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bore. At least one well state parameter is calculated from the measured
drilling operating parameter. A difference between the calculated well state
parameter and a predetermined value of the well state parameter is determ-
ined. When the difference exceeds a selected threshold a modified well plan is
calculated comprising at least one drilling task to enable construction of at
least part of the wellbore to conform to the modified well plan. The at least
one drilling task is displayed to a user.
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WELL CONSTRUCTION MANAGEMENT AND DECISION SUPPORT
SYSTEM

Statement regarding federally sponsored research or development

[0001] Not applicable.

Background

[0002] This disclosure relates generally to the field of wellbore construction. More
specifically, the disclosure relates to systems for monitoring operations during wellbore
construction and providing information to selected personnel to support decisions for
operating drilling equipment so that a wellbore may be drilled and completed in a safe,

consistent and cost effective manner.

[0003] Drilling unit operators (“drillers”) must monitor and analyze a wide breadth of
information to make critical well construction decisions. This is difficult for even highly
skilled and experienced drillers, and not all drillers have sufficient skills and/or
experience to consistently make optimal drilling decisions. Oil company representatives
stationed at the drilling unit site and offsite well construction engineers have few decision
support tools to help them leverage real-time and historical data in order to manage the
performance of the well construction operation. Further, drillers may encounter specific
situations during drilling that the particular oil company has predetermined policies and
procedures for disposition thereof. Other situations that a driller may encounter may
have already been encountered during the construction of other wellbores through
corresponding or similar subsurface formations, and having knowledge of how such
situations were disposed at the other wellbores may be valuable to the driller presently

encountering such situation.

[0004] The well construction engineer may also be able to provide guidance to the driller
in disposition of certain drilling situations. Similarly, service personnel frequently
working at a wellbore construction site, such as directional drillers, mud loggers, and

measurement while drilling/logging while drilling engineers have access to information
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about the trajectory of the well and the formations being drilled which may assist the

driller in more efficiently constructing a well.

[0005] What is needed is a system to give all drilling personnel well construction
instructions on how to properly and safely conduct well construction operations based on
the available information from a plurality of sources and to coordinate the decisions and
actions of all personnel. This includes how to correct inefficiencies and/or errors in the
drilling operation. A system is also needed to enable a well construction engineer or
similar off site personnel to remotely monitor wellbores as they are being drilled so that
inefficiencies and/or errors can be separately identified and instructions communicated to

the driller to assist in correction thereof.

Summary

[0006] A method according to one aspect for wellbore construction management includes
measuring at least one drilling operating parameter during drilling of a wellbore. At least
one well state parameter is calculated from the measured drilling operating parameter. A
difference between the calculated well state parameter and a predetermined value of the
well state parameter is determined. When the difference exceeds a selected threshold a
modified well plan is calculated comprising at least one task to enable construction of at
least part of the wellbore to conform to the modified well plan. The at least one task is

displayed to a user.

[0007] Other aspects and advantages will be apparent from the description and claims

which follow.

Brief Description of the Drawings

[0008] FIG. 1 shows an example well site drilling system as it is used to drill a wellbore

through subsurface formations.

[0009] FIG. 2 shows an example computer system that may be used in some

embodiments.
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[0010] FIG. 3 shows an example process implemented on an individual well being
planned and drilled.
[0011] FIGS. 4 through 8 show an example of the example process used to implement

wellbore anti-collision procedures.

[0012] FIG. 9 shows an example display that may be used to evaluate well drilling
performance and indicate possible corrective actions in the event drilling performance is

not optimized.
[0013] FIG. 10 shows another example display for evaluating well drilling performance.

[0014] FIG. 11 shows an example display that may be provided to a well construction

engineer for monitoring multiple wellbores.

[0015] FIG.12 shows an example display for the purpose of decision support on

equipment and logistics management at a well site.

Detailed Description

[0016] FIG. 1 shows an example drilling system configuration for acquiring well data
that may use, among other sensing devices, a logging while drilling (LWD) system 39.
The LWD system 39 may include one or more collar sections 44, 42, 40, 38 coupled to
the lower end of a drill pipe 20. The LWD system 39 may form part of a bottom hole
assembly (BHA) coupled to the drill pipe 20 and includes at a lower end thereof a drill bit
45 to drill the wellbore 32 through the earth’s subsurface 36. Drilling is performed by
rotating the drill pipe 20 by means of a rotary table 43, or in other examples by a top
drive (not shown in FIG. 1). In still other implementations a drilling motor (not shown)
may be used to rotate some or all of the drill pipe 20. The manner of rotating the drill
pipe 20 is not a limit on the scope of the present disclosure. During rotation, the drill
pipe 20 is suspended by equipment on a drilling unit (drilling rig) 10 including a swivel
24 which enables the pipe 20 to rotate while maintaining a fluid tight seal between the
interior and exterior of the pipe 20. Mud pumps 30 draw drilling fluid ("mud") 26 from a
tank or pit 28 and pump the mud 26 through the interior of the pipe 20, down through the
LWD system 39, as indicated by arrow 41. The mud 26 passes through orifices (not

3
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shown) in the bit 45 to lubricate and cool the bit 45, and to lift drill cuttings in through an
annulus 34 between the pipe 20, LWD system 39 and the wellbore 32. The cuttings may
be collected and analyzed by separate equipment operated by a “mud logger.” Any fluid
content in the returned drilling mud, such as gas and/or oil may also be analyzed by the
mud logger equipment or other devices, such as an automatic gas chromatograph. The
mud logger, as will be explained below with reference to FIG. 3, may provide
information related to analysis of cuttings and the returned mud by manual or automatic

entry into a computer system (FIG. 2) that analyzes data input thereto.

[0017] The collar sections 44, 42, 40, 38 may include sensors (not shown) therein which
make measurements of various properties of the subsurface earth formations 36 through
which the wellbore 32 is drilled. These measurements are typically recorded in a
recording device (not shown) disposed in one or more of the collar sections 44, 42, 40,
38. LWD systems known in the art typically include one or more “measurement while
drilling” (MWD) sensors (not shown separately) which measure selected drilling
parameters, such as inclination and azimuthal trajectory of the wellbore 32. Other drilling
sensors known in the art may include axial force (weight) applied to the LWD system 39,

and shock and vibration sensors.

[0018] The LWD system 39 may include a mud pressure modulator (not shown
separately) in one of the collar sections 44. The mud pressure modulator (not shown)
applies a telemetry signal to the flow of mud 26 inside the LWD system 39 and drill pipe
20 where it is detected by a pressure sensor 31 disposed in the mud flow system. The
pressure sensor 31 is coupled to detection equipment (not shown) in a surface recording
system 7A which enables recovery and recording of information transmitted in the
telemetry scheme sent by the LWD system 39. The telemetry scheme may include a
subset of measurements made by the various sensors (not shown separately) in the LWD
system 39. The remainder of the measurements made by the sensors (not shown) in the
system may be transferred, for example, using radio telemetry or a cable connection, to
the surface recording system 7A when the LWD system 39 is withdrawn from the
wellbore 32.
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[0019] The LWD data acquisition system and method shown in FIG. 1 is only meant to
serve as an example of how data are acquired at the well site, and is not in any way
intended to limit the scope of the disclosure. Other sources of data may include control
systems for wellbore pressure control. See, for example, U.S. Patent No. 6,904,981
issued to van Riet. The system described in the van Riet ‘981 patent can provide
automatic control over wellbore fluid pressure, and may also calculate parameters such as
expected formation fluid pressure and expected formation fracture pressure. Such data
may also be communicated as will be further explained below. Still other sources of data
may include, without limitation, so-called “mudlogging” data as explained above,
wherein drilling fluid returned from the wellbore is analyzed for the presence of materials
such as hydrocarbons, and samples of drill cuttings are analyzed for mineral content and
grain structure. Still other data may include casing programs (i.c., depth to which casings
are set and respective diameters thercof and types of cement to be used) and planned
wellbore geodetic trajectory. Any one or more of the foregoing data types, whether
measured during drilling of the wellbore, entered into a computer system (explained
below) manually or otherwise, may be referred to as a “wellbore construction parameter.”
The drilling rig operator (driller) may operate the drilling unit, typically by manual input
to a control panel of a programmable logic controller (PLC - not shown in FIG. 1) that
operates various devices on the drilling rig such as the rate at which the pump 30
discharges drilling fluid, the rate at which the swivel 24 (or top drive) is lowered into the
wellbore, thus affecting the axial force (weight) on the drill bit 45, which may be inferred
by a load cell 25 that measures the axial loading on the drill pipe 20, and the rotating
speed of the drill bit 45. The foregoing parameters, which are controllable by the drilling
unit operator, may be referred to as “drilling operating parameters.” Another sensor that
may be used in some examples is a torque sensor 43A that may be coupled to the rotary

table 43 if used, or may be included in the top drive (if used; not shown in FIG. 1).

[0020] In FIG. 1 both the surface recording systems 7, and 7A, respectively, may include
a data communication subsystem 7B coupled to a suitable antenna, satellite dish or other
communication link 7C. Such data communication subsystem7B may be of any type

known in the art suitable for use at the particular location of the welllsite, for example,
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satellite communication to the Internet, or a dedicated satellite based communication link.
Radio communication, wired communication or any other form of data communication is
within the scope of the communication subsystem 7B applicable to the present example
method and system and the foregoing examples should not be considered limiting.

Communication may take place over any form of data network.

[0021] For purposes of the present disclosure, the drilling system shown in FIG. 1 may
be only one of a plurality of drilling systems that may be monitored by a well
construction engineer or drilling engineer (FIG. 3) from any location and using any
device that can access a computer system as will be explained with reference to FIG. 2.
Such access devices may be directly connected to the computer system, or may be
remotely accessible, such as by wireless broadband systems using Internet-capable
communication (e.g., tablets or smart phones), dedicated-channel wireless or radio
communication terminals, or telephone network connected terminals (e.g., DSL Internet
access). Monitoring and advising operations on a plurality of well construction projects

will be further explained below.

[0022] FIG. 2 shows an example computing system 100 in accordance with some
embodiments. The computing system 100 may be an individual computer system 101A
or an arrangement of distributed computer systems. The computer system 101A may
include one or more analysis modules 102 that may be configured to perform various
tasks according to some embodiments, such as the tasks to be explained further below.
To perform these various tasks, analysis module 102 may execute independently, or in
coordination with, one or more processors 104, which may be connected to one or more
storage media 106. The processor(s) 104 may also be connected to a network interface
108 to allow the computer system 101A to communicate over a data network 110 with
one or more additional computer systems and/or computing systems, such as 101B,
101C, and/or 101D (note that computer systems 101B, 101C and/or 101D may or may
not share the same architecture as computer system 101A, and may be located in different
physical locations, for example, computer systems 101A and 101B may be on a ship
underway on the ocean or on a well drilling location, while in communication with one or

more computer systems such as 101C and/or 101D that may be located in one or more
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data centers on shore, aboard ships, and/or located in varying countries on different
continents). The processor(s) 104 may be in signal communication with a display/input
device 107, which may be, for example, and without limitation, a touch screen, LCD or
LED display and keyboard or any other form of device for displaying information
transferred through or generated in the processor 104 to one or more human operators.
Each of the additional computer systems 101B, 101C, 101D may have associated
therewith a display and user input device 101BB, 101CC, 101D, respectively, as

explained with reference to computer system 101A.

[0023] A processor for purposes of the present disclosure can include a microprocessor,
microcontroller, processor module or subsystem, programmable integrated -circuit,

programmable gate array, or another control or computing device.

[0024] The storage media 106 can be implemented as one or more computer-readable or
machine-readable storage media. Note that while in the exemplary embodiment of FIG.
2 the storage media 106 are depicted as within computer system 101A, in some
embodiments, the storage media 106 may be distributed within and/or across multiple
internal and/or external enclosures of computing system 101A and/or additional
computing systems. Storage media 106 may include one or more different forms of
memory including semiconductor memory devices such as dynamic or static random
access memories (DRAMSs or SRAMS), erasable and programmable read-only memories
(EPROMSs), clectrically erasable and programmable read-only memories (EEPROMzs)
and flash memories; magnetic disks such as fixed, floppy and removable disks; other
magnetic media including tape; optical media such as compact disks (CDs) or digital
video disks (DVDs), or other types of storage devices. Note that the instructions
discussed above may be provided on one computer-readable or machine-readable storage
medium, or alternatively, can be provided on multiple computer-readable or machine-
readable storage media distributed in a large system having possibly plural nodes. Such
computer-readable or machine-readable storage medium or media may be considered to
be part of an article (or article of manufacture). An article or article of manufacture can
refer to any manufactured single component or multiple components. The storage

medium or media can be located either in the machine running the machine-readable
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instructions, or located at a remote site from which machine-readable instructions can be

downloaded over a network for execution.

[0025] It should be appreciated that computing system 100 is only one example of a
computing system, and that computing system 100 may have more or fewer components
than shown, may combine additional components not depicted in the example
embodiment of FIG. 2, and/or computing system 100 may have a different configuration
or arrangement of the components depicted in FIG. 2. The various components shown in
FIG. 2 may be implemented in hardware, software, or a combination of both hardware
and software, including one or more signal processing and/or application specific

integrated circuits.

[0026] Further, the elements in the processing methods described below may be
implemented by running one or more functional modules in information processing
apparatus such as general purpose processors or application specific chips, such as
ASICs, FPGAs, PLDs, or other appropriate devices. These modules, combinations of
these modules, and/or their combination with general hardware are all included within the

scope of the present disclosure.

[0027] FIG. 3 shows an example implementation of a well construction decision support
and control system. The system shown in FIG. 3 may be implemented in the recording
system (7A in FIG. 1) and/or in any other computer or computer system as explained
with reference to FIG. 2. Data from wellbore drilling, including the selected drilling
operating parameters defined above and “drilling response parameters” (e.g., and without
limitation) rate of axial elongation of the wellbore, torque applied to the drill pipe and
pressure of the drilling fluid both as it is pumped in and as it is returned to the surface,
well tortuosity, detected wellbore fluid influx or loss, drill bit wear rate and drilling motor
performance, may be acquired as measured (acquisition and loading) as shown at 76
and/or recorded in the various components of the MWD/LWD instrument string (FIG. 1)
shown as “recorded mode loading” at 78. Such data may be transferred to the computer,
computer system or data processor (e.g., 101A in FIG. 2) for calculating parameters

relevant to construction (e.g., drilling) of the wellbore. The data may also be stored in
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any form of data storage device at 80. Such calculated parameters may include, without
limitation, wellbore geodetic trajectory, formation characteristics, fluid pressures, rate of
penctration of the drill bit (i.e., rate of axial eclongation of the wellbore), and
characteristics of mechanical interaction between drilling and measurement equipment in
the wellbore and the wellbore (FIG. 1) through the formations as the wellbore is drilled.
The measurements used to generate the foregoing calculated parameters, as well as the
measurements themselves, may be communicated to the computer system as shown in
FIG. 2 as well as a computer or processor located at the well site, ¢.g., as shown at 84 in
FIG. 3. Collectively, the measurements and any such computed parameters may be
referred to as the “state” of the wellbore (“well state”) at any point in time. The well
state may be communicated (e.g., using the communication system 7B, 7C in FIG. 1) at
64, to the well construction engineer or drilling engineer 50. The well construction
engineer 50 may access the computer system (“surveillance” in FIG. 3) by any means as
explained above to evaluate the well state at any time, as shown at 58 in FIG. 3. The well
state may also be communicated to a wellbore operator representative 52 and the drilling
unit operator (driller) 56 in a suitable format to enable the respective personnel to take
action or to allow automatic operation of the drilling unit in response to the calculated

well state.

[0028] Initially, a wellbore under construction such as shown in FIG. 1 may have, for
example and without limitation, a pre-planned trajectory, predefined set of pipes or
casings and depths to which they are to be set, drill bits to be used, and densities of
drilling fluid to be used in the wellbore construction, called the “well plan” 60 in FIG. 3.
The computer system (FIG. 2) may generate a set of procedures called an “active task
map”, at 61 (“dynamic procedure generator”) and 62 (“active task map”), to cause the
well to be constructed according to the well plan 60. The set of procedures may include
drilling operating parameters to be used at any point along the well being drilled. In
addition, the particular wellbore operator may have its own particular set of policies and
procedures, shown at 72, which limit the scope of actions or procedures that may be used
in the execution of the well plan 60, and as will be further explained, provide limits

and/or guidance on response to incidents during drilling that exceed the scope of



WO 2014/100613 PCT/US2013/076978

expected conditions. The range of procedures may also be limited by the physical
limitations of the drilling equipment (also shown at 72). The well plan 60 may be
communicated to a computer terminal or display or be otherwise remotely accessible by a
wellbore operator representative (“‘company man”) shown at 52 and/or a drilling
contractor supervisor (“tool pusher”) shown at 52 located at the well site. Such access

may be in any form as described with reference to the computer system in FIG. 2.

[0029] As a result of the well plan 60 and computed procedures generated by the
dynamic procedure generator 61, it is possible to calculate a set of well states
corresponding to each depth in the wellbore that may be expected to exist during its
construction. Such well states may be referred to individually, e.g., by depth, as a
“predetermined well state.” During drilling of the wellbore, the calculated well state
and/or the computed procedures, as explained above and shown at 62 and 64, may be
communicated to persons with requisite authority such as the company man and/or
toolpusher 52 as drilling of the wellbore proceeds. The foregoing individuals may reject,
approve, replace or modify the procedure changes calculated by the computer system
with such action recorded in the computer system (or other data storage, e.g, at 80 in FIG.
3) and may be communicated to other parts of the computer system and corresponding
personnel. The authority of various personnel to change, approve, reject or modify the
active task map may be preprogrammed into the computer system. In similar way, a
potentially different description of well state and/or procedures may be communicated to
selected individuals responsible for performing tasks related to any part or all of the well

construction plan, e.g., the drilling engineer 50.

[0030] In some circumstances the calculated well state may differ from the
predetermined well state such that the computer system 84 may calculate that completion
of construction of the wellbore according to the initial well plan is impracticable or
cannot be performed without exceeding the scope of the policies set by the wellbore
operator or the physical limitations of the drilling equipment (e.g., at 72) or is likely to
incur a risk of an adverse condition like stuck pipe, wellbore collision, circulation loss,
etc..  Such circumstances may cause an update to the well plan 60, generated

automatically by the computer system 84 and approved, updated, rejected or replaced by

10
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a person with requisite authority such as the well construction engineer 50, and such
update(s) may be communicated to other parts of the system and corresponding personnel
in a manner as described above. Additionally, a person with requisite authority such as
the well construction engineer 50, may update the well plan manually based on the
calculated well state, for example this may be done to place the well in the formation
more accurately than the plan did. The authority of various personnel to change, accept,
reject or modify the well plan may be preprogrammed into the computer system. In the
present example, changes in the well plan 60 necessitated by differences between the
planned well state 64 and the actual well state, e.g., as computed at 66 may cause the
computer system 84 to calculate one or more possible procedures (i.e., in the dynamic
procedure generator 61) and tasks associated with such procedures, shown at 62 as an
“active task map” to be displayed to the personnel responsible for execution of the

specific procedures or subsets of the specific procedures.

[0031] Specific drilling procedures or operating parameters to be used during drilling of
the wellbore at any time may be communicated to the drilling unit operator (“driller’) 56,
shown as “adaptable procedure execution” 70 in FIG. 3, using the computer system at 84,
or as explained with reference to FIG. 2. The driller 56 may access the computer system
84 in any manner as explained with reference to FIG. 2. The driller 56 may then use the
communicated drilling operating parameters to operate the drilling rig (FIG. 1) in a
manner consistent with the procedures communicated in the execution block 70 in FIG.
3. Such operation may include manual, automatic or other entry of control signals 73 to a
programmable logic controller (PLC) 74 that may operate the drilling unit automatically

in accordance with the entered parameters, such as at 74 in FIG. 3.

[0032] As the wellbore is being drilled, the well state, computed as explained above, may
be communicated to the driller 56. In the event the computed well state at any time
differs from the expected or predetermined well state at any point in the initially
generated well plan, the dynamic procedure generator 61 may calculate corrective
procedures, ¢.g., changes to one or more drilling operating parameters and/or tasks
needed to complete drilling of the wellbore and communicate such procedures and tasks

to the tool pusher, company man 52 and/or driller 56. The corrective procedures may be

11
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communicated as shown at 62 in FIG. 3. As shown in FIG. 3, the corrective procedures
may be limited or governed by policies or best practices of the particular wellbore
operating entity, which may be entered into the computer system upon generation of the
initial well plan (e.g., at 72 in FIG. 3) or at any other time. Thus, the types of corrective
procedures generated in the dynamic procedure generator 61 may be consistent with such
predetermined policies. When communicated to the driller 56, the corrective actions may
be implemented in the same manner as ordinary drilling controls or operational
procedures, i.e., by manually, automatically or otherwise entering commands, at 73, into
the PLC to operate the various components of the drilling unit, at 74. The computer
system (FIG. 2) may record all operations and all user actions and may report compliance
of such operations with the predetermined policies. Revised calculations of the well state
68 may be used to determine, at 70 whether the adjusted procedures, at 62 have fulfilled
the purpose of correcting the actual well state to more closely correspond to the
predetermined well state at any point in the well, or if further correction to the procedures
(e.g., by dynamic procedure generator 61 is needed. As explained above, if the
calculated well state is such that the dynamic procedure generator 61 cannot generate a
corrective procedure to enable the well state to be returned to the predetermined well
state at any depth, such information may be communicated to the well construction
engineer 50 and a revised well plan 58 may be generated either automatically and/or
manually input by the well construction engineer 50. The revised well plan 58 may be
used to generate new values for drilling operating parameters (in the dynamic procedure
generator 61) and/or drilling tasks. The revised well plan 60 will result in an expected or
predetermined well state for the remaining portion of the well to be constructed. The
foregoing comparison of the actual well state to the predetermined well state may

continue in the same manner as described with reference to the initial well plan.

[0033] As the wellbore is being drilled, data may also be communicated to various
service company personnel at the well site and/or at remote locations using the computer
system (FIG. 2). Such personnel may include, without limitation a directional driller
(person who operates directional drilling instruments to cause the wellbore to follow a

preplanned geodetic trajectory), mudloggers, and MWD/LWD operating personnel,
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shown collectively at 54. Such data may include raw measurements from the various
sensors on the drilling unit or disposed in the drill string (FIG. 1), a computed state of the
well at 68, an active task map at 62 (which may be a set of drilling tasks or procedures to
be performed as explained above), and drilling operating parameters at 73. The
communicated data may indicate that a change in one or more tasks or drilling operating
parameters is necessary. Possible changes in the drilling operating parameters may be
calculated in the computer system and communicated to the company man, tool pusher
and/or service company personnel as explained above in the dynamic procedure
generator. The foregoing personnel may make decisions based on the calculated changes
to the drilling operating parameters or active task maps; these decisions may be recorded
in the computer system and communicated to the driller 56. The driller 56 may then
change one or more of the drilling operating parameters either as calculated or as
modified by any or all of the foregoing personnel described above to cause the well state
to conform to the predetermined well state 60. Alternately, the computer system may be
configured to automatically change one or more of the drilling operating parameters with
or without driller involvement. As explained above, the corrective procedures may be
constrained by the particular wellbore operator (oil company that is in charge of the
wellbore construction) policies entered into the computer system at 72, or by the

equipment capabilities.

[0034] During drilling the wellbore, the well state and the active task map 62 may also be
communicated directly to the driller 56. The driller may adjust one or more the drilling
operating parameters, as previously explained using adaptable procedure execution at 70,
at any time to cause the wellbore to be drilled more closely to the predetermined well
plan, or to cause the well state to more closely match a predetermined well state, to the
extent the well state deviates from the predetermined well state or well states that are
within selected operating limits. Non-limiting examples of well states that may be
limited include an amount of “overpull” when the drill string is lifted from the bottom of
the well, and amount of torque applied to the drill string, the well trajectory differing
from a planned trajectory by a selected threshold amount and a pressure of the drilling

fluid being pumped into the drill string.
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[0035] In the present example, the drilling unit (10 in FIG. 1) may include automatic
controls for implementing certain aspects of the drilling operations. For example, the rate
of movement of the drill pipe into the wellbore, the rate of pumping and the rotation rate
of the drill pipe from the surface may all be automatically controlled. The computer
system may generate command signals according to the adaptable procedure execution
70. The commands may be entered into the equipment control 74, as explained above,
such as a programmable logic controller (PLC) that causes the drilling unit to operate

according to the selected or calculated drilling operating parameters.

[0036] While all of the foregoing activity is underway, the well construction (drilling)
engineer 50, as explained above, may have remote access to the data used to calculate the
well state, the active task map, the drilling operating parameters, the risks of adverse
conditions and the calculated well state at any time. To the extent the actual well state
deviates from any predetermined well state, the well construction engineer 50 may
communicate instructions to the company man, the tool pusher, the driller (collectively
52) or any of the service company personnel (collectively 54) at the well site to change
procedures and/or one or more drilling operating parameters to correct any deviations of
the well state from the predetermined well state. The computer system may also
automatically calculate adjustments to one or more drilling operating parameters to cause

the calculated well state to more closely match a predetermined well state.

[0037] Automatic calculation of correction to one or more drilling operating parameters
may be made using, for example and without limitation, stored data from other nearby
wellbores (e.g., in data storage 80), empirically derived relationships between drilling
operating parameters (which may also be stored, for example, in data storage 80) and
drilling response parameters, and measurements of parameters used to calculate the well

state.

[0038] FIGS. 4 through 8 show an example of the implementation of FIG. 3 as it may be
used in wellbore anti-collision drilling control. In FIG. 4, the drilling or wellbore
construction engineer 50 may design a wellbore trajectory 90 drilled from a surface (or

water bottom) position that is close by those of other wellbores, e.g., 92 and 94. The

14



WO 2014/100613 PCT/US2013/076978

wellbore being designed 90 may have a specific geodetic subsurface target position,
shown at 90A, in a potentially hydrocarbon productive formation. Designing the
wellbore trajectory may include limiting the trajectory to within certain limits related to
the accuracy of the survey instruments (e.g., the MWD system of FIG. 1) in determining
the geodetic position of the wellbore at any depth. The foregoing are shown as ellipses of
uncertainty at 91 and 91A. Based on the foregoing limits, and the determined geodetic
trajectories of proximate wellbores, a geodetic trajectory may be designed to minimize or
otherwise accept defined risk of the wellbore 90 being drilled intersecting (colliding with)
proximate wellbores, for example, at 94A and 92. The risk may be defined at any or all
measured depths (axial positions) along the planned trajectory of the wellbore 90. The
computer system (FIG. 2) may be programmed to accept as input a calculated risk of
collision at each depth in the wellbore, evaluate the calculated risk with the policies (72
in FIG. 3) of the particular wellbore operator concerning the collision risk, and generate
warning indicators, e.g., 102BB to be communicated to the computer system users at the
well site, e.g., the company man, the tool pusher, the MWD engineer and the directional
driller. The example warning indicators, in one non-limiting examples, may be color
representations of the severity of the risk. In FIG. 4, an example moderate collision risk
may exist at a position shown by an ellipse of uncertainty at 91. Based on the calculated
level of risk, the well construction engineer 50 may communicate to the appropriate
drilling unit site personnel (i.e., the company representative, drilling rig manager and
driller) a procedure wherein axial rate of clongation of the wellbore is limited to a
predetermined maximum value, and a directional survey should be obtained at a first
selected depth interval, for example, every 30 feet (10 meters). In a second situation,
shown at 91A, a risk of collision is calculated as severe. Instructions communicated from
the wellbore construction engineer 50 to the drilling unit personnel may include further
reducing the rate of axial elongation of the wellbore, and obtaining directional survey
information at shorter intervals (e.g., every 10 feet or 3 meters). In the present example,
the wellbore construction engineer may visually observe the well state and communicate
changes in the operating procedures (manual override of the dynamic procedure

generator in FIG. 3), or the computer system may perform the foregoing functions of risk
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analysis and communication of changes in operating procedures to the appropriate

personnel automatically.

[0039] FIG. 5 shows two examples of communication of the calculated risk and advised
actions being communicated to well site personnel. For a smaller risk, such as one at
relatively shallow depth 91, an indicator or other signal may be communicated to the
company man and/or toolpusher 52, for example, who may instruct the driller 56 to stop
drilling the wellbore and directionally survey the wellbore to determine its subsurface
geodetic position at every time a “joint” (single segment) is added to the drill string to
lengthen the wellbore. Ordinary drilling may resume after the risk depth if safely passed
during drilling, wherein a directional survey may be made at much longer intervals (e.g.,
every 90 to 270 feet). In a second situation, at 91A a much greater risk of collision may
exist at a greater depth in the wellbore. In such case, an instruction may be
communicated by the computer system to the relevant personnel at the well site, e.g.,
using display 102BB to make a directional survey at much smaller intervals, e.g., every
10 feet. A collision risk analysis may be performed in the computer system after the
results of each such survey (e.g., well state as shown in FIG. 3). The computer system
may then generate an indicator 102BB for use by the well site personnel to continue
drilling or to stop drilling, depending on the calculated level of collision risk. As shown
in FIG. 6, the computer system may continuously or intermittently communicate to the
driller 56 a signal, e.g., by display 102BB whether to continue drilling or to stop,

depending on the level or risk calculated in the computer system.

[0040] FIG. 7 shows an example of a display that may be communicated to the company
man 52 and/or the driller (not shown in FIG. 7) as to how to adjust the well trajectory to
reduce collision risk when drilling resumes. A polar coordinate plot 96 may be presented
on a display (e.g., 101AA) used by the well construction engineer 50 to devise an
adjustment to the wellbore trajectory so as to reduce collision risk. The change in
trajectory may be communicated to the company man and/or toolpusher 52 who may

instruct the driller accordingly.
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[0041] FIG. 8 is an example of a type of warning signal that may be communicated to the
driller in the event it is determined that continued drilling will cause collision risk to
exceed a predetermined threshold (which in some examples may be part of the policies
entered into the computer system as shown in FIG. 3). The driller 56 may be instructed
to stop drilling and contact the well construction engineer (50 in FIG. 7) for further

instructions on how to mitigate the collision risk.

[0042] FIG. 9 shows an example display that may be generated by the computer system
and displayed on a suitable display device to any of the wellbore construction engineer
and/or well site personnel, e.g., the company man and/or toolpusher to indicate actual
drilling performance as contrasted with planned drilling performance. In the present
example display a representation of the actual well trajectory 122 may be presented and
have superimposed the planned well trajectory 120 and drilling operating parameters at
any moment in time. The well construction engineer (50 in FIG. 7) may select a
particular segment of the wellbore for evaluation, or the computer system may be
preprogrammed to select a segment of the wellbore from its present bottom backward a
selected distance for evaluation of drilling performance. In the present example, the
measured axial force (weight) on the drill bit may be less than desirable to optimize the
rate at which the wellbore is drilled. Calculated directional survey results (e.g., from the
MWD system shown in FIG. 1) may indicate that the wellbore trajectory variation (“dog
leg severity”) exceeds those provided by the well construction engineer and/or by the
policies entered into the computer system. In such cases, for example, the computer
system (FIG. 2) may be programmed to send an instruction to the relevant well site
personnel, e.g., the company man and/or the tool pusher (52 in FIG. 3) to initiate
procedure to mitigate risk of having the drill pipe (FIG. 1) become stuck in the wellbore
such as reaming the section of the wellbore determined to have excessive dog leg
severity. The computer system may enable collaboration of the well construction
decision process across the well construction personnel-specific roles and responsibilities.
The computer system may direct a decision prompt or notice to a user with the authority
(as determined by the wellbore operator) to make a specific decision and then

communicate the response to the decision prompt to other system users, depending on the
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responsibility of the specific user. In this case, the driller (56 in FIG. 8) may not have the
authority to execute the corrective action in the case of excessive dog leg severity.
However, the system may notify the driller of the problem and may also notify the person
authorized to make the decision to take corrective action, e.g., the company man 52 or the
well construction engineer 50. When the authorized person makes the decision to take
corrective action, it may be recorded by the computer system and communicated, e.g., to
the driller 56 for implementation. The corrective action may be automatically calculated

by the computer system in some examples.

[0043] FIG. 10 shows another example of the display shown in FIG. 9, with different
adverse conditions encountered and different recommendations calculated and
communicated to the relevant well site personnel. In the example of FIG. 10, when the
drill string was lifted from the bottom of the wellbore, an excessive amount of force
(beyond that calculated using models for the particular drill pipe, bottom hole assembly
and wellbore trajectory) to lift the drill string was detected (“overpull”). The computer
system may generate a set of recommendations to be communicated to the relevant well
site personnel to, e.g., stop drilling ahead and merely operate the pump (30 in FIG. 1) to
circulate drilling fluid, monitor the returned drilling fluid to determine if drill cuttings are
present in certain quantities and move the drill pipe upward and downward (reciprocate)

to alleviate the overpull condition.

[0044] FIG. 11 shows an example display that may be provided by the computer system
to the well construction engineer for the purpose of making available views of the well
state on each of a plurality of wells within the construction engineer’s area of
responsibility. The well construction engineer may select any one of a plurality of wells
within his area to view in detail. Upon selection of a particular well, the computer system
may display any of the well state parameters, active task map, drilling operating
parameters, drilling risks and drilling performance parameters that the well construction
engineer selects. Additionally, if the computer system detects an adverse well state on
any one or more of the wells within the area, a warning signal may be displayed with
respect to the affected well(s) so that the well construction engineer may evaluate the

well state and communicate suggested corrective action to the affect well(s). The
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corrective actions may be calculated by the computer system and displayed for evaluation
by the well construction engineer, or may be produced by the well construction engineer
himself or in conjunction with corrective actions calculated by the computer system. The

corrective actions may be communicated to the relevant well site personnel.

[0045] The computer system may also be programmed to record rig operating state
parameters, for example, as described in U.S. Patent No. 6,892,812 issued to Niedemayer
et al. Time of each operating state may be recorded by the computer system (FIG. 3).
The recorded time of each operating state may be correlated to the specific driller (FIG.
3) charged with operating the drilling unit. In this way, the performance of each driller

may be monitored.

[0046] Throughout the well construction operation, the computer system (FIG. 2) may
calculate and keep track of many different types of well performance indicators. Those
indicators may be transmitted and stored in a central storage device in (e.g., as shown in
FIG. 2) that can be accessed by other computers in the computer system shown in FIG 2.
Those calculated indicators may be organized and displayed in any selected format for
well performance evaluation. For example, a drilling superintendent may select any one
or several of a plurality of wells within his area of responsibility to compare the
performance in the format of defined key performance indicators (KPIs in FIG 11). When
a KPI on a particular well is outside of a predetermined range, the computer system may
display detailed breakdown information of the particular well’s performance parameters
and calculate corrective action on how to change one or more drilling operating
parameters to cause the KPI to return to within its predetermined range. The computer
system enables filtering of indicators by criteria for comparison based on relevance to
provide business intelligence in decision making. For example, upon selection of a
particular geographical region or time period, the computer system may display all the
wells drilled or currently under construction in a selected geographical region and time
period for selected personnel to compare the performance of similar wells that were
drilled through similar formation, with same tools, or encountered the same type of

problems during construction.
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[0047] The computer system (FIG. 2) may record all wellbore state calculations and any
of the decisions described above in a data storage device (e.g., as in FIG. 2) and can later
replay for a user the drilling operations for a specified length of time (e.g., a previous
shift or “tour”) or between two tasks or events, e¢.g., a wellbore section or the entire
construction operation from “spud” to release of the drilling rig from the particular

location.

[0048] FIG. 3 shows that capabilitics can be added to the system through a set of one or
more “plug ins” for real-time data processing, surveillance, procedure generator, and
execution. For example, rate of penetration optimization (ROPO), could be delivered
with one or more trend detectors plugged into real-time data processing, a calculation
plugged into execution that monitors the state and calculates the settings for optimum rate
of penetration (ROP), and a graphical user interface (GUI) component for the driller that
presents the recommendation and gives the driller the opportunity to accept or reject the
recommended ROP calculation displayed therein.  If the driller accepts the
recommendations, then the execution engine (70 in FIG. 3) may send the corresponding

commands to the equipment as shown in FIG. 3.

[0049] FIG. 12 shows another example of the display shown in FIG. 11, with different
adverse conditions encountered and different recommendations calculated and
communicated to the relevant well site personnel for the purpose of decision support on
equipment and logistics management at the well site. The computer system may keep
track of all available equipment on the surface and downhole and may automatically
communicate to well site personnel information and recommendations for regular
maintenance needs. Based on the drilling states calculated as shown in FIG.3 the
computer system may propose a next date to be scheduled for maintenance to reduce the
risk of equipment failure and consequent downtime. The computer system may calculate
and display suggested repairs based on tool fatigue analysis capability that can be

programmed into the computer system as shown in FIG. 3.

[0050] A well construction management and decision support system according to the

present disclosure may enable increased drilling efficiency, more timely notification of
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drilling hazards, and more timely rectification of drilling hazards than systems known in
the art prior to the present disclosure.

[0051] While the invention has been described with respect to a limited number of
embodiments, those skilled in the art, having benefit of this disclosure, will appreciate
that other embodiments can be devised which do not depart from the scope of the

invention as disclosed herein. Accordingly, the scope of the invention should be limited

only by the attached claims.
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Claims

What is claimed is:

1. A well construction management and decision support system, comprising:

a computer system configured to accept as input signal from a sensor measuring at least
one drilling operating parameter of a wellbore being drilled through subsurface
formations, the computer system configured to accept as input a predetermined
configuration of the wellbore when completed, the computer system configured to
calculate at least one wellbore state parameter from the at least one drilling
operating parameter and predetermined well state parameters from the
predetermined configuration; and

wherein the computer system is configured to calculate a difference between the
calculated at least one wellbore state parameter from a predetermined value of the
at least one wellbore state parameter during well construction and when the
difference exceeds a selected threshold calculate at least one modified well
construction task to cause at least part of the wellbore to conform to the

predetermined well configuration.

2. The system of claim 1 wherein the computer system is configured to generate commands
to operate automatic drilling unit controls according to selected drilling operating

parameters.

3. The system of claim 1 wherein the computer system is configured to calculate a
difference between the calculated at least one wellbore state parameter from a
predetermined value of the at least one wellbore state parameter and calculate an

adjustment to the at least one drilling operating parameter.

4. The system of claim 1 wherein the computer system is configured to calculate and
display a drilling risk to a plurality of users, calculate a corrective action to mitigate the

drilling risk and display the corrective action to the plurality of users.
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The system of claim 1 wherein the computer system comprises a plurality of displays,
wherein each display presents data corresponding to tasks assigned to each of a plurality

of different users.

The system of claim 1 wherein the at least one well state parameter comprises at least one
of a trajectory of the wellbore a rate of axial elongation of the wellbore, a pressure at
which fluid is pumped into a drill pipe and an amount of torque required to rotate the drill

pipe at a selected rotary speed.

The system of claim 1 wherein the computer system comprises logic operable to calculate
a drilling risk, and to calculate a corrective action and display the corrective action to the

plurality of users

The system of claim 7 wherein the risk comprises collision risk of the wellbore with

another wellbore.

The system of claim 8 wherein the computer system comprises logic operable to calculate
a severity of the collision risk, to select particular personnel based on the calculated
severity to communicate the severity of the risk and to communicate the calculated

severity to the selected personnel.

The system of claim 7 wherein the plurality of users each has a different decision
authority level, and wherein the adjustment to the at least one drilling operating
parameter is communicated to the one of the users assigned to operate a drilling unit on

approval from a user having requisite authority.

The system of claim 1 wherein the at least one drilling operating parameter comprises at
least one of axial load of a drill pipe, rotational speed of a drill bit disposed at one end of

the drill pipe and a rate at which drilling fluid is pumped into the drill pipe.

The system of claim 1 wherein the at least one task in the modified well plan is limited in

scope by at least one predetermined rule programmed into the computer system.
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The system of claim 1 wherein the computer system comprises data storage and logic
operable to store corrective actions used in connection with remediating an adverse well
state, the computer system further comprising logic operable to compare the calculated
well state with at least one stored averse well state and to display the used corrective

action based on the calculated well state and the at least one stored adverse well state.

The system of claim 1 wherein the computer system comprises data storage and logic
operable to write to the data storage at least one drilling performance indicator
corresponding to at least one category of personnel, the logic further operable to compare
the at least one drilling performance indicator to stored values of the at least one drilling

performance indicator stored from operations on a different wellbore.

The system of claim 14 wherein the at least one drilling performance indicator comprises

average rate of axial elongation (rate of penetration) of the wellbore.

The system of claim 14 wherein the at least one drilling performance indicator comprises

numbers of and severity of collision risk events.

The system of claim 14 wherein the at least one category of personnel comprises a

drilling unit operator (driller).

The system of claim 1 further comprising a plurality of display devices for each of a
plurality of users, each of the users having predetermined well construction procedures
associated therewith, and wherein the computer system is configured to display
information corresponding to each of the users’ predetermined well construction

procedures.

The system of claim 18 wherein the plurality of users comprises a well construction
engineer, a wellbore operator representative and a drilling unit operator, and wherein the
display device for the well construction engineer includes an input device for well
construction procedures and the display devices for the wellbore operator representative
and the drilling unit operator are configured to display the well construction procedures

entered by the well construction engineer.

24



20.

21.

22.

23.

24.

25.

WO 2014/100613 PCT/US2013/076978

A method for wellbore construction management, comprising;:

measuring at least one drilling operating parameter during drilling of a wellbore;

calculating in a computer at least one well state parameter from the measured drilling
operating parameter;

in the computer, calculating a difference between the calculated well state parameter and
a predetermined value of the well state parameter, the predetermined well state
parameter calculated from an initial well plan;

wherein when the difference exceeds a selected threshold calculating in the computer a
modified well plan comprising at least one task to enable construction of at least
part of the wellbore to conform to the modified well plan; and

displaying the at least one task to a user.

The method of claim 20 further comprising generating in the computer commands to
operate automatic drilling unit controls according to selected drilling operating

parameters.

The method of claim 20 further comprising in the computer calculating a difference
between the calculated at least one wellbore state parameter from a predetermined value
of the at least one wellbore state parameter and calculating an adjustment to the at least

one drilling operating parameter.

The method of claim 20 further comprising in the computer calculating and display a
drilling risk to a plurality of users, calculating a corrective action to mitigate the drilling

risk and displaying the corrective action to the plurality of users.

The method of claim 23 wherein ecach display presents data corresponding to tasks

assigned to each of a plurality of different users.

The method of claim 20 wherein the at least one well state parameter comprises at least
one of a trajectory of the wellbore a rate of axial elongation of the wellbore, a pressure at
which fluid is pumped into a drill pipe and an amount of torque required to rotate the drill

pipe at a selected rotary speed.
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33.
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The method of claim 20 further comprising calculating in a computer a collision risk of

the wellbore with at least one existing wellbore.

The method of claim 26 further comprising displaying the collision risk to a plurality of
users and calculating a corrective action and display the corrective action to the plurality

of users.

The method of claim 26 further comprising calculating a severity of the collision risk in
the computer, selecting particular personnel based on the calculated severity and

communicating the calculated severity to the selected personnel.

The method of claim 26 wherein the plurality of users each has a different decision
authority level, and wherein the adjustment to the at least one drilling operating
parameter is communicated to the one of the users assigned to operate a drilling unit on

approval from a user having requisite authority.

The method of claim 20 wherein the at least one drilling operating parameter comprises
at least one of axial load of a drill pipe, rotational speed of a drill bit disposed at one end

of the drill pipe and a rate at which drilling fluid is pumped into the drill pipe.

The method of claim 20 wherein the adjustment to the at least one drilling operating

parameter is limited by a predetermined rule programmed into the computer.

The method of claim 20 further comprising storing in the computer corrective actions
used in connection with remediating an adverse well state, comparing the calculated well
state with at least one stored averse well state and displaying the used corrective action

based on the calculated well state and the at least one stored adverse well state.

The method of claim 20 further comprising storing in the computer at least one drilling
performance indicator corresponding to at least one category of personnel, comparing the
at least one drilling performance indicator to stored values of the at least one drilling
performance indicator stored from operations on a different wellbore and displaying the

comparison.
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The method of claim 33 wherein the at least one drilling performance indicator comprises

average rate of axial elongation (rate of penetration) of the wellbore.

The method of claim 33 wherein the at least one drilling performance indicator comprises

numbers of and severity of collision risk events.

The method of claim 33 wherein the at least one category of personnel comprises a

drilling unit operator (driller).

The method of claim 20 further comprising displaying information concerning the well
state to each of a plurality of users, ecach of the users having predetermined well
construction procedures associated therewith, wherein the displayed information

corresponds to each of the users’ predetermined well construction procedures.

The system of claim 37 wherein the plurality of users comprises a well construction
engineer, a wellbore operator representative and a drilling unit operator, and wherein the
well construction engineer inputs well construction procedures and input procedures are

displayed to at least the wellbore operator representative and the drilling unit.
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