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PATENT APPLICATION

INVENTOR: FAISAL M. ALTHAWAD
MAHMOUD JAMIOLAHMADY

ATTORNEY DOCKET: 004159. 705544

MEASURING EFFECTIVE FRACTURE
HALF-LENGTH AND QUANTIFYING FLUX DISTRIBUTION IN AND AROUND

FRACTURES IN PETROLEUM RESERVOIRS

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to modeling the structure of subsurface reservoirs, and more

particularly to measuring effective fracture half-length and quantifying flux distribution in and

around fractures in petroleum reservoirs.

2. Description of the Related Art

[0002] In reservoir engineering, accurate modeling of subsurface reservoirs and formations, and

numerical simulation of fluid flow related processes through computer processing, are widely used

for accurate oil and gas reservoir management and development plans. Both direct and indirect

methods are used to assess the nature of the rock containing hydrocarbon fluids.

[0003] Direct methods use direct measuring tools such as well logging tools. However, the ability

of such tools to obtain data as a function of depth into the reservoir from the tools is limited to

shallow depths, typically on the order of a few inches. For indirect measurements tools such as

pressure gauges are used to record pressure changes due to well rate variations. That is, indirect



measurements involve flowing the well, and recording the pressure changes with time. The pressure

data obtained are then processed in a number of different ways to describe the reservoir and model

the fluid flow processes.

[0004] Reservoir modeling is, to a great extent, an art and has its benefits and restraints. There

are two main methods to model the reservoirs namely; numerical and analytical. Numerical

modeling is flexible, however, it can be inaccurate due to instability of computer processing to solve

multiple, multi-variable non-linear differential equations expressing the physical relationships of

reservoir rock and fluid phenomena and characteristics. Furthermore, since reservoirs of interest are

quite large and there is an increasing need for accuracy, hence, numerical models of a reservoir are

organized into a large number of individual cells. The number of cells can be from tens to hundreds

of millions for typical reservoirs. Instability in the modeling and the gridding effects often make

numerical modeling unsuitable to address the more general/complex cases.

[0005] Conversely, analytical methods based on pressure type-curves are exact, accurate, and

stable solutions and provide a platform to address more general/complex cases. The use of semi-

analytical solutions for fractures in homogenous reservoir(s) is in line with meeting current industry

needs, with increasing activities in production from naturally faulted geological settings and

unconventional reservoirs. Modeling of such flow profiles, have therefore, become increasingly

important. However, so far as is known, there is currently no capability for measuring and

quantifying flux distribution in and around fractures in petroleum reservoirs. Hence, numerical

simulation of the flow in such complex geometries is at present the technique currently available,

although it is considered in a number of situations to be cumbersome and impractical.



SUMMARY OF THE INVENTION

[0006] Briefly, the present invention provides a new and improved method of determining

quantitative flux distribution from a formation in a petroleum reservoir at along a fracture plane

intersecting a wellbore in the formation and an effective half-length for the fracture plane. Pressure

transient testing of the formation is performed to obtain pressure transient test measures. The well

pressure and well pressure derivative are determined by computer processing for the formation from

the pressure transient test measures. Formation fracture parameters are determined by computer

processing based on well pressure and well pressure derivative for the formation. Flux distribution

from the formation along the fracture is determined by computer processing based on the determined

formation fracture parameters. The effective fracture half-length of the fracture is determined by

computer processing based on the determined formation fracture parameters. A quantified amount

of flux along the fracture plane intersecting the wellbore is determined by computer processing. The

determined flux and flux distribution from the formation along the fracture, the quantified amount

of flux from the fracture, and the determined effective fracture half-length of the fracture are stored

in computer memory. The determined flux distribution along the fracture plane and the determined

effective fracture half-length of the fracture are then mapped in a reservoir model by computer

processing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Figure 1A is a schematic view, taken in horizontal cross-section, of a producing fractured

well in a reservoir formation in the earth.

[0008] Figure 1A is another schematic view, taken in horizontal cross-section, of the well of

Figure 1 .



[0009] Figure 2 is a schematic diagram showing in an isometric view the three dimensions of the

producing fractured well of Figure 1A .

[0010] Figure 3 is a plot of pressure derivative as a function of time for a number of different

fracture conductivities for a well intersecting a fracture.

[0011] Figure 4 is a functional block diagram of a flow chart of data processing steps for modeling

to determine effective fracture half-length and quantify flux distribution in and around fractures in

petroleum reservoirs according to the present invention.

[0012] Figure 5 is a schematic diagram of a data processing system for modeling to measure

effective fracture half-length and quantifying flux distribution in and around fractures in petroleum

reservoirs according to the present invention.

[0013] Figure 6 is a plot of linear matrix flux distribution along a fracture on a single plane as a

function of fracture half-length for a model using synthetic data and obtained according to the present

invention.

[0014] Figure 7 is a plot of diagonal matrix flux distribution along a fracture on two planes as a

function of fracture half-length for a model using synthetic data and obtained according to the present

invention.

[0015] Figure 8 is a plot of diagonal and linear matrix flux distribution along a fracture on two

planes as a function of fracture half-length for a model using synthetic data and obtained according

to the present invention.



[0016] Figure 9 is a plot of flux accumulation as a function of time for different matrix

permeabilities for a model using synthetic data and obtained according to the present invention.

[0017] Figure 10 is a plot of flux accumulation as a function of time for different fracture

conductivities for a model using synthetic data and obtained according to the present invention.

[0018] Figure 11 is a plot of fracture pressure at a fracture as a function of fracture half-length

and fracture half-length estimation for different fracture conductivities for a model using synthetic

data and obtained according to the present invention.

[0019] Figure 12 is a plot of fracture flux at a fracture as a function of fracture half-length and

fracture half-length estimation for different fracture conductivities for a model using synthetic data

and obtained according to the present invention.

[0020] Figure 13 is a plot of flux distribution at a fracture as a function of fracture half-length for

different fracture conductivities for a model using synthetic data and obtained according to the

present invention.

[0021] Figure 14 is a plot of pressure distribution at a fracture as a function of fracture half-length

and fracture half-length estimation for different matrix conductivities for a model using synthetic

data and obtained according to the present invention.

[0022] Figure 15 is a plot of flux distribution at a fracture as a function of fracture half-length for

different matrix conductivities for a model using synthetic data and obtained according to the present

invention.



[0023] Figure 16 is a plot of flux distribution at a fracture as a function of fracture half-length

and fracture half-length estimation for a composite reservoir model using synthetic data and obtained

according to the present invention.

[0024] Figure 17 is a plot of flux distribution at a fracture as a function of fracture half-length

and fracture half-length estimation for a composite reservoir model using synthetic data and obtained

according to the present invention.

[0025] Figure 18 is a plot of flux distribution at a fracture as a function of fracture half-length for

different well rates using synthetic data and obtained according to the present invention.

[0026] Figure 19 is a plot of flux distribution at a fracture as a function of fracture half-length

and fracture half-length estimation for different well rates using synthetic data and obtained

according to the present invention.

[0027] Figure 20 is a plot of dimensionless fracture pressure as a function of fracture half-length

and fracture half-length estimation using synthetic data and obtained according to the present

invention.

[0028] Figure 2 1 is a plot illustrating pressure and pressure derivative matching in connection

with the synthetic data used in the model according to the present invention.

[0029] Figure 22 is a plot of fracture pressure at a fracture as a function of fracture half-length

and fracture half-length estimation using actual field data and obtained according to the present

invention.



[0030] Figure 23 is a plot illustrating pressure and pressure derivative matching in connection

with the actual field data used in the model according to the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0031] In the drawings, Figures 1A and 2 illustrate in horizontal cross-section and in an isometric

view of the three dimensions, respectively, a hydrocarbon producing fractured well 10 in a wellbore

12 has been drilled into and through the earth. As indicated, the well 10 and wellbore 12 are formed

into a fracture or fracture matrix 14 between reservoir formation rock, designated as a Region 1 and

another reservoir rock portion designated as Region 2 in a hydrocarbon containing reservoir

formation layer R of interest. The example subsurface hydrocarbon producing reservoir with

complex flow geometry. The producing well 10 is located in a fracture or fracture matrix 14 in the

layer R . The fracture 14 is one component of complex flow geometry. As indicated at 16, the

fracture 14 has a fracture width w^.

Flux Distribution alongside Infinite Conductivity Fracture Planes

[0032] In cases of what has been known as infinite conductivity fracture planes, the producing

pressure has previously been considered uniform over the extent of the fracture plane. The producing

pressure has been regarded as remaining constant and equal to the initial pressure as distance from

the well 10 becomes substantially larger (Figure 1B) over its extent in the reservoir than a drainage

area or region 15 of pressure disturbance as a result of flow to well 10. The drainage area is circular

in horizontal cross-section, having a drainage radius 17 as shown in Figure 1B. As used in

connection with the present invention and as shown in Figure 1B, an infinite conductivity fracture

plane is one in which the fracture 14 extends beyond the drainage area 15 of pressure disturbance



formed during flowing the well 10. The fracture plane 14 is thus longer in comparison to the

disturbance of the initial reservoir pressure of drainage area 15. Therefore the fracture length/plane

14 extends beyond the disturbed/influenced area 15 and hence is relatively boundless or infinite in

the context of reservoir pressure. This usage of the term is recognized and agreed upon in the art by

the community of reservoir and well testing engineers.

[0033] Thus, these types of fracture planes were termed infinite length fracture plane because the

pressure was deemed uniform over the plane regardless of distance from the well. Therefore, it has

been, in the past, assumed that fluid enters a fracture such as 16 at a uniform flow rate per unit area

of fracture face. Furthermore, due to high conductivity of the fracture face, in the past there was

considered to be a negligible pressure drop along the fracture causing a slight pressure gradient

yielding a uniformly distributed flux.

[0034] So far as is known, previous fracture flow determination and modeling technologies have

been based on assuming that the fracture had equal flux distribution along a finite length. No effort

was made to determine flow distribution along an actual length of the fracture. Further, so far as is

known, no effort was made to quantify flux distribution along such a fracture, whether in determining

or estimation of flux.

FLUX DISTRIBUTION ALONGSIDE FINITE CONDUCTIVITY FOR
INFINITE-LENGTH FRACTURES

1. Diagonal Flux Distribution from Two Sides of a Fracture on x-y Plane

[0035] To overcome the aforementioned difficulties, the present invention provides a computer

implemented methodology of measuring effective fracture half-length and quantifying flux

distribution in and around fractures in petroleum reservoirs for modeling of such features in the



reservoir. The present invention provides improvements to the existing technological processes of

characterizing and modeling of subsurface hydrocarbon reservoirs, where complex flow geometry

with fractures are present in order to evaluate and plan reservoir development. The present invention

is also potentially capable of improving the functioning of computers in performance of reservoir

simulation, by reducing the processing time lost due to instability in the simulator processing of the

reservoir model.

[0036] According to the present invention, flux distribution is considered to be non-uniform along

a fracture such as 14 as a function of distance from a wellbore, such as 12. Figures 1 and 2 include

a set of arrows 16 of various lengths at different distances from the wellbore 12. The varying lengths

of the arrows 16 indicate a decreasing flux profile as distance along an x co-ordinate axis 18 in the

fracture 14 from the well 10 outwardly along the fracture 14 towards outwards regions 20, known

as fracture tips.

2. Nomenclature

[0037] Set forth below are nomenclature and the major working equations of the analytical

solution, which are by computer processing according to the present invention, used to form what is

referred to as the model, from calculating pressures and pressure derivatives. In this model, the well

is considered to be producing at a constant rate of q STB/d, while the pressures and pressure

derivatives and the crossflow rates are determined for the three regions: the well 10 the fracture 14.

a = Distance from origin, ft

B = Formation volume factor, RB/STB

C = Wellbore storage, bbls/psi



cf = Formation compressibility, psi- 1

ct = Total compressibility, psr 1

dF = Distance to fault, ft

d = Differentiation mathematical script

PcDf = Dimensionless fracture conductivity

Fcf = Dimensional fracture conductivity, md-ft

FCDF = Dimensionless fault conductivity

CF
= Dimensional fault conductivity, md-ft

h = Formation thickness, ft

k = Matrix permeability, md

kf = Fracture permeability, md

k = Fault permeability, md

kd = Dimensionless matrix permeability, md

kdf = Dimensionless fracture permeability, md

kf-Wf = Fracture conductivity, md-ft

kr = Reference permeability, md

kn = (n) reservoir permeability, md

Pi = lnitial formation pressure, psi

Pi = Region-1 pressure, psi

P2 = Region-2 pressure, psi

Pf = Fracture pressure, psi

Pwf = Flowing BHP, psi

P = dimensionless pressure

Pdi = Dimensionless Region-1 pressure



Pd2 Dimensionless Region-2 pressure

Pdf Dimensionless fracture pressure

Pdwf Dimensionless well flowing pressure

V Pressure in Laplace domain

V Pressure in Fourier domain

q Flow rate at surface, STB/D

qD Dimensionless flow rate

q Dimensionless flow rate in Laplace domain

w Wellbore radius, ft

r Distance from the center of wellbore, ft

s Laplace parameter

tD Dimensionless time

tDf Fracture dimensionless time

Wf Fracture width, ft

Xf Fracture half-length, ft

Xfe Effective fracture half-length, ft

XD Dimensionless x-coordinate

Dimensionless y-coordinate

∆ρ Pressure change since start of transient test, psi

A t Time elapsed since start of test, hours

q 0 . 0002637 k/ > ct, hydraulic diffusivity, ft2/hr

] l) Fault hydraulic diffusivity, dimensionless

I]L)f Fracture hydraulic diffusivity, dimensionless

q Matrix hydraulic diffusivity, dimensionless



Viscosity, cp

Φ Porosity, fraction

P Fourier parameter

Subscripts

c Conductivity

D Dimensionless

e Effective

F Fault

f Fracture

i lnitial

i lmaginary/Complex number

inv lnvestigation

r Reference

t Total

w Wellbore

x x-coordinate

y y-coordinate

3. Physical Phenomena Involved

[0038] The present invention provides a methodology which is described in detail below. The

present invention resolves the complexity in determining a non-uniform effective fracture-half-

length, ) , for what are theoretically infinite-length fractures. The flux distribution in what are

in physical actuality finite conductivity fractures in the reservoir is taken into account according to

the present invention. The flux distribution over the fracture plane is non-uniform as the fracture



pressure ( · along the fracture 14 is considerably smaller closer to the well 10 and gets larger

towards the tip 20 of the fracture 14. This results, accordingly, in a non-uniformly distributed flux.

[0039] The same characterization of non-uniform flux distribution is also in effect for highly

propped fractures and damaged fracture-face cases. Flux distribution is a function of fracture

conductivity and therefore fracture pressure. The lower the fracture conductivity (FCD ) , the higher

the pressure drops across a fracture face, between the reservoir rock matrix and the fracture.

[0040] For the purposes of the present invention, the fracture half-length (Xf ) is assumed to be

infinite. However, the effective fracture half-length (Xfe ) contributing to flow is finite. Thus,

actual fracture half-length cannot be directly determined from a given solution for flux distribution.

The present invention is also based on an assumption that no flow of fluids occurs when the

difference in pressure across the fracture plane is zero (∆ρ = 0). The present invention also

determines flux volume and flux level distributed along the plane of a fracture such as shown at 14.

As mentioned, prior methods have been limited to finite fracture lengths and thus forced to consider

tip effects.

[0041] The present invention provides a methodology to form a measure or estimate of the

fracture half-length. According to the present invention the measure is referred to as: “Effective

Fracture Half-length (Xf e )”. The measure is formed based on the following: the effective fracture

half-length will be equal to the conventional fracture half-length at a distance from the well where

the flux from the matrix is almost zero, as shown in Figures 1A and 2 . At this physical location in



the fracture, the pressure drop across the fracture-matrix interface continues to decline as distance

from the well increases. The flux should approach zero ((fa) — 0) at \ X — X† e where:

X f
X D = at q D = 0 = e =

w

[0042] As set forth in Applicant’s previously mentioned prior co-pending patent application

Serial No. 14/987,120, which is incorporated herein by reference for all purposes, formation two

dimensional flow in subsurface regions where a well, fracture and fault are present can be expressed

based on physical parameter values in a set of five equations. The formation of two dimensional

flow is governed by formation and fluid parameter values and relationships as expressed in

Equations (la) through (le) of patent application Serial No. 14/987,120, which Equations are

incorporated herein by reference.

[0043] The dimensionless flux alongside the fracture after transformation in Laplace space from

the solution of the finite conductivity fracture can be expressed in Equations (1) and (2) below as:

PwD (1)



and in Fourier space is expressed in Equation (3) as:

[0044] Laplace and Fourier transformations were applied to Equations (1), (2) and (3) governing

such two dimensional flow in these three regions. These mathematical transformations were with

respect to dimensionless time (tp ) , in terms of transformed parameter (s) and a space variable

(XD) in terms of the transformed parameter (p), respectively. The equations (with the associated

boundary conditions) are solved in the Laplace space and inverted numerically.



[0045] The final equation for the wellbore pressure in Laplace domain is expressed in Equation

(4) below as:

[0046] Based on Equation (4), values of flux J Dxy as a function of x and y co-ordinates are

determined, based on data values obtained from pressure transient testing of the well at the fracture,

and on formation rock porosity, permeability, fluid viscosity, formation thickness, and fracture

width.

[0047] The determined values can then be plotted versus X in order to

present the pressure and flux distribution along (x ) and determine (Xp ) at a flux and/or pressure

depletion of value > 99.9% of the first value calculated. This criterion is proved to provide a

reasonable match with the results of synthetic cases but can be altered if required.

[0048] In the foregoing, Ϊ and jpf are the dimensionless hydraulic diffusivity of matrices,

fracture and fault, respectively, as defined:

η η = 0 . 000264 . 000264



k f . Wf
CDf is the dimensionless fracture conductivity described by

k . rw

the region’s reference permeability is: kr 1 . 0 md, and kD is the matrix

dimensionless permeability.

[0049] The dimensionless pressure is:

f 141. 2 βµ

[0050] The dimensionless coordinates are written as:

x _y_
XD = andy D

w w

and the dimensionless time is

0.000264 k t

4. Linear Matrix Flux Distribution from Two Sides of a Fracture on Y-Access

[0051] Similarly; by eliminating the Fourier space variable in the matrix, in terms of the

parameter ( ) , the flow along the y-access only is:



5. Linear Fracture Flux Distribution Inside Fracture on X-access

[0052] The flux along the fracture can be expressed using this equation:

and the fracture pressure distribution with respect to x-access is:

which is inverted back to Laplace space. After substituting Equation (2), the expression becomes:

[0053] The determined values ∑>y, and C D V can then be plotted versus p to present

the pressure and flux distribution along (x) and determine at a flux and/or pressure

depletion of value > 99.9% of the first value calculated.



6. Model Behavior - Observations and Discussions

[0054] The following section describes a study of the effect of a number of variables on the

solution for flux distribution and effective fracture half-length in the manner described above. For

this study, the conditions, parameters ranges and fluid/reservoir properties are as stated below:

q = 2iito 2000 π (bpd)

km = 1.0 to 10000 (md)

h = 100.0 (ft)

rw = 0.25 (ft)

φ = 15.0 (%)

µ = 0.7 (cp)

ct = 3.0 6(psi )

FC = l.Oe 1 to l.Oe 6 (md ft)

[0055] Figure 3 is a plot of a pressure derivative type curve of a well intersecting a finite

conductivity fracture located between two different regions, such as shown at Region 1 and Region

2 in Figures 1A and 2 . In this case both Region 1 and Region 2) are of the same quality of

permeability (1.0 md).



[0056] Once a match is obtained between one of the flux distribution type-curves such as shown

in Figure 3 and an indicated flux observed from well data, the determined values ( f Dy

and [ Xy expressed in Equations (1) through (4) can be solved by computer processing according

to the present invention with a high degree of accuracy.

7. Processing Methodology

[0057] A comprehensive computer implemented methodology of measuring effective fracture

half-length and quantifying flux distribution in and around fractures in petroleum reservoirs

according to the present invention is illustrated schematically in Figure 4 . Figure 4 illustrates a flow

chart F setting forth the methodology of the present invention for developing type-curves of pressure

and pressure derivatives as functions of time for different fracture and fault conductivities.

[0058] The flow chart F (Figure 4) illustrates the structure of the logic of the present invention as

embodied in computer program software. Those skilled in this art will appreciate that the flow charts

illustrate the structures of computer program code elements including logic circuits on an integrated

circuit that function according to this invention. Manifestly, the invention is practiced in its essential

embodiment by a machine component that renders the program code elements in a form that instructs

a digital processing apparatus (that is, a computer) to perform a sequence of data transformation or

processing steps corresponding to those shown.

[0059] The flow chart of Figure 4 illustrates schematically a preferred sequence of steps of a

process for measuring effective fracture half-length and quantifying flux distribution in and around

fractures in petroleum reservoirs.



[0060] As shown at step 40, processing according to the present invention begins with

conventional pressure transient testing to obtain pressure transient test data for processing according

to co-pending, commonly owned, U . S . Patent Application Serial No. 14/987,120, files January 14,

2016, “Modeling to Characterize Fractures Network in Homogeneous Petroleum Reservoirs”, which

is incorporated herein by reference for all purposes. Then, as shown at step 42, a selected time range

is chosen from the obtained pressure transient test data to be processed. The processing is performed

during step 44 to determine measures of well pressure and well pressure derivative as pressure type-

curves for sets of possible fracture parameters, again according to the above-identified co-pending,

commonly owned U . S . Patent Application Serial No. 14/987,120. A set of fracture parameters is

determined during processing according to step 44, when a satisfactory match is indicated between

pressure type-curves for a determined measure of well pressure and well pressure derivative and

comparably similar pressure type-curves resulting from a model based on that set of fracture

parameters. Figures 2 1 and 23 are examples of such matching. The fracture parameter data of the

resulting determined set is then identified and stored in memory for use in subsequent processing.

[0061] In subsequent processing, during step 46 the determined fracture parameters from step 44

are utilized to determine values f , and xy s expressed in Equations (1)

through (4). In step 50, an effective half-length Xf e at a location in the fracture 14 where qD =

0 is also determined, again in the manner described above.

[0062] During step 50, the determined values p f f Dy | pDxy | the effective half-

length X e are stored in memory of the data processing system D for use in further processing and



for display and evaluation. Next, in step 52 further processing proceeds by construction of field-

scale simulated models of the reservoir with fluxes and half-lengths for fractures in the reservoir.

Such fractures in the models now have effective fracture half-lengths which have been determined

and flux distributions which have been quantified according to the present invention. As indicated

at step 56, results of flux distribution determined values D Dy a | Dxy a measures of

these physical phenomena which have been obtained are then available to be mapped along planes

of fractures in the reservoir.

[0063] More accurate evaluation and prediction of reservoir production conditions are thus

provided according to the present invention for exploration and production decisions. Further, the

results obtained with the present invention provide improved history matching of reservoir

production-based simulation results with actual measured reservoir production. The present

invention thus improves reservoir production operations, well drilling site selection, well

completions and reservoir and production strategies.

8. Data Processing System

[0064] As illustrated in Figure 5, the data processing system D includes a computer 100 having

a processor 102 and memory 104 coupled to the processor 102 to store operating instructions, control

information and database records therein. The data processing system D may be a multicore

processor with nodes such as those from Intel Corporation or Advanced Micro Devices (AMD), an

HPC Linux cluster computer or a mainframe computer of any conventional type of suitable

processing capacity such as those available from International Business Machines (IBM) of Armonk,

N . Y. or other source. The data processing system D may also be a computer of any conventional

type of suitable processing capacity, such as a personal computer, laptop computer, or any other



suitable processing apparatus. It should thus be understood that a number of commercially available

data processing systems and types of computers may be used for this purpose.

[0065] The processor 102 is, however, typically in the form of a personal computer having a user

interface 106 and an output display 108 for displaying output data or records of processing performed

according to the present invention. The output display 108 includes components such as a printer

and an output display screen capable of providing printed output information or visible displays in

the form of graphs, data sheets, graphical images, data plots and the like as output records or images.

[0066] The user interface 106 of computer 100 also includes a suitable user input device or

input/output control unit 110 to provide a user access to control or access information and database

records and operate the computer 100.

[0067] Data processing system D further includes a database 114 stored in memory, which may

be internal memory 114, or an external, networked, or non-networked memory as indicated at 116

in an associated database server 118. The database 114 also contains various data including the time

and pressure data obtained during pressure transient testing of the layer under analysis, as well as

the rock, fluid and geometric properties of layer R and well 10, and other formation properties,

physical constants, parameters, data measurements identified above with respect to Figures 1, 2 and

3 and the Nomenclature table.

[0068] The data processing system D includes program code 120 stored in a data storage device,

such as memory 104 of the computer 100. The program code 120, according to the present invention

is in the form of computer operable instructions causing the data processor 102 to perform the

methodology of measuring effective fracture half-length and quantifying flux distribution in and

around fractures in petroleum reservoirs as shown in Figures 3 and 4 .



[0069] It should be noted that program code 120 may be in the form of microcode, programs,

routines, or symbolic computer operable languages that provide a specific set of ordered operations

that control the functioning of the data processing system D and direct its operation. The instructions

of program code 120 may be stored in non-transitory memory 104 of the computer 100, or on

computer diskette, magnetic tape, conventional hard disk drive, electronic read-only memory,

optical storage device, or other appropriate data storage device having a computer usable medium

stored thereon. Program code 120 may also be contained on a data storage device such as server

118 as a non-transitory computer readable medium, as shown.

[0070] The processor 102 of the computer 100 accesses the pressure transient testing data and

other input data measurements as described above to perform the logic of the present invention,

which may be executed by the processor 102 as a series of computer-executable instructions. The

stored computer operable instructions cause the data processor computer 100 to measuring effective

fracture half-length and quantifying flux distribution (values for a | pDxy) a |

around fractures in petroleum reservoirs and to develop models to characterize fractures networks

according to the processing described in connection with Figure 4 . Results of such processing are

then available on output display 108. Figures 6 through 20 and 22 are example displays of such

results.



9. Model Case Scenarios

9.1 Difference between Matrix Fluxes Calculated on x-y Plane
versus Y-Access

[0071] As will be described, the present invention allows for more realistic transient and flux

calculation, as it is accounting for the matrix flow on an x-y plane ifluxy)· So far as is known,

earlier efforts have accounted for the flow in y-plane only, (¾>y).

[0072] To validate the model, a case scenario was run to compare the presented approach with

those that only accounts for flow in the y-direction and limited to the case of a fracture-matrix system

with results presented in Figure 6 and Figure 7 . The two curves were superimposed in Figure 8 . For

this case, the two approaches are in substantially exact agreement, as they both have the same trend

and values. The solution over the x-y plane is resulting in a scattered data as indicated by discrete

data points. This can be attributed to numerical issues and/or the diagonal flow nature and

convergence into the fracture. It is easier for fluids to flow linearly than diagonally. However it has

to be added that this is more realistic as it allows to observe the radial flow should that play a major

part. In other words, the present invention allows reservoir or production engineers and analysts to

easily carry out mirroring and measuring flow around fractures with increasing certainty, and on the

production management decisions regarding hydrocarbon reservoirs. Furthermore, the present

invention provides a capability as a good platform to address the more general/complex cases.

9.2 Effect of Matrix Permeability on Flux Magnitude

[0073] Figure 9 shows the effect of the matrix permeability on the amount of flux accumulation

at the origin (XD = 0). For a fracture conductivity of k = le3), three-permeability matrix



cases were run: at permeabilities of 100, 200 and 300 md, respectively. Figure 9 shows that the flux

contribution from the matrix increases with increasing matrix permeability.

9.3 Effect of Fracture Conductivity on Flux Quantity

[0074] Figure 10 shows the effect of the fracture conductivity k on the amount of flux

accumulation at the origin, (XD = 0). In a matrix permeability of 100 md, a three-fracture

conductivity case was run: at conductivities of 1000, 2000 and 4000 md-ft, respectively. Figure 10

shows that the contribution from the matrix decreases with increasing fracture conductivity. For

high conductivity values, the fracture acts as a source of fluid supply. Fluids tend to be supplied by

the fracture itself as the pressure-drop across the fracture is exceptionally small; hence, fluids are

flowing along the fracture plane/fracture linear flow regime, very much faster than the fluids flowing

from the matrix supplying the fracture/ formation linear flow regime.

9.4 Effect of Fracture Conductivity on Source of Fluids and
Fracture Half-Length

[0075] Assuming the well is a source (injector), Figure 11 shows the profile distribution of

fracture pressure along a fracture aperture. For low fracture conductivity values as indicated at 150,

the fracture pressure is higher and it is harder to inject into the fracture. The fracture pressure is

lower as the conductivity becomes higher. Hence, fluids tend to dissipate into the matrix more than

the case with higher fracture conductivities. Therefore, at high fracture conductivity values as shown

at curves 152 and 154, the fracture takes the fluid injected. Smaller fracture half-lengths are present

when there are lower fracture conductivities. A very interesting observation is noted at 150 in Figure

11 fe ~ 60 ft), where the pressure values reverse in magnitude at some distance along the fracture

length. This deflection may be attributed due to the fracture pressure tending to level more evenly

for high fracture conductivity values, hence, a more uniformly flux distribution along the fracture



length. This observation confirms that for low conductivity fractures a non-uniform distribution flux

is expected.

[0076] Figure 12 shows the profile distribution of the fracture flux along the fracture aperture.

As the fracture conductivity becomes larger, the fracture accepts more fluid in an “injector” scenario.

Fluids tend to be supplied through the fracture itself, as the pressure-drop across the fracture is

exceptionally small. Hence, fluids are flowing along the fracture plane/ fracture linear flow regime,

enormously faster than the fluids flowing from the matrix supplying the fracture, formation linear

flow regime. It should be mentioned that the flux values are very small due to the high quality

fractures and relatively low injection rate (2π) . The slight difference in the fracture half-length

estimation between Figure 11 and Figure 12 is due to the criteria values used in this study. The

estimation is largely effected by the first value used and Xfe ) is estimated at the remaining 0.01%

of the total flux calculated or lower.

[0077] Figure 13 confirms the observations mentioned above. As the fracture conductivity gets

larger, the fracture accepts more fluid in an “injector” scenario and thus less fluid is dissipated to the

matrix as shown at 160. In other words, more flux is calculated with lower fracture conductivity

values of curves 162 and 164.

9.5 Effect of Matrix Permeability on Effective Fracture Half-Length

[0078] Changing the matrix permeability has a clear effect on the estimation of the effective

fracture half-length (Xfe ) . Figure 14 shows three curves 170, 172 and 174 with differing matrix

permeabilities (100, 300 and 500 md), superimposed and with estimated different fracture half-

length (Xfe ) of 530 ft, 415 ft and 365 ft, respectively. Therefore, in a “source” case, the lower the



matrix permeability, the longer the fracture to accept more of the injected fluid, and higher fracture

pressures are required for higher pressure drops. However, in a “sink” case, the fracture pressure is

negative to allow for more pressure drop.

[0079] Another interesting observation is noted at 180 (Xfe ~ 80 ft) in Figure 15, where the

matrix fluxes lean towards reversing in magnitude at some distance along the fracture length. This

deflection may b e attributed to the longer effective fracture half-length for lower matrix quality case

which contributed to the increase of the flux from or into the matrix.

9.6 Effect of Two-Region Composite System on Fracture/Matrix Fluxes
and Effective Fracture Half-Length

[0080] The present invention provides flux distribution measures for a two-region composite

reservoir across a fracture. Two sets of data were run simultaneously to show and validate the

solution:

Set-l Homogenous (same quality reservoir); (ki = 2 = 10 md) with fractured-well; FC

= 5e4 mdf t,

Set-2 Composite regions (differing quality reservoir); (k i = lOOmd and fe ? = 10 md) with

fractured-well; FC = 5e4 mdft.

[0081] Basically, Set-2 is reflecting a different permeability equal to the arithmetic average of

Regions 1 and 2 = 55 md), hence, reflects a higher quality reservoir. The curves of Set-l

and Set-2 were superimposed and estimated different fracture half-length (X/e) of 985 ft and 685

ft, respectively.



[0082] It is noted that the lower the matrix permeability, the longer the fracture to accept more of

the injected fluid. Again for higher matrix quality, Set-2, the matrix contributes/accepts flow at a

larger scale than the lower quality matrix, Set-l. As for the fracture, it is the opposite; that is, the

fracture for the low quality matrix, Set-l, is the main source to contribute/accept fluids. The results

are displayed in Figure 16 and Figure 17.

[0083] The foregoing example was run with a reasonable matrix permeability (100 md) and

fracture conductivity of (5e4 md-ft) more than two orders of magnitude to replicate a real case at

different well rates of (2π, 20π and 200π) . For higher rates, understandably, matrix and fracture

contribution are larger, as shown in Figure 18 and Figure 19, confirming the accurate behavior and

physics of the present invention.

[0084] The rate magnitude should not have an effect on the effective fracture half-length;

changing the rate should induce different pressure amplitudes, i.e., the larger the rate, the larger the

pressure amplitude. For small rate changes the disturbance is extremely small and may not be

measurable. However, the radius of the pressure transient should be the same at different rates. This

is consistent with the principle and assumptions of estimating the radius of investigation; that is, the

correlation is not a function of the well-rate, but rather it measures how far into the reservoir the

transient effects have covered.

in v

[0085] Figure 19 confirms this understanding by calculating the effective fracture half-length to

be the same at different rate values, (X e ~ 650 ft).



10. Synthetic Case

[0086] A synthetic numerically-built, of a well intersecting fracture model, was constructed and

the pressure data were generated to be analyzed in a commercial well-test package. Results were

obtained by superimposing the pressure data of the numerical simulator on the proposed type curve.

An excellent agreement between the two is noted in Table 1 and in, Figures 20 and 21.

Table 1: Comparison Between the Results of a Numerically-Based
Model and This Solution

11. Field Example Case

[0087] A field case example data set corresponds to a vertical well intersecting a fracture in a

homogenous reservoir. The objective is to evaluate the reliability of the present methodology for a

practical field example, where flow is dominated by the fracture bi-linear flow regime followed by

a radial flow regime. An excellent agreement between the two is noted in Table 2 and in Figures 22

and 23 .

Table 2 : Results Obtained for the field Data Set by the Approach
Proposed by this Study



[0088] The present invention is based, as has been described above, on an assumption that no

flow of fluids occurs when the difference in pressure across the fracture plane is zero ( ∆ p = 0). It

also calculates the flux volume and flux level distributed along two fracture planes. Conventional

methods are limited to finite fracture lengths and thus consider tip effects.

[0089] The present invention offers more flexible methods to easily carry out mirroring and

measuring flow around fractures with increasing certainty, and on the production management

decisions regarding hydrocarbon reservoirs. Furthermore, the present invention provides a capability

as a good platform to address the more general/complex cases of differing quality reservoir units

across fault planes.

[0090] The effectiveness of the present invention is demonstrated in a systematic approach using

both synthetic and field cases. Numerically-built models were constructed of the simulated flow

geometry with the pressure data behavior displaying an expected declining flux distribution away

from the wellbore. The estimated reservoir parameters from the type curves are confirmed to be

reasonable and satisfactory. Also, confirmation of the methodology of the present invention is

established further through analyzing a field case of a vertical well intersecting a finite conductivity

fracture in a carbonate reservoir, which reflected an excellent match to most of the pressure data.

[0091] The present invention resolves the challenge of assessing the flux feeding into fractures

and determines effective fracture half-length. This results in accurate characterization, modeling

and simulation. Therefore more robust and cost effective development plans in fractured reservoirs.

[0092] The invention has been sufficiently described so that a person with average knowledge in

the field of reservoir modeling and simulation may reproduce and obtain the results mentioned in

the invention herein. Nonetheless, any skilled person in the field of technique, subject of the



invention herein, may carry out modifications not described in the request herein, to apply these

modifications to a determined structure and methodology, or in the use and practice thereof, requires

the claimed matter in the following claims; such structures and processes shall be covered within the

scope of the invention.

[0093] It should be noted and understood that there can be improvements and modifications made

of the present invention described in detail above without departing from the spirit or scope of the

invention as set forth in the accompanying claims.



CLAIMS

What is claimed is:

1 . A method of determining quantitative flux distribution from a formation in a petroleum

reservoir, at along a fracture plane, intersecting a wellbore in the formation, and an effective half-

length for the fracture plane, comprising the steps of:

(a) performing pressure transient testing of the formation to obtain pressure transient

test data;

(b) determining by computer processing well pressure and well pressure derivative for

the formation from the pressure transient test data;

(c) determining by computer processing formation fracture parameters based on well

pressure and well pressure derivative for the formation;

(d) determining by computer processing the flux distribution from the formation along

the fracture based on the determined formation fracture parameters;

(e) determining by computer processing the effective fracture half-length of the fracture

based on the determined formation fracture parameters;

(f) determining by computer processing a quantified amount of flux along the fracture

plane intersecting the wellbore;



(g) storing in computer memory the determined flux and flux distribution from the

formation along the fracture, the quantified amount of flux from the fracture, and the determined

effective fracture half-length of the fracture;

(h) mapping in a reservoir model by computer processing the determined flux

distribution along the fracture plane and the determined effective fracture half-length of the fracture.

2 . The method of Claim 1, wherein the determined flux distribution comprises flux in a

horizontal plane of the formation at the wellbore adjacent the fracture plane.

3 . The method of Claim 1, wherein the determined flux distribution comprises flux in one of

two horizontal planes of the formation at the wellbore adjacent the fracture plane.

4 . The method of Claim 1, wherein the determined flux distribution comprises flux in each of

two horizontal planes of the formation at the wellbore adjacent the fracture plane.

5 . The method of Claim 1, wherein the determined flux distribution comprises flux in a plane

selected from a group consisting of a horizontal plane of the formation at the wellbore adjacent the

fracture plane, one of two horizontal planes of the formation at the wellbore adjacent the fracture

plane and each of two horizontal planes of the formation at the wellbore adjacent the fracture plane.

6 . The method of Claim 1, further including the step of determining well pressure in the

wellbore at the fracture plane intersecting the wellbore in the formation
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