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ABSTRACT

New equations for bilinear, formation linear and pseratbal flow regimes in an infinite
commingled fractured multilayered reservoir have been developed. The equations have been
extended to Tiabodés Direct Synt h¢heindividibldagen ni g u e

properties without type curve matching.

Regardless of the flow regime, the rate normalized pressure derivative with respect to the
appropriate time function has been found analytically to be constant, which depicts a horizontal

line on the derivative curve. This precludes the need to calculate the slope as is conventionally
done and aids in easy model diagnosis or system identification and estimation of layered
parameters. Dimensionless pressure and pressure derivative functionswehgckerived by

Bennet et difor an infinite commingled fractured multilayered reservoir have been extended to

Ti abds Direct Synthesis Technique to evaluate
type curve matching. These equations make it possible to predict the prespoese of a

fractured multilayered commingle reservoir.

A procedure for estimating the individual layered properties without type curve matching is
included. This procedure is applicable to the interpretation of pressure and pressure derivative
analysis rate and rate derivative analysis, rate normalized pressure and derivative analysis and

deconvolution both in real space and Laplace space.
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CHAPTER 1 INTRODUCTION
1.1 Problem Definition

Interpretation models cannot be used effectively in multilayered reservoir until a modeldmas
identified for each layer. In multilayered reservoirs, the pressure and pressure derivative do not
display the characteristics shapes and slopes of the individual layer model reSposss.
because, the wellbore pressure is sensitive to the tgns and hence pressure data alone
cannot be used directly for layer model identification and subsequent estimation of layer
properties. Consequently, using parameters derived from pressure data alone to forecast
production may lead to erroneous estimaitd production. Additionally, wellbore storage effect
distorts pressure data which masks early flow regimes and inhibits the estimation of the layered
properties. Moreover, in multilayered reservoir, each layer contributes to production at varying
rates & different times. In this regard, using the total flow rate at the surface to estimate the
individual layer properties is erroneous. It is necessary therefore to measure the flow rate of each
layer downhole and use the layer flow rate with the presstagaldayer parameters estimation.

The pressure data and flow rate of the individual layers can be converted into an equivalent
pressure response that would have been obtained if the well were producing at a constant flow

rate.

Correspondents have showhat in many cases, zones in layered reservoir are stimulated
individually, and the layers are then comminglelth addition, some layers may be fractured

while others may not be at all. In this regard, different layers may have varying flow regimes
especilly, at early times. Therefore, assuming a single model for all the layers is certainly

erroneous and may lead to wrong estimation of the layered properties. Also, due to water and gas



coning, the topmost and bottom layers may be partially fractured t@lentermediate layers
may be fully fractured. The equations governing flow regimes in fully fractured layer vary from
those in partially fractured layers. Hence, individual layer model is essential for characterization

of layered reservaoir.

Equations oult to be developed to address the above problems and to estimate the parameters of

fractured and unfractured layers in commingled multilayered reservoir.

1.2 Objectives
The objectives of this thesis are in two folds:

1. To derive equations to govern the flowginmes and estimate the layer propertieann
infinite fractured commingled reservoirs

2. Toxtend the Tiabds Direct Sdceconimngledi s (TDS)
multilayered reservoirs to estimate the properties of the individual layers.

1.3 Scope of th&Vork

Chapter 1 introduces the concept contained in this research. It explains the problems being
considered and methods to solve them. The objective of this research is also captured in this
chapter. Chapter 2 gives a review of the relevant literaturefumtiter explains the testing
procedures in multilayered reservoir. The types of multilayered reservoir are also discussed in
this chapter. Chapter 3 considers the mathematical formulation of the analytical equations
governing the different flow regimes@&n t he extensi on of these &eq
Synthesis Technique. Chapter 4 considers the applications of the mathematical models derived in
chapter 3, and subsequent estimation of the individual layer properties. Chapter 5 discusses the
results andderivations. Chapter 6 presents the conclusion and recommendations for further

research.



CHAPTER 2 LITERATURE REVIEW
2.1 Introduction

Knowledge of individual layer properties in multilayered reservoirs is essential for making
developmental strategiels.plays a significant role in secondary recovery in that it predicts quite
accurately the production forecast and, layers that have not contributed significantly to
production to serve as targets for subsequent recovery. The challenge in the charactefizat
layered reservoir lies in a large number of unknown layer parameters especially if some or all the
layers are fractured. Hence, a complete characterization of layered reservoir includes an adequate
model for each layer. Different flow regimes in kdayer complicate the adequate estimation of

the layer properties. Often, measurements of both duoman rates versus depth in addition to
wellbore pressure are required in order to ascertain the response of each layeholRoflow

rate measurementseanecessary to determine producing zones to estimate layer paraiiieters.
pressure data and flow rate of the individual layers can be converted into an equivalent pressure

response that would have been obtained if the well were producing at a constaatdlo
2.2 Previous Work

Bennet et al showed that for a fractured well in a commingled multilayered reservoir, the
measured flow rate at the wellbore at early time (before psedial flow) is a function of the
fracture properties rather than thoseh# reservoir but then the measured flow rate becomes a
function of the reservoir flow capacity only during the psetatal flow regime. The latter
argument was suggested by Lefkovitz €t 8ennet et &l studied infiniteacting multilayered
reservoirwith finite conducting fracture. They used the concept of dimensionless reservoir

conductivity to show that commingled reservoir solutions are identical to daygle solutions



throughout the infinite period. They determined that multilayer solutionshmhbé singldayer

solution when the dimensionless wellbore pressure is plotted as a funcfilbr}:ofz for given
RD

values of dimensionless fracture conductivities during the infaiting period Camachcet af
studied the transient pressure respon$ wells producing from necommunicating layered
reservoir with unequal fracture length. Their work was an extension of that of BenrieTaesl
determined that for fractures in communication only at the wellbore, the solution for a fractured
well producing from a commingled system is identical to the corresponding single layer if
equivalent fracture halength and equivalent fracture conductivity are used in the plotting
functions. Lefkovitz et dlstudied the behavior of bounded reservoir compasfestratified
layers. They suggested that the fractional layer flow rate is a function of the flow capacities of
the layers. Their work also showed that the time necessary to reachgseaip state is much
longer for a twelayer reservoir than for argile layer reservoir. Their analysis of the buildup
curve showed that it is possible to determine the flow capacities of the layers, wellbore co
efficient and static reservoir pressure. Ettfigpnomides and Joséphierived an equation for a
layered resemir. They used the analytic solution to determine layer properties using pressure
and downhole rate data. Their solution included wellbore storage and,-ttoegsnay or may

not occur in adjacent layers. Their solution however, did not include induaedrés Ehlig
Economide¥ summarized multilayer reservoir testing techniques that field tests have shown to
be successful. She showed that layered reservoir test relies on a combination of measurements,
including production log surveys, pressure and flow rate transient acquitedhei sensors
maintained in a stationary position. She explained the principle behind Selective Inflow
Performance Techniques and emphasized that it is necessary to achieve a stabilized flow in the
well for several surface injection or production ratelse Suggested that it is useful to run a

4



conventional pressure buildup test at the end of the Layered Reservoir Test (LRT). She further
explained the two techniques that have been used for the multilayer test techniques. The first
technique evaluates eaclone sequentially starting with the lowest zone while the second
technique uses one femone single well model and showed that all four of the flow periods are
matched simultaneously and the measured pressure transients are used as the wellbore boundary
conditions. She concluded that the LRT interpretation provides a means for the determination of
individual layer properties. Kuchuk efasuggested that for a layered reservoir, the parameters

of the individual layers can be estimated by a sequential drawdest in which wellbore
pressure and layer flow rates are recorded simultaneously. Their work was limited ttagewo

model in a commingle reservoir. Kuchuk ef®adpplied convolution and used nonlinear
regression techniques to fit the measured dbuole flow rate or pressure data with a layered
reservoir model. They presented two techniques for the estimation of layer parameters. The first
is the sequential analysis which involves analysis of each flow test starting from the bottom
layer. The seconohvolves the simultaneous nonlinear estimation which fits all measured-down
hole flow rates to a numerical reservoir model behavior. Otuomagie and Kfemziended
Hartsockds pressure equation to obtaiwo an ex
layered commingled reservoir that can be used to determine the reservoir parameters. The
equations they developed can be used to determine the initial pressure of one zone if that of the
other zone is known or if the difference between the initial pressof the two zones is known.

They investigated the effects of wellbore storage. They emphasized that the force of gravity is
essential if one wants to obtain equations to compute reservoir parameters of antwidinite
layered reservoir. They suggestibat the pressure buildup curves obtained for an infinite two

layered reservoir without the effects of wellbore storage are similar to those of an ideal single



layer reservoir. They showed that if the properties of the fluid are equal in both layeegjahe r
becomes insignificant, and thus, an infinite #agered reservoir behaves like a sinlglger
reservoir. They then concluded that the permeability and thickness ratio for an infinite two
layered reservoir do not affect the slope of the buildup cutwaisthe average flow capacity

does. Bourdéf investigated the pressure behavior of layered reservoir with-flosss He
presented an analytical solution that describes the pressure response of a well intercepting a
layered reservoir with crodtow. He showed that double porosity behavior is a limiting form of

the new solution. He further showed that the double permeability model yields all intermediate
behavior between the homogenous type response and that of double porosity. He suggested that
the newmodel demonstrates that the applicability of double porosity model for layered reservoir

is very restrictive. He concluded that interpretation of pressure response of a layered reservoir is
often not unique and that several configurations can produceasiragponses that match the

data equally well. G&8 presented an interpretation theory for drawdown and buildup tests,
which is given to individual layer of a multilayer reservoir with crfies.. He showed that both
drawdown and buildup curves have tataight lines with transition period between them. He
suggested that the first straight line period determines the flow capacity and skin factor of the test
layer and the second straight line determines the total flow capacity of the reservoir. He further
showed that the vertical permeability of the shale between the layers can be obtained by the three
analytical methods; the crepsint of the two straight lines of drawdown and buildup curves, the
steady wellbore pressure difference between the testslayma the closed layers and the
wellbore pressure in the early transition period respectively**Gaowed that the individual

layer properties of a multilayer reservoir with or without crossflow can be determined by one

drawdown test if all the layers eatested together and the common wellbore pressure and the



flow rate for each layer are measured and analyzed simultaneously. He concluded that there are
two causes of crossflow. One is caused by different boundary pressures for different layers while
the other is caused by different diffusivities for different layers. Osfrdeveloped an analytical
solution to the pressure behavior of a well in a multilayered infinite acting reservoir intercepted
by a finite conductivity vertical fracture. He showed ttinet dimensionless pressure function and

its derivative are strong functions of fracture conductivity during the early time. He suggested
that layer fractional production rate is a good measure of reservoir and fracture characteristics.
He generated type otes for wellbore pressure and its derivative. He concluded that the effect of
transmissibility and storativity on pressure behavior is found to be insignificant for all cases, but
found that the effect is significant with pressure derivative. He shovegdbtth functions are
affected by fracture conductivity during early time and suggested that such effect diminishes
with time. Shah et & proposed a multistep testing procedure that involves down hole
measurements of the pressure and fluid flow ratey fresented a multistep drawdown test
involving down hole pressure and flow rate measurements for determining the layer skin and
permeabilities in the layer reservoir. They suggested an approach for simultaneous analysis of
the entire data set and compateédm with a piecewise flow period that uses convolution to
account for varying wellbore flow rates. They studied the application of the multistep test for
both shutin and producing wells. They concluded that the multistep well test can be properly
analyzd only following model identification. However, they did not consider fractured
reservoirs. Cobb et #lutilized the conventional methods of Muskat, MilRyesHutchinson

and Horner for the interpretation of pressure buildup in boundedatyeved resevoir without
crossflow. Their work confirmed that of Lefkovitz et‘alSullivian et aP’ developed a constant

rate drawdown type curves for analyzing pressure buildup test which follow production at



constant bottom hole flowing pressure for commingled gaservoir containing hydraulic

fractures. They determined that the multilayer solution matches the single layer solution when

the dimensionless wellbore pressure is plotted as a functidh 8f , for finite multilayered
RD

reservoir with unequal layereasHowever, their type curves cannot be used in a general case
because it I's applicable to a specific type
describing a reservoir type different from what they studied, the Engineer may find it useful to
develop type curves for analysis of test from that reservoir. These type curves like the curves
developed in this study can serve to help identify the reservoir type and to provide at least useful
first estimation of k ey r d shatrfor adifferent patuespoé r t i e s

kihy

reservoir conductivity,Crp, K,h, and dimensionless fracture conductivitgy,, a

. : X . .
dimensionless parametef T correlatesP, versus'? » graphs for widely varying values

2 CRD

of X; and4,. Prijambodo e&l™®

investigated the pressure response of a well producing from a
two-layer reservoir with interlayer crossflow. They characterized the early time pressure
behavior and suggested that interpretations of pressure buildup data based on single layer theory

can lead to erroneous results, with error magnitude depending on the degree of layer

communication.

Very few literature have considered fractured multilayered reservoir and none seems to consider
partial penetrating fractures in multilayered reservoirsTiesearch seeks to bridge this gap by
developing equations to model both fully and partially penetrating fractures in multilayered
commingled reservoirs. The properties of both the fracture and reservoir can be estimated with

these analytical equations.



2.3  Types of Multilayer Reservoir

Multilayer Reservoirs can be classified into two: layered reservoir with crossflow, in which
layers communicate at the contact planes and layered reservoir without crossflow, in which
layers communicate only at the wellbofihis type of system without crossflow is also called

commingled reservoir. These classifications are discussed below.

2.3.1 Commingle Reservoir

Here, the layers do not communicate in terms of fluid flow through the formation but may be
produced by the sae wellbore. The wellbore in a commingled system may be vertical,
horizontal, inclined or partially penetrated. Individual layers may be homogeneous,
heterogeneous or fractured and, can have different initial, inner and outer conditions, infinite
extent, onstant pressure, no flow or mixed. The layer (shale) between the layers is impermeable
to allow fluid flow between the layers; hence the analysis involved in this type of multilayered
reservoir is relatively simple as compared to crossflow multilayensanegarded as a limiting

case of a crossflow system where the vertical permeabilities of all the layers are assumed to be
negligible. The interporosity |l ayer fl ow para
no flow occurs across the laye@n the pressure derivative, a horizontal line, which is a constant
during the pseudoadial flow, can be used to estimate the average flow capacity of all the layers.
The second final horizontal line (if twlayers are considered) can be used to estithateatio of

the flow capacity of the second layer (low permeable layer) to the average flow capacity.

2.3.2 Crossflow

The layers communicate in the formation. At early time however, -fimgsmultilayered
reservoir behave as though they were commindgiaa is because at early time, the differential

9



depletion is not significant and hence the pressure differential cannot cause fluid flow from one
layer to another. At late time, the differential pressure between the layers become significant and
since thenterlayer flow parameter is not zero, fluid flows from one layer (the lower permeable)
to the other (higher permeable layer). On the pressure derivative, after the wellbore storage
effect, a horizontal line is observed which depicts depletion of theshigarmeable layer.
Depending on the magnitude of the interlayer flow parameter, a time is reached where fluid
flows from the lower permeable layer to the higher permeable layer. This is indicated as a trough
on the pressure derivative. A horizontal lire finally observed depicting the total system

behavior during the pseudadial flow.

2.4  Testing Techniques in Multilayered Reservoirs

2.4.1 Introduction

The layered reservoir Test (LRT) relies on a combination of measurements including production
logs suveys, pressure and flow rate transients required with the sensors in a stationary position.
Recent developments in multilayer well testing have focused on the determination of individual
layer properties and, this can be achieved by measuring the weditessure and the flow rate

with a production logging tool as a function of time and vertical depth along the wellbore. The
flow rates are measured just above the individual layers as transients are produced by altering the
surface flow rates in steps. Byeasuring the flow rate and pressure transients beginning from
the bottom layer, its properties can be estimated. The flow meter is then moved to the top of the

next layer.

10



2.4.2 Sequential Testing
The procedure is as follows:

1. Position the production ¢iging tool (PLT) above the bottom layer and flow the well at a
constant surface rate. Record the flow rate of the bottom layer as well as the bottom hole
flowing pressure. The bottotmole flowing pressure is sensitive to the entire layers.

2. Place the flow rater above the next layer and record the flow rate.

3. Repeat the above procedure for all the layers without changing the surface flow rate.

4. Change the surface flow rate and position the PLT above the bottom layer and repeat the
procedure above.

5. Pull the toolout of hole. The pressure and flow rate data can then be used to estimate the

individual layer properties.

In sequential testing, one flow meter is used; hence the properties estimated are functions of
the layers below it. In this regard, the parametstsnated when the flow meter was above

the top of the bottom layer are true values of the bottom layer. Estimations of layers above
are all averages. The parameters estimated for the bottom layer are fixed for the layer just
above it which is then used &stimate the properties of the second layer. This procedure is
repeated for the rest of the layers above; each time the previously determined parameters are
fixed for the estimation of the properties of the next layer. Shai*’ehave presented a

detailed description and interpretation procedure of the above technique.
2.4.2.1 Disadvantages

The demerits of this technique include

11



1. The measurements are taken under flowing conditions and may be subject to some
fluctuations in thesurface flow rate

2. Measurements are also taken at different times with only one flow meter; hence
superposition effects ought to be taken into consideration.

3. Also, each measurement is initiated by a change in surface flow rate of arbitrary
magnitude. As aasult, it is not possible to subtract the flow rates transient measurements
taken at different times.

2.4.2.2Advantages
1. It provides an approximate correction for superposition effects by using the difference
between the measured transient pressure/flow rategdthmm flow period and the
pressure/flow rate values recorded first before the flow rate change.
2. The pressure and flow rate differences can be modeled with the drawdown as long as
the transient flow duration is small compared with the length of the prevates

period.

2.4.3 Commingle Singld_ayer Testing (CSLT)

In this technique, two flow meter sensors are positioned such that one is just above the layer
perforation and the other is below it. In this way, the difference between the flow meter readings
q. — qp IS equal to the layer flow rate. Herg, is the flow meter reading above the layer of
interest whileg, is the flow meter reading below the same layer. A pressure sensor is placed at a
fixed position in the perforated interval to measure thdobehole flowing pressure. The
individual layer flow rate as well as the wellbore pressure can then be used to estimate the layer

properties. The transient response detected by the CSLT may be homogeneous, dual porosity,

12



fracture or radially composite dapding on the lithology and near wellbore conditions.

LiEi]

KL

Figure 2.1: Commingle Single layer Test configuration (Source: Hda@nomides and

Josepf?)

The interpretation procedure is as follows:

1. Position the flow meters above and below the layer of intedegt the well is flowing at

a constant surface flow rate. Record the flow meters readings and wellbore pressure and,

determine the stabilized trend in flow rates and pressure at the end of the flow period.

2. Changethe surface flow rate and record the laffew rate and wellbore pressure versus

c

surface rate

he

nce t

me ®t, s

t

el apsed
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3. Determine the flow rateg; (t), for the layer tested both before and after the surface rate
change,q, t = q,(t) — q,(t). If the layer is accepting fluid instead of producing,
q. t will be negative.

4. Using the computed values g@f t , calculate

Aq, At = q.(t1) —q.(4L)
Wheregq, t, and P,; t; were recorded just before the rate change attjme

5. Calculate the rate normalized pressu#®,, At /Aq, At , and rate convolvedime

function.
2.4.3.1Disadvantages

1. The measurements are taken under flowing conditions and may be subject to some

fluctuations in the surface flow rate
2.4.3.2Advantages

1. Superposition effect is greatly minimized since two flow meters are used at the same time.
Here, a simple subtraction between the flow meter readings gives the layer flow rate at a

particular tire.

2. Flow rate measurement is faster as compared to the sequential technique.

14



2.4.4 Multi flow meter testing

Here, flow meter sensors are positioned above and below all the layers at the same time. As a
result, flow rates of all the layers can be meeduat a time and the same interpretation

procedure as done for CSLT is carried out.
2.4.4.1 Disadvantage

1. High cost is involved since the number of flow meters require for the test is determined by the

number of layers.
2.4.4.2 Advantages

1. Superposion effect is greatlyminimized since individual flow rates are measusethe same
time. Here, a simple subtraction between the flow meter readings givieg/éindlow rate at a

time.
2. Flow rate measurement is faster.
2.5 Literature summary

The tesing techniques illustrated above seem to suggest thatratdtiesting is required for the
analysis of multilayered reservoir. HowevEd™ showed that the individual layer properties of

a multilayer reservoir with or without crossflow can be deterthimg one drawdown test if all

the layers are tested together and the common wellbore pressure and the flow rate for each layer
are measured and analyzed. Hence, a single test can also be used for the estimation of layered
properties. Usually, the first florate is used to determine the producing layers so as to ascertain
which layer is productive after which the individual layer properties estimation is carried out

with the second flow test. Additionally, most of the previous literatures have concertrated

15



unfractured layered reservoir and very few have considered fractured layered reservoir, but none,
to my knowledge, has considered partially penetrating fracture in layered resklooaling a
layer that has been partially fractured in multilayeree@mesr has not been considered in the

literature.
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CHAPTER 3 MATHEMATICAL FORMULATION

3.1  Model Description

The physical moel discussed in this work is a multilayered reservoir that is being drained by a
hydraulically fractured well. The layers communicate only at the wellbore and there is no
interlayer crosglow. Each layer may be fully fractured as shown in figure 2 angtbperties

of each fracture in each layer may be different from that of other layers. The fracture may also be
partially penetrating such that the height of the fracture becomes less than the height of the layer

as depicted by figure 3. One or more layaesy not be fractured at all.

Additional assumptions made in this work include

Each layer is assumed to be homogeneous, isotropic but has distinct properties from other

layers

At t=0,the pressure is uniform throughout the reservoir

Gravity effects are ndigible. (Pressure gradients are small).

The reservoir produces at constant surface rate

The fractured layers are in communication with the wellbore only by means of the

fractures and there is no cross flow between layers

Both the fractures and theservoir are filled witla single slightly compressible fluid of

constant viscosity

The reservoir is infinite in extent and is impermeable both at the upper and lower

boundaries
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The well is symmetrically located and penetrates the entire layers

Figure 3.1: Fully fractured commingled multilayered reservoir
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Figure 3.2: Partiallpenetrating fractured commingled multilayered reservoir
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3.2  Pressure and Pressure Derivative Analysis
Definition of terms

p Kh P; = P, (t)
Wb 141.2quB

1 _Kh P =P,
qp  141.2q(t)uB

. _0.0002637K
P Buc X}

_ Krwy
TP KX,
_ D5 Crewr
T gcx,
N
T]Dj = ?
_ k
" BCep
n, = 4
J gtthj.U
n
1
k=3 kil
j=1
n
1
C =+ @ Cyhy
j=1
h
th = Wf
k;:h; 1
RCD] # —_—
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(3.2.2)

(3.2.3)
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(3.2.5)

(3.2.6)

(3.2.7)

(3.2.8)

(3.2.9)

(3.2.10)

(3.2.11)

(3.2.12)



3
S

The dimensionless wellbore pressure for a fractured weltomaningled reservoisigiven by
Bennett et dl

n
— ©o 2
2 T[tDXf T -1 ZRCD n tD
_ - 2 xf
Pup tpr, =7— 7 1+— b, T : (3.2.14)
D LfDOrD n=1 fD=fD n+3 2
where
-1 -3 1
-1 T Yo .. —-n
b, 2=—2 Zn! Z (3.2.15)

-1
forn>lor=1; and, *= 1 2

3.2.1 Fracture linear flow(Masked by Wellborstorage effect)

At very short time, the flow of fluid to the well is as a result of expansion of the fluid within the

fracture. For very small time, equation (3.2.14) yi@esnett et dl

2 T[tDXf

Pwp tpy, (3.2.16)

~hyp CrpSpp

The above equation is similar to Cinco Ley#tfor single layer flow. Though equation (3.2.16)
is masked by wellbore storage effect asmcehot observed practically, it shows that at very early
time, the dimensionless wellbore pressure is influenced by the fracture prapgsty.4) and

not the formation.
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Fully penetrating fractures:
3.2.2 Bilinear flow regime

At early time, wherthe fracture tip effects is not felt at the wellbore, fluid flows linearly and
perpendicularly to the fracture face and linearly within the fracture. The dimensionless wellbore
pressure in a fully fractured commingled reservoir is giveBénynett et &l

2 4
tpx, Rcp

PWD == 2.45 (3.2.2.1)

For homogenous reservoirci= land equation (3.2.2.1) becomes similar to Cinco Ley and

Samaniegbequation for sigle layer reservoir.
Now, substituting the dimensionless variables into equation (3.2.2.1) yields

44.13qB
AP = il "4 (3.2.2.2)

h KWy Rep 2 BuCk  *

The dimensiordss reservoir conductivity., is determined by core analy$&nnett et dland

is 1 for homogeneous single layer and less than 1 for heterogonous layers.

Now, Let

44.13gB
meg; = q o 1 3223

h K-W; Rep ' 2 BuCk *

Equation (3.2.2.2) becomes

HencedP = mp, t°%2° (3.2.2.4)
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Taking the logarithnof both sides of equation (3.2.2.4) yields
1
log AP = logmg,; + Zlog t (3.2.2.5)

Equation (3.2.2.5) shows thatadbgo g pl ot of Btraightlinesofi dopet0.25; 1 el d s
which is a unique characteristic of bilinear flow.

At t=1hr;

( pd1)=mg, (3.2.2.6), which can be used with equation (3.2.2.3) to estimate the fracture

conductivity as follows:

1947.46 quB *
h(4P)p1

KWy = (3.2.2.7)

Rep BuCiK
For a single layer reservoircB=1 and equation (3.2.2.7) reduces to what Tassived (see ref
5 egn 6 i f =1 for homogeneous reservoir).

Now taking tie derivative of equation (3.2.2.Wjth respect to time yields

, 06127 .
PWD * thf R — thf ! (3228)

RepCrp

This equation is again similar to what Tidérived for single homogeneous layBgf{ = 1)

Substituting the dimensionless variables into equation (3.2.2.8) yields

AP' %t = 0.25mp, t 4 (3.2.2.9)
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Taking logarithm of both sides of equation (3.2.2.9) yields
log AP" xt = 0.25logt + log 0.25mg, (3.2.2.10)

Equation (3.2.2.10) also shows that a-log plot of AP’ xt versus t yields a straight line of

slope 0.25, which is a unique characteristic of bilinear flow.
At t=1hour, equation (3.2.2.10) becomes

AP' %t g, = 0.25mp, (3.2.2.11)
Now, comparing equation (3.2.2.11) and (3.2.2.9), at t =1 hour;

AP’ %t g, = 0.25 AP 4 (3.2.2.12)
The fracture condumtity is computed using equation (3.2.2.11) as

121.74 quB 2

Wik; = (3.2.2.13)

Rep BuCK

Tiab has shown that the fracture conductivity, in the absehte bilinear flow regime, can be

estimated as

Wk = 1.92173 (32214)
P71 331739k
Tw Xr

Equations (3.2.2.13) and (3.2.2.14) give thénestied average fracture conductivity of the entire
fractured layers and do not yield the fracture conductivity of each layer. This is because the

bottomhole flowing pressure is sensitive to the total system

24



It is observed that the introduction of the dmam®nless reservoir conductivity;p, into

equation (3.2.2.13) distinguishes a multilayered reservoir from single layered reservoirs.
3.2.3 Formation Linear flow

When the fracture tip effect is felt at the wellbore, the flow in the formatigurariallel to the
fracture face. The dimensionless wellbore pressure in a fully fractured commingled reservoir is

given byBennett et d

1
—  Tpy, (3.2.3.1)

Pyr =
WD RCD

Substituting the dimensionless variables into equation (3)/&lds

4.064qB
AP = d F__ jos (3.2.3.2)
h'RCD KQCtX]g
Let
4.064qB
my = ——4 a (3.2.3.3)

hRep  KBC.XF

Hence, from equation (3.2.3.2)

AP = m t5 (3.2.3.4)
Taking the logarithm of both sides of equation (3.2.3.4) yields

log AP = logm; + 0.5logt (3.2.3.5)

A slope of 0.5 is obtained from equation (3.2.3.5), which is a unique characteristic of a linear

flow regime.
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At t=1hour, equation (3.2.3.5) becomes

( R ¥ m; é (3.2.3.6), which can be used with equation (3.2.3.3) to estimate the fracture half

length as follows:

_ 4.064qB U (3.2.3.7)
r hRcp(AP)1  K@C, o
Now taking the derivative of equation (3.2.3.1)
PI;VD * th == L E th 0.5 (3238)
' 2Rep s
Substituting the dimensionless variables into equatidh38) yields
2.032gB
AP xt = 1 s t0> (3.2.3.9)
hRCD KgCtX]g
Let
2.032¢B
m, = =224 a (3.2.3.10)

hRep  K@BC X}

Again, R;p depicts a layered reservoir in equation (3.2.3.10)

Substituting equation (3.2.3.10) into (3.2.3.9) and taking logarithm of both sides of the result

yields,
log AP' *t = 0.5logt + logm,, (3.2.3.11)
A slope of 0.5 is obtained indicative of a linear flow.

The fracture half length is given by, att = 1hr
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_ 2.032B U
r hRcp AP" %t g1 K@C,

(3.2.3.12)

Tiab has shown that the half fracture length, in the absence of the linear flow regime, can be

estimated as

1.92173
X; = (3.2.3.13)
1 3.31739%
W Wk

Equations (3.2.3.12) and (3.2.3.13) give the estimated average half fracture length of the entire
fractured layers and do not yield the fraeturalf length of each layer. This is because the

bottomhole flowing pressure is sensitive to the total system

3.2.4 Pseuderadial flow

During this flow regime, fluid flows radially in both fractured and unfractured layers, hence the
radial diffusivity canbe used to model such a reservoir.

Py = KhPL—_P/ (3.2.4.1)
/" 141.2quB
T] .
Npj = # (3.2.4.2)
k
n= (3.2.4.3)
BC.u
N, = i (3.2.4.4)
J ﬂtjctj.u
_— 0.0002637K 3245
DXf_ QMCtX]g ( Ve )
if all the layers are fractured
_— 0.0002637K - 0.0002637k (3.2.4.6)
P gucX? Buc,rz e
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for two layered reservoir of which one is fractured.

J.L. Johnston and W.J. LEkave shown that the layer dimensionless pressure (also shown in
appendix A) during the pseudadial flow in commingled reservoir is given by

_ Ko TDf(uj)

P,
b u

j (3.2.4.7)

f (u;) reflectsthe heterogeneity of the reservoir; since each layer is homogeneous (but have
different properties from other layers);

fu = w (3.2.4.8)

Hence, equation (3.2.4.7) becomes

K, r, u;
Py = ———L (3.2.4.9)
u
Upon inversion,
1 r
Ppj=—-= E ——2 (3.2.4.10)
2 Atpys

Ppj is the dimensionless pressure of layer j.
Equation (3.2.4.11) is the line source solution of layer j in commingle reservoir.

At the wellborer, = 1, and equation (3.2.4.10) reduces to

P —1E !
WD_2i4tD

(3.2.4.11)
The logarithmic approximation to equation (3.2.4.11) during the psedial flow is
Pyp = 0.5 Inty, + 0.80907 + 25 (3.2.4.12)

Substituting the dimensionless variables yields into equation (3.2.4.12)

khdP 1 et 7.43 + 2 (3.2.4.13)
————=—1In n - 7. s 2.4.
141.2quB 2 Buc,rz?
70.6quB
P=—""""Int+n — 743+ 2s (3.2.4.14)
kh BucC,r2
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