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SYSTEMS AND METHODS FOR RESERVOIR HISTORY MATCHING
QUALITY ASSESSMENT AND VISUALIZATION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0081]  This application claims the benefit of U.S. Provisional Application Serial No.
63/054,031 (SA 6600 MA) entitled RESERVOIR HISTORY MATCHING QUALITY
ASSESSMENT AND VISUALIZATION SYSTEMS AND METHODS THEREOF filed July
21, 2020 and claiws beoefit of U.S. Patent Application Serial No. 17/370,278 (SA 6600 PA)
entitfed SYSTEMS AND METHODS FOR RESERVOIR HISTORY MATCHING QUALITY
ASSESSMENT AND VISUALIZATION filed July 8, 2021

TECHNICAL FIELD

186627  The present disclosure relates to assessing history-match quality of all wells in a field

based on observed well dynamic data from the field.

BACKGROUND

10663}  History Matching is a key reservoir engineering practice that involves calibrating a
geo-model to available well data. A plot of simulated data with the observed data on a well-by-
well basis gives the indication of match-quality and by inference, the quality of dynamic model.
Because of the large sizes of some fields with over 1000 wells in a field, checking the history-
matech quality through well-by-well visualization 15 a cumbersome task, which makes history
matching slower. In addition, conventional processes for history matching analyze data
separately and as a result can coruplicate and prolong history matching. To addition, well by
well analysis provides limited data for a well field. Another drawback of conventional processes
and systems for History Matching s that conventional methods do not aliow for sirsultaneous
analysis of depth dependent and time dependent measurements. There exists a need for

improved processes and systern for History Matching.

BRIEF SUMMARY
18004}  According to the subject matter of the present disclosure, systems and methods are

provided for determining and presenting field view history-matched well quality data. A
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method 18 provided that includes receiving, by a device, well data for a plurality of wells in a
well field, and performing, by the device, a plurality of functional operations using the well data
and a model of the well field. According to ermnbodiments, the plurality of functional operations
include a trend operation configured to determine well groups using patiern recognition of well
time lapse pressure trends based on the well data, wherein the trend operation 1s configured to
identify at least one connected reservoir region (CRR), and a geo-probe integration operation
configured to integrate data for each CRR and evaluate a three-dimensional (3D} static model
for wells in of each CRR, wherein the geo-probe integration operation 1s configured to assess
geo~-model characterization of simulated well pressure. The plurality of functional operations
include a history match advisor operation configured to generate a history match static model
including a combined display of time dependent and depth dependent representation of the well
data, and a spatio-temporal operation configured to generate a space and time visualization of
the well data. the plurality of functional operations include a frount operation configured to track
simulated injected fluid front using the well data, and an insight operation configured to report
static changes between the model of the well field and the history match static model.
Pertorming each of the functional operations includes generating a visualization. The method
also includes outputting, by the device, a history match advisor interface including visualizations
for each of the plurality of functional operations, the history match advisor interface including a

representation of the history match static model.

(86635} In one embodiment, well data for the plurality of wells is generated by downhole
sensors 1o the well field, and wherein the well data includes dynamic well data for at teast one of
datum pressure, water-cut, gas to oil ratic (GOR), measurement of pressure with depth (MDT),
well productivity and water production variation with depth (PLT), and well fractional water

saturation variation with depth (PNL).

166867 In one embodiment, the trend operation generates a time-lapse pressure plot display
for the at least one CRR including seismic and geologic faults overlaid on a pressure group map

display for all wells in the CRR.

18687}  In one embodiment, the geo-probe integration operation is configured to cutput a
visualization to compare simulated pressures for all wells within 2 CRR and provide a reference

for observed pressure data.
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(8608}  In one embodiment, the history match advisor operation s configured to display a
plurality of history match parameters including match quality of simulated time-lapse datum

pressure to observed daturn pressure.

186097  In one embodiment, the spatio-temporal operation is configured to generate a
visualization including a graphical element representing history match quality for each well

within a well plot.

(6618}  In one embodiment, the front operation is configured to generate a spatial and time

visualization of fluid front advance through well water-cut data.

19611}  In one embodiment, the insight operation s configured to generate a visualization of

well results including a graphical element representing permeability for each well.

18612}  In one embodiment, the method also includes calibrating the model of the well field

using at ieast one determination of the functional operations.

18613}  In one embodiment, the method also includes calibrating the model of the well field

using time dependent and depth dependent parameters simulianeously .

18014}  Iv accordance with another embodiment of the present disclosure, a system 18
provided for determining and presenting field view history-matched well quality data. The
system includes at least one receiver configured to receive well data for a plurality of wells in a
well field, and at least one processor. The at least one processor is configured to perform a
plurality of functional operations using the well data and a model of the well field. The plurality
of functional operations include a trend operation configured to determing well groups using
pattern recognition of well time lapse pressure trends based on the well data, wherein the trend
operation is configured to identify at least one connected reservoir region {CRR), and a geo-
probe integration operation configured to integrate data for each CRR and evaluate a three-
dimensional (3D} static model for wells in of each CRR, wherein the geo-probe integration
operation is configured to assess geo-model characterization of simulated well pressure. The
plurality of functional operations also include a history match advisor operation configured to
generate a history maich static model including a combined display of time dependent and depth
dependent representation of the well data, and a spatio-temporal operation configured to

generate a space and time visualization of the well data. The plurality of functional operations
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also include a front operation contigured to track simulated injected fluid front using the well
data, and an insight operation configured to report static changes between the model of the well
field and the history match static model. Performing each of the functional operations includes
generating a visualization. The at least oue processor is also configured to outpui, a history
match advisor interface including visualizations for each of the plurality of functional
operations, the history match advisor interface including a representation of the history maich

static model.

[0815]  Although the concepts of the present disclosure are described heretn with primary
reference to history matching, it is contemplated that the concepts will enjoy applicability to any
reservolr modeling. For example, and not by way of limitation, it is contemplated that the
concepts of the present disclosure will enjoy applicability to geological simulation and

modeling.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

10816]  The following detailed description of specific embodiments of the present disclosure
can be best understood when read in conjunction with the following drawings, where like

structure is indicated with like reference numerals and in which:

186177  FIG. 1A iliustrates an example system and an example well field and a graphical

represeniation of a connected reservotr region {CRR) according to embodiments,;

(6618}  FIG 1B iustrates a process tor determining and presenting field view history-

matched well quality data according to embodiments;

(6619}  FIG 1C illustrates an example representation of a device determining and presenting

field view history-matched well guality data according to embodiments;

186207  FIG. 1D 1s a schematic block diagram of a data processing system for simultaneous
visualization for all history-matching parameters for each well in a field using real time data

from sensors and downhole gauges of subsurface earth formations.

18621} FIG. 1E, presented on multiple drawings sheets as FIG. 1E-1 and Fig 1E-2,is 2

functional block diagram of a set of data processing steps performed in a data processing system
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tor displaying a tield-level view of history-match quality of all wells in a tield using available

observed well dynamic data.

108221  FIG. 1F is a graphical representation of a History Match Advisor interface showing
the results of the set of data processing steps of FIG. 1A performed in a data processing system

according o embodiments.

166237 FIG ZA1s a functional block diagram of a set of data processing steps performed in a
data processing system for displaying a Spatio-Temporal Viz Graphical user interface using
Ve

available observed well dynamic data from the field according to the present disclosure.

10024]  FIG. 2B 1s a screen shot depiction which shows a Spatio-Temporal Viz Graphical user
interface showing the results of the set of data processing steps of FIG. 2A performed in a data

processing system according to an embodiment of the disclosure.

186237  FIG. 3 is a screen shot depiction of a user interface screen showing a Multi-run
comparison of wells' datum pressure history-match quality in space resulting from the set of data
processing steps of FIG. 2A performed in a data processing system according to an embodiment

of the disclosure.

186267  FIG. 418 a screen shot depiction of a user interface screen which shows a Time-lapse
pressure plot display for all wells completed in the same reservoir resulting from the set of data
processing steps of FIG. 2A performed in a data processing system according to an embodiment

of the disclosure.

166277 FIG 5A1s a functional block diagram of a set of data processing steps performed in a
data processing system for displaying a Spatial view plot display of identified pressure groups

for all wells in the same reservoir according to an embodiment of the disclosure.

8628} FIG. 5B 1s a screen shot depiction of a user interface screen which shows a Spatial
view plot display of identified pressure groups for all wells in the same reservoir resulting from
the set of data processing steps of FIG. SA performed in a data processing system according o

an embodiment of the disclosure.

166297 FIG. 615 a screen shot depiction of a user interface screen which shows a Seismic and

geologic faults overlaid on pressure groups map display for all wells in the same reservoir
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resulting from the set of data processing steps of FIG. SA performed in a data processing system

according to an embodiment of the disclosure.

186367  FIG. 7A 15 a functional block diagram of a set of data processing steps performed ina
data processing system for displaying a Comparison of geo-model connectivity with observed

well connectivity within identified pressure groups for all wells in the same reservoir according

to an embodiment of the disclosure.

(6631}  FIG 7B is a screen shot depiction of a user interface screen which shows a
Companson of geo-model connectivity with observed well connectivity within identitied
pressure groups for all wells in the same reservoir resulting from the set of data processing steps

of FIG. TA performed in a data processing system according to an embodiment of the disclosure.

18632]  FIG. 8A 15 a functional block diagram of a set of data processing steps performed in a
data processing system for displaying a Front module graphical user interface according to an

embodiment of the disclosure.

(6633} FIG. 8B is a screen shot depiction which shows a Front module graphical user
interface resulting from the set of data processing steps of FIG. 8A performed 1o a data

processing system according to an embodiment of the disclosure.

10034 FIG. 9A is a functional block diagram of a set of data processing steps performed in a
data processing system for an Insight graphical user interface according to an embodiment of the

disclosure.

[0635]  FIG 9B is a screen shot depiction which shows an Insight graphical user interface
resulting from the set of data processing steps of FIG. 9A performed in a data processing system

according to an embodiment of the disclosure.

10836]  FIG. 1013 a schematic diagram of a dynamic wodel of a subsurface hydrocarbon

reservoir according to prior art.

18637  FIG. 11 is a schematic diagram showing a pressure downhole measuring system

according to prior art.
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(8638}  FIG. 12 illustrates CRRs according to embodiments and visualization output

according to embodiments.
DETAILED DESCRIPTION

1863917 Ewmbodiments of the present disclosure are directed to systems and methods for
assessing history-match guality of wells in a field. Embodiments include methods for
determining and presenting field view history-matched well quality data. According to
embodiments, history matching includes adjusting a model of a reservotr, such as calibration of
a geo-model, using available well dynamic data. Embodiments can also include use of spatio-
temporal visualizations generated to assist with history matching. History maiching can be
performed to calibrate a model and account for past behavior of a reservoir such that historical
production and pressures are matched as closely as possible in the model. The accuracy of the
history matching may depend on the quality of the reservoir model and the quality and quantity
of pressure and production data. By providing visualizations according to one or more
operational functions, the ability of a geo-model to characterize wells and a well field may be
assessed. According to embodiments, processes are provided to perform history matching in
order to generate a model of wells in a field that simulates future reservoir behavior and cutput.
Embodiments include operations performed using well data to generate visualizations of well
behavior, model accuracy and output indications of modeling accuracy based on known
geological properties in the reservoir. Processes are provided to simultaneously perform one or

more operation functions and output visualizations.

100407  Methods are also provided for assessing history-match quality of all wells o a field
based on observed well dynamic data from the field, coliecting and displaying field view
history-matched well quality data, and providing sumultaseous visualization of history-matching

parameters for each well of a well field.

10641} Embodiments are also directed to systems for collecting and displaying figld view
history-matched well quality data. Systems can include a device and/or at least one receiver
configured to receive well data for a well field. Systems may include one or more downhole
sensors to generate well data and a receiver configured to receive dynamic well data. According
to erobodirnents, the systemy may be configured to provide simultaneous visualization of history-

matching parameters for each well of a well field.
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[8642]  Systems and processes described herein can be performed by one or more devices
including processors configured to receive and or utilize a geo~-model for a well site. In addition
to calibration of a geo-model for a site, device configurations may be configured to generate one
or more visualizations to assist with evaluation of wells in a well region. In addition to
visualizations, processes described herein may be configured to group wells and in turn identify
connected reservoir regions {CRRs), performo history matching for the wells, and simultaneously
display actual and simulated data for history matching a full reservoir field. Visualizations can
include side-by-side and/or overlaid comparisons of actual and simulated data for history

matching a full reservoir field using observed well dynamic data.

16643}  Systerns and methods described hergin can include performing functional operations
on received well data including at least one of a trend operation, geo-probe integration operation,
history maich advisor operation, spatio-temporal operation, front operation and insight
operation. The trend operation may group wells and determine wells groups using pattern
recognition of well tiroe lapse pressure trends based oo well data. By grouping wells, at least
one connected reservoir region {CRR} may be identified. A geo-probe integration operation can
integrate data for a CRR and evaluate a three-dimensional (3D} static model for the plurality of
wells in each CRR. The geo-probe integration operation can assess characterization of
stmulated well pressure by the geo-model. A history match advisor operation can generate a
combined display of time dependent and depth dependent representation of well data and well
measurement results. A spatio-temporal operation can generate a space and time visualization of
well data. A front operation can irack simulated injected fluid front and check consistency with
measured data. An insight operation can report static changes between an original static model
and a history match static model. Hach of the functional operations includes generating a

visualization that may be cutput as part of a history match advisor interface.

16644}  Processes and configurations described herein provide several advantages. Unlike
conventional processes that are limited in perform single well comparisons, processes and
systems can provide history matching based oo well data for a well field and for connected
reservolr regions. As such, the time required for history matching can be improved. Another
benefit of processes and systems described herein is simultaneous analysis of depth dependent

and time dependent measurements.
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[8645]  The follow terms used herein have the following meaning. Datum pressure is the
stabtlized pressure recorded in a shut-in well corrected to a reference depth. Water-cut is the
percentage of water to total liquid produced by a well. GOR is a well’s produced Gas to Oil
ratto. MDT is a measurement of pressure with depth usually at the tivoe of drilling a well. PLT
is a wells productivity/water production variation with depth. PNL is a well’s fractional water

saturation variation with depth.

[8646] It is against the above-mentioned background that the present disclosure discusses a
system and method for displaving historv-match quality for all wells in a field-level view,
thereby speeding up the history matching process when implemented, for exarmple, as a set of
processor steps performed according to the methodology of the present disclosure on hardware

of a data processing system.

(06471 Referring initially to FIG. 1A, a graphical representation is shown of an example
system and an example well field. According to embodiments, system 100 roay be counfigured to
collect and display field view history-matched well quality data for a well field 101 having a
plurality of wells 102, System 100 may include device 103, receiver 104, and downhole sensors
10510 Device 103 may be a well quality data interface unit, such as a computer, laptop, of
mobile device having a user interface to present data and reciee user input. Receiver 104 can
collect and organize data from the wells. Downhbole sensors 10510 may be configured to detect
dynamic well data for wells 102, System 100 may include a downhole sensor, such as
downhole sensors 1051, for each of wells 102, Device 103 may be configured to receive well
data from receiver 104 and to determine and assess history match quality using one or more
processes and operations described herein. As described herein history match guahity
determinations may include ratings of wells and /or regions, such as good, acceptable and poor,
based on the ability of a geo-model to characterize a well. In addition, a user interface as
described herein may present graphical elements to indicate the history match quality

determinations.

[0648]  FIG. 1A iliustrates an example system and an example well field and a graphical
representation of a connected reservoir region (CRR} according to embodiments. According to
embodiments, system 100 and device 103 may be configured to perform history matching of
well data tor a well field immcluding a first well, such as well 106, and a second well, such as well

107, Device 103 may be configured to receive dynamic well data for wells 102 and to identity
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CRR 108 including a plurality of wells 109, History matching and geo model data for CRR 108
may be used to assess wells within CRR 108, According to other embodiments, history
matching and geo model data for CRR 108 may be used to evaluate wells and/or well data of
other wells, such as one of more of well 106 and well 107, As described herein, evaluations of
wells 102 may be used to generate visualizations wherein graphical elements may be determined
for each well, such as a color code, display indicator and/or graphic to characterize wells. FIG.

1¥ illustrates visualizations for a well field according to embodiments.

10049  As described heretn, device 103 may be configured to perform one or more functional
operations using well data and a model of the well field. In addition, device 103 may be
configured to determine and present visualizations for history-matched well quality data.
System 100 and device 103 may be configured to perform one or more of the processes
described herein. As such, system 100 can collect and display field view history-matched well
quality data. System 100 can also assess history-match quality of all wells in a field based on
observed well dynaroic data from the field. System 100 can also providing simultaneous

visualization of history-matching parameters for each well of a well field.

(6650}  FIG. 1B illustrates a process for determining and presenting field view history-
matched well quality data according to embodiments. According to ernbodiments, process 110
may be performed for history matching. By way of example, process 110 may assess history-
match quality of all wells in a field based on observed well dynamic data from the field.
According to ancther example, process 110 may collect and display field view history-matched
well quality data. According to yet another example, process 110 may provide simultaneous
visualization of history~-matching parameters for each well of a well field. Process 110 may be

performed by device including a processor as discussed below with reference to FIG. 1C.

18651} Process 110 includes receiving well data for a plurality of wells of a well field at block
111, Atblock 111, the device may also recetve model data for at least one well of the plurality of
wells and the well field. Well data received may be for a wells in a particular area or region of
the field. Well data for the plurality of wells may be dynanuc data generated by downhole sensors
in the well field. According to embodiments, the well data includes dynamic well data for at least
one of datum pressure, water-cut, gas to ol ratio {GOR), measurement of pressure with depth
{MDT), well productivity and water production variation with depth (PLT), and well fractional

water saturation variation with depth (PINL}.
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[0052]  Process 110 includes performing functional operations at block 112, According to
embodiments, a plarality of functional operations may be performed using the well data and a
model of the well field. According to embodiments, the plurality of functional operations include
a trend operation, a geo-probe utegration operation, history maitch advisor operation, a spatio-
temporal operation, a front operation and an insight operation. Performing each of the functional
operations ocludes generating a visualization. The functional operations may be performed to
calibrate a model of the well field using time dependent and depth dependent parameters

stmultaneously.

[8633]  According to embodiments, a trend operation is configured to determine well groups
using pattern recognition of well time lapse pressure trends based on the well data. Based on the
well group determinations, the trend operation is configured to 1deuntify at least one connected
reservoir region {CRR). The trend operation may also generate a time-lapse pressure plot
display for the at least one CRR including seismic and geologic faults overlaid on a pressure

group map display for all wells in the CRR.

[6654]  According to embodiments, a geo-probe integration operation configured to integrate
data for each CRR and evaluate a three-dimensional (3D) static model for wells in of each CRR.
The geo-probe integration operation s configured to assess geo~-model characterization of
simulated well pressure. The geo-probe integration operation may also cutput a visualization to
compare simulated pressures for all wells within a CRR and provide a reference for observed

pressure data.

16655 According to embodiments, a history match advisor operation s configured fo
generate a history match static model including a combined display of time dependent and depth
dependent representation of the well data. The history match advisor operation may also be
configured to display a plurality of history match parameters including match quality of

simulated time-lapse datum pressure to observed datum pressure.

10056]  According to embodiments, a spatio-temporal operation configured to generate a
space and time visualization of the well data. The spatio-temporal operation may be configured
to generate a visualization tncluding a graphical element representing history mwatch quality for

each well within a well plot.



WO 2022/020282 PCT/US2021/042273

12

186577 According to embodiments, a front operation is configured to track simulated injected
fluid front using the well data. The front operation may generate a spatial and time visualization
of fluid front advance through well water-cut data. The front module can compare observed
water~cut with sunulated water-cut in order to have a global perspective of whether or not the

simulation model follows the observed flood front advance.

(6058  According to embodiments, an insight operation configured to report static changes
between the model of the well field and the history match static model. The insight operation 18
configured to generate a visualization of well results including a graphical element representing

permeability for each well.

180397  Atblock 113, process 110 includes outputting a history match advisor interface. The
history mateh advisor interface may inchude visualizations for each of the plurality of functional
operations, the history match advisor interface including a representation of the history match
static model. FIG. 1D illustrates an example history match advisor interface including
representations for well data like datum pressure, water-cut, GOR, MDT, PLT, PNL, etc.
According to embodiments, visualizations of the history match interface may be selected to aid
in history matching. By providing output of muitiple functional operations in an interface, the
process for lustory matching 18 improved. In addition, the interface can provide a field level
view of history match quality of each well in a field. Process 110 may also include calibrating
the model of the well field using at least one determination of the functional operations at block
113. Process 110 may also calibrate a geo-model using time dependent and depth dependent
parameters simultanecusly at block 113 based on the functional operations performed in block

112

1006061  Process 110 may optionally 1uclude receiving an interface selection at block 114, The
interface selection may be of one or more visualizations. In embodiments, the interface
selection may generate enlarged views of visualizations. In other embodiments, the interface
selection may include adjusiments to a geo model to match dynamic well data. As such, process
110 may optionally update a history match advisor intertace at lock 115 in response to an
interface selection at block 114, According to embodiments, process 110 may optionally update

a geo-model at block 110 in response to an interface selection at block 114,
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19661} FIG. 1C illustrates an example representation of a device determining and presenting
field view history-matched weil quality data according to embodiments. According to one
embodiment, device 117 may relate to a device {e.g., device 103) configured to receive well data
from receiver 119, Device 117 roay be patt of a system, such as systern 100 of FIG. 1A, Device
117 may be configured to receive well data for a plurality of wells in a well field.  According to
one or more embodiments, device 117 includes controller 118, receiver 119, memory 120 and

input/cutput block 121.

186627  Controller 118 may be to a processor or control device configured to execute one or
more operations stored 1n memory 120, such as processes for functional operations. Controller
118 may be configured to perform one or more processes herein including process 110 of FIG.

1B, According to embodiments, coniroller 118 may be a history matching processor.

19663] Controller 118 may be coupled to mernory 120, O 121 and receiver 119, Controller
118 may be configured to control operations based on one or more tnputs from IO block 121.

Device 118 may output a history match advisor interface data by way of /O block 121,

18064}  FIG. 1D 15 a schematic block diagram of a data processing systern for simultaneous
visualization for all history-matching parameters for each well in a field using real time data
trom sensors and downhole gauges of subsurface earth formations. According to embodiments,
system 122 may perform processes described herein, such as process 110 of FIG. 1B, System

122 may include a device to perform functional operations, such as device 117 ot Fig. 1C.

10065  As depicted by FIG. 1D, system 122 may include a computer (C) 123 having a
processor 124 and memory 125 coupled to the processor 124 to store operating instructions,
control information and database records therein. The data processing system (D} 126 canbe a
computer of any conventional type of suitable processing capacity, such as a mainframe, a
personal computer, laptop computer, or any other suitable processing apparatus. It should thus
be understood that a number of commercially available data processing systems and types of

computers may be used for this purpose.

[6666]  The computer 123 has a user interface 127 and an cutput data display 128 for
displaying a field-level view of history-match quality of all wells in a field using available
observed well dynamic data like datum pressure, water-cut, GOR, MDT, PLT, and PNL as input

parameters. Other examples of such input parameters, features and configurations of each well
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in the field may include ol production rate; gas production rate; water production rate; wellbore
deviation; region permeability; region average porosity, well perforations; distance from oil-
water contact depth in reservoir; distance from water-gas contact depth in reservoir; distance
from gas-oil contact depth in the reservoir and distance from free water table o the reservoir. It
should be understood that other input parameters, features and configurations of each well in the

field mway also be provided.

186677 Itisto be appreciated that the displayed field level view is a plot of simulated data
with the observed well dynamic data on a well-by-well basis to provide an indication of history
match-quality and by inference, the quality of an associated dynamic model M, such as depicted
by FI(G. 10 and also disclosed and shown in U.S. Pat. No. 9,896,830, owned by the assignee of
the present disclosure and which disclosed is incorporated fully herein by reference. The output
display 128 includes components such as a printer and an output display screen capable of
providing printed output information or visible displays in the form of graphs, data sheets,
graphical images, data plots and the like as output records or images and may present maenu

128a.

{6068}  The user interface 127 of computer 123 also includes a suitable user input device or
input/output control unit 129 to provide a user access to control or access information and
database records and operate the computer 123, Data processing system 126 further includes a
database 126a stored in computer memory, which may be internal memory 126b, or an external,

networked, or non-networked memory in an assoctated database server.

10069]  The data processing system 126 includes program code 125a stored 1u nou-transitory
form in memory 125 of the computer 123. The program code 125a according to the present
disclosure 1s in the form of nov-transitory computer operable instructions causing the data
processor 124 to perform the computer implemented method of the present disclosure in the

manner described above and illustrated in FIGS. 1A-9B, and 12,

186767 It should be noted that program code 125a may be 1n the form of microcode,
programs, routines, or symbolic computer operable languages that provide a specific set of
ordered operations that control the functioning of the data processing system 126 and direct its
operation. The tnstructions of program code 125a may be stored o non~transitory form o

memory 125 of the computer 123, or on computer diskette, magnetic tape, conventional hard
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disk drive, electronic read-only memory, optical storage device, or other appropriate non-
transitory data storage device having a computer usable medium stored thereon. Program code
125a may also be contained on a data storage device such as a server as a non-transitory

computer readable medium.

80781 As disclosed in U.S. Pat. No. 9,896,830, FIG. 1015 a simplified model M of a portion

of a subsurface hydrocarbon reservoir for which production results based on operating

18672}  For a giant reservoir, the physical size of the reservoir may be several miles in length,
breadth and depth in its extent beneath the earth and might, for example, have a volume or size
on the order of three hundred billion cubic feet. For reservoirs of this type, the actual number of
wells i a field may also be on the order of a thousand, with each well having a number of

perforations into producing formations.

186737  FIG. 11 illustrates a prior art example placement of a group G of wells Win a field F
from a portion of a farge reservoir R of the type and size exemplified by the mode]l M of FIG.

10. A field F typically has a plurality of such groups G, indicated by the color coding in these
figure for Group 1- Group 6, and gp O-gp 10, respectively. The wells in each group G typically
include production wells, injection wells and cbservation wells and are spaced over the extent of
the reservoir, As indicated, certain ones of the wells W represented by each group G are
provided with permanent downhole measurement systems 20, which are known as PDHMS. The
PDHMS 20 may, for example be of the type described in US. Pat. Nos. 8,078,328 and
8,312,320, commonly owned by the assignee of the present application. The subject matter

disclosed 1n U.S. Pat. Nos. 8,078,328 and 8,312,320 18 fully incorporated herein by reference.
3 3 M z o p .
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[8674]  The PDHMS 20 include surface units which receive reservoir and well data in real
time from downhoele sensors 22. The downhole sensors 22 obtain data of interest, and for the
purposes of the present disclosure the downhole sensors include the previously mentioned
available observed well dynamic data for all groups G of wells W in the reservoir field F. The
downhole sensors 22 furnish the available observed well dynamic data, collected in real-time,
from the wells W, and a supervisory control and data acquisition (SCADA) system with a host

.....

the wells in their respective group G

10075]  FIG. 1E, presented on multiple drawings sheets as FIG. 1E-1 and Fig 1E-2,is 2
functional block diagram of a set of data processing steps performed in a data processing system
tor displaying a tield-level view of history-match quality of all wells in a tield using available
observed well dynamic data from the field like datum pressure, water-cut, GOR, MDT, PLT,

PNL, and the likes according to the present disclosure.

186767  With the collected observed well dynamic data, functional modules of the system as
described herein {e.g, system 100, system 126, etc ) implemented according to the hereinafter
disclosed data processing steps provide better visualization and faster integration of well data to
help speed up reservoir understanding, characterization and calibration (history matching).
According to embodiments, six main functional moduies are provided, which are elaborated tn

more details subsequently. These functional modules are as follows:

186777  History Match Advisor: Combined display of ime dependent and depth dependent
well results for improved reservoir undersianding which would aid siroultaneous calibration

{history matching) of all parameters.

(6078}  Spatie-Temporal Viz: This provides a visualization of well results in space and time,
this helps to cross~-check each well’s result consistency or not with s neighbors thereby offering

a high tevel data/results quality check.

186797  Trend: Data Analytics module that uses pattern recognition to automatically group
wells based on time-lapse pressure trends to create Connected Reservoir Regions CRR which

helps understanding of fault status and rock guality.
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[0680]  Geo-probe: Integration of CRR for providing quick feedback for 3D static model

guality in order to improve geo-model characterization.

10081  Front: This module provides a tracking of tnjected fluid front in simulation, and

checks its consistency or not with measured data

186827  Ensight Thisis a 2.5D peer or management review module that reports the static

model changes between original static model and history-matched static roodel.

16083]  Each of the above noted modules may be listed and reached, e.g., directly from a
menu displayed on the graphical user interface 127. A user can use, €.g., the input device 128 to
select and have the processor run {start) the associated processor steps detailed hereinafter for
the selected module in order to present information in the particular manner of an associated

graphical user intertace also detailed hereinafter.
[0884] Histoery Match Advisor Module

180837  Current practice of history matching (HM} of observed well data is usually done ina
sequential fashion. Engineers finish the HM of datum pressure before beginning HM of MDT
because the visualization templates for these data are different {datum pressure is pressure vs.
time plot, while MDT 15 pressure vs. depth plot). The same way, engineers finish water-cut
match before visiting the PLT and PNL match because the visualization templates for these are
different (water-cut 1s Yowater-production vs. time, PLT productivity profile vs. depth and PNL
is Yewater-saturation vs. depth} . In existing visualization tools {e.g., Eclipse-Office by
Shlumberger, Tempest View by Roxar), these simulation outputs are stored in different folders.
Engineers therefore focus ou history-maiching one type of data per time. Gowng to check each

well result in the different cutput folders could be very tasking and distracting.

[8086F  An identified problems of previous processes is that while modifications were being
made to maich datum pressure, atiention is not being paid to the impact of these modifications
on water-cut match, so by the time datum pressure match ts completed, the modifications that
would be required 1n order to HM water-cut may mess-up the datum pressure maich already
achieved. Iterations would then have to be made {0 attain compromises that allow satisfactory
match of both datum pressure and water-cut. Now imagine by the time datum pressure and

water~cut are matched, the modifications that would be required to history match MDT pressure
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may mess-up the datum pressure and water-cut matches already achieved, iterations would again
be necessary 1o ensure compromise modifications that would aliow to maich the three sets of
data. For a reservoir containing few wells, such back-and-forth could be manageable, but for a

reservolr with several hundreds of wells, 1t could be really cumbersome.

16687}  Turningto FIG. 1E, a flow chart displays a set of processor steps and a process that
can be implemented by a device and/or as program code 1252 in memory 125 (and/or memory

126h) and performed by processor 124 in a data processing systern 126 (FIG. 1D) which can

result in determining a §

&y using simulated well results and avai

according to the present disclosure. FIG.
1E and the other flow charts depicted by the figures and disclosed heretn indicate the basic
computer processing sequences of the present disclosure and the computation taking place in the
data processing system 126 for a history-match quality determination according to the present
disclosure. Output of the processor steps carried out by the processor 124 in the flow charts are
tllustrated as the various screen shot depictions of graphical user interfaces (e.g., which permits
further parameter, well, and/or field selection and/or adjustment of displayed data and/or
resulting content viewed), which are displayed by the processor 124 on graphical user display

128 disclosed herein.

10088} FIG. 1E illustrates process 130 which may be initiated by read simulation resuits and
observed data for selected well from database 126 at block 131, Process 130 may characterize
and analyze wells as producers or injectors. If the well is characterized as a producer at block
132, process 130 includes plotting liquid production rate for simulated and historical data at
block 133, plotting otl production rate for simulated and historical data at block 134, plotting
water cut for simulated and historical data at block 135, and plotiing gas-oil for simulated and
historical data at block 136, At block 137, process 130 determines if a well 1s an injector and
water injection rate 1s plotted simulated and historical data at block 139, Atblock 140, datum
pressure and flowing pressure is determined. Process 130 includes plotting MBDT pressure vs.
depth for simulated and hustorical data at block 141, plotting PLT pressure vs. depth for
simulated and historical data at block 142, plotting PNL pressure vs. depth for simulated and
historical data at block 143, plotting permeability for simulated and historical data at block 144,

plotiing porosity at block 145, and plotting well trajectory at block 146, At block 147, simulated
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and observed pressure match statistics may be calculated. At block 138, a next wel may be

selecied.

[0089F  Atbiock 148, for each data point simulated datum pressure may be extracted at the
same data as observed datum pressure to assess simulated data compared to dynamic data.
Datum pressure match quality, water-cut maich quality, MDT match quality, and the like may be
characterized at block 148. FIG. 2B illustrates graphical cutput including a pie chart showing
the history match statistics for a given simulation run. Statistics can include how many wells
have a good match {(as explained in HMA section), how many wells have acceptable match, and
how many wells have a poor match. The overall quality of the simulation run is that of the
largest pie. In FIG. 2B, the simulation run has a poor quality, because majority of the wells have
poor match quality Well guality may be judged acceptable at block 149 if the model is
acceptable, a well quality may be judged as poor at block 150 if the model 15 not acceptable. At
block 151 well quality may be judged as acceptabie if neither good nor poor. At block 152, well
resulis may be plotted with graphical elements, such as in a pie chart to present good, acceptable
and poor ratings. At block 153, dates may be created in 1-month intervals for viewing

parameters,

196906}  FIG. 1F is a graphical representation of a History Match Advisor interface showing
the results of the set of data processing steps, such as data processing steps of FIG. 1E

performed in a data processing system according to an embodiment of the disclosure.

100%1]  For example, FIG. 1B is a screen shot depiction which shows the results of the
processing performed in FIG. 1A displayed in a History Match Advisor interface 160 according
to an embodiment of the disclosure. In FIG. 18, the tollowing is seen in each labelled plot
section. The History Match Advisor Interface displays all the HM parameters at once in a single
view and with a single click resulting in Plots (a)-(m) labeled as 161-172, which are discussed

hereafter.

18692}  Plot (a) 161 shows the match of well hiquid production rate (both simulated and
historical). Plot (b) 162 shows the match of well oil production rate (both simulated and
historical}. Plot (¢} 103 shows the match of well water injection rate (both simulated and
historical). The current well plotted 13 a producer, hence vo record is plotied oun the water

injection chart. Plot {d) 164 shows the match of well static and flowing pressure (both simulated
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and historical). Plot (¢} 165 shows the match of well water-cut (both simulated and historical).
Plot (f) 166 shows the match of well GOR (both simulated and historical).

18693}  Plot (g} 167 shows the match of MDT (pressure vs. depth} wherein a user dispiay
could present data with graphical attributes described below with exemplary graphical

attributes/colors, by way of exanple:
- a brown line may be used to show simulated MDT at initial conditions;
- a green line may be used to show simulated MDT at end of history match period;
-a red line may be used to show simulated MDT at date of measured MDT data; and
- black dots may be used to show measured MDT data.

186947  Plot (h) 168 shows the match of PLT (Sowater-production vs. depth} wherein a user
display could present data with graphical attributes described below with exemplary graphical

attributes/colors, by way of example:
- a brown line may be used to show simulated PLT at well start-up;

- a green line may be used to show simulated PLT at well most recent production
date;
-a red Hine may be used to show simulated PLT at date of measured PLT; and

-black dots may be used to show measured PLT data.

10095]  Plot (1) 169 shows the match of PNL (water-saturation vs. depth) wheren a user
display could present data with graphical attributes described below with exemplary graphical

attributes/colors, by way of example:

a brown line may be used to show simulated PNL at initial conditions;

a green Hine may be used to show simufated PNL at end of history match period,

a red line may be used to show simulated PNL at date of measured PNL data; and

black dots may be used to show measured PNL data.

186967  Plot (§) 170 shows well permeability vs. depth profile (both core data and model data).
Plot (k) 171 shows well porosity vs. depth profile (both core data and model data). Plot (1} 172
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shows the reservoir zones where well has been perforated. Plot (m), pie chart 173 shows the
statistical match quality of the simulated datum pressure and the observed datum pressure for
selected well. Every well has a time-lapse datum pressure data measurement, and the simulator
also calculates time-lapse datum pressure for every well. History~-match quality indicator detines
how closely the simulated pressure matches the measured pressure at a given measured pressure
date. For example, if well-1 has § time-lapse datum pressure measurements at dates d1, d2, 43,
d4 and d5. The visualizer extracts the simulated pressure data at those dates and if the absolute
difference at any date 1s less than S0 psi it colors that date as green, if absolute ditference is
greater than 50 and less than 100, it colors that date yellow and if the absclute difference is
greater than 100, 1t colors that red. The pie chart 173 shows the proportion of observed pressure
dates where simulated pressure are good (<50), acceptable {51-100) and poor (>100}. The final
rating for the well is the rating with largest pie. In the current example, the well pressure match

15 pOOT,

[6697F o the well shown for dlusiration, the simulated well water-cut 15 higher than the
observed data (Piot e 1635}, thus it can immediately seen from Plots (1) 169 and (h) 158 that this
water 15 coming from depths below 8520 fiss. To addition, Plot (§) 170 indicates that the model
permeability below this depth is too high compared with core data and model permeability
above this depth is too low compared with core data. The History Match Advisor immediately
shows that the permeability in the model below 8520 fiss should be reduced in order to improve
the water-cut match. In order to improve the PLT match depicted by Plot () 170, for example,
increasing the permeability between 8450-8500 should result in consistency with core data. No
existing visualization tool brings together all these levels of details in order to permit an
engineer to see clearly what needs to be adjusted in order to proceed sirmnultaneously with all the

HM parameters.
16G98]  Spatie-Temporal Visualization Module

166997 FIG ZA 1s a functional block diagram of a set of data processing steps performed in a
data processing system for displaying a Spatio-Temporal Viz Graphical user interface using

available observed well dynamic data from the field according to the present disclosure.

1001006] FIG. 2A illustrates process 200 as a flow chart and a set of processor steps

impiemented as program code 125a and pertormed by the processer 124 according to the



WO 2022/020282 PCT/US2021/042273

e}

methodology of the present disclosure tn the data processing system D (FIG. 1D) which results

in a visualization of history~-mateh quality in space according to the present disclosure.

[86103] Process 200 may be initiated at block 205 with reading simulation results, observed
data and spatial location coordinates for i well. At block 206, the i observed datum pressure
data-point of i well is determined and at block 207 simulated daturn pressure is extracted at
same data as cbserved datum pressure. At block 208 an operation is performed to determine the
difference, such as diff= Absolute(wswp-wswph}. At block 209, the difference 1s characterized
and at block 210, process 200 determined whether more observed datum pressure points are
needed. It more datum points are needed {e.g., “YES” path out of block 210}, process 200
returns to block 206, If not, process 200 determines a characteristic of the well as good,
acceptable, or poor. At block 220, the spatial location of ith well 15 plotted using the computed
well with a graphical element indicating the quality determination, such as a guality color
legend. At block 225, process 200 determines if more wells are to be characterized. At block
230, process 200 plots the number of good quality wells, acceptable quality wells and poor
quality wells as a display element, such as a pie chart, to indicate the ageregate history match

guality of the simulation run.

[06102] FIG. 2B 15 a screen shot depiction which shows a Spatio-Temporal Viz Graphical user
interface showing the results of the set of data processing steps of FIG. 2A performed in a data
processing system according to an embodiment of the disclosure. An example output of the
process 200 is illustrated by FIG. 2B, which is a screen shot depiction which shows a Spatio-
Temporal Viz Graphical user interface 250 showing the results of the set of data processing
steps of FIG. 2A according to an embodiment of the disclosure. This interface permits the
visualization of history-match quality in space as shown in FIG. 2B, Actual well names and

field boundary have being masked for confidentiality purposes.

180103] The plot of FIG. 2B 1s made for the purpose of datum pressure match quality, water-
cut match quality, MIDT mateh quality, and the likes. The Pie chart 265 in FIG. 2B shows the
history match statistics for a given simulation run. That 18, how many wells have a good match
{as explained in HMA section), how many weils have acceptable match, and how many wells
have a poor match. The overall quality of the simmulation run is that of the largest pie. In this case

the simulation run has a poor quality, because majority of the wells have poor match quality.
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106104} Existing prior ast visualization software permit only visualizations at well by well
mode without any spatial cognizance of the well locations. For example in FIG. 2B, well 260
which has a good match guality and 1s surrounded by wells with poor quality immediately raises
a flag that requires attention. In this case, it was realized that well 260 bas recently being
recompleted in another reservoir, and the recent pressure being measured are wrongly included
in the measured pressure data for this well. In a well by well visualization, such an anomaly has

a high chance of going unnoticed.

[06105] In addition, different runs can be compared to see how most recent geo-model
modifications has impacted the history match qualities of the wells. The processor steps
performed according to the methodology of the present disclosure in the data processing system
D (FIG. 10) are the same as depicted by the flowchart of FIG. 2A just repeated for a second
simnulation run, in which the plot label 15 shown as a smaller circle inside the bigger circle of the
first simulation run. Whenever a given well quality is the same in the two simulation runs, the
colors would be the same and hence no differentiation of colors seen at that well location.
Whenever the well quality is different, we would see a smaller colored circle inside a bigger

different colored circle.

[96106] FIG. 3 1s a screen shot depiction of a user interface screen 300 showing a Multi-run
comparison 305 of wells' datum pressure history-match guality in space resulting from the set of
data processing steps of FIG. 2A performed in a data processing system according to an
embodiment of the disclosure. The user interface of FIG. 3, can display several wells {e.g well
310} such that wells may be turned from a red category o a green category, while some other
wells also tumed from green to red category 1o the user interface. To this example, the geo~-model
modification that turned wells from red to green category was applied only on a limited region
of the model. Having seen the benefit of such modification on the concerned wells, it would then
be applied on the entire gec-model. Well by well view that we have available today cannot give

such quick insight.
[66107] Trend Module

[86108] FIG. 418 a screen shot depiction of a user interface screen which shows a Time-lapse

pressure plot display for all wells completed 1n the same reservoir resulting from the set of data



WO 2022/020282 PCT/US2021/042273

24

processing steps of FIG. 2A performed in a data processing system according to an embodiment

of the disclosure.

[8610%9] According to embodiments, the trend module may perform multiple runs of datum
pressure. Pattern recognition may then be used to automatically group all time lapse pressure
trends and create a spatial sample of wells by pressure group. Different views of the user
interface can be compared using the output of processor steps performed according to the
methodology of the present disclosure tn the data processing system D (FIG. 10) as depicted by
the flowchart of FIG. 2A. For example, a user may select to view the data resulting from the
flow chart of FIG. 2A in a Time-lapse pressure plot 400 for all wells completed in the same
reservotr as depicted by FIG. 4 according to an embodiment of the disclosure. Hachwell ina
reservoir will usually have several measured datum pressure (time-lapse pressure), and the
Time-fapse pressure plot 400 display for all wells corupleted wn the same reservorr depicted by
FIG. 4 provides an initial visual appreciation of the various pressure groups prior to detatied

isolation of the wells belonging to each group according to an ermsbodiment of the disclosure.

100118] Time-lapse pressure are shut-in pressures recorded in each well at different times over
its production/injection life. If neighboring wells are in dynamic communication, then it is
expected that they will have the same trend of time-lapse pressure. FIG. 4 iHustrates pressure
measured from several wells over a period of time. As shown 1n FIG. 4, there are about 3 trends
of pressure. Since there are a lot of wells (about 200 in FIG. 4), a pattern recognition algorithm

is used to determine which wells belong to which trend.

[80181] According to embodiments, different views may be provided by further processor
steps to help with the HM quality assessment. FIG. 5A is a functional block diagram of a set of
data processing steps performed in a data processing system for displaying a Spatial view plot
display of identified pressure groups for all wells in the same reservoir according to an
embodiment of the disclosure. The processor steps of FIG. SA use pattern recognition for
automatic grouping of all time-lapse pressure trend and creating a spatial display of all wells

colored by the pressure group to which they helong.

[8611¥2] Process 500 may be initiated at block SO5 with reading observed datum pressure data
for all wells in well hist. At block 506, observed daturn pressure data~-poinis of a first well are

plotted as a reference for well group 1. At block 507, observed datum pressure of a next well is
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plotted on same graph as group-1. At block 508, process SO0 determines if well datum pressure
follows the same trends as group-1 wells. If so, process 500 then characterizes the well as
belong to the same pressure group-1 at block 509, For a well that does not follow the trend at
block 508, process 500 deterroines if the well daturs pressure trend fits any other existing
pressure groups at block 511, If'so, process 500 characterizes the well with the identified
pressure group. At block 512 process SO0 can creafe a new pressure group plot, with a well
serving as the reference for a new group. At block 513, process 500 cheeks if more wells need
to be grouped. At block 514, spatial locations of wells may be read in a well list and at block
515 the spatial Jocations of wells may be plotted using the same color legend for all wells within

each pressure group.

[06113] FIG. 5B 1s a screen shot depiction of a user interface screen which shows a Spatial
view plot display 550 of identified pressure groups for all wells 1u the same reservoir resulting
from the set of data processing steps of FIG. 5A according to an embodiment of the disclosure.
Actual well names and field boundary have being masked for confidentiality purposes. Plot 350
is immediately helpful to the geo-modeler who is then required to ensure that the distribution of
model perroeability ensures that wells within each pressure group are not disconnected by

fictitious low permeability barriers caused by umproper choice of variogram range.

108114} The other significant value of this Trend visualization is a preliminary assessment of
the dynamic nature of any seismic or geologically identified faults, which is determined
according to the data processing steps shown by FIG. 5A, except for the addition of the
processor reading from the database 126a and plotting on the display 128 fauilt trace if a
reservolr bas identified faults. An example output of such processing is iHustrated by FIG. 6,
which is a screen shot depiction of a user interface screen which shows example Seismic and
geologic faults overlaid on pressure groups map display 600 for all wells 1u the same reservoir
resulting from the set of data processing steps of FIG. ¢ according 1o an embodiment of the
disclosure. It1s seen that of all faults mapped, only F5 and F7, shown as 605 and 610
respectively, seem to have dynamic influence because the observed time-lapse pressure trends of
wells changes across these faults. For the other faults, even though they exast, they have no

significant barrier effect.
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(86115} Geo-probe Module

[86116] FIG. 7A is a functional block diagram of a set of data processing steps performed in a
data processing system for displaying a Comparison of geo-model connectivity with observed
well connectivity within identified pressure groups for all wells in the same reservoir according

to an embodiment of the disclosure.

[86117] FIG 7A1s a functional block diagram of 4 set of data processing steps implemented
as program code 125a and performed by the processor 125 in the data processing system 126 for
displaying a Comparison of geo-model connectivity with observed well connectivity within
identified pressure groups for all wells in the same reservoir according to an embodiment of the

disclosure. An example output is illustrated by FIG. 7B

[00118] Process 700 may be initiated at block 705 with selecting/determining all i groups of
FIG. 5A. Atblock 710, observed datum pressure data for a i wells of an i group is plotted, a
single plot may be used for all {* wells of each i group. For all i wells of the i group,
simulated datum pressure on the same graph may be read and plotted at block 715, Atblock

720, process 700 may check if more pressure groups are to be evaluated.

[86119] Operations of a geo-probe module may be used as a quick check of whether a 3D geo-
model is of good quality. Process 700 may receive data for wells, the data 1s imported into a
sunulation model and the simulated pressure of all the wells in the same CRR are plotted
together on the same graph Theoretically, all the wells in the same CRR should have observed
pressures that show similar trend and are aligned one on top of the other. If sitmulated plot of all
well pressure within a given CRR are not properly aligned, then the 3D model property is not
correct. FIG. 7B dlustrates that the siroulated pressure of wells in CRR-1 show more sigmificant
variation than the observed data show. According to embodiments, geo-probe plots include the
siroulated pressures of all wells withio each CRR, and compare the siroulated pressures with the

observed pressures from all the wells in the CRR.

[86126] FIG. 7B is a screen shot depiction of a user interface screen which shows a
Comparison of geo-model connectivity with observed well connectivity within identified
pressure groups for all wells in the same reservoir resulting from the set of data processing steps
of FIG. TA according to an embodiment of the disclosure. Plot 700 is a comparison plot to

assess the simulated pressure connectivity between wells tn a similar group. In FIG. 7B, dots
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755 are all the measured datum pressures of all the wells in pressure group-1 (FIG. 53B), while

fines 760 are the simulated datum pressures for these same welis,

[08121] In the illustrated example of FIG. 7B, the simulated pressures of the wells within
group-1 show a wide scatter of up to 700 psi whereas the observed data scatter of these same
wells 15 within 30 pst. The purpose of Geo-probe is not to check whether siroulation pressure 13
matching with observed pressure, but its purpose is to compare simulated pressures from all the
wells within a similar pressure group and see if their pressures show the connectivity suggested

by the observed pressure data.
186122] Front Module

[86123] FIG. 8A 1s a functional block diagram of a set of data processing steps implemented
as program code 125a and performed by the processor 125 in the data processing system 126 for
displaying a Front module graphical user interface according to an embodiment of the

disclosure.

[00124] Process 800 may be initiated at block 805 with selecting a date for analysis. At block
810, simulation results, observed data and spatial coordinates may be read for a i well. At
block 815, simulated wwet and wweth for | well {only producers) are extracted at the selected
date of analysis. At block 820, wells are grouped and at block 825, process 800 determines if
there are more wells in a list to group. At block 830, process 800 plots i well location wwet
and wwcth groups. When plotting the user interface may select graphical attributes, such as
colors, wherein the colors are sumilar for same range but the size of the wwct marker i1s larger
than that of the wwceth markers. At block 8335, injector well locations are plotted with colored

square markers {e.g., blue square markers}),

180125] A front module as described herein may be contigured to perform water front tracking
{e.g., injection front tracking}. through well water-cut data within the software. Front module
operations can create a dashboard that indicates the difference between original water saturation
and current water saturation at each well location and at every time-step. As such, the dashboard
can provide, at any chosen time-step (date), a display of areas of the reservoir have been invaded
by water and which are not. Both original and current water saturation may be obtained from
simulation results. The front module may take saturation from simulation results as input, and

outputs the delta~-saturation at each well location at every time-step in a color coded dashboard
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format. The front module can alternatively use observed water-cut data to create a dashboard
that indicates the magnitude of water-cut that have been measured at a well at a given date. By
using a colored coded dashboard to represent the magnitude of water-cut measured at each well
at a given (date), the distribution of water-producing wells, can be clearly displayed, which by
inference indicates the locations that the flood tront has reached. Embodiments may

alternatively take observed well water-cut data as woput.

[06126] FIG. 8B is a screen shot depiction which shows a Front module graphical user
interface 850 resulting from the set of data processing steps of FIG. 8A performed in a data

processing system according to an embodiment of the disclosure.

108127]  An output exaruple is illustrated by FIG. 8B, which 1s a screen shot depiction which
shows a Front module graphical user interface resulting from the set of data processing steps of
FIG. 8A according to an embodiment of the disclosure. The Front module graphical user
interface provides a spatial and fime-wise visualization of flood front advance through well
water-cut data. It always compares observed water-cut with simulated water-cut in order to have
a global perspective of whether or not the simulation model tollows the observed flood frout
advance. Existing visualization like Sim-reservoir by Roxar allows the visualization of
saturation front, but does not incorporate observed data and so we cannot know from Sim-
reservoir alone whether simulated front is consistent with observed data. Also, Tempest
visualization by Roxar allows a visualization of water-cut match at well level, but does not give
a perspective on global front advance with time. These same himitations also exist with Floviz

and Eclipse-Oftice by Shiumberger.

[00128] In FIG. 8B, the bigger circles are simulation result markers and the color of these
bigger markers in a user interface may be controlled such that the color depends on the range of
water-cut as shown on the legend. For example, a Green (grp0) color may mean less than 1%
water-cut, grpl means from 2 to 10% and grpl0 means trom 90-100% water-cut. Field
boundary and actual well names have been masked. The smaller circles are markers for the
observed water-cut data and their colors and group 1s exactly like the simulated result markers.
Hence whenever there is a match between simulated and observed water-cut, there would be a
small circle inside a big circle without any color contrast. But whenever there is a mis-match,

there would be a small circle within a bigger circle with a visible color contrast.
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[06129] This view can be displayed at chosen time-step by selecting the preferred date,
alternatively, all time steps can be played automatically like a movie by clicking the Track

hutton.

186138] In this particular time step showed, we can see that the observed data suggest that
crestal wells are at about 10% water-cut{grp 1), but simulation results suggests that the crestal

wells are still at 0% water-cut. Hence we see a lot grey small circles inside big green circles.
[63131] [Insight Module

[66132] FIG 9A 1s a functional biock diagram of a set of data processing steps implemented
as program code 125a and performed by the processor 125 in the data processing system D for
an Insight graphical user interface according to an embodiment of the disclosure. While dynamic
data plotting are the basis of ascertaining a history-matched model, it 1s static data that is usually
maodified in order to achieve this history match. Hence it 13 necessary to review the static data
modifications that were employed to move from initial geo-model to a history matched geo-
model. An output example for making such comparison ts Hustrated by FIG. 9B, whichis a
screen shot depiction which shows an Insight graphical user interface resulting from the set of
data processing steps of FIG. 9A performed in a data processing sysiem according o an
embodiment of the disclosure. Actual well names and field boundary have been masked for

confidentiality purposes.

[86133] Process 200 may be initiated at block 905 with reading stmulation resulis of model 1
and model 2, first and second models respectively. At block 910, for model permeability is
extracted for model 1 & model 2, at every k-layer where i well is connected to the grid. Model
permeability 1s then calculated for each connected k-layer at block 915, At block 920, for each
connected k-layer a color code may be determine for each well. Process 900 may include

;th

checking of more wells need to be processed at block 924 and plotting 1% well locations using

color code corresponding to calculated permeability.

108134] During processing of the processor steps of FIG. 9A, original and final Permeability
in all grid penetrated by a given well 1s compared and the multiplier factor is recorded. Wthe
maximum factor for a given well i3 less than two, then, 1t colors that well green {(good}, it the
maximum factor is between 2 and § it colors the well yeliow (acceptable), if the maximum

factor 18 between S-10, i colors the well brown {(questionable) and if greater than 10, i colors
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the well red (poor) as shown in FIG. 9B, This module helps peer reviewers and management

employees who are not involved in the day-to-day process of history matching to be able to see
at a glance the size and extend of modifications that have been made to the original geo-model.
The example shown in FIG. 9B shows that modification factors greater than 10 have been used

around the north-central wells.

[60135] Prior art tools, like SimReservoir by Aramco, make a difference map between the
inttial and static model, but then, visualization of difference would either be done by scrolling
through each laver or by finding the average of all layers and displaying this average. The
limitations of this approach are (1) in a typical model containing 150 layers, it would be very
tedious and time consuming to lock through the difference map of each of the layers and (1} in a
case where modifications are made on just 10 layers, the effect of this moditications on 10 layers
may be lost in the average map approach. With the current disclosure, every modification, no
matter how small in scale or scope would be detected. This is an important tool for peer and

management review.

[86136] v general, by the above disclosure it 18 10 be appreciated that ernbodiments of the
present disclosure uses pattern recognition data analytics to group wells’ time-lapse datum
pressure data. The resulting pressure groups map, as depicted by FIG. 1B and FIG. 2B for well
groupings that have similar time-lapse pressure evolution, are useful in making a quick
assessment of the sealing nature of faults and as input into 3D permeability modelling. This
pressure groups map is referred to as Connected Reservoir Regions CRR subsequently. This
information results in creation of connected reservoir regions which helps understand the nature
of faults (FIG. 3) or be used by geo-modeler to choose the appropriate vanogram ranges for 3D

permeability distribution in order to preserve continuity within each CRR.

186137] The current disclosure provides simultaneous visualization for all history-matching
parameters for each well. This allows the history matching of all parameters to proceed

sunultaneously rather than the existing practice of sequential process.

[66138] The above disclosed Front module permits water front tracking through wells” water-
cut data. This 1s important for placement of infill wells and for reviewing producing and

injection strategy to ensure a uniform front advance across the field.
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[06139] The above disclosed 3D module provides a rapid feedback about the quality of 3D
geo-model by checking whether the 3d static model conngctivity is representative of observed

connectivity in each pressure group.

[80148] Datum pressures are regularly measured on each well for reservoir monitoring and

management and there exists 107s of thousands of such data per reservoir.

[60141] Itisto be appreciated that the above disclosed modules provide a technical solution to
the problem of seeking smarter and faster means of visualizing well data, such as datum
pressures, MDT, PLT, PNL, water-cut, core data, PVT sample, Pressure Transient Testing PTA,
etc., at field scale for multiple reservoirs, each having several bundreds or even thousands of
wells, and intelligently integrating all these data for a better and faster reservoir understanding,

model calibration (History matching) and field development (Prediction).

[00142] For example, to ensure faster reservoir model calibration, the above described
modules enable simuitaneous history matching of all available dynamic parameters. This it does
by providing a visualization of all these well data in a single view and advice on what
modifications are necessary in order to ensure simultaneous consistency with all observed data.
More discussion was given earlier, under History Maich Advisor Module (FIGS. TA and 1B).
In addition, for example, to ensure better reservoir model calibration, the above described
modules permit spatial visualization of history match quality. For example, as was shown in
FIG. 2B, a green wellB surrounded by red wells raised and immediate flag which made us
realize that the input data for wellB were incorrect. Using the existing well-by-well
visualization, such an error would not have been spotted. By adopting field level visualization of
data and history match quality, each well is validated against surrounding wells for consistency.
More discussion is provided 1n sections associated with the Spatio-Temporal Visualization

Module (FIGS. 2A-3).

[06143] Furthermore, data integration is for example achieved by the Trend module where
pressure groups are used as an intial basis to understand the nature of independently defined

fanlts as shown in FIG. 6.

[66144] Moreover, these pressure groups are further integrated into the geo-modeliing
workflow in order to ensure that spatial connectivity of model 1s consistent with observed

pressure connectivity as illustrated in FIGS. 7A and 7B.
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[06145] In summary, emnbodiments of the present disclosure use spatio-temporal advisory
plots together with data analytics to achieve improved reservoir understanding and faster data

integration and model calibration.

[80146] The inventor has also noted that prior art software-based systems, such ase.g |
Tempest View by Roxar, Eclipse Office by Schlumberger, StimReservoir by Aramco, Floviz by
Schlumberger, and OFM by Schiumberger, all though suitable for their own purposes, fall short
in addressing the above noted problems that the modules of the present disclosure address. For
example, the focus of Tempest View and Eclipse Office are well-by-well line plots, they do not
offer spatio-temporal view of history-match quality as shown in FIG. 2B, In a typical type of
scenario where a reservoir has 600 wells, how can an engineer check the history-match quality
of 600 wells, one at a time, and do this for every new simulation run. The process would be slow
aund tedious. The modules of the software lets the engineer see at a glance where the poor

matches are, thereby making the process of deciding the way forward faster.

186147] SimReservoir can be used to provide spatio-temporal displays, but it is only limited to
sumulation resulis. So for example SimResevoir can display movernent of water front with time
across different wells, but it cannot compare this result with chserved data (as shown in FIG.

8B} 1n order to advice whether simulation result 1s consistent with measured data or not.

[00148] Current tools do not provide the kind of final vs. initial static model comparison
shown in FIG. 9B, By reducing a 3D comparison problem to 2.5D, that is, 2D comparison
displaved spatially. The invented tool makes comparison faster and changes much easier to

detect as earlier explained.

[80149] Current visualization tools do not provide data analytics functionality that helps to
extract information about reservolr connectivity regions from pressure data, neither do they

support the kind of data integration between pressure data and structural faults shown in FIG. 6.

[861380] Prior art tools focus on well-by-well visualization and do not provide a spatial view of

data, hence making field level quality check impossible as discussed in FIG. 2B,

[86153] Prior art visualization tools encourage history matching to be done in 3 sequential
fashion. This i1s because history matching parameters like daturm pressure, water-cut, GOR,

MDT, PLT, PNL have to be viewed mdividually and from different sections of the tool (for
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example, in Tempest-View, there is Well Summary section containing time dependent
parameters and Wellbore section containing depth dependent parameters). Also Eclipse Office
has the Summary section for time dependent parameters and the Solution section for depth

dependent parameters.

[80152] Becasuse of the inconvenience of moving between different folders, engineers would
usually complete the history matching of parameters available in one section of the tool before
moving to the next. The limitation here that when the history matching of time dependent data
has been completed, the model modifications required to history matching the depth dependent
parameters may distort the completed time dependent parameters. Hence the need for a tool that
provides all these visualization in one window, so the engineer can progress with both time

dependent and depth dependent parameters simultaneously.

[60153] Prior art methods are just for visualization and do not have functionality for data
integration. They cannot create pressure groups using data analytics, they cannot use these
pressure groups to define CRR, they cannot integrate the derived CRR with structurally defined

seismic-geological faults and 3D geo-model connectivity as shown in FI1G. 6 and FIG. 78,

100154] o short, prior art methods are just visualization tools and cannot be used for data
integration (FIGS. 6 and 7B), they cannot be used for rapid peer or management review of static
parameters moditications (FIG. 9B} and cannot be used for visualizing spatial relationship

between individual well data (FIG. 2B}

[86155] Some of the noted technical improvements and technical advantages, and not limited
thereto, provided by the embodiments of the disclosure are as follows. Ability to view both time
dependent and depth dependent history maiching parameters at once makes history-matching
process faster and less tedious especially with large reservoirs having several hundred wells
FIG. 1B Ability to view well data spatially at reservoir scale allows a high level quality check of
well data (FIG. 2B}, The incorporation of data analytics (automatic pressure pattern recognition
and grouping) permits the extraction of extra useful information from measured datum pressure
data FIG. 5B, Ability to integrate input data. For example data analytics is used to create CRR
FIG. SB, this CRR is integrated with Fault data to determine the sealing efficiency of Faults. For

example in FIG. 6, the numwerous faulis in the south cannot be sealing because wells across them

.....



WO 2022/020282 PCT/US2021/042273

14

can define these faults but do not know their dynamic nature, by using data analytics and
integration, this new tool provides preliminary understanding of the nature of these faults before
any reservoir simulation work. One dimensional (1D) comparison of static property changes
heing otfered by prior att tools have been upgraded to 2.5D, where well level comparison results

are displayed (not as line plots) but as quality indicators in space FIG. 9B.

[66156] FIG. 12 illustrates a graphical representation of connected reservoir regions according
to embodiments. Regarding pattern recognition for grouping wells, a model may be
selected/identified, observed data is received, and pattern recognition is performed. As
discussed herein, wells may be grouped into Connected Reservoir Regions (CRR) such that
CRRs appear to be wells identified as part of the pattern recognition and are a part of pressure
group maps. According to embodiments, pattern recognition may be performed by a computer
code that takes the time-lapse pressure data as input, and then outputs a text file containing well
names and associated pressure group, as shown in rightmost image below. The code may also
take additional toput information of well location coordinates and plots the location of each well
using same graphical/color code for all well in the same group, as shown in FIG. 5B for

example.

[861587] FIG 12 illustrates an example user interface 1200 including a reservoir region and
connected resvoir region 1205, Systems and methods described herein may determine one or
more regions, such as CRR 1210, and CRR 1215 for wells in connected resvoir region 1205
Connected reservoir regions CRR 1210, and CRR 1215 may be areas or polygons that define the
spatial limits of each pressure group. It is the spatial limits within which reservoir shows

dynaroic commuuication. User toterface 1200 illustrates four CRRs.

1001588] For the purposes of describing and defirung the present disclosure, it 1s noted that
reference herein to a variable being a “function” of a parameter or another variable is not
intended to denote that the variable is exclusively a function of the listed parameter or variable.
Rather, reference herein to a variable that is a “function” of a listed parameter is intended to be
open ended such that the variable may be a function of a single parameter or a plurality of

parameters,

IB61589] Itis also noted that recitations herein of “at least one” component, element, ete.,

should not be used to create an inference that the alternative use of the articles “a” or “an”
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should be limited to a single component, element, etc. For example, a device, a receiver, a

processor a computer or a display do not Himit the embodiments to single articles.

10016¢] It is noted that recitations heretn of a component of the present disclosure being
"configured” or “programmed” in a particular way, to embody a particular property, or to
function in a particular manner, are structural recitations, as opposed to recitations of intended
use. More specifically, the references herein to the manner in which a component is
"configured” or “programmed” denotes an existing physical condition of the component and, as

such, is to be taken as a definite recitation of the structural characteristics of the component,

[86163] It is noted that terms ftke “preferably,” “commonly,” and “typically,” when utilized
herein, are not utilized to Himit the scope of the claimed disclosure or to imply that certain
features are critical, essential, or even important to the structure or function of the claimed
disclosure. Rather, these terms are merely intended to identify particular aspects of an
embodiment of the present disclosure or to eraphasize alternative or additional features that may

or may not be utilized in a particular embodiment of the present disclosure.

[86162] Having described the subject matter of the present disclosure in detail and by
reference to specific embodiments thereof, it s noted that the vanous details disclosed herein
should not be taken to imply that these details relate to elements that are essential components of
the various embodiments described herein, even in cases where a particular element 1s illustrated
in each of the drawings that accompany the present description. Further, it will be apparent that
modifications and variations are possible without departing from the scope of the present
disclosure, including, but not limited to, embodiments defined in the appended claims. More
specifically, although some aspects of the present disclosure are identified herein as preferred or
particularly advantageous, it 1s contemplated that the present disclosure 18 not necessarily limited

to these aspects.

[86163] It is noted that one or more of the following claims utilize the term “wherein” as a
transitional phrase. For the purposes of defining the present disclosure, it is noted that this term
is introduced in the claims as an open-ended transitional phrase that is used 1o introduce a
recitation of a series of characteristics of the structure and should be interpreted in like manner

as the more coromonly used open-ended prearble term “comprising.”
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1. A method for determining and presenting field view history-matched well quality

data, the method comprising:

receiving, by a well quality data interface unit, well data for a plurality of wells in a well
field;

performing, by the well quality data interface unit, a plurality of functional operations
using the well data and a model of the well field, the plurality of functional operations comprising

a trend operation configured to determine well groups using pattern
recognition of well time lapse pressure trends based on the well data, wherein the
trend operation 13 configured to identify at least one connected reservoir region
{CRR},

a geo-probe integration operation configured to integrate data for each CRR.
and evaluate a three-dimensional (3D) static model for wells in of sach CRR,
wherein the geo-probe integration operation is configured to assess geo-model
characterization of simulated well pressure,

a history match advisor operation configured to generate a history match
static model including a corabined display of tiroe dependent and depth dependent
representation of the well data,

a spatio-temporal operation configured to generate a space and time
visualization of the well data,

a front operation configured to track simulated injected fluid front using the
well data, and

an insight operation configured to report static changes between the model
of the well field and the history match static model,

wherein performing each of the functional operations includes generating
a visualization; and

cutputting, by the well guality data interface unit, a history match advisor interface
including visualizations for each of the plurality of functional operations, the history match

advisor interface including a representation of the history match static model.
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2. The method of claim 1, wherein well data for the plurality of wells 15 generated by
downhole sensors in the well field, and wherein the well data includes dynamic well data for at
least one of datum pressure, water-cut, gas to otl ratio {GOR), measurement of pressure with depth
{MDT), well productivity and water production variation with depth (PLT), and well fractional

water saturation variation with depth (PINL}.

3. The method of claim 1, wherein the trend operation generates a time-lapse pressure plot
display for the at least one CRR including seismic and geologic taults overlaid on a pressure group

map display for all wells in the CRR.

4. The method of claim 1, wherein the geo-probe integration operation is configured to
output a visualization to compare simulated pressures for all wells within a CRR and provide a

reference for observed pressure data.

5. The method of claim !, wherein the history match advisor operation is configured to
display a plurality of history match parameters wncluding match quality of simulated time-lapse

datum pressure to observed datum pressure.

0. The method of claim 1, wherein the spatio-temporal operation is configured {o generate
a visualization including a graphical element representing history match quality for each well

within a well plot.

7. The method of claim 1, wherein the front operation is configured to generate a spatial

and time visualization of fluid front advance through well water-cut data.

8. The method of claim 1, wherein the insight operation is configured to generaie a

visualization of well results including a graphical element representing permeability for each well.

9. The method of claim 1, further comprising calibrating the model of the well field using

at least one determination of the functional operations.
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10. The method of claim 1, further comprising calibrating the model of the well field using

time dependent and depth dependent parameters simultaneously.

1t A system for determining and presenting field view history-matched well quality data,

the system comprising:

at least one recetver configured to receive well data for a plurality of wells in a well field;

and

at least one history matching processor configured to

perform a plurality of functional operatious using the well data and a model of the

well field, the plurality of functional operations comprising

a trend operation configured to determine well groups using pattern
recognition of well time lapse pressure trends based on the well data,
wherein the trend operation is configured to identify at least one connected
reservoir region (CRR},

a geo-probe integration operation configured to integrate data for
each CRR and evaluate a three-dimensional (3D) static model for wells in
of each CRR, wherein the geo-probe integration operation is contfigured to
assess geo~-model characterization of simulated well pressure,

a history match advisor operation configured to generate a history
match static model including a combined display of time dependent and
depth dependent representation of the well data,

a spatio-temporal operation configured to generate a space and time
visualization of the well data,

a front operation configured to track simulated injected Huid front
using the well data, and

an insight operation configured to report static changes between the
model of the well field and the history waich static model,

wherein performing each of the functional operations includes

generating a visualization; and

output, a history match advisor interface including visualizations for each of the

plurality of functional operations, the history match advisor interface including a

representation of the history match static model.
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12, The system of claim 11, wherein well data for the plurality of wells is generated by
downhole sensors in the well field, and wherein the well data includes dynamic well data for at
least one of datum pressure, water-cut, gas to otl ratio {GOR), measurement of pressure with depth
{MDT), well productivity and water production variation with depth (PLT), and well fractional

water saturation variation with depth (PINL}.

13 The system of claim 11, wherein the trend operation generates a time-lapse pressure
plot display for the at least one CRR including seismic and geologic faults overlaid on a pressure

group map display for all wells in the CRR.

4. The system of clairn 11, wherein the geo-probe integration operation is configured to
output a visualization to compare simulated pressures for all wells within a CRR and provide a

reference for observed pressure data.

15 The system of claim 11, wherein the history match advisor operation is configured to
display a plurality of history match parameters wncluding match quality of simulated time-lapse

datum pressure to observed datum pressure.

16 The system of claim 11, wheretn the spatio-temporal operation is configured to generate
a visualization including a graphical element representing history match quality for each well

within a well plot.

17, The system of claim 11, wherein the front operation is configured to generate a spatial

and time visualization of fluid front advance through well water-cut data.

8. The system of claim 11, wherein the insight operation is configured to generate a

visualization of weli results including a graphical element representing permeability for each well
fo) - i o A

19, The system of claim 11, further comprising calibrating the model of the weli field using

at least one determination of the functional operations.
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20. The system of claim 11, further corprising calibrating the model of the well field using

time dependent and depth dependent parameters simultaneously.
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WELL QUALITY = GOOD (GREEN)

149

IF POOR > ACCEPTABLE
& POOR > GOOD THEN
WELL QUALITY = POOR (RED)

150

IF ACCEPTABLE > GOOD
& ACCEPTABLE » POOR
THEN WELL QUALITY =
ACCEPTABLE (YELLOW)

151

PLOT GOOD, ACCEFTABLE AND
PCOR ON A PIE CHART

152

CREATE DATES IN 1-MONTH
INTERVAL FROM START TO END
OF SIMULATION DATES. THIS
WILL BE USED TG VIEWS
PARAMETER VS, DEPTHRESULTS
AT LISER DEFINED DATES

153
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700 START

N
PLOT OBSERVED DATUM PRESSURE
710~ FOR JTH WELL OF {TH GROUP. A
SINGLE PLOT IS USED FOR ALL JTH
WELLS OF EACH ITH GROUP

N TEOR ALL ITH GROUPS OF FIGGA by

FOR ALL JTH WELLS OF ITH GROUP,

715~ |READ AND PLOT SIMULATED DATUM

PRESSURE ON SAME GRAPH AS
OBSERVED DATA PLOT

{ PRESSLRE >
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