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(57) Abstract: A self-adapting digital twin of a wellbore environment can be created. The self-adapting digital twin incorporates a
standalone Ensemble Kalman Filter (EnKF) module with a constant parameter digital twin developed for a fixed environment. The
standalone EnKF module receives streaming measurement data from multiple sensors and prediction data from the digital twin and
executes the standalone EnKF module using the streaming measurement data and the prediction data from the digital twin. The results
of executing the standalone EnKF module are input parameter corrections for the digital twin that are communicated to the digital twin.
Output predictions of the digital twin are used to modify operational parameters of an oil or gas recovery process.
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CONSTRUCTING DIGITAL TWINS FOR OIL AND GAS RECOVERY USING
ENSEMBLE KALMAN FILTER

Cross-Reference to Related Applications

[0001] This claims priority to U.S. Provisional Patent Application No. 62/797,616,
filed on January 28, 2019 and titled “Constructing Digital Twins for Oil and Gas Recovery
using Ensemble Kalman Filter,” the disclosure of which is hereby incorporated by reference

in its entirety.

Technical Field

[0002] The present disclosure relates generally to processes and systems for oil and
gas recovery. More specifically, but not by way of limitation, this disclosure relates to
systems and methods for constructing self-adapting digital twins for systems in rapidly
changing environments, such as for real time applications in oil and gas recovery, using the

Ensemble Kalman Filter (EnKF).

Background

[0003] Oil and gas recovery processes operate in rapidly changing environments
involving may variables such as porosity of the rock in a formation, the viscosity of the
deposit, etc. These variables can be difficult to account for in advance and changes can
negatively impact production time and cost of the oil and gas recovery processes. Fixed-
parameter models can be developed to help predict the evolution of these processes; however,
constant spatial and temporal variation of process parameters related to, for example,
depletion of pressure and changing properties of reservoir make adaptation of numerical
models based on data from multiple sensors difficult. In the rapidly changing environments

of oil and gas recovery, this results in sub-optimal processes.

Brief Description of the Drawings

[0004] FIG. 1 is a flowchart of an example of a process for implementing an EnKF in
a standalone module according to some aspects of the present disclosure;
[0005] FIG. 2 is a cross-sectional side view of an example of a drilling system

according to some aspects of the present disclosure;
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[0006] FIG. 3 is a block diagram illustrating an example of a standalone EnKF
module used with a digital twin for an oil or gas process according to some aspects of the
present disclosure;

[0007] FIG. 4 is a block diagram of an example of a computing system for
implementing various examples according to some aspects of the present disclosure;

[0008] FIG. 5 is a block diagram of another example of a computing system for
implementing various examples according to some aspects of the present disclosure;

[0009] FIG. 6 is a block diagram of an example of an EnKF module implemented in a
separate enclosure according to some aspects of the present disclosure; and

[0010] FIG. 7 is a flowchart of a method for implementing a self-adapting digital twin

according to some aspects of the present disclosure.

Detailed Description

[0011] Certain aspects and features relate to constructing self-adapting digital twins
for systems in rapidly changing environments, such as real time applications in oil and gas
recovery, using an Ensemble Kalman Filter (EnKF). The EnKF as tool for model adjustment
can be beneficial for constructing self-adapting digital twins in a wide variety of oil and gas
applications without changing algorithms or model structures. The EnKF is a recursive filter
suitable for problems with a large number of variables, such as discretizations of partial
differential equations in geophysical models. The Ensemble Kalman Filter can provide an
effective way of constructing self-adapting digital twins using digital twins developed for
fixed model parameters in a variety of applications. According to some aspects of the present
disclosure, the EnKF can be used in a standalone mode, without changing the algorithms and
model structure of optimized nonlinear systems, including digital twins.

[0012] Data analytics-based models and hybrid digital twins can be identified by a set
of numerical parameters used in nonlinear systems, including comprehensive physical models
and reduced order physical models. In applications, the parameters can be defined based
initially on available measurements and analytical data, and then updated in response to
changes in the environment. The EnKF can allow both initial identification and consequent
updating of the model parameters based on the measurement data obtained in discrete time
steps. This approach can allow building digital twins in algorithmically simple and
numerically highly efficient ways without modifying the algorithmic and numerical structure

of the optimized digital twin. In some examples, this property of EnKF can be used for
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developing a standalone numerical module and corresponding micro-service for dynamic
optimization of a wide variety of nonlinear models, including comprehensive digital twins
based on multi-sensor measurements.

[0013] The paradigm of the digital twin as a representative digital replica of physical
assets, processes and systems can be useful in oil and gas recovery. Benefits can include
improved quality and speed of decision-making, greater asset utilization, condition-based
monitoring and prognostication, enhanced operational efficiency and improvements in
preventive maintenance. But there can be challenges in implementing the digital twin in the
energy sector, including the complexity and multi-scale character of physical-physical
processes involved in the production of hydrocarbons, both in the reservoir and wellbore. In
addition, there can be related complexity of mathematical and numerical models, making
their realizations numerically problematic for real-time applications. Further, constant spatial
and temporal variation of process parameters related, for example, to depletion of pressure
and changing properties of reservoir. These variations can make adapting numerical models
based on data from multiple sensors, whose accuracy and number can also vary with time,
difficult.

[0014] While the complexities of the physical processes and the models can be
addressed by developing adequate reduced order physical, data-driven and hybrid physical-
data analytics models, addressing the constant spatial and temporal process parameter
variations can involve implementing effective algorithms allowing dynamic adjusting of
models used.

[0015] The EnKF can be a fast and stable tool for nonlinear system adaptation. The
EnKF is easily programmable and parallelizable, implying high numerical efficiency. In
some implementations, a standalone EnKF module and microservice, e.g., a smaller
application to execute the operations of the standalone EnKF module and communicate with
the digital twin, can be developed based on an EnKF for optimizing nonlinear systems,
including comprehensive digital twins utilizing multi-channel sensor data, which can allow
dynamic adaptation without changing the algorithmic structure and numerical
implementation of the digital twins.

[0016] A standalone EnKF module can be used with a wide variety of physical
models without changing the internal structure of the EnKF module or the structure of the
physical models, making the standalone EnKF module a universal and effective model

optimizer. Combining a standalone EnKF module with a non-adapting digital twin
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developed for fixed model parameters, for example boundary conditions or matrix properties,
and using streaming measurable data from multiple sensors can produce a self-adapting
digital twin that can be used in real-time applications.

[0017] In some examples, a digital twin can be characterized by a state vector that
includes unknown constant and transient parameters (for example, reservoir permeability, or
fracture dimensions) which can be defined based on a set of observations (e.g., predictions of
measurable parameters, such as flow rates, temperatures, and pressures in reservoir or
wellbore). These vectors are, in general case, time dependent. At an initial time,
realizations of the state vector are chosen randomly distributed around estimated values of
the state vector based, for example, on field measurements or geophysical observations.
[0018] The EnKF algorithm for dynamic adaptation of a digital twin is a two-step
algorithm where first step is a forecast step and the second step is an update step. Based on
condition of the system at a time 7-1, a model M yields a prediction of the system’s condition
at time 7. The EnKF algorithm uses the data obtained at time 7 to generate a correction,
resulting in an updated state vector. At each time step, the estimation for parameters of the
system can be obtained by ensemble averaging of the corresponding components of the
updated state vector.

[0019] FIG. 1 is a flowchart of an example of a process 100 for implementing an
EnKF in a standalone module for a digital twin according to some aspects of the present
disclosure. The digital twin may be a non-adapting digital twin developed for fixed model
parameters. In some implementations, the standalone EnKF module may be a block of
program code, e.g., a microservice, that executes in conjunction with a digital twin. In some
implementations, the standalone EnKF module may be a physically separate piece of
equipment in communication with a computing system that executes the digital twin.

[0020] Referring to FIG. 1, at block 110, the state vector at initial time t = O is built
using the values of the digital twin parameters randomly distributed around best guesses for
the estimated values of the state vector. For example, the state vector may be built based on
historical data or analytical estimation. At block 120, the digital twin predicts the evolution
of the system from time # to time #+; of the next measurement. At block 130, operation of
the standalone EnKF module compares the digital twin predictions with the measured data
140 received from sensors, and at block 150 generates corrected digital twin parameters. The
corrected digital twin parameters can be input to the digital twin at block 120 at a next time

step and a new prediction generated by the digital twin. This process can be repeated when
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new measurements are available in real-time or near-real-time. The standalone EnKF module
can be used with applications of different physical nature and any number of sensor data
inputs and optimized model parameters.

[0021] FIG. 2 is a cross-sectional side view of an example of a drilling system 200
according to some aspects of the present disclosure. A wellbore of the type used to extract
hydrocarbons from a formation may be created by drilling into the earth 202 using the
drilling system 200. The drilling system 200 may be configured to drive a bottom hole
assembly (BHA) 204 positioned or otherwise arranged at the bottom of a drillstring 206
extended into the earth 202 from a derrick 208 arranged at the surface 210. The BHA 204
may include a steering mechanism to enable adjustments to the drilling direction. For
example, the steering mechanism may enable horizontal drilling of the wellbore. The derrick
208 includes a kelly 212 used to lower and raise the drillstring 206. The BHA 204 may
include a drill bit 214 operatively coupled to a tool string 216, which may be moved axially
within a drilled wellbore 218 as attached to the drillstring 206.

[0022] Tool string 216 may include one or more tool joints 209 which may further
include sensors (not shown) for monitoring conditions in the wellbore, for example, but not
limited to, rock porosity, absolute and relative permeabilities of formations, effective
hydraulic diameter, of the wellbore, etc. The combination of any support structure (in this
example, derrick 208), any motors, electrical equipment, and support for the drillstring and
tool string may be referred to herein as a drilling arrangement. Additional sensors (not
shown) may be disposed on the drilling arrangement (e.g., on the wellhead) to monitor
process parameters, for example, but not limited to, production fluid viscosity, density, etc. It
should be appreciated that the parameters and conditions mentioned above do not form an
exhaustive list and that other parameters and conditions may be monitored without departing
from the scope of the present disclosure.

[0023] During operation, the drill bit 214 penetrates the earth 202 and thereby creates
the wellbore 218. The BHA 204 provides control of the drill bit 214 as it advances into the
earth 202. Drilling fluid, or “mud,” from a mud tank 220 may be pumped downhole using a
mud pump 222 powered by an adjacent power source, such as a prime mover or motor 224.
The drilling fluid may be pumped from the mud tank 220, through a stand pipe 226, which
feeds the drilling fluid into the drillstring 206 and conveys the drilling fluid to the drill bit
214. The drilling fluid exits one or more nozzles (not shown) arranged in the drill bit 214 and

in the process cools the drill bit 214. After exiting the drill bit 214, the drilling fluid
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circulates back to the surface 210 via the annulus defined between the wellbore 218 and the
drillstring 206, and in the process returns the drill cuttings and debris to the surface. The
cuttings and drilling fluid mixture are passed through a flow line 228 and are processed such
that a cleaned drilling fluid is returned down hole through the stand pipe 226 once again.
Drilling fluid samples drawn from the mud tank 220 may be analyzed to determine the
characteristics of the drilling fluid and any adjustments to the drilling fluid chemistry that
should be made.

[0024] Sensors and/or instrumentation related to operation of the drilling system 200
may be connected to a computing device 240a. In various implementations, the computing
device 240a may be deployed in a work vehicle, may be permanently installed with the
drilling system 200, may be hand-held, or may be remotely located. In some examples, the
computing device 240a may process at least a portion of the data received and may transmit
the processed or unprocessed data to a remote computing device 240b via a wired or wireless
network 246. The remote computing device 240b may be offsite, such as at a data-processing
center. The remote computing device 240b may receive the data, execute computer program
instructions to analyze the data, and communicate the analysis results to the computing
device 240a.

[0025] Each of the computing devices 240a, 240b may include a processor interfaced
with other hardware via a bus. A memory, which may include any suitable tangible (and
non-transitory) computer-readable medium, such as RAM, ROM, EEPROM, or the like, can
embody program components that configure operation of the computing devices 240a, 240b.
In some aspects, the computing devices 240a, 240b may include input/output interface
components (e.g., a display, printer, keyboard, touch-sensitive surface, and mouse) and
additional storage.

[0026] The computing devices 240a, 240b may include communication devices 244a,
244b. The communication devices 244a, 244b may represent one or more components that
facilitate a network connection. In the example shown in FIG. 2, the communication devices
244a, 244b are wireless and can include wireless interfaces such as IEEE 802.11, Bluetooth,
or radio interfaces for accessing cellular telephone networks (e.g., transceiver/antenna for
accessing a CDMA, GSM, UMTS, or other mobile communications network). In some
examples, the communication devices 244a, 244b may use acoustic waves, surface waves,
vibrations, optical waves, or induction (e.g., magnetic induction) for engaging in wireless

communications. In other examples, the communication devices 244a, 244b may be wired
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and can include interfaces such as Ethernet, USB, IEEE 1394, or a fiber optic interface. The
computing devices 240a, 240b may receive wired or wireless communications from one
another and perform one or more tasks based on the communications.

[0027] A self-adapting digital twin may be developed for an oil and gas production
process by generating a mathematical model of the process and using data from the sensors
disposed on the drilling arrangement and/or on the tool string to provide data for real-time or
near real-time adjustment of the input parameters of the model. In accordance with aspects of
the present disclosure, the standalone EnKF module can compare outputs (i.e., predictions)
from the digital twin with the measured data from the sensors to automatically correct the
input parameters for the digital twin. Thus, the data is simulated to adjust the digital twin
based on the observations.

[0028] The EnKF module is termed a standalone module because the same EnKF
algorithm can be applied to many different models with only a small number of modifications
to the EnKF algorithm, for example, specifying a number of inputs (e.g., predictions and
measurements) and outputs (e.g., corrections). Changes to existing software models for
systems or processes are not needed to use the standalone EnKF module. The standalone
EnKF module can be a software module, for example a micro-service running in conjunction
with a system or process model on the same computing system or on a separate computing
system, or a separate physical device including the EnKF processing capabilities and
communication capabilities to communicate with a computing system executing the system
or process model.

[0029] FIG. 3 is a block diagram illustrating an example of a standalone EnKF
module used with a digital twin for an oil or gas process according to some aspects of the
present disclosure. Referring to FIG. 3, a standalone EnKF module 310 may be used to
improve predictions of a digital twin 320 developed for an oil or gas process to, for example,
predict oil production for a following week. The digital twin 320 may be an existing fixed
parameter software model of the oil or gas process. The standalone EnKF module 310 may
be a software module, for example a micro-service running in conjunction with a model on
the same computing system or on a separate computing system, or a separate physical device
including the EnKF processing capabilities and communication capabilities to communicate
with a computing system executing the model.

[0030] At an initial time (e.g., before sensor data and/or digital twin predictions are

available), initial estimates 330 of the input parameters for the digital twin 320 may be input
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to the standalone EnKF module 310. The input parameters for the digital twin 320 may be
determined by the modelling requirements of the digital twin 320. The digital twin 320
predicts the same physical properties as are measured by the sensors. The standalone EnKF
module 310 may be configured to accept the number and type of input parameters (e.g.,
digital twin predictions and corresponding sensor data) of the digital twin 320. The
configuration may be accomplished by, for example, passing software configuration
parameters (e.g., number and type of model input parameters) to the standalone EnKF
module 310 via a user interface or another method.

[0031] The initial estimates 330 may be based on historical data or analytical
estimates. High accuracy of the initial estimates 330 is not necessary. Examples of the input
parameters may be properties of the formation, properties of the well, properties of the pipe,
viscosity of fluids, etc. It should be appreciated that the input parameters mentioned above
do not form an exhaustive list and that other input parameters may be used without departing
from the scope of the present disclosure. The standalone EnKF module 310 may generate an
initial set of input parameters for the digital twin 320 based on the initial estimates 330.
[0032] A simulation may be performed by the digital twin 320 based on the initial
estimates 330 and a set of prediction data 340 may be generated. Sensor data 350 may be
obtained from operation of the physical process. For example, data may be received from
sensors disposed on the drilling arrangement that monitor process parameters and/or sensors
that monitor conditions in the wellbore. The prediction data 340 and the sensor data 350 may
be input to the standalone EnKF module 310. The standalone EnKF module 310 can
compare each piece of the prediction data 340 to a corresponding piece of sensor data 350
(i.e, a measurement of a physical parameter and a prediction of the same physical
parameter).

[0033] Based on the comparison of the prediction data 340 from the digital twin 320
and the sensor data 350, the standalone EnKF module 310 can generate corrections 360 to the
input parameters for the digital twin 320. For example, values for individual input
parameters may be increased or decreased according to the results of the comparison. The
prediction data 340 subsequently generated by the digital twin may be modified based on the
input parameter corrections 360 as the corrected input parameters are processed by the digital
twin. Sensor data 350 may be streamed and received in real-time or near real-time, for
example every one-tenth of a second or another time period, and the standalone EnKF

module 310 can generate corrections 360 to the input parameters each time new sensor data
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350 is received. In some implementations, historical data as well as current data may be used
to improve the accuracy of the digital twin. In such cases, more weight may be placed be on
the current sensor data.

[0034] FIG. 4 is a block diagram of an example of a computing system 400 for
implementing various examples according to some aspects of the present disclosure. In some
examples, the components shown in FIG. 4 (e.g., the computing device 240a, power source
420, and communications device 244a) can be integrated into a single structure. For
example, the components can be contained within a single enclosure. In other examples, the
components shown in FIG. 4 can be distributed (e.g., in separate enclosures) and in electrical
communication with each other.

[0035] The system 400 includes a computing device, for example, computing device
240a. The computing device 240a can include a processor 404, a memory 407, and a bus
406. The processor 404 can execute one or more operations for executing a digital twin
and/or executing operations of the standalone EnKF module including an EnKF algorithm.
The processor 404 can execute instructions stored in the memory 407 to perform the
operations. The processor 404 can include one processing device or multiple processing
devices. Non-limiting examples of the processor 404 include a Field-Programmable Gate
Array (“FPGA”), an application-specific integrated circuit (“ASIC”), a microprocessor, etc.
[0036] The processor 404 can be communicatively coupled to the memory 407 via the
bus 406. The non-volatile memory 407 may include any type of memory device that retains
stored information when powered off. Non-limiting examples of the memory 407 include
electrically erasable and programmable read-only memory (“EEPROM?”), flash memory, or
any other type of non-volatile memory. In some examples, at least part of the memory 407
can include a medium from which the processor 404 can read instructions. A computer-
readable medium can include electronic, optical, magnetic, or other storage devices capable
of providing the processor 404 with computer-readable instructions or other program code.
Non-limiting examples of a computer-readable medium include (but are not limited to)
magnetic disk(s), memory chip(s), ROM, random-access memory (“RAM”), an ASIC, a
configured processor, optical storage, or any other medium from which a computer processor
can read instructions. The instructions can include processor-specific instructions generated
by a compiler or an interpreter from code written in any suitable computer-programming

language, including, for example, C, C++, C#, etc.



WO 2020/159564 PCT/US2019/036082

[0037] In some examples, the memory 407 can store computer program instructions
410 for performing operations of collecting sensor data and executing a digital twin, for
example, but not limited to, some or all of the operations described with respect to FIGS. 1
and 3. These instructions 410 can also be usable for initiating execution of the operations of
the standalone EnKF module 412, including an EnKF algorithm that generates corrections to
input parameters for the digital twin. Computer program instructions 410 can also display
generated correction values and/or or forward those values to other systems using
communication device 244a, and handle control of any required signaling.

[0038] The EnKF module 412 may be a standalone EnKF module operating as a
microservice, e.g., a smaller application to execute the operations of the standalone EnKF
module and communicate with the digital twin. The standalone EnKF module 412 may
compare predictions generated by the digital twin with the streamed measurement data
received from sensors monitoring a physical process and generate corrections to the input
parameters for the digital twin. The standalone EnKF module 412 may take as input the
prediction from the digital twin and measurement data of the same parameters/quantities as
the prediction (e.g., production rate, fluid composition, etc.) and compare the digital twin
predictions with their corresponding measurements to generate corrections. The standalone
EnKF module 412 may operate in real-time or near real-time, receiving new input and
generating new correction, for example every one-tenth of a second or another time period.
[0039] The system 400 can include a power source 420. The power source 420 can
be in electrical communication with the computing device 240a and the communications
device 244a. In some examples, the power source 420 can include a battery or an electrical
cable (e.g., a wireline). In some examples, the power source 420 can include an AC signal
generator. The computing device 240a can operate the power source 420 to apply a
transmission signal to the antenna 428 to forward sensor data and/or digital twin input
parameter corrections to other systems. For example, the computing device 240a can cause
the power source 420 to apply a voltage with a frequency within a specific frequency range to
the antenna 428. This can cause the antenna 428 to generate a wireless transmission. In
other examples, the computing device 240a rather than the power source 420, can apply the
transmission signal to the antenna 428 for generating the wireless transmission.

[0040] In some examples, part of the communications device 244a can be
implemented in software. For example, the communications device 244a can include

additional instructions stored in memory 407 for controlling the functions of communication

10
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device 244a. The communications device 244a can receive signals from remote devices and
transmit data to remote devices (e.g., the remote computing device 240b of FIG. 2). For
example, the communications device 244a can transmit wireless communications that are
modulated by data via the antenna 428. In some examples, the communications device 244a
can receive signals (e.g., associated with data to be transmitted) from the processor 404 and
amplify, filter, modulate, frequency shift, and otherwise manipulate the signals. In some
examples, the communications device 244a can transmit the manipulated signals to the
antenna 428. The antenna 428 can receive the manipulated signals and responsively generate
wireless communications that carry the data.

[0041] The computing system 400 can receive input from sensor(s) 430 operable to
sense various process characteristics. Computer system 400 in this example also includes
input/output interface 432. Input/output interface 432 can connect to a keyboard, pointing
device, display, and other computer input/output devices. An operator may provide input
using the input/output interface 432. Sensor data or other data related to the operation of the
system can also be displayed to an operator through a display that is connected to or is part of
input/output interface 432.

[0042] FIG. 5 is a block diagram of another example of a computing system 500 for
implementing various examples according to some aspects of the present disclosure. The
example computing system FIG. 5 may include similar elements that perform similar
functions as the elements in FIG. 4; therefore, their descriptions will not be repeated here.
Referring to FIG. 5, the memory 407 can store computer program instructions 410 for
performing operations of collecting sensor data and executing a digital twin, for example, but
not limited to some or all of the operations described with respect to FIGS. 1 and 3. The
standalone EnKF module 512 may be a physically separate hardware module in a self-
contained enclosure electrically connected to the computing device 240a.

[0043] The standalone EnKF module 512 may be configured for wired or wireless
communication with the computer system executing the digital twin. The standalone EnKF
module 512 may compare predictions generated by the digital twin with the streamed
measurement data received from sensors monitoring a physical process and generate
corrections to the input parameters for the digital twin. The standalone EnKF module 512
may take as input the prediction from the digital twin and measurement data of the same
parameters/quantities as the prediction (e.g., production rate, fluid composition, etc.) and

compare the digital twin predictions with their corresponding measurements to generate
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corrections for the parameters. The standalone EnKF module 512 may operate in real-time or
near real-time, receiving new input and generating new correction, for example every one-
tenth of a second or another time period.

[0044] FIG. 6 is a block diagram of an example of an EnKF module 600 implemented
in a separate enclosure according to some aspects of the present disclosure. The EnKF
module 600 can include a processor 610, a bus 620, a communications module 630, and a
memory 640. In some examples, the components shown in FIG. 6 (e.g., the processor 610,
the bus 620, the communications module 630, and the memory 640) can be integrated into a
single structure. For example, the components can be within a single enclosure 605. The
enclosure may include electrical connectors 607. The electrical connectors 607 may provide
electrical connections between the EnKF module 600 and external devices, for example, but
not limited to, sensors, a computing system executing a digital twin, other computing
systems, etc. In other examples, the components shown in FIG. 6 can be distributed (e.g., in
separate enclosures) and may be in electrical communication with each other.

[0045] The processor 610 can execute one or more operations for implementing a
standalone EnKF module according to some examples of the present disclosure for use with a
digital twin. The processor 610 can execute instructions stored in the memory 640 to perform
the operations. The memory 640 may store other data, for example, but not limited to data
obtained from sensors. The processor 610 can include one processing device or multiple
processing devices. Non-limiting examples of the processor 610 include a Field-
Programmable Gate Array (“FPGA”), an application-specific integrated circuit (“ASIC”), a
Microprocessor, etc.

[0046] The processor 610 can be communicatively coupled to the memory 640 via the
bus 620. The non-volatile memory 640 may include any type of memory device that retains
stored information when powered off. Non-limiting examples of the memory 640 include
electrically erasable and programmable read-only memory (“EEPROM?”), flash memory, or
any other type of non-volatile memory.

[0047] In some examples, at least some of the memory 640 can include a medium
from which the processor 610 can read instructions. A computer-readable medium can
include electronic, optical, magnetic, or other storage devices capable of providing the
processor 610 with computer-readable instructions or other program codes. Non-limiting
examples of a computer-readable medium include (but are not limited to) magnetic disk(s),

memory chip(s), ROM, random-access memory (“RAM?”), an ASIC, a configured processor,
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optical storage, or any other medium from which a computer processor can read instructions.
The instructions can include processor-specific instructions generated by a compiler or an
interpreter from code written in any suitable computer-programming language, including, for
example, C, C++, C#, etc.

[0048] The communications module 630 may include a communications port 632 and
a wireless communications module 636. The communications port 632 can be used to
communicate with the external systems or devices, such as an external computer system
and/or sensors gathering data from an oil and gas drilling/processing environment, for
example via the electrical connectors 607 and may include interfaces such as Ethernet, USB,
IEEE 1394, or a fiber optic interface. In some implementations, the communications module
630 may include a serial interface 634. The serial interface 634 may receive sensor data and
digital twin model predictions from a computing device, for example the computing device
240a.

[0049] In some implementations, the digital twin may run in the cloud and digital
twin model predictions and may be received by the computing device 240a and transmitted to
the EnKF module 600 via the serial interface 634. Similarly, corrections for the input
parameters of the digital twin generated by the processor 610 of the EnKF module 600 may
be communicated to the computing device 240a via the serial interface 634 and transmitted to
the cloud by the computing device 240a. Sensor data and digital twin prediction data
received by the communications module 630 can be transmitted to the memory 640 via the
bus 620.

[0050] The wireless communications module 636 may include wireless interfaces
such as IEEE 802.11, Bluetooth, or radio interfaces for accessing cellular telephone networks
(e.g., transceiver/antenna for accessing a CDMA, GSM, UMTS, or another mobile
communications network). The wireless communications module 636 may be configured to
communicate with a network, for example, the network 246. For example, in some
implementations, the digital twin may run in the cloud and the EnKF module 600 may
receive data output from the digital twin and transmit corrections for the input parameters of
the digital twin via the wireless communications module 636.

[0051] The processor 610 may generate corrections for the input parameters of the
digital twin and transmit the corrections to the computing device 240a via the
communications module 630. For example, processor 610 of the standalone EnKF module

600 may take as input the prediction from the digital twin and streamed measurement data of
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the same parameters/quantities as the prediction (e.g., production rate, fluid composition,
etc.) received via the communications module 630 and compare the digital twin predictions
with their corresponding measurements to generate corrections. The standalone EnKF
module 600 may operate in real-time or near real-time, receiving new input and generating
new correction, for example every one-tenth of a second or another time period.

[0052] The memory 640 can store any sensor data as stored data 644 for
implementing some examples. The memory 640 can include program code 642 for
implementing an EnKF that can be executed for causing the computing device to perform
operations for implementing a digital twin according to various examples of the present
disclosure.

[0053] In accordance with various aspects of the present disclosure, the digital twin
may be executed on a computing system including a workstation or laptop, or on a special
purpose computing system designed to receive data from the drilling arrangement, or may be
executed on a computing system in the cloud. Other variations for executing the digital twin
can be recognized. The operations of the standalone EnKF Module may be executed as a
micro-service on the same computing system that executes the digital twin or on a separate
computing system (e.g., workstation, laptop, or special purpose computing system). When
the digital twin is executed on a computing system in the cloud, operations of the standalone
EnKF Module may be executed on a workstation, laptop, or special purpose computing
system and the generated corrections sent to the cloud. In some implementations, the
standalone EnKF Module may be configured in a physically separate enclosure from the
computing system executing the digital twin and configured to communicate with the sensors
and with the digital twin.

[0054] FIG. 7 is a flowchart of a method 700 for implementing a self-adapting digital
twin according to some aspects of the present disclosure. Referring to FIG. 7, at block 710, a
digital twin may be developed for a fixed environment. For example, the digital twin may be
a constant parameter digital twin and may be developed to model and oil or gas recovery
process. At block 720, a standalone EnKF module may be added to operate with the digital
twin. For example, the operations of the standalone EnKF module may be a micro-service
executing concurrently on the same computing system that executes the digital twin, a
separate computing system in communication with the computing system executing the
digital twin, or the standalone EnKF module may be housed in a separate enclosure and in

wired or wireless communication with the computing system executing the digital twin.
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[0055] At block 730, the standalone EnKF module may receive streaming
measurement data and prediction data. For example, the streaming measurement data may be
received from multiple sensors that measure physical parameters of the oil or gas recovery
process. The prediction data may be predicted process parameters output from execution of
the digital twin. At block 740, operations of the standalone EnKF module may be executed
using the streaming measurement data and the prediction data from the digital twin. For
example, operations of the standalone EnKF module may correlate the streaming
measurement data received from each of the multiple sensors measuring a different process
parameter with the prediction data received from the digital twin for the same process
parameter.

[0056] At block 750, corrections to the process parameters input to the digital twin
may be determined. The streaming measurement data and the prediction data for each
process parameter may be compared. The result of executing the operations of the standalone
EnKF module may be corrections to the process parameters. At block 760, the corrections to
the process parameters may be communicated to the digital twin. For example, the
corrections to the process parameter may be communicated to the computing system
executing the digital twin. In some implementations, the operations of the standalone EnKF
module may be executing as a micro-service on the same computing system as the digital
twin is executing. In some implementations, the operations of the standalone EnKF module
may be executing on a separate computing system in communication with the computing
system executing the digital twin. In other implementations, the operations of the standalone
EnKF module may be executing in a separate housing in communication with the computing
system executing the digital twin.

[0057] At block 770, the digital twin may be used to execute an oil or gas recovery
process. For example, the corrections to the process parameters may be used as input
parameters for the digital twin to adapt subsequent executions of the digital twin to the
physical process parameter measurements. The process parameter predictions generated by
the digital twin may be used to execute the oil or gas recovery process.

[0058] The methods FIG. 7, may be embodied on a non-transitory computer readable
medium, for example, but not limited to, the memory 407 or other non-transitory computer
readable medium known to those of skill in the art, having stored therein a program including
computer executable instructions for making a processor, computer, or other programmable

device execute the operations of the methods.
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[0059] It should be appreciated that the specific steps illustrated in FIG. 7 provide a
particular method for implementing a self-adapting digital twin according to an example of
the present disclosure. Other sequences of steps may also be performed according to
alternative examples. For example, alternative examples of the present disclosure may
perform the steps outlined above in a different order. Moreover, the individual steps
illustrated in FIG. 7 may include multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore, additional steps may be added
or removed depending on the particular applications. Many variations, modifications, and
alternatives can be recognized.

[0060] While the above examples of the standalone EnKF module have been
described with respect to a digital twin for an oil or gas process, the standalone EnKF module
may be used with a variety of software models without departing from the scope of the
present disclosure.

[0061] In some aspects, a system and method for determining drilling fluid
characteristics is provided according to one or more of the following examples. As used
below, any reference to a series of examples is to be understood as a reference to each of
those examples disjunctively (e.g., "Examples 1-4" is to be understood as "Examples 1, 2, 3,

or 4").

[0062] Example 1 is a self-adapting digital twin of an oil and gas wellbore
environment, the self-adapting digital twin inlcuding a digital twin developed using constant
parameters for a fixed environment, the digital twin being operable to model an oil or gas
recovery process; and a standalone Ensemble Kalman Filter (EnFK) module, the standalone
EnKF module being configured to perform operations including: receiving streaming
measurement data from multiple sensors measuring multiple parameters of the oil or gas
recovery process; receiving prediction data from the digital twin; generating input parameter
corrections for the digital twin by executing an EnKF algorithm using the streaming
measurement data and the prediction data; communicating the input parameter corrections to
the digital twin for causing adaptation of output predictions of the digital twin to the sensor
data; and generating a modification to an operational parameter of the oil or gas recovery

process based on the adapted output predictions.

16



WO 2020/159564 PCT/US2019/036082

[0063] Example 2 is the self-adapting digital twin of example(s) 1, wherein the
modification includes a modification to a parameter of a drilling operation of the oil or gas
recovery process.

[0064] Example 3 is the self-adapting digital twin of example(s) 1 or 2, wherein the
modification includes an adjustment to a drilling direction in a wellbore for the oil or gas
recovery process.

[0065] Example 4 is the self-adapting digital twin of example(s) 1-3, wherein the
modification includes a modification to a parameter of a drilling fluid for a drilling operation
of the oil or gas recovery process.

[0066] Example 5 is the self-adapting digital twin of example(s) 1-4, wherein the
EnKF algorithm is executable by the standalone EnKF module on a same computing system
on which the digital twin is executable or on a separate computing system being configured
to communicate with the computing system on which the digital twin is executable.

[0067] Example 6 is the self-adapting digital twin of example(s) 1-5, wherein the
standalone EnKF module is operable to: correlate the streaming measurement data received
from each of the multiple sensors operable to measure different process parameters of the oil
or gas recovery process with the prediction data received from the digital twin for
corresponding process parameters, compare the correlated prediction data and measurement
data for a same process parameter, and generate the input parameter corrections based on a
result of comparing the correlated prediction data and measurement data.

[0068] Example 7 is a computer-implemented method, including creating a self-
adapting digital twin of an oil or gas wellbore environment, wherein creating the self-
adapting digital twin includes: incorporating a standalone Ensemble Kalman Filter (EnKF)
module with a constant parameter digital twin developed for a fixed environment, receiving,
by the standalone EnKF module, streaming measurement data from multiple sensors and
prediction data from the digital twin, generating input parameter corrections for the digital
twin by executing an EnKF algorithm with the standalone EnKF module using the streaming
measurement data and the prediction data from the digital twin, and communicating the input
parameter corrections to the constant parameter digital twin to generate subsequent prediction
data modified based on the input parameter corrections; and using the subsequent prediction

data to apply a modification to an operational parameter of an oil or gas recovery process.
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[0069] Example 8 is the computer-implemented method of example(s) 7, wherein the
modification includes a modification to a parameter of a drilling operation of the oil or gas
recovery process.

[0070] Example 9 is the computer-implemented method of example(s) 7 or 8, wherein
the modification includes an adjustment to a drilling direction in a wellbore for the oil or gas
recovery process.

[0071] Example 10 is the computer-implemented method of example(s) 7-9, wherein
the modification includes a modification to a parameter of a drilling fluid for a drilling
operation of the oil or gas recovery process.

[0072] Example 11 is the computer-implemented method of example(s) 7-10, wherein
the standalone EnKF module correlates the streaming measurement data received from each
of the multiple sensors measuring different process parameters of the oil or gas recovery
process with the prediction data received from the digital twin for corresponding process
parameter, compares the correlated prediction data and measurement data for a same process
parameter, and generates the input parameter corrections based on a result of comparing the
correlated prediction data and measurement data.

[0073] Example 12 is the computer-implemented method of example(s) 7-11, wherein
operations of the standalone EnKF module execute concurrently on a same computing system
executing the digital twin or on a separate computing system in communication with a
computing system executing the digital twin.

[0074] Example 13 is the computer-implemented method of example(s) 7-12, wherein
program code for executing the operations of the standalone EnKF module is embodied on a
non-transitory computer-readable medium.

[0075] Example 14 is a standalone Ensemble Kalman Filter (EnFK) module including
a non-transitory computer-readable memory being configured to store instructions for
executing an EnKF algorithm; a communications module being configured to communicate
with multiple sensors and a digital twin of an oil or gas wellbore environment, the multiple
sensors being configured to measure multiple process parameters of an oil or gas recovery
process, and the digital twin being configured to model the oil or gas recovery process and to
output prediction data of the multiple process parameters, the digital twin being executable on
a separate computing system; and a processor being configured to communicate with the
memory and the communications module, the processor being further configured to execute

instructions for performing operations including: receiving streaming measurement data from
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the multiple sensors; receiving the prediction data from the digital twin;, generating input
parameter corrections for the digital twin by executing the EnKF algorithm using the
streaming measurement data and the prediction data; communicating the input parameter
corrections to the digital twin to generate subsequent prediction data modified based on the
input parameter corrections; and generating a modification to an operational parameter of the
oil or gas recovery process based on the subsequent prediction data.

[0076] Example 15 is the standalone EnKF module of example(s) 14, wherein the
modification includes a modification to a parameter of a drilling operation of the oil or gas
recovery process.

[0077] Example 16 is the standalone EnKF module of example(s) 14 or 15, wherein
the modification includes an adjustment to a drilling direction in a wellbore for the oil or gas
recovery process.

[0078] Example 17 is the standalone EnKF module of example(s) 14-16, wherein the
modification includes a modification to a parameter of a drilling fluid for a drilling operation
of the oil or gas recovery process.

[0079] Example 18 is the standalone EnKF module of example(s) 14-17, further
including an enclosure being configured to enclose the memory, the communications module,
and the processor, the communications module including a wired communications module,
the enclosure including electrical connectors being configured to connect the wired
communications module of the standalone EnKF module to the multiple sensors and the
digital twin, the digital twin being executable on a separate computing system than the digital
twin.

[0080] Example 19 is the standalone EnKF module of example(s) 14-18, further
including an enclosure being configured to enclose the memory, the processor, and the
communication module, the communications module including a wireless communication
module being configured to wirelessly connect the standalone EnKF module to the multiple
sensors and the digital twin, the digital twin being executable on a separate computing system
than the digital twin.

[0081] Example 20 is the standalone EnKF module of example(s) 14-19, wherein the
processor is operable to: correlate the streaming measurement data received from each of the
multiple sensors operable to measure different process parameters of the oil or gas recovery
process with the prediction data received from the digital twin for corresponding process

parameters, compare the correlated prediction data and measurement data for a same process
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parameter, and generate the input parameter corrections based on a result of comparing the
correlated prediction data and measurement data.

[0082] The foregoing description of the examples, including illustrated examples, has
been presented only for the purpose of illustration and description and is not intended to be
exhaustive or to limit the subject matter to the precise forms disclosed. Numerous
modifications, combinations, adaptations, uses, and installations thereof can be apparent to
those skilled in the art without departing from the scope of this disclosure. The illustrative
examples described above are given to introduce the reader to the general subject matter

discussed here and are not intended to limit the scope of the disclosed concepts.
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Claims

1. A self-adapting digital twin of an oil and gas wellbore environment, the self-
adapting digital twin comprising:
a digital twin developed using constant parameters for a fixed environment, the digital
twin being operable to model an oil or gas recovery process; and
a standalone Ensemble Kalman Filter (EnFK) module, the standalone EnKF module
being configured to perform operations including:
receiving streaming measurement data from multiple sensors measuring
multiple parameters of the oil or gas recovery process;
receiving prediction data from the digital twin;
generating input parameter corrections for the digital twin by executing an
EnKF algorithm using the streaming measurement data and the prediction data;
communicating the input parameter corrections to the digital twin for causing
adaptation of output predictions of the digital twin to the sensor data; and
generating a modification to an operational parameter of the oil or gas

recovery process based on the adapted output predictions.

2. The self-adapting digital twin of claim 1, wherein the modification includes a

modification to a parameter of a drilling operation of the oil or gas recovery process.

3. The self-adapting digital twin of claim 1, wherein the modification includes an

adjustment to a drilling direction in a wellbore for the oil or gas recovery process.

4. The self-adapting digital twin of claim 1, wherein the modification includes a
modification to a parameter of a drilling fluid for a drilling operation of the oil or gas

recovery process.

5. The self-adapting digital twin of claim 1, wherein the EnKF algorithm is
executable by the standalone EnKF module on a same computing system on which the digital
twin is executable or on a separate computing system being configured to communicate with

the computing system on which the digital twin is executable.

6. The self-adapting digital twin of claim 1, wherein the standalone EnKF

module is operable to:
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correlate the streaming measurement data received from each of the multiple sensors
operable to measure different process parameters of the oil or gas recovery process with the
prediction data received from the digital twin for corresponding process parameters,

compare the correlated prediction data and measurement data for a same process
parameter, and

generate the input parameter corrections based on a result of comparing the correlated

prediction data and measurement data.

7. A computer-implemented method, comprising:
creating a self-adapting digital twin of an oil or gas wellbore environment, wherein
creating the self-adapting digital twin includes:
incorporating a standalone Ensemble Kalman Filter (EnKF) module with a
constant parameter digital twin developed for a fixed environment,
receiving, by the standalone EnKF module, streaming measurement data from
multiple sensors and prediction data from the digital twin,
generating input parameter corrections for the digital twin by executing an
EnKF algorithm with the standalone EnKF module using the streaming measurement data
and the prediction data from the digital twin, and
communicating the input parameter corrections to the constant parameter
digital twin to generate subsequent prediction data modified based on the input parameter
corrections; and
using the subsequent prediction data to apply a modification to an operational

parameter of an oil or gas recovery process.

8. The computer-implemented method of claim 7, wherein the modification
includes a modification to a parameter of a drilling operation of the oil or gas recovery

process.

0. The computer-implemented method of claim 7, wherein the modification

includes an adjustment to a drilling direction in a wellbore for the oil or gas recovery process.

10.  The computer-implemented method of claim 7, wherein the modification
includes a modification to a parameter of a drilling fluid for a drilling operation of the oil or

£as recovery process.
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11. The computer-implemented method of claim 7, wherein the standalone EnKF
module:

correlates the streaming measurement data received from each of the multiple sensors
measuring different process parameters of the oil or gas recovery process with the prediction
data received from the digital twin for corresponding process parameter,

compares the correlated prediction data and measurement data for a same process
parameter, and

generates the input parameter corrections based on a result of comparing the

correlated prediction data and measurement data.

12. The computer-implemented method of claim 7, wherein operations of the
standalone EnKF module execute concurrently on a same computing system executing the
digital twin or on a separate computing system in communication with a computing system

executing the digital twin.

13.  The computer-implemented method of claim 7, wherein program code for
executing the operations of the standalone EnKF module is embodied on a non-transitory

computer-readable medium.

14. A standalone Ensemble Kalman Filter (EnFK) module, comprising:

a non-transitory computer-readable memory being configured to store instructions for
executing an EnKF algorithm;

a communications module being configured to communicate with multiple sensors
and a digital twin of an oil or gas wellbore environment, the multiple sensors being
configured to measure multiple process parameters of an oil or gas recovery process, and the
digital twin being configured to model the oil or gas recovery process and to output
prediction data of the multiple process parameters, the digital twin being executable on a
separate computing system; and

a processor being configured to communicate with the memory and the
communications module, the processor being further configured to execute instructions for
performing operations including:

receiving streaming measurement data from the multiple sensors;

receiving the prediction data from the digital twin;
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generating input parameter corrections for the digital twin by executing the
EnKF algorithm using the streaming measurement data and the prediction data;

communicating the input parameter corrections to the digital twin to generate
subsequent prediction data modified based on the input parameter corrections; and

generating a modification to an operational parameter of the oil or gas

recovery process based on the subsequent prediction data.

15. The standalone EnKF module of claim 14, wherein the modification includes a

modification to a parameter of a drilling operation of the oil or gas recovery process.

16. The standalone EnKF module of claim 14, wherein the modification includes

an adjustment to a drilling direction in a wellbore for the oil or gas recovery process.

17. The standalone EnKF module of claim 14, wherein the modification includes a
modification to a parameter of a drilling fluid for a drilling operation of the oil or gas

recovery process.

18. The standalone EnKF module of claim 14, further comprising:

an enclosure being configured to enclose the memory, the communications module,
and the processor, the communications module including a wired communications module,
the enclosure including electrical connectors being configured to connect the wired
communications module of the standalone EnKF module to the multiple sensors and the
digital twin, the digital twin being executable on a separate computing system than the digital

twin.

19. The standalone EnKF module of claim 14, further comprising:

an enclosure being configured to enclose the memory, the processor, and the
communication module, the communications module including a wireless communication
module being configured to wirelessly connect the standalone EnKF module to the multiple
sensors and the digital twin, the digital twin being executable on a separate computing system

than the digital twin.

20. The standalone EnKF module of claim 14, wherein the processor is operable

to:
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correlate the streaming measurement data received from each of the multiple sensors
operable to measure different process parameters of the oil or gas recovery process with the
prediction data received from the digital twin for corresponding process parameters,

compare the correlated prediction data and measurement data for a same process
parameter, and

generate the input parameter corrections based on a result of comparing the correlated

prediction data and measurement data.
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