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APPLICATION OF THE ENSEMBLE KALMAN FILTER TO DYNAMIC HISTORY
MATCHING IN WELLBORE PRODUCTION

BACKGROUND

[0001] Bore holes drilled into subterranean formations may enable recovery of desirable
fluids (e.g., hydrocarbons) using a number of different techniques. After the conclusion of drilling
operations, a distributed acoustic system (DAS) and/or the like may be disposed within the
borehole and measurements may be taken for production operations. Measurements allow for real
time evaluation of the flow parameters in the wellbore such as flow rates, pressure and
temperature. Examples of widely used measurement tools include the Production Logging Tool
(PLT) measurements and distributed fiber-optic acoustic/temperature sensors.

[0002] Obtaining vast amount of information from the DAS system may be successfully
used for identifying detailed information about the near-wellbore formation, including distribution
of porosity, absolute and relative permeability, as well as the conditions of the flow. The Ensemble
Kalman Filter (EnKF) is one of the most efficient mathematical methods for calibration of detailed
numerical well models with measured data, yielding improved model parameters at each
measurement step and making the production forecast more accurate. However, these algorithms
are used for dynamic history matching of parameters in a reservoir model. Application of EnKF

algorithms to determine a dynamic history matching for wellbore production may be beneficial.

BRIEF DESCRIPTION OF THE DRAWINGS
[0003] These drawings illustrate certain aspects of some examples of the present
invention, and should not be used to limit or define the invention.
[0004] Figure 1 illustrates an example of a distributed acoustic sensing system operating
on a well system;
[0005] Figure 2 illustrates a cross-section schematic with common and potential sensor
locations; and

[0006] Figure 3 illustrates a workflow for data assimilation.
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DETAILED DESCRIPTION

[0007] Provided are systems and methods for dynamic history matching of wellbore
production models based on using the difference between model-predicted values and measured
data for updating the wellbore model parameters. This may allow for more accurate information
about physical properties of the near-wellbore area of an underground formation.

[0008] Figure 1 generally illustrates an example of a well system 100 that may be used in
a completed well 102, which may include a distributed acoustic sensing (“DAS”) system 104. In
examples, completed well 102 may be a steam assisted gravity drainage (SAGD) reservoir, which
may be monitored by DAS system 104. It should be noted that well system 100 may be one
example of a wide variety of well systems in which the principles of this disclosure may be
utilized. Accordingly, it should be understood that the principles of this disclosure may not be
limited to any of the details of the depicted well system 100, or the various components thereof,
depicted in the drawings or otherwise described herein. For example, it is not necessary in keeping
with the principles of this disclosure for completed well system 100 to include a generally vertical
wellbore section and/or a generally horizontal wellbore section. Moreover, it is not necessary for
formation fluids to be only produced from subterranean formation 118 since, in other examples,
fluids may be injected into subterranean formation 118, or fluids may be both injected into and
produced from subterranean formation 118, without departing from the scope of the disclosure.
Additionally, completed well 102 may be a producing well, an injection well, a recovery well,
and/or an uncompleted well. Further, while Figure 1 generally depicts land-based system, those
skilled in the art will readily recognize that the principles described herein are equally applicable
to a subsea operation, without departing from the scope of the disclosure.

[0009] In Figure 1, DAS system 104 may be disposed along production tubing 108 and
further within casing 110. DAS system 104 may include a fiber optic cable 106. Fiber optic cable
106 may be single mode, multi-mode, or a plurality thereof. In examples, fiber optic cable 106
may be permanently installed and/or temporarily installed in completed well 102. Without
limitation, DAS system 104 may operate and function to measure and produce a time-lapse
vertical seismic profile (“VSP”). Fiber optic cable 106 may be communicatively coupled to at
least one measurement device 112 on production tubing 108. Measurement devices 112 may be
geophones, hydrophones, MEMS accelerometers, optical fiber, transducers, and/or the like. In
examples, measurement devices 112 may be utilized to measure a data set, which may include

temperature, pressure, electromagnetic fields, refraction, borehole properties, fluid properties,

2
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and/or the like. Figure 2 illustrates a cross-section schematic with common and potential locations
for measurement devices 112. Without limitation, measurement devices 112 may communicate
wirelessly and may not be connected to fiber optic cable 106. In examples, measurement devices
112 may clamp to production tubing 108. However, fiber optic cable 106 may be clamped to
production tubing through any suitable means. It should be noted that fiber optic cable 106 may
also be cemented in place within casing 110 and/or attached to casing 110 by any suitable means.
Additionally, fiber optic cable 106 may be attached to coil tubing and/or a conveyance. Without
limitation, fiber optic cable 106 may be attached to coil tubing and/or attached or combined with
another conveyance (e.g. wireline or slickline) by any suitable means. Coil tubing and the
conveyance may be disposed production tubing 108 and/or completed well 102 by any suitable
means.

[0010] DAS system 104 may function and operate to measure in real time flow parameters,
such as flow rates, pressure, and/or temperature. Measurements may be recorded by DAS system
104 on information handling system 120. It should be noted that DAS system 104 may further
utilize a sensor and/or measurement device. Additionally, measurement devices 112 may record
seismic waves 114 and/or reflected seismic waves 116 and may transmit information through fiber
optic cable 106 to information handling system 120. Measuring dynamic strain in fiber optic cable
106 may include a strain measurement, fiber curvature measurement, fiber temperature
measurement, and/or energy of backscattered light measurement. A strain measurement may be
performed by an operation of Brillouin scattering (via Brillouin Optical Time-Domain
Reflectometry, BOTDR, or Brillouin Optical Time-Domain Analysis, BOTDA), or Rayleigh
scattering utilizing Optical Frequency Domain Reflectometry (OFDR). A Fiber curvature
measurement may be performed using Polarization Optical Time Domain Reflectometry (P-
OTDR) or Polarization- Optical Frequency Domain Reflectometry (P-OFDR). A Fiber
temperature measurement may be performed utilizing Raman DTS. An energy of backscattered
light of DAS measurement may be performed utilizing an automatic thresholding scheme, the
fiber end is set to the DAS channel for which the backscattered light energy flat lines. The purpose
of all these measurements may be to compute the structure and properties of subterranean
formation 118 at different times. This may allow an operator to perform reservoir monitoring.

[0011] Information handling system 120 may include any instrumentality or aggregate of
instrumentalities operable to compute, estimate, classify, process, transmit, receive, retrieve,

originate, switch, store, display, manifest, detect, record, reproduce, handle, or utilize any form of

3

SUBSTITUTE SHEET (RULE 26)



WO 2020/117228 PCT/US2018/064050

information, intelligence, or data for business, scientific, control, or other purposes. For example,
an information handling system 120 may be a personal computer, a network storage device, or
any other suitable device and may vary in size, shape, performance, functionality, and price.
Information handling system 120 may include random access memory (RAM), one or more
processing resources such as a central processing unit 124 (CPU) or hardware or software control
logic, ROM, and/or other types of nonvolatile memory. Additional components of the information
handling system 120 may include one or more disk drives 126, output devices 128, such as a video
display, and one or more network ports for communication with external devices as well as an
input device 130 (e.g., keyboard, mouse, etc.). Information handling system 120 may also include
one or more buses operable to transmit communications between the various hardware
components.

[0012] Alternatively, systems and methods of the present disclosure may be implemented,
at least in part, with non-transitory computer-readable media. Non-transitory computer-readable
media may include any instrumentality or aggregation of instrumentalities that may retain data
and/or instructions for a period of time. Non-transitory computer-readable media may include, for
example, storage media such as a direct access storage device (e.g., a hard disk drive or floppy
disk drive), a sequential access storage device (e.g., a tape disk drive), compact disk, CD-ROM,
DVD, RAM, ROM, electrically erasable programmable read-only memory (EEPROM), and/or
flash memory; as well as communications media such wires, optical fibers, microwaves, radio
waves, and other electromagnetic and/or optical carriers; and/or any combination of the foregoing.

[0013] Information handling system 120 may be connected to DAS system which may
further include a single mode — multimode (“SM-MM”) converter 132 and a Fiber Vertical
Seismic Profile (“VSP”) interrogator 134. SM-MM converter 132 may be used to convert between
a single mode and a multimode for fiber communication. FiberVSP interrogator 134 may be used
to emit light pulses into the fiber optic cable 106 and translate the backscattered light pulses to
digital information, which may be read by information handling system 120. In examples,
information handling system 120 may communicate with DAS system 104 and act as a data
processing system that analyzes measured and/or collected information. This processing may
occur at surface 122 in real-time. Alternatively, the processing may occur at surface 122 and/or at
another location.

[0014] It should be noted that information handling system 120 may be connected to DAS

system 104. Without limitation, information handling system 120 may be a hard connection or a
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wireless connection 138 to DAS system 104. Information handling system 120 may record and/or
process measurements from DAS system 104 individually and/or at the same time.

[0015] Information collected by DAS system 104 may be utilized to identify details
regarding wellbore properties such as porosity, absolute and relative permeability, as well as flow
rates, pressure, and/or temperature. In examples, data assimilation may be used for dynamic
history matching of wellbore production models describing multi-zone production or fracture-
stimulated wellbore models. Data assimilation is defined as updating model parameters based at
least in part on measured data. Without limitation, an EnKF algorithm may be utilized for dynamic
history matching. Equation 1, shown below, describes a forecast step and Equation 2, shown

below, describes an update step. Equation 3 is a Kalman gain and Equation 4 is a covariance

matrix.
X{ =M(Xi—1) + oy (1)
X#=X{+ Gt'(Dt—Ht'X{) Q)
Kalman Gain: G, = C,-Hf - (H,*C; - Hf + &)1 3)
Covariance Matrix: [[C¢|l;; = 2 (oo %) (e pae= %)) )

Ne—1

[0016] It should be noted that X{ is predicted augmented state vector of the system, # is
time, G; is the Kalman gain matrix, ® is randomly distributed model error, € is the covariance
matrix of data measurement errors, C:is the model covariance matrix, H; is the observation matrix,

D is the matrix of measured data, M is the flow model function, X{'is the updated state vector,
and X;; and X;, and the k™ realizations of the i™ and j" ensemble elements if matrix X 7. Based

on condition of the system X {_1 at time #-1, the mathematical model M yields prediction X tf on the
system’s condition at moment . The EnKF algorithm uses the data D, obtained at moment ¢ to
make a correction, resulting in updated state vector X*.

[0017] Figure 3 illustrates workflow 300 for data assimilation. As illustrated workflow
300 begins with step 302. In step 302, the variable X;* ,is solved for in Equation (1) to determine
a state vector at moment #-1. It should be noted that a state vector is defined as the instantaneous
value of the vector convening all possible information about the state of a system at that instance.
Once the state vector is determined for moment t-1, in step 304 a flow simulation is performed on
information handling system 120 (e.g., referring to Figure 1) as a software program for the
following moment t. It should be noted that any suitable flow simulator for modeling flow rates

in a wellbore may be used. Moving from step 304 to step 306, involves prediction of the state
5
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vector X { and the covariance matrix C; based on the simulation. In examples, the predicted state

vector X, [ is solved for in Equation (2) with known variable and solved for variable from Equation
(1), as described above. The variable C; is solved for using Equation (3) and Equation (4) with
known measured variable and solved for variable from Equation (1) and Equation (2) as discussed
above. Solved for variable from step 306 is used in step 308 for an EnKF update with account for
information from step 310, specifically measured data D;. For example, the EnKF algorithm uses
the data D; obtained at moment 7 to make a correction, resulting in updated state vector X/*.
Updated information from step 308 is used in step 312 with Equation (2) to solve for variable X,
the variable X is a corrected state vector at moment ¢. The corrected state vectors from step 312
feeds into step 304 as a loop for a corrected and updated state vector.

[0018] In an example, utilizing workflow 300 above, consider a well with five production
zones, each characterized by absolute permeability ki, (i =1, ..5). At each time step t, the measured
production rates from these zones are Qi, (i = 1, ..5). Assuming that all other parameters of the

system are known exactly, the state vector of the system is:

||Ki||?=1)
Xt = 5
‘ (uaiu?ﬂ ©)

[0019] The production from the well may be predicted by a wide range of models, starting
with a full scale three dimensional (“3D”’) model and ending with simple productivity index-based
models. In this synthetic example, a dependence of the production rate from time and permeability
is used it also for simulating the measurement data by adding 1% Gaussian noise.

[0020] Table 1 below shows results of a convergence of normalized zone permeabilities.

t 1 2 3 10 15 “true”

k1 1.2198 0.91065 0.83121 0.83505 0.83513 0.83818

k2 1.2347 1.1708 0.92632 0.89367 0.89456 0.90337

k3 1.5039 1.5674 1.4258 1.3875 1.3867 1.4007

k4 1.2823 1.5343 1.6655 1.6845 1.6831 1.6711

kS 1.4516 1.5021 1.3733 1.3511 1.3511 1.3502
Table 1

[0021] Table 1 shows convergence of dynamically matched permeability values.
The permeabilities converge after a few time steps. The difference between these converged

values and "true" permeabilities (last column in Table 1) is due to the 1% noise level used for
6
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mimicking the measured data D:. The methods identified above may be used when evaluating the
zone permeability value in dynamic matching of models describing production from multi-zone
fracture-stimulated reservoir. Updated wellbore model parameters using the systems and methods
discussed above may allow an operator to alter and/or perform additional drilling operations,
stimulation operations, and/or production operations. In examples, an operator may be defined as
an individual, group of individuals, or an organization.

[0022] Statement 1. A method for identifying a flow parameter in a wellbore comprising:
identifying a state vector at a moment t; performing a flow simulation using a flow model;
predicting the state vector and a covariance matrix at the moment t; updating the state vector with
an EnKF algorithm; correcting the state vector at the moment t; and updating the flow simulation
model.

[0023] Statement 2. The method of statement 1, further comprising adding measured data
to the EnKF algorithm.

[0024] Statement 3. The method of statements 1 or 2, wherein the EnKF algorithm
comprises a forecast step of X{ = M(X}-,) + wy, wherein X[ is predicted augmented state
vector, M is a flow model function, X;* {is a state vector at moment #-1, and w,, is a randomly

distributed model error of the flow model function.

[0025] Statement 4. The method of statement 3, wherein the EnKF algorithm comprises
an update step of X' = X{ + G- (Dt —H, -X[ ), wherein X{'is the updated state vector, G; is a
Kalman gain matrix, D; is a matrix of measured data, H; is an observation matrix, and X{ isa
predicted matrix.

[0026] Statement 5. The method of statement 1 or 2, further comprising identifying a
location for at least one measurement device on a production tubing.

[0027] Statement 6. The method of statement 5, wherein the measurement device
comprises a geophone, a hydrophone, an accelerometer, a transducer, or an optical fiber.

[0028] Statement 7. The method of statement 5, wherein the measurement device is used
to record at least one data set.

[0029] Statement 8. The method of statement 7, wherein the data set comprises at least
one data type selected from the group consisting of temperature, pressure, electromagnetic fields,

refraction, borehole properties, and fluid properties.
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[0030] Statement 9. The method of statements 1, 2, or 5, wherein the correcting the state

[1:e] [}
1QullE=s

vector at moment t is performed by X} = ( ), wherein Ki is an absolute permeability and

Qi is a measured production rate.

[0031] Statement 10. A method for identifying a flow parameter in a wellbore comprising:
identifying a state vector at a moment t; performing a flow simulation using a flow model;
predicting the state vector and a covariance matrix at the moment t; updating the state vector with
an EnKF algorithm, wherein the EnKF algorithm comprises a forecast step of X, { = M(XiL) +
Wy, Wherein X{ is predicted augmented state vector, M is a flow model function, X} ,is a state
vector at moment #-1, and w,, is a randomly distributed model error of the flow model function,
and wherein the EnKF algorithm comprises an update step of X' = X{ + G;- (Dt - H; -X{ ),
wherein X{'is the updated state vector, G is a Kalman gain matrix, D, is a matrix of measured data,

H; is an observation matrix, and X [ is a predicted matrix; correcting the state vector at the moment

”Ki”i5=1
1Q:l1=1

Ki is an absolute permeability and Qi is a measured production rate; and updating the flow

t, wherein the correcting the state vector at moment t is performed by X3 = < ), wherein

simulation model, wherein the flow simulation model is a three dimensional model or a
productivity index-based model.

[0032] Statement 11. A system for identifying a flow parameter in a wellbore comprising:
a distributed acoustic system into a wellbore, wherein the distributed acoustic system comprises:

a fiber optic cable; and at least one measurement device; and an information handling
system configured to: identify a state vector at moment t-1; perform a flow simulation model;
predict the state vector and a covariance matrix at moment t; update the state vector with an EnKF
algorithm; correct the state vector at moment t; and update the flow simulation model.

[0033] Statement 12. The system of statement 11, wherein the information handling
system is further configured to add measured data to the EnKF algorithm.

[0034] Statement 13. The system of statements 11 or 12, wherein the EnKF algorithm

comprises a forecast step of X{ = M(X}-{) + wy, wherein th is predicted augmented state

vector of the system, M is a flow model function, X;- is a state vector at moment #-1, and wy, is

a randomly distributed model error of the flow model function.
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[0035] Statement 14. The system of statement 13, wherein the EnKF algorithm comprises
an update step of Xj* = X [ + G (Dt —H.-X { ), wherein X{*is the updated stat vector, G is a
Kalman gain matrix, D; is a matrix of measured data, H; is an observation matrix, and X{ isa
predicted matrix.

[0036] Statement 15. The system of statements 11 or 12, wherein the measurement device
comprises a geophone, a hydrophone, an accelerometer, a transducer, or an optical fiber.

[0037] Statement 16. The system of statement 15, wherein the measurement device is
operable to record at least one data set.

[0038] Statement 17. The system of statement 16, wherein the data set comprises at least
one data type selected from the group consisting of temperature, pressure, electromagnetic fields,
refraction, borehole properties, and fluid properties.

[0039] Statement 18. The system of statements 11, 12, or 15, wherein the correct the state
(e[
1Q:117=4

vector at moment t is performed by X} = ( ), wherein Ki is an absolute permeability and

Qi is a measured production rate.

[0040] Statement 19. The system of statements 11, 12, 15, or 18, wherein the flow
simulation model is a three dimensional model or a productivity index-based model.

[0041] Statement 20. The system of statements 11, 12, 15, 18, or 19 wherein the
information handling system is further configured for dynamic history matching with the EnKF
algorithm.

[0042] The preceding description provides various examples of the systems and methods
of use disclosed herein which may contain different method steps and alternative combinations of
components. It should be understood that, although individual examples may be discussed herein,
the present disclosure covers all combinations of the disclosed examples, including, without
limitation, the different component combinations, method step combinations, and properties of
the system. It should be understood that the compositions and methods are described in terms of

N1

“comprising,” “containing,” or “including” various components or steps, the compositions and
methods can also “consist essentially of” or “consist of”’ the various components and steps.
Moreover, the indefinite articles “a” or “an,” as used in the claims, are defined herein to mean one
or more than one of the element that it introduces.

[0043] For the sake of brevity, only certain ranges are explicitly disclosed herein.

However, ranges from any lower limit may be combined with any upper limit to recite a range not
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explicitly recited, as well as, ranges from any lower limit may be combined with any other lower
limit to recite a range not explicitly recited, in the same way, ranges from any upper limit may be
combined with any other upper limit to recite a range not explicitly recited. Additionally,
whenever a numerical range with a lower limit and an upper limit is disclosed, any number and
any included range falling within the range are specifically disclosed. In particular, every range
of values (of the form, “from about a to about b,” or, equivalently, “from approximately a to b,”
or, equivalently, “from approximately a-b”’) disclosed herein is to be understood to set forth every
number and range encompassed within the broader range of values even if not explicitly recited.
Thus, every point or individual value may serve as its own lower or upper limit combined with
any other point or individual value or any other lower or upper limit, to recite a range not explicitly
recited.

[0044] Therefore, the present examples are well adapted to attain the ends and advantages
mentioned as well as those that are inherent therein. The particular examples disclosed above are
illustrative only, and may be modified and practiced in different but equivalent manners apparent
to those skilled in the art having the benefit of the teachings herein. Although individual examples
are discussed, the disclosure covers all combinations of all of the examples. Furthermore, no
limitations are intended to the details of construction or design herein shown, other than as
described in the claims below. Also, the terms in the claims have their plain, ordinary meaning
unless otherwise explicitly and clearly defined by the patentee. It is therefore evident that the
particular illustrative examples disclosed above may be altered or modified and all such variations
are considered within the scope and spirit of those examples. If there is any conflict in the usages
of a word or term in this specification and one or more patent(s) or other documents that may be
incorporated herein by reference, the definitions that are consistent with this specification should

be adopted.
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SUBSTITUTE SHEET (RULE 26)



WO 2020/117228 PCT/US2018/064050

CLAIMS
What is claimed is:
1. A method for identifying a flow parameter in a wellbore comprising:
identifying a state vector at a moment t;
performing a flow simulation using a flow model;
predicting the state vector and a covariance matrix at the moment t;
updating the state vector with an EnKF algorithm;
correcting the state vector at the moment t; and
updating the flow simulation model.

2. The method of claim 1, further comprising adding measured data to the EnKF algorithm.
3. The method of claim 2, wherein the EnKF algorithm comprises a forecast step of X [ =
M(X{,) + wy, wherein X{ is predicted augmented state vector, M is a flow model function,
X 4is a state vector at moment #-1, and wy, is a randomly distributed model error of the flow
model function.

4. The method of claim 3, wherein the EnKF algorithm comprises an update step of X;* =

X { + G¢- (Dt —-H. X { ), wherein X¢'is the updated state vector, G is a Kalman gain matrix, Dy

is a matrix of measured data, H; is an observation matrix, and X { is a predicted matrix.

5. The method of claim 1, further comprising identifying a location for at least one
measurement device on a production tubing.

6. The method of claim 5, wherein the measurement device comprises a geophone, a

hydrophone, an accelerometer, a transducer, or an optical fiber.

7. The method of claim 5, wherein the measurement device is used to record at least one data
set.
8. The method of claim 7, wherein the data set comprises at least one data type selected from

the group consisting of temperature, pressure, electromagnetic fields, refraction, borehole

properties, and fluid properties.

9. The method of claim 1, wherein the correcting the state vector at moment t is performed
Kl S - . .
by X = (”Ql”;‘l), wherein Ki is an absolute permeability and Qi is a measured production
illi=1

rate.
10. A method for identifying a flow parameter in a wellbore comprising:

11
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identifying a state vector at a moment t;
performing a flow simulation using a flow model;
predicting the state vector and a covariance matrix at the moment t;

updating the state vector with an EnKF algorithm, wherein the EnKF algorithm
comprises a forecast step of X[ = M(X{-,) + wy, wherein X{ is predicted augmented state
vector, M is a flow model function, X {is a state vector at moment #-1, and w,, is a randomly

distributed model error of the flow model function, and wherein the EnKF algorithm comprises
an update step of X;* = X{ + G- (Dt —H, -X[ ), wherein X{'is the updated state vector, G; is a

Kalman gain matrix, D; is a matrix of measured data, H; is an observation matrix, and X{ isa
predicted matrix;

correcting the state vector at the moment t, wherein the correcting the state vector
IK;117=1
11Q:ll-,

at moment t is performed by X} = < ), wherein Ki is an absolute permeability and Qi is

a measured production rate; and
updating the flow simulation model, wherein the flow simulation model is a three

dimensional model or a productivity index-based model.

11. A system for identifying a flow parameter in a wellbore comprising:
a distributed acoustic system into a wellbore, wherein the distributed acoustic
system comprises:
a fiber optic cable; and
at least one measurement device; and
an information handling system configured to:
identify a state vector at moment t-1;
perform a flow simulation model;
predict the state vector and a covariance matrix at moment t;
update the state vector with an EnKF algorithm;
correct the state vector at moment t; and
update the flow simulation model.
12. The system of claim 11, wherein the information handling system is further configured to

add measured data to the EnKF algorithm.
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13.  The system of claim 11, wherein the EnKF algorithm comprises a forecast step of X [ =

M(X{.,) + wy, wherein X, [ is predicted augmented state vector of the system, M is a flow model
function, X{’ ,is a state vector at moment #-1, and w,, is a randomly distributed model error of the
flow model function.

14.  The system of claim 13, wherein the EnKF algorithm comprises an update step of X{* =

X { + G¢- (Dt - H, -X[ ), wherein X{'is the updated stat vector, G; is a Kalman gain matrix, D;

is a matrix of measured data, H; is an observation matrix, and X { is a predicted matrix.

15.  The system of claim 11, wherein the measurement device comprises a geophone, a
hydrophone, an accelerometer, a transducer, or an optical fiber.

16.  The system of claim 15, wherein the measurement device is operable to record at least one
data set.

17.  The system of claim 16, wherein the data set comprises at least one data type selected from
the group consisting of temperature, pressure, electromagnetic fields, refraction, borehole
properties, and fluid properties.

18.  The system of claim 11, wherein the correct the state vector at moment t is performed by

Kl o s . .
X} = <:||Ql ::?1), wherein Ki is an absolute permeability and Qi is a measured production rate.
illi=1

19.  The system of claim 11, wherein the flow simulation model is a three dimensional model
or a productivity index-based model.
20.  The system of claim 11, wherein the information handling system is further configured for

dynamic history matching with the EnKF algorithm.

13

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/064050

WO 2020/117228

1/2




bbb lioanmwsao
1 1 1 1 1 1 1 1

WO 2020/117228 PCT/US2018/064050

o o o o H o o
o Jo H
[] []
; T T ; T T ; T T ; T T ; T T ; T T ; T T ; T
O O O© O O O© O O O O O O O O O O O O O o o o o o o
O O O O O © O O O O O O© O O O ©O O © O o o o o o
0N O 0 O OO © W O K © KO © O O K O 1HO © W O KO O 1 O
= N AN OO MO < < DD W O M~ M OO 0O OO0 O O O ™ v~
FFFFF
FIG. 2

XY4.1 STATE VECTOR AT MOMENT t-1 I

304~ v

> FLOW SIMULATION MODEL M
306~ t=t+1

)—(II PREDICTED STATE VECTOR AND
C; COVARIANCE MATRIX AT MOMENT t

308~ Y 310~
EnKF UPDATE |~—| MEASURED DATA D |

312~ v

XU; CORRECTED STATE VECTOR AT MOMENT t I

FIG. 3



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2018/064050

A. CLASSIFICATION OF SUBJECT MATTER
E21B 43/12(2006.01)i, GO6F 17/50(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
E21B 43/12; E21B 41/00; E21B 43/00; E21B 47/00; E21B 47/10; E21B 49/08; GO1V 99/00; GO6F 17/13; GO6F 17/50

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & keywords: Distributed Acoustic Sensing, Ensemble Kalman Filter algorithm, state vector, optical fiber,
flow simulation, flow parameter

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A WO 2017-078700 Al (HALLIBURTON ENERGY SERVICES, INC.) 11 May 2017 1-20
See page 6, line 29 - page 7, line 15, claim 1 and figure 3.
A US 2018-0225396 A1 (KOREA INSTITUTE OF GEOSCIENCE AND MINERAL RESOURCES) 09 1-20
August 2018
See abstract, claim 1 and figure 2.
A US 2014-0216151 A1 (OPTASENSE HOLDINGS LIMITED) 07 August 2014 1-20
See paragraphs [0029], [0039]-[0048] and figures 1, 2.
A US 2017-0067323 A1 (KING ABDULLAH UNIVERSITY OF SCIENCE AND TECHNOLOGY) 09 M 1-20
arch 2017

See paragraphs [0029], [0039] and claims 1, 4, 5.

A US 2015-0378053 A1 (TOTAL S.A.) 31 December 2015 1-20
See paragraphs [0036], [0037] and claim 1.

. . . . N .
|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
06 September 2019 (06.09.2019) 06 September 2019 (06.09.2019)
Name and mailing address of the [SA/KR Authorized officer

International Application Division

Korean Intellectual Property Office PARK, Tae Wook
189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

A,

Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-3405 . ‘

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2018/064050
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2017-078700 Al 11/05/2017 US 2019-0042676 Al 07/02/2019
US 2018-0225396 Al 09/08/2018 KR 10-1677159 B1 29/11/2016
WO 2017-179818 Al 19/10/2017
US 2014-0216151 Al 07/08/2014 EP 2761129 Al 06/08/2014
US 9828849 B2 28/11/2017
WO 2013-045941 Al 04/04/2013
US 2017-0067323 Al 09/03/2017 EP 3146146 A2 29/03/2017
WO 2015-177653 A2 26/11/2015
WO 2015-177653 A3 21/01/2016
US 2015-0378053 Al 31/12/2015 CA 2900878 Al 21/08/2014
EP 2956804 Al 23/12/2015
GB 2510872 A 20/08/2014
RU 2015134392 A 21/03/2017
US 10209403 B2 19/02/2019
WO 2014-124884 Al 21/08/2014

Form PCT/ISA/210 (patent family annex) (January 2015)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - claims
	Page 16 - drawings
	Page 17 - drawings
	Page 18 - wo-search-report
	Page 19 - wo-search-report

