5 0.08 | 0.18 | 0.19 | 0.53 | 0.98
Sum 1.39 | 1.03 | 1.03 | 1.39
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Figure 9.9. Representation of the interwell coriivity coefficients for the case of 5x4
Anisotropic Reservoir — Production data.

N1

P02 @ @ P03

M [ ) _&;’
104 P04 105

Figure 9.10. Representation of the relative intetypermeabilities for the case of 5x4
Synthetic Reservoir— Production data.
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Table 9.4: Relative interwell permeability results the 5x4 Anisotropic Synthetic Field
— Production data (k=316 mD,4teq= 7.57 days)

Pl P2 P3 P4 Ave.

11 316 92 194 121 181

12 319 197 95 127 185

I3 125 217 217 126 171

14 121 93 194 316 181

15 128 198 95 320 185
Ave. 202 159 159 202

9.3.4. Reservoir with high permeability channel

Similar to the high permeability channel cases irvpus chapters, the
permeability of the channel was ten-fold (1000 noD)hat in other areas of the reservoir
(100 mD). Again, all wells are fully penetratingrtical wells. Table 9.5 and Fig. 9.11
show the results for the interwell connectivity ffimgents. The results reflect accurately

the presence of the channel.

Table 9.5: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Synthetic field with high permeability channel -o8uction data.

PL |P2 |P3 | P4 |[sum
Noj(psia) | 68| 61| 7.0[329]| 53
11 0.13 | 0.16 [ 0.06 | 0.59 | 0.95
12 0.20 | 0.09 [ 0.21 | 0.46 | 0.96
13 0.09 | 0.12 [ 0.07 | 0.67 | 0.96
14 0.06 | 0.12 [ 0.05 | 0.71 | 0.95
15 0.06 | 0.07 | 0.14 | 0.71 | 0.98
Sum 0.54 | 0.56 | 0.53 | 3.15

Table 9.6: Relative interwell permeability results the 5x4 Synthetic Field with high
permeability channel — Production datgefk1000mD ,Ateq = 7.57 days)

P1 P2 P3 P4 Ave.

11 128 163 223 1000 378

12 199 264 215 818 374

I3 131 179 106 959 344

14 225 122 197 904 362

15 217 231 139 908 374
Ave. 180 192 176 918
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Table 9.6 and Fig. 9.12 present the correspondilagive interwell permeabilities

with 101-P04 as the reference well pair and therexice permeability of 21000 mD.

Figure 9.11. Representation of the connectivigfitoients for the case of 5x4 Synthetic
Reservoir with high permeability channel — Prodantdata

Figure 9.12. Representation of relative interwedtmeability for the case of 5x4
Synthetic Reservoir with high permeability channé&roduction data.
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9.3.5. Reservoir with a partially sealing barrier

Table 9.7 and Fig. 9.13 show the results for thenwell connectivity coefficients
for this case. The presence of the partially agdbarrier is well established based on the
results. Table 9.8 and Fig. 9.14 present the spoeding relative interwell
permeabilities with 104-P02 as a reference well pad with the reference permeability
of 100 mD. A cut-off value of 0.05 was appliedeliminate small coefficients. Thus,
the relative interwell permeability for well paigth interwell connectivity coefficient of
less than 0.05 were set to zero. The cut-off valas required because the influence

functions were not defined for small coefficients.

Table 9.7: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Synthetic field with partially sealing barrier— Riaction data.

PL |P2 |P3 | P4 |[sum
Aoj (psia) | 18.0 | 44.9 | 27.3 | 37.6 | 128
11 0.03 | 0.51 ] 0.08 | 0.23 | 0.85
12 0.41 | 0.06 | 0.37 | 0.11 | 0.94
13 0.05 | 0.40 [ 0.12 | 0.32 | 0.89
14 0.04 | 0.39 [ 0.10 | 0.34 | 0.87
I5 0.13 | 0.17 | 0.32 | 0.32 | 0.94
Sum 0.66 | 1.53 | 0.99 | 1.32

Table 9.8: Relative interwell permeability results the 5x4 Synthetic field with partially
sealing barrier— Production data g&100mD, Ateq = 7.57 days)

Pl P2 P3 P4 Ave.
11 0 141 55 108 76
12 107 50 94 68 80
I3 0 129 39 103 68
14 0 100 65 87 63
15 76 88 80 80 81
Ave. 36 101 67 89
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Figure 9.13. Representation of the connectivityfft@ents for the case of 5x4
homogeneous reservoir with a partially sealing I+ Production data.
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Figure 9.14. Representation of relative interwedtmeability for the case of 5x4 dual-
porosity reservoir with a partially sealing barriefProduction data.
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9.3.6. Reservoir with a sealing barrier

The simulation model for this case is the sameoaghie corresponding case in
Chapter 4. Thus, the only differences are the flat@s and the producer well controls as
explained before. Table 9.9 and Fig. 9.15 showrdselts for the interwell connectivity
coefficients. Similar to previous cases, the mssualearly reflect the presence of the
sealing barrier. Some connectivity coefficients aery small and even negative. They

indicate poor connectivity or no connectivity dt al

Table 9.9: Interwell Connectivity Coefficient retsulrom simulation data for the 5x4
Synthetic field with a sealing barrier — Productidata.

PL |P2 |P3 |[P4 |sSum
Aoj (psia) | 18.5] 435 | 27.2]36.6| 126
11 -0.01 | 0.56 | -0.01 | 0.31 ] 0.85
12 0.45 | 0.01 | 0.48]0.01 | 0.95
13 0.00 | 0.47 [ -0.01 [ 0.43 | 0.89
14 -0.01 | 0.44 | -0.01 | 0.44 | 0.87
I5 0.27 | 0.01 | 0.66 | 0.00 | 0.94
Sum 0.71 | 1.48 | 1.12 | 1.20

Table 9.10: Relative interwell permeability resutis the 5x4 Synthetic Field with a
sealing barrier — Production data &100mD,4t.q = 5.66 days)

P1 P2 P3 P4 Ave.

11 0.00 132.60 0.00 115.08 62

12 103.67 0.00 110.69 0.00 54

I3 0.00 127.52 0.00 119.04 62

14 0.00 100.00 0.00 100.94 50

15 103.95 0.00 160.99 0.00 66
Ave. 42 72 54 67

Table 9.10 and Fig. 9.16 present the correspondiaigtive interwell
permeabilities with 104-P02 as a reference well pad with the reference permeability
of 100 mD. A cut-off coefficient of 0.06 was apglito eliminate the low connectivity

coefficients. Thus, the relative interwell permiéibcorresponding to the coefficients
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lower than 0.06 were set to zeros. The resultidive interwell permeabilities show a

clear presence of the sealing barrier.
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Figure 9.15. Representation of the connectivityftcients for the 5x4 Synthetic Field
with a sealing barrier — Production data.
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Figure 9.16. Representation of relative interwedtmpeability for the 5x4 Synthetic Field
with a sealing barrier — Production data.
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9.3.7. 25x16 Synthetic Field
Similar to the homogeneous case of 25x16 SyntHetld in Chapter 4, the

permeability for both x and y direction was setl@ mD for this case. However, the
producers were put on the bottom hole pressureaanstead of the flow rate control as
in Chapter 4. The injectors were put on flow ratntrol with the rates randomly
generated between 200 and 600 STBD. The timevaitbetween rate changes was 300
days. 130 data points were collected. Fig. 9Hdws a plot of the cumulative water
injection and production for the whole field vergimse. At any time, the two values are
about equal. Fig. 9.18 presents the total fiejdction rate versus production rate. The
two rates are approximately equal at every time.st€hus, the steady state condition

assumption can be considered as satisfied.

4E+G

FWIT FWRT STE

OE+0

T T T T T T T T T T T T T T T T T ]
o 10000 20000 30000 40040

TIME  DAVE

Figure 9.17. Cumulative total water injection angguction rates for the 25x16
homogeneous synthetic field-Production data.
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Figure 9.18. Water injection and production rates the 25x16 homogeneous synthetic
field-Production data.

Table 9.11 presents the results for the interwatinectivity coefficients. Good
results were obtained for the interwell connedgfivitoefficients with asymmetry
coefficient (A) of 0.00588. Table 9.12 and Fig. 9.19 presentctireesponding relative
interwell permeabilities with 101-PO1 as a referenwell pair with the reference
permeability of 100 mD and the equivalent time @&/5days. The reference permeability
is marked in red in Table 9.12. A cut-off coeféint of 0.04 was applied to eliminate the
low connectivity coefficients. Thus, the relativeerwell permeability corresponding to
the coefficients lower than 0.04 were set to zefeig. 9.20 shows the plot of all relative
interwell permeability values. The results areseldo the input value of 100 mD with a
few exceptions. More relative interwell permedbilralues were obtained for this case
compared to the naturally fractured reservoir casbe reason is the equation used to
calculate influence functions for this case is aafile for both early time and late time

and thus better represents the actual field oceoere
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obtained from simulation data and by calculationngisinfluence functions.

coefficients are in good agreement with=R0.9753.

Homogeneous Reservoir- Production data.

211

Fig. 9.21 shows the comparison of the interwellnaamivity coefficients results

The

Figure 9.19. Representation of relative interwedtmeability for the case of 25x16
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Table 9.11: Interwell Connectivity Coefficient réssdrom simulation data for the isotropic dual-psity 25x16 Synthetic field
(As =0.00588)

Pl P2 P3 P4 PS5 P6 P7 P8 P9 | P10 | P11 | P12 | P13 | P14 | P15 | P16 [ Sum
Aoj (psia) [ 98.3 [ 93.1 [ 97.4|111.7 1822 | 740 | 77.1]92.4[78.0 [69.7 [ 725 [86.1 | 87.4 | 82.9 | 85.7 | 96.4 | 1384.7
11 0.2810.11)0.04 | 002 ]0.121(0.05]0.02 [0.01]0.05|0.03]|]0.01]0.00]0.03]0.02[0.01)0.00f 0.79
12 0.2210.18 |1 0.08 | 0.03 | 0.08 [ 0.06 | 0.04 [0.02]0.04|0.03]0.02]0.02]0.02]0.02(0.01)0.01f 0.89
I3 0.09]0.18]0.127 | 0.08 [0.04]0.06|0.05|0.04[{0.02]0.02)]002]0.02({001]001)001]0.00f 0.81
14 0.05]0.09] 020 0.23 [0.02]0.04)|0.07]0.09[{0.01]0.02)]0.03]0.04[{0.01]0.01)0.02]0.02[ 0.94
15 002004011 0.28 [0.01]0.02)|0.05(0.11 {0.01]0.01)0.02]0.04({0.00]|]0.00)]0.01]0.02{ 0.78
16 0.21|/0.08|0.03| 0.01 |0.18 | 0.06 |0.02 [0.00) 0.08 |0.03]|]0.01]0.00]|0.04]0.02(0.01)0.00f 0.79
17 0.16 [ 0.14 1 0.06 | 0.03 |0.14(0.12 ] 0.05[0.03 ]| 0.06 |0.05)|0.03]0.02]0.04]0.03[0.02]0.01f 0.99
18 005]0.12]0.12| 0.05 [0.04]0.11)0.11|0.04[{0.02]0.03|]0.03]0.02{0.01]001)001]0.00f 0.79
19 0.03]0.06|0.14| 0.16 [ 0.03]0.05)0.12 |0.14 [ 0.02 | 0.03 | 0.05 | 0.06 [ 0.02 | 0.02 | 0.03 | 0.04 [ 0.99
110 0.01|0.02]0.07| 020 | 0.01 [0.02]0.06 [0.128]0.01 |0.01)|0.03]0.08|]0.01]0.01[0.02)]0.04[ 0.78
111 0.09/0.04 1002 001 |0.18 [ 0.06 |0.02 [0.01]0.18|0.06)|0.02]0.01]0.09]0.05(0.02)0.01| 0.88
112 0.05/0.04)002(| 002 ]0.12(0.11)0.04({0.02]0.12|0.11 )| 0.03]0.02] 0.05]0.04(0.02)]0.01| 0.82
113 0.03]0.04]004(| 0.03 [005]0.11)10.11|0.04({0.05]0.11)10.11]0.05[{0.03]0.04)0.05]0.04f 0.93
114 0.01]0.02]0.04| 0.06 {0.01]0.03]0.11|0.13[{0.02]0.03)|0.11]0.13[{0.01]0.02)0.04]0.05( 0.84
115 0.01[/0.02)0.04| 0.08 |0.01(0.02]0.05[{0.127]0.01|0.02]0.05]0.17]0.01]0.02(0.04)0.09| 0.81
116 0.03/0.02]0.01| 0.00 |0.07[0.03]0.02[0.01]0.18|0.06]|0.02]0.01]0.21]0.08(0.03)|]0.02| 0.82
117 0.040.03]0.02| 0.02 |0.06[0.05]0.03[0.02]0.15]0.13|0.05]0.03]0.17]0.15(0.06|0.03| 1.038
118 002002001 0.01 [0.03]0.04)|]0.04|0.03[005]0.11)10.11]0.05[0.06]0.13)|0.13]0.06{ 0.90
119 000001001 0.02 [0.01]0.02)|0.04[0.05{0.01]0.04)0.11]0.13[0.02]0.05)0.13]0.16( 0.80
120 0.01|0.02)0.02| 0.04 |]0.01[0.02]0.04[0.08]0.02|0.03]|0.06]0.18]|0.02]0.03(0.08)0.21| 0.87
121 0.03/0.02)001| 001 |0.05(0.03]0.02[0.01]0.12|0.06)|0.03]0.02]0.30]0.12|0.06|0.03f 0.93
122 0.02]10.02]0.01| 0.01 [0.04]0.03)|]0.02]0.02[0.08]0.06)|0.04]0.02[0.22]0.19)|0.08]0.04[ 0.90
123 001]001]0.01| 0.01 [0.02]0.02)|0.02]0.02[0.04]0.06)|0.06]0.04[{0.09]0.17)10.18]0.09( 0.83
124 001001001 0.01 {0.01]0.02)]0.020.03f0.02]0.04)0.06]0.080.04]0.08|0.19]0.22( 0.86
125 0.00{0.01)0.01| 0.02 |]0.01(0.01]0.02{0.04]0.01|0.02]0.05]0.11)0.02]0.04(0.11)0.28f 0.77
Sum 149]1133|132] 146 {136]1.19]1.18(133]137(120]1.19(135]152]1.36|1.35]1.50
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Table 9.12: Relative interwell permeability resuivr the 25x16 Isotropic Dual-porosity Synthetiel& (ke=100mD, Ateq = 5.87

days)

PO1 | P02 | PO3 | PO4 | PO5 | P06 | PO7 | PO8 | PO9 | P10 | P11 | P12 | P13 | P14 | P15 | P16
01 | 100 | 90 | 97 0 | 92 | 87 0 0 | 106 | O 0 0 0 0 0 0
02 | 93 | 80 | 84 0O | 88 | 78 0 0 0 0 0 0 0 0 0 0
03 | 95 | 77 | 75 | 89 | 89 | 72 | 70 | O 0 0 0 0 0 0 0 0
04 | 118 | 94 | 88 | 103 | O | 89 | 83 | 95 0 0 0 0 0 0 0 0
05 | 0 99 | 91 | 102 | O 0 87 | a1 0 0 0 |100] O 0 0 0
06 | 90 | 83 0 0 79 | 74 0 0 86 0 0 0 |109] O 0 0
07 | 85 | 74 | 82 0 74 | 63 | 74 | O 86 | 76 0 0 0 0 0 0
08 | 73 | 60 | 60 | 76 | 67 | 51 | 50 | © 0 0 0 0 0 0 0 0
09 | 0 81 | 72 | 82 0 73 | 62 | 73 0 0 75 | 8 | 0 0 0 0
110 | O 0 78 | 86 0 0 71 | 77 0 0 0 | 83 0 0 0 0
111 | 95 | 91 0 0 79 | 75 0 0 80 | 76 0 0 97 | 93 0 0
112 | 73 | 66 0 0 61 | 53 0 0 60 | 52 0 0 73 0 0 0
13 | 0 69 | 68 0 74 | 53 | 53 | 71 | 75 | 54 | 54 | 74| O 73 | 75 0
114 | 0 0 70 | 80 0 0 54 | 65 0 0 | 53 64 ] 0 0 67 | 77
115 | 0 0 0 87 0 0 68 | 74 | © 0 70 | 76 0 0 89 | 96
116 | 0 0 0 0 | 81 0 0 0 79 | 75 0 0 91 | 85 0 0
17 | 0 0 0 0O | 88 | 79 0 0 78 | 67 | 78 0 89 | 77 | 86 0
18 | 0 0 0 0 0 0 0 0 76 | 56 | 56 | 76 | 86 | 67 | 68 | 88
119 | 0 0 0 0 0 0 0 69 0 0 | 56 | 67 0 70 | 67 | 80
20 | © 0 0 0 0 0 0 85 0 0 76 | 79 0 0 84 | 90
1210 | 0 0 0 0 |110| O 0 0 99 | 95 0 0O | 110 | 100 [115| ©
122 | 0 0 0 0 0 0 0 0 89 | 78 0 0 94 | 81 | 85 0
23 | 0 0 0 0 0 0 0 0 88 | 72 | 72 | 89 | 92 | 76 | 76 | 94
124 | 0 0 0 0 0 0 0 0 0 0 77 | 86 0 86 | 81 | 94
125 | 0 0 0 0 0 0 0 98 0 0 | 86 | 91 0 96 | 90 | 101
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Figure 9.20. Relative interwell permeability resuflor the case of 25x16 Homogeneous
Reservoir- Production data.
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Figure 9.21. Representation of relative interwedtmeability for the case of 25x16
Homogeneous Reservoir - Production data.

9.4. Conclusions
Some of the conclusions drawn from this chapter are

- The mathematical model results accurately makeh interwell connectivity

coefficients calculated from flow rate data;
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- The proposed approach provides better understgrafi interwell connectivity
determination from flow rate data and an alterratmean to evaluate interwell
connectivity from production data;

- Results for relative interwell permeability froffow rate data are in good
agreement with the actual input data for the situdamodel.

- Even though the reservoir is under steady-stateliion or the total injection
rate equals total production rate, to account toe effect of the response wells
(producers), MLR technique should be used. Thestemh term represents the effects of

all the response wells on the investigated respwedie

9.5. Recommended Application

The interwell connectivity coefficients\f) in Eq. 9.1 can be used to predict
production rates given injection rates. Fig. 9.22ws a flowchart of general
recommended procedure for a field production fase@nd development plan. The
flowchart consists of three blocks: the input, aldtion and output. The calculation will
be based on material balance to keep track ofrtieuat of fluids flowing in and out and
remaining. Following step-by-step procedure ionemended:

Step 1 In this step, necessary data are input and tbbgieal model is built. As
shown in the input block, data such as net pakii@ss map, porosity, fluid saturation,
compressibilities, formation volume factors areuieed. Other required data are the well
information, production and pressure history data.

Step 2 If the steady state condition is satisfied, ML&h de used to calculate the

interwell connectivity coefficients as shown in@ahtion block. Since production data

215



are used in this case, available techniques camsbd (Albertoni and Lake, 2003 and
Yousef et. al., 2006).

Step 3 The coefficient results can be used to calculaefuture production rates
for field production forecast using Eq. 9.1. ByoQing the injection rates, the optimized
injection rates that give the highest overall pithn can be found. Thus, the field
production can be optimized.

Step 4 Using material balance, the amount of oil left timee field can be
calculated from the oil production data and therayximate drainage area shape of each
producer. The drainage area shape can be estilased on the interwell connectivity
coefficients. The higher is the connectivity comént of a well pair, the more oil is
swept between that well pair. A mathematical tege should be developed to calculate
the drainage area shape based on this criteriaedBan the amount of oil left in the field,
which is represented by the net pay thickness aiégr, a certain production period, infill
well locations can be identified by locating thages with the most un-swept oil.

Step 5:In order to forecast the production of the fieldthamew wells, either
injectors or producers, the interwell connectiwtyefficients for each of the new wells
need to be calculated. First, the shape factoalfahe wells in the field including new
wells need to be estimated. Since the reservairirsegular shape, the shape factor may
need to be calculated numerically. Thus, the gpcéd model of the reservoir can be
imported into a reservoir simulator. Then, simolatrun for each well can be performed
until the well reach pseudo-steady state. Therveseshould be homogeneous for these
runs. Reasonable flow rate can be used as wélleasservoir properties. However, the

input are not necessarily reflecting actual fieldtag because the shape factors are
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independent on these properties accept the shathe oéservoir. The shape factor can
be calculated using Eq. 5.21.

Step 68 Knowing the shape factors, the influence fundia@an be formulated
using Eq. 5.20. Thus, following the procedure talcalate relative interwell
permeability, we can estimate the relative intehpelmeabilities between existing wells
from available production data. Again, these redainterwell permeabilities reflect the
actual permeability between the wells.

Step 7:Since there are no production data for the new, Wl relative interwell
connectivities for well pairs involving new well @@ to be estimated from available
relative interwell permeabilities calculated in |$t8. A new mathematical algorithm
similar to geostatistics is required for this steifferent from geostatistics, this
algorithm estimate directional permeability insteafdpermeability at a point. These
relative interwell permeabilities can also be eatsd using actual data from the field.

Step 8 Once the relative interwell permeabilities ahd shape factor of each
well are known, the influence function can be folated as shown in Eq. 5.20. In this
recommended procedure, we assume tabnly depends on the permeabilities and the
time. Other parameters are constant.

Step 2 In this step, the interwell connectivity coeféints and the constant term
in Eq. 9.1 will be calculated for both existing wahd new well. A separate study is
required to develop the procedure for this stepasig&lly, the interwell connectivity
coefficients for the existing wells, the relativaetarwell permeabilities and the shape

factor for both old and new wells and the influefigection formulation are known, we
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need to find the equivalent time to calculate thmernwell connectivity coefficients that
would give the best estimation of the predicteddpaion rates.
Step 10 Once all the interwell connectivity coefficierfisr both existing and

new wells are available, we can repeat Step 3rexcést or optimize the field production.

INPUT CALCULATION OUTPUT

Figure 9.22. Flowchart showing a recommended apgilon for the analytical model for
production data in a waterflood.
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CHAPTER 10 — CONCLUSIONS AND RECOMMENDATIONS

10.1. Summary and Conclusions

10.1.1.Summary

A new method of determining interwell connectivlly constraint multivariate
linear regression using multi-well test pressur¢éadaas developed. Communication
between injectors and producers is representedhigywell connectivity coefficients,
which depend on wellbore conditions at the signellsy distance between wells and the
properties of the reservoir. The quality of thesuleng weighting coefficients or
interwell connectivity coefficients obtained byshiew method is excellent in terms of
asymmetry coefficient values {fand determination coefficient {R The results can be
used to detect permeability barriers, permeabitigyds, anisotropic media and relative
effect of injectors on producers in a waterflood.

A pseudo-steady state flow solution for a well imalti well system was used to
model the interwell connectivity test. The modehswverified using two synthetic
reservoir models, one with 5 injector and 4 prodsi@nd the other with 25 injectors and
16 producers. Results obtained from the modelétl with the simulation results.
Average reservoir pressure change can be calcutetgdhe total reservoir porosity can
be estimated. By defining a reference permeabitlig interwell connectivity can be
presented in terms of relative interwell permeapbili

Application of the technique to naturally fracturesservoir represented by dual
porosity system was also presented with differeages of reservoir heterogeneities.
Results for reservoirs with the presence of hydcally fractured wells, horizontal wells

were also analyzed. Five reservoir cases wereidenesl: (1) hydraulically fractured
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wells only, (2) horizontal wells only, (3) hydracdilly fractured wells and vertical wells,
(4) horizontal wells and vertical wells and (5) thitee types of wells.

An analytical model was developed for the existiaghnique to infer interwell
connectivity using production data. The model shexcellent agreement with the
available results obtained from simulation data.hug, the model provides better
understanding of the technique and opens the dwdufther developments concerning

production data.

10.1.2.Conclusions

Main conclusions drawn from this study are

1. The proposed technique based on bottom hole peeskia is more robust than
the existing technique that uses production datae new technique yields better
results without the need of diffusivity filters @ubjective judgments while
requiring less data points.

2. The new technique can be applied to different veellzonditions such as vertical
wells, vertically fractured wells and horizontallise

3. Only the wellbore conditions at the signal wellgeef the interwell connectivity
coefficients. The wellbore conditions at the resgmwells are independent of the
coefficients.

4. Based on the proposed analytical models for bottiolwo hole pressure and
production data, when production data from a reserunder steady state
condition are used, the interwell connectivity dméfnts only depend on the
positions of the response wells and the signal -vesphonse well influence

functions. Thus, they are not affected by the agerreservoir properties or the
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influence functions of the signal wells themselassin the case when pressure
data are used.

5. When bottom-hole pressures are used to calculage rdtative interwell
permeabilities by matching the summation of theenwell connectivity
coefficients calculated from the analytical solagpwhich is equal to unity, with
the summation of the coefficients obtained from wdation data, the relative
interwell permeabilities can be estimated. Anothay to calculate the relative
interwell permeabilities is to assume a permeahbibt a reference well pair and
then calculate the rest of the relative interwedlmpeabilities according to the
reference relative interwell permeability as in fhrecess described in the case

where production data are used.

10.2. Recommendations for Future Studies

Many future studies can be based on the results®fvork. Following are some
suggested research topics:

1. Characteristics of relative interwell permeabilityd the effects of cross flow on
the interwell permeability.

2. Interwell connectivity tests with varied test tinméerval and multi-phase flow.

3. Extensions of the study to infinite reservoirs amolsed reservoirs of different
shapes are also recommended.

4. Investigation on inferring interwell connectivitysing production data for
reservoirs with hydraulically fractured wells, hmontal wells or other well-bore

conditions should be conducted.
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Investigation of interwell connectivity tests foiffdrent geological features such

as leaking faults.

Production optimization techniques should be caersid based on the results of

the analytical models developed in this study.
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Cr

Ct

NOMENCLATURE

average pressure

modeled pressure change (psia)
pressure at the active well (psia)
pressure at the observation well (psia)

porosity, fraction

additive constant term in MLR for pressure data
interwell connectivity coefficient in MLR forrpssure data
total field porosity, fraction

influence function

area, ft

asymmetry coefficient

formation volume factor, rbbl/STB

formation compressibility (pg)

shape factor

oil compressibility, ps|

rock compressibility, psi

total compressibility, psi

water compressibility, psi

Exponential integral function one

gas oil ratio

formation thickness, ft
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I = total number of signal or active wells (injespor injector indicator in
well names
J = total number of response wells(producers), peced indicator or

productivity index, (STB/day)/psi

k = permeability, mD

Kir = relative interwell permeability, mD

Kref = reference permeability, mD

L = reference length

LSLR = Least Square Linear Regression

M = coefficients in average pressure change Gioul
mn = numbers of calculation terms

MLR = Multivariate Linear Regression

Ninj = total number of injectors

Nor = total number of producers

Nwell = total number of wells

Oy = overdetermination coefficient

p = pressure, psia

Pave = average pressure, psia

Pini = initial pressure, psia

o] = pressure at the observation well, psia
Pwi = bottom-hole flowing pressure, psia

q = flow rate (STB/day)

Oref = reference flow rate, STB/day
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Tr

ts

X

y

Ye

Yw
Poi

Pi

Y

4ap
APave

APpr

Distance between active and observation wells (ft
coefficient of determination

wellbore radius, ft

skin factor, dimensionless

Storativity (ft/psi)

time, hours

Transmissibility (mD-ft/cp)

starting time, hours

reservoir bulk volume, ¥t

pore volume, ft

coordinate or dimension in x-direction, ft
dimension of study area in the x-direction, ft
individual well x-coordinate, ft

coordinate or dimension in y direction, ft
dimension of study area in the y direction, ft
individual well y-coordinate, ft

additive constant term in MLR for pressure data
interwell connectivity coefficient in MLR forrpssure data
Euler’s constant

pressure change/difference, psi

average pressure change, psi

pressure change corresponding to influencesgonse wells and change

in average reservoir pressure assuming pseudoysseate flow, psi
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Aot field total flow rate, STB/day

Ag,, = a constant account for the effect of producerfiaw rate at observation

wells assuming steady state flow, STB/day.

At = time interval
Ateq = equivalent pseudo-steady state time interval
U = fluid viscosity (cp)

Pm = time rate of change of pressure (psia)

tm = time to reach the maximum value of time rate ofngfgaof pressure
(hours)

o = injector-injector covariance

02i,- = injector-producer covariance

Subscripts

ave = average

D = dimensionless quantity

DA = dimensionless corresponding to area

e = boundary value

eq = equivalent

i = investigated signal/active well (injector)
i = signal or active well (injector) index
ini = initial value

response/observation well (producer) index

—
I

’ investigated response/observation well (preduc

—
I
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m = observed data point or maximum

tot = total

w = well

wf = flowing conditions
xf = fracture half length
h = horizontal well

% = vertical well

f = fractured well

Superscripts
I = order of data point
L = total number of data points

T = transposed
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APPENDIX A — DERIVATION OF PRESSURE DISTRIBUTION FOR A
VERTICAL WELL IN A CLOSED RECTANGULAR RESERVOIR

Let us consider a vertical well in a closed rectdag reservoir. The main
assumptions are homogeneous reservoir, isotrogierveir, fully penetrating vertical
well at an arbitrary position. The well producésanstant rate and is considered as a
line source as its diameter is small compared & rdservoir. Single-phase flow is
assumed with a slightly compressible fluid (Marhdrajana, 1999).

The diffusivity equation for this well is

9°p, 0%p _q(t)Bu g, op
+— OX=X,, Y= VYy) = — A.l
ox’ oy’ Ahk Xy =) =525 AD
With initial and boundary conditions:
p(x,y,t=0)=p, (A.2)
o9 _op =0 (A.3)
OX|yzo  OX[xey,
% _op =0 (A.4)
oy y=0 0x Y=%e
Define the dimensionless quantities as follows:
X
X. = —— A.5
° = /A (A.5)
y
= A.6
Yo = A (A.6)
27kh
Po =——— (P — P(x Y1) (A7)
> qref B/J
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kt

t., = (108)
Y7
Substituting the dimensionless quantities to Eq%.t8 A.4, we obtain:
2 2
i FZD + 0 pzD + 2nq(t) 5(XD ~Xupr Yo T wa): 9Py (A.9)
aXD ayD qref atDA
Po (X5, Yo 1ton =0)=0 (A.10)
opp|  _0dpp -0 (A.11)
X, 4o =0 0X; N
apD - apD — O (A12)
ayD yp=0 ayD Yb =Yep

Using Duhamel’s principle, we have (Bleecker andr@as, 1992):

tDA
Po (X0, Yo+ Xup s Yo+ Xen: Yenston) = 2,-[-[ q(Tf)
0 re

QU(XD'yD,Xwoywa’XeD' yeDl[tDA ‘T])dT (A.13)

Where ¢(xp, yp.tpa) iS the instantaneous line source solution of thiwing

partial differential equations:

2 2

61,20+0lé/:alﬂ (A.14)
0x, 0y Otp,

lﬂ(XD Yoo loa = 0) = 5(XD ~ Xup )5(yo - wa) (A-15)
oy = alﬂ| =0 (A.16)
0X; 4o=0 0Xp S

| _oy| -0 (A.17)
ayD yp=0 ayD Yo =YeD
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The delta function termé'(xD = Xup )é'(yD —wa) in the initial condition is a

product of two functions (functions of px and ). Thus, the function
W(X51 Yo Xun» Yuo » e Yentos) CAN be rewritten as a product of two one-dimeraion

initial boundary value functions:
w(XD ' yD ' XWD ! yWD ! XeD’ yeD’tDA) :wl(XD ! XWD ' XeD’tDA) xwz (yD ' wa ! yeD’tDA) (A18)

Wherewl(XD » Xwp » XeD’tDA) andy, (yD » Yo s yeD’tDA) satisfy

Yy _ 04, (A.19)
X2 Otpa
wl(XD toa = O) = 5(XD - XWD) (A-ZO)
o, _ow| (A.21)
Xy |, o O%p .
2
d 0¥ 0% (A.22)
dy, Oty
‘//2 (YD lpa = O) = 5(YD - wa) (A-23)
6[//2| =6l//2| =0 (A.24)
ayD ‘YD:O ayD Yp =Yep

¢, andy,can be solved using the method of separation ohbias. After some

mathematical manipulations (Marhaendrajana et1899), the solution for oor the
influence function for a vertical well in a closeectangular reservoir can be found as

(Eq. 4.6):

235



pD(XD1 Yo Xup,i+ YwD,i» XeDs yeD’tDA) z z
o

+E

+ El

+ El

| (XD *+Xup,i t ZnXeD)2 + (YD ~Yap,i t Zm)@D)Z

| (XD ~Xup,i t znxeD)2 + (YD ~ Y, t 2myeD)2 ]

(XD * Xap,i t 2m<eD)2 + (YD T Ywp,i T ZmYeD)2

(XD ~Xw,i t 2”XeD)2 + (YD * Yap, t 2myeD)2

Atpa

N

236

N

(A.25)



APPENDIX B — DERIVATION OF THE PRESSURE DISTRIBUTIO N CAUSED
BY AN INJECTOR OR A PRODUCER IN A WATERFLOOD

For a producer in a field with both injectors anebgucers, taking into account the

regional pressure decline, the pressure behavittregbroducer can be written as:

a Npr Ninj
_& = ZHDAZ p,j — ZHDAZ Up, (B.1)
j=2 i=1

e 3> + ZmD,j'd(XD ~ Xpjs Yo T yDj') at,,

Solution for Eq. B.1 is

r"pr r"inj

Po (XD Yo ’tDA) = aj‘(XD » Yo » Xy Yuoj: ’tAD)+ ZHDAZ o, ~ ZHDAZ Up,i (B.2)
=

j=2

Where the flow rate of focus well i$;0= 0p j=1

Eq. B.2 can be rewritten as

inj

Po (XD Yo ’tDA) = aj‘ (XD Yo Xij" yWDj"tAD)+ ZHDA[Z qD,j - Z o, — qD,j'J (B-3)
j=1 i=1

or pp (XD Yo ’tDA) =a; (XD » ¥ r Xy Yuoj: Tap ) + ZnDAAqD,tot - 27IDAC]D,1" (B-4)

n pr ninj

WhereAdp o =Y 0o =D 0o,

j=1 i=1
o (S 3 l'o .
At the wellbore, substituting, =X, +E, Yo = Yoy +E with
r e - . : :
(S =ﬁ:—w into Eq.B.4, we have the dimensionless pressuop dmquation for
Xe
producer j':

237



r, o a i My
ij'(Xij‘ +T;' Yuoj: +T;’tDAJ = aj'j‘(Xij' +T;’ Yuoy +T;'XWDj" yWDj"tADJ ' (B.5)
+ 271‘|:)AAQD,tot - 2n‘.DAqD,i'

Let g =q; and substitute the definitions of dimensionlesamjties to Eq. B.5

we obtain the equation for pressure drop at praduae a water flood system as shown
in Eq. 4.19. Similarly, for an injector i’ in a w&flood system under pseudo-steady state

flow, we have

pD (XD 1 yD ’tDA) = ai'(XD ’ yD 1 XWDi" yWDi' ’tAD)+ 27IDAZ: qD,j - 27-“’DAZ: qD,i (86)
=1 i=2

Where the flow rate of focus well i$i0F Op =1

Eq. B.6 can be rewritten as

n

U, _qu,i +qD,i‘J (B.7)
=)

i=2

pD (XD ' yD ’tDA) = a‘i'(XD ’ yD ' XWDi" yWDi"tAD)+ 2]-‘:DA[ Z
J

or pp (XD Yo ’tDA) =a. (XD » Yo s Xuoit s Ywoios tap ) + 27T\ A 1 + 27T p00p (B.8)

inj

WhereAqy , = Z Op,j ~ Z Up,i
=1 i=1

T r r :
At the wellbore, substituting, =X, +—= —L with

’ y:yw"+
N NP

r r, . . : :
=—— =" into Eq.B.4, we have the dimensionless pressuop émuation for

r w
wD \/K Xe

injector i’:

Poi| Xaoi + 7= Yaor ¥ = toa [T & Xeoi ¥ = Yuor T = s Xuois Yuoir tao |+
A2 A2 A2 A2 (B.9)
+ 275, A0 1oy + 27E A0

238



Let g, =0, and substitute the definitions of dimensionlesanties to Eq. B.5

we obtain the equation for pressure drop at injatin a water flood system as shown in
Eq. 4.20. Notice that the injection flow rates asgative and the production flow rates

are positive in the influence function and presdarms.
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APPENDIX C — DERIVATION OF THE LATE TIME PRESSURE
DISTRIBUTION FOR A WELL IN A NATURALLY FRACTURED RE SERVOIR

Consider an infinite naturally fractured reservthiat consists of two separate
media — the matrix system and the fracture syst@ihe matrix system is assumed to
have very high storativity and negligible permei@piwhile the fracture system has
negligible storativity and distributes to all thermeability of the formation. Assuming
slightly compressible single-phase fluid in thecftae system, we have the governing

eguation based on the law of mass conservatiobandy’s law (Ozkan, 1988):

0Ap;

K
0] —=00p; |=(Ver,), —— +0qy (C.1)
U ot

Where the subscript f denotes to fracture syst&mm, is the pressure drofver, ), is the

storativity of the fracture system angsgs the volumetric flow rate from the matrix

system to the fracture system andis the permeability tensor for the fracture system

For the matrix system, we have

oA
o = Ve, 52 (C.2)

Where the subscript m denotes the matrix system.
Assuming the pseudo-steady state flow from theimaystem to fracture system

(Warren and Root, 1963), following equation carobtained
k
Qi = —af(Apm -ap,) (C.3)

Where a is the interporosity shape factor ang is the permeability of the matrix

system.
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Substituting Eq. C.2 to Egs.C.1 and C.3, we haeddhowing equations:

~ 0Ap 0Ap,
0k, 0op, )= ulver,), atf +ulVer,),, af (C.4)
0Ap,,
akm(Apm-Apf)=-u(Vcwt)m af (C.5)
Let us define the dimensionless distance
X, |k (C.6)
X =— |[— .
oLk,

wherek;; is the principle permeability of the fracture €mtin j direction, andck; is an

arbitrary constant that may be chosen to be thengalility of an equivalent isotropic
system.

Assuming isotropic media, then Eq. C.6 becomes

X;
XDj ZT (C?)

Thus, we can write

oy 0
02 = (C.8)
° j=laX|§j

The dimensionless time can be defined as

tD = % (Cg)
Where
Ky
(C.10)

T Ve, + Ve,
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The dimensionless storativity and the dimensiontesssfer coefficient can be

defined respectively as follows

(Vec,),
=r 1 C.11
V), Ve e (€1
and
)I:at—”‘ L2 (C.12)

f

Thus Egs. C.4 and C.5 can be written as

0Ap; 0Ap
2 _ _ m
DD'(Apf )‘ w ot +(1 w) ot

(C.13)

3
Aop,, -op, )= —(1—w)% (C.14)

Considering the radial coordinatg r

o =4/ %o *+ Yo + 25 (C.15)

we have,

0A 0A
1 0 (rz pr:Cu‘ o +(1_w)aApm

ll C.16
r2arg | ° arg ot ot (C.16)

Consider a point source at time t = 0, a voluméagefid g is removed from this

point source instantaneously. The cumulative theough the surface of the sphere of

radius p around the source should be equadjtoThe mass balance can be written as

=-galt) (C.17)

lim 47K; , 0Ap;
—1Lr3
E-0 u o, )
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Where the delta functiohis defined as

b {1 if [a,b] containstheorigin (C.18)

[alt)dt = ,
0 otherwise

a

Taken Laplace transform of Egs. C.14 and C.16 va#tpect tod, the following

equations are obtained respectively:

1 d 2 dAp;, — —

— =aBAp; +|\1—- w)sA C.19

rDz er ( D er J pf ( ) pm ( )

Ap =—F— A C.20
pm A+(1_C())S pf ( )

whereA_p denotes the Laplace transform /f and s is the Laplace transform variable.

Substituting the definition oA_pm in Eq. C.20 into Eq. C.19 we have

1 d | ,dAp; —

——| r5——— |- sf(s)Ap; =0 C.z21

r2 dr, (rD dr, ] sf(s)ap, (C.21)

Where

f(s):w (C.22)
s(1-w)+ A

Solving for Ap; , we obtained the pressure distribution due to staimtaneous

point source at some arbitrary locatigfXywo and zp

q {exp[: Jsf(s) ]} (C.23)

Ap, =
© o Ve) ), | 4R,

Where
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Ry = \/(XD ~ Xwp )2 + (yD ~ Ywo )2 + (ZD ~Zyp )2 (C.24)

The Laplace solution for a point source with comntins withdrawal of fluid can

then be derived:

— a,u exr{—\/UJ(XD _XWD)2 +(YD _wa)2 +(ZD _ZWD)2:|

Ap = (C.25)
47KL \/(XD ~ Xud )2 + (yD ~ Ywp )2 + (ZD A )2

Where

u = sf(s) (C.26)

For the naturally fractured reservoir model sugegsby Kazemi (1969) and

deSwaan-0O (1976), f(s) should be redefined as

f(s)=1+ //‘3—;‘} tank(,/%} (C.27)

WhereA' and «' are defined as

(¢z,.h)
o= C.28
(¢z.h), (€28
and  ar= 2 (k) (C.29)
hz (kh),

where K, and h are the thickness of the individual matrix andcfuae elements,

respectively. The dimensionless time is redefiagd

t = it (C.30)
() '
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Eg. C.25 is the Laplace space solution for the qumes distribution due to a
continuous point source located abxywp and zp in a infinite reservoir.
Late time solutions in closed rectangular resemvoi

The method of images was used to derive the camtimpoint source solution in
a closed rectangular reservoir where all surfacere wmpermeable (Ozkan, 1988). For

convenience, the following quantity was defined:

]~y - 20} + (7o, — 2+ (7 201, )" |

S (C.31)
\/(iDi - 2kXeD)2 + (yDj —2my,p )2 + (ZDI = 2nh; )2
Fori, j, I =1 or 2 where
Xp1 = Xp = Xup (C.32)
Xy = Xp + Xyp (C.33)
Yo1 = Yo = Yuo (C.34)
Yo2 = Yo * Yuo (C.35)
701 =2y — Z,p (C.36)
Z,,=2, tZ,p (C.37)

S; defines the effect of every well including infitarrays of image wells
representing the influence of the boundaries

Thus, the point source solution for this case @awhbtten as

. _ a/j 400  +oo +00
Ap - m Z Z z (SLLl + S2,1,1 + SLZ,l + S2,2,1 + S1,1,2 + S2,1,2 + SLz,z + 82,2,2) (C-38)
k=—com=-00 =—o0

After applying a triple summation formula (Ozka®88), we can obtain
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Ap= qu {COSh\/G(yeD _|yD - wa|)+ COSh\/a[yeD _(YD *Yup )] N
2kLxeps Jusinhy/uy,p
+ zi coskrX2- coskrXuD Cosm(yeD ~|yo - wa|)+ costu+alyes = (Yo + Yao ) +
k=1 XeD XeD Ju+asinhyu+ay,p (C.39)
+ zi coskrX_ coskz WD Cosm(yeD Yo = Yo |)+ costwu+b[yep = (Yo + Yup | +
k=1 XeD XeD Ju+bsinhy/u+by,p
wD cosm(yeD ~lyo - yWD|)+COSh\/m[yeD (Yo + Yuo )l

00
X X
+22005k77 D_coskrr

k=1 XeD XeD Ju+csinhyu+cy,p

2 2 2 2
Whereazg; b=n 7272 andc=n 7272 +k fz

X h X

eD D D eD

Defining the dimensionless pressure as

Py = 2’M'A_p (C.40)

Pp =——

qu

The solution for a fully penetrating vertical wetn be obtained by integrating
Eq. C.39 with respect togover the interval 0 to h, L 5,r

Similarly, the solution for a fully penetrating vieally fractured well can be
obtained by integrating Eqg. C.39 with respect tpaver the interval 0 to h and then with
respect to xy over the interval )Ly to X, +tLxs, Where L is the fracture half length and
L = Lxs..

The solution for a horizontal well can be obtairdintegrating Eq. C.39 with
respect to xy over the interval yL/2 to X, +Li/2,. Where k/2 is the fracture half length
and L = Ly/2.

Details about the Laplace space solutions fortaké types of wells above are
provided in details by Ozkan (1988).

Now in order to obtain the late time approximatiarishe above solutions that

are used in this study, we let u becomes s (as hietome large, s becomes small and
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f(s) approaches 1). The late time solutions inlaeg space can then be inverted to time
space to obtain the late time solutions for vertieals, hydraulically fractured wells and
horizontal wells, which are Egs. 5.1, 6.1 and #&$pectively. Since f(s) approaches
unity at late time, the naturally fractured resenliehave the same as a homogeneous

single porosity reservoir at late time.
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