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57 ABSTRACT

An fiterative drilling simulation method and system for
enhanced economic decision making includes obtaining
characteristics of a rock column in a formation to be drilled,
specifying characteristics of at least one drilling rig system;
and iteratively simulating the drilling of a well bore in the
formation. The method and system further produce an
economic evaluation factor for each iteration of drilling
simulation. Each iteration of drilling simulation is a function
of the rock column and the characteristics of the at least one
drilling rig system according to a prescribed drilling simu-
lation model.
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ITERATIVE DRILLING SIMULATION PROCESS
FOR ENHANCED ECONOMIC DECISION
MAKING

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application is a divisional of U.S. patent
application Ser. No. 10/607,900, entitled “Iterative Drilling
Simulation Process for Enhanced Economic Decision Mak-
ing,” filed Jun. 27, 2003, now U.S. Pat. No. , which
is a continuation of U.S. patent application Ser. No. 09/820,
242 filed Mar. 28, 2001, now U.S. Pat. No. 6,612,382, which
is a continuation-in-part application of Ser. No. 09/649,495
filed Aug. 28, 2000, now U.S. Pat. No. 6,408,953 B1, which
is a continuation-in-part application of Ser. No. 09/192,389,
filed Nov. 13, 1998, now U.S. Pat. No. 6,109,368, which is
a continuation-in-part of Ser. No. 09/048,360, filed Mar. 26,
1998, now U.S. Pat. No. 6,131,673, which is a continuation-
in-part application of Ser. No. 08/621,411, filed Mar. 25,
1996, now U.S. Pat. No. 5,794,720.

BACKGROUND

[0002] The present disclosure relates to geology and drill-
ing mechanics, and more particularly to an iterative drilling
simulation method and system for enhanced economic deci-
sion making.

[0003] Prior drilling prediction methods have included the
use of geology and drilling mechanics for selecting an
appropriate bit for use in the drilling of a bore hole in a
particular formation. For example, with respect to bit selec-
tion, a rock strength column characterizes the particular
geology. The rock strength column is calculated from well
logs. Then, one or more bits are “matched” to the rock
strength.

[0004] In another method, referred to as OASIS available
from Baker Hughes of Houston, Tex. a drilling optimization
service operates in a manner similar to the way that oil
companies have done themselves for determining a drilling
optimization, but on a farmed out basis.

[0005] In yet another method, referred to as DROPS
drilling simulator available from DROPS Technology AS of
Norway, the DROPS drilling simulator drilling optimization
service includes reverse engineering a rock strength column
from a “geolograph.” The geolograph includes a minute-by-
minute record of drilling rate from a previous drilled well.
The DROPS drilling simulator method then looks at bit
selections that fit the estimated rock strength column.

SUMMARY

[0006] An iterative drilling simulation method for
enhanced economic decision making includes obtaining
characteristics of a rock column in a formation to be drilled,
specifying characteristics of at least one drilling rig system;
and iteratively simulating the drilling of a well bore in the
formation. The method further produces an economic evalu-
ation factor for each iteration of drilling simulation. Each
iteration of drilling simulation is a function of the rock
column and the characteristics of the at least one drilling rig
system according to a prescribed drilling simulation model.

[0007] Inaddition, a recommendation package based upon
a given iteration of the simulated drilling of a well bore is
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produced. The recommendation package enables enhanced
decision making with respect to an actual drilling in a field
containing formations analogous to the rock column. An
iterative drilling simulation system and computer program
are also disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a block diagram overview of the iterative
virtual drilling simulation service according to one embodi-
ment;

[0009] FIG. 2 is a block diagram representation of the
iterative drilling simulation system according to one
embodiment;

[0010] FIG. 3 is a block diagram view of an iterative
virtual drilling simulation according to an embodiment of
the present disclosure;

[0011] FIG. 4 is an exemplary output view of a sample
iterative virtual drilling simulation for a first geology;

[0012] FIG. 5 is an exemplary output view of a sample
iterative virtual drilling simulation for a second geology;

[0013] FIG. 6 is a flow diagram view of an iterative virtual
drilling simulation method according to one embodiment;

[0014] FIG. 7 is a block diagram view of an iterative
drilling simulator according to another embodiment; and

[0015] FIG. 8 is a flow diagram view of an iterative virtual
drilling simulation method according to another embodi-
ment.

DETAILED DESCRIPTION

[0016] The present embodiments provide various drilling
simulation models capable of more accurately defining
drilling costs as a function of predicted drilling performance
than previously known. The present embodiments further
provide simulation and recommendation information suit-
able for enabling better economic decisions to be made by
rig contractors, oilfield operating companies, and others, as
may be appropriate.

[0017] According to one embodiment of the present dis-
closure, various combinations of drilling rig systems with
differing energy input capabilities, bits, and fluid properties
are iteratively simulated to produce corresponding virtual
drilling scenarios. The virtual drilling scenarios are suitable
for use in economic decision making. The iterative simulator
of the present disclosure provides recommendations, includ-
ing detailed information, sufficient to assist a drilling con-
tractor in making a best decision, in view of available
equipment, constraints, and economics, as further discussed
herein.

[0018] The iterative drilling simulator method and system
of the present disclosure, utilizes drilling mechanics soft-
ware, as a function of prescribed drilling mechanics models,
for “drilling” with various computerized bits and comparing
their respective predicted performances during the drilling
of a well bore in a given formation.

[0019] The present embodiments further include a method
of iteratively simulating the drilling of a well bore using
alternate drill rig and equipment selections. According to
one embodiment, the simulations are requested and per-
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formed at the front end of a drilling operator’s economics
decision making process. Subsequent to an iterative drilling
simulation, recommendations are generated as a function of
the iterative drilling simulations for a particular geology
formation and economic evaluation factors.

[0020] The present embodiments further include a soft-
ware enabled business process for greatly increasing accu-
racy and reducing a risk window of high value decision
making in the oil and gas business. Currently in the art, only
the roughest of estimates are made as to ultimate drilling
costs for a given prospect, such estimates being made
without software and iterative drilling simulation such as
disclosed herein.

[0021] According to one embodiment of the present dis-
closure, the simulator includes a system for predicting
performance of a drilling system, such as that disclosed in
U.S. Pat. No. 6,109,368, incorporated herein by reference.
The system for predicting performance of a drilling system,
coupled with financial models and iterative drilling simula-
tions as discussed herein, produces content for inclusion in
a recommendation output as a function of economic evalu-
ation factors. Accordingly, the simulator output enables the
making of far more accurate and sophisticated decisions,
than previously known.

[0022] The present embodiments further includes a busi-
ness process in which estimated rock columns developed
from well logs, or from seismic data, are “drilled” with a
software simulator in an iterative manner. Drilling of the
estimated rock columns is carried out with varying input
parameters, including different drilling rig equipment char-
acteristics, for generating estimates of comparative econom-
ics. The present embodiments provide a useful tool for
assisting in one or more of the following types of significant
decision making processes:

[0023]
[0024]
[0025]
[0026]

[0027] Contractor pricing and equipment qualifica-
tion studies,

Comparative rig selection,
Rig modification and upgrade valuations,
Lease asset comparisons,

Down hole tool economics,

[0028] Economic impact of drilling fluids selection,

[0029] Estimates of time to first economic hydrocar-
bon production,

[0030] Estimations of infield drilling economics, and

[0031] Teased and producing property value and
drilling cost evaluations.

[0032] Equipped with one or more of the embodiments of
the present disclosure, a consulting firm could provide
services in accordance with the present embodiments, for
assisting with the significant decision making processes to
be made by a drilling operator or drilling contractor, further
as discussed herein.

[0033] Referring now to FIG. 1, a block diagram over-
view of the iterative virtual drilling simulation method for
enhanced economic decision making according to one
embodiment is illustrated. The iterative drilling simulation
method includes a virtual drilling simulation service 10
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receiving a request for services from an operating company
12. In this example, the operating company provides geol-
ogy data and equipment data 14, as appropriate, in connec-
tion with a proposed drilling of a well bore in a given
formation. For example, the operating company 12 provides
geology data 16 from well log data 18 obtained from a
previous well (or wells). Accordingly, the iterative drilling
simulation method includes obtaining characteristics of a
rock column in a formation to be drilled and characteristics
of at least one drilling rig system. The operating company
also specifies the characteristics of at least one drilling rig
system for consideration.

[0034] The method further includes iteratively simulating
the drilling of a well bore in the formation and producing an
economic evaluation factor for each iteration of drilling
simulation, generally indicated by reference numeral 20.
Each iteration of drilling simulation (22a, 22b) is a function
of the rock column 24 and the characteristics of the at least
one drilling rig system (264, 26b) according to a prescribed
drilling simulation model. Additional iterations of drilling
simulations are illustrated by “ . . . ”, as indicated by
reference numeral 22¢. In one embodiment, the drilling
simulation model includes one or more of a mechanical
efficiency model, bit wear model, hole cleaning efficiency
model, penetration rate model, and drilling economics
model, as discussed further herein.

[0035] As shown in FIG. 1, the first drilling rig system
26a is characterized by the properties of drilling rig 284, the
properties of drilling fluid 30a, and the properties of drill bit
32a. Similarly, the second drilling rig system 26b is char-
acterized by the properties of drilling rig 28b, the properties
of drilling fluid 305, and the properties of drill bit 32b.
Additional drilling rig systems can be considered, however,
only two have been shown for simplicity of illustration.

[0036] The iterative drilling simulation method further
includes producing a drilling economics output 34 for each
of the iterative drilling simulations, the drilling economics
output corresponding to one or more economic evaluation
factor. According to one embodiment, the economic evalu-
ation factor includes a minimum number of hours on bottom
to drill a desired well bore. The economic evaluation factor
may also include a minimum cost amount for drilling the
well bore, wherein the minimum cost amount is a function
of both a minimum number of hours on bottom to drill the
well bore and a cost per day for a respective drilling rig
system.

[0037] Although the economic evaluation factors have
been discussed herein as including a minimum number of
hours on bottom and a minimum cost amount for drilling the
well bore, other economic evaluation factors are possible.
There is a recognition that other factors effect economics.
For example, such other factors include trip time, trouble
time, and weather related downtime.

[0038] According to another embodiment, trip time,
trouble time, and weather related down time can be included
as economic evaluation factors, as determined according to
basic rules of thumb in the field. For example, trip time for
an older rig may be 1,000 feet of pipe per hour, whereas trip
time for a newer rig may be 1,200 feet of pipe per hour.
Utilizing basic rules of thumb, appropriate estimates are
added to a total drilling time for the iterative simulated
drilling of a well bore, as a function of one or more of trip
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time, trouble time, or weather related downtime. Percent-
ages of drilling time, tripping time, trouble time, or weather
related downtime may be included in a simulation. For
example, the total drilling and tripping time may amount to
eighty percent (80%) and trouble time may amount to
twenty percent (20%) of the total time needed to drill the
well bore in the given formation.

[0039] The iterative drilling simulator method and system
can more accurately reflect what goes on at the rig in the
drilling of a well bore, including, for example, a number of
trips expected to be made for replacing a bit, failed motor,
etc. Accordingly, the ultimate drilling cost will not only
account for time on bottom, but also take into account a rig
down time (“trouble time”) based upon a percentage over
and above the time needed to drill the well bore. For
example, during an iterative drilling simulation, a number of
bits may be considered. One iteration may require two fast
bits and trip time for replacing the first bit with the second
bit. Another iteration may only require a single slow bit that
is capable of drilling all the way to the bottom of the well
bore.

[0040] According to one embodiment, the iterative drilling
simulator method and system produce an economic evalu-
ation of the iterative simulations that include consideration
for one or more of the cost of a trip, trouble time, logistics
time, and weather related down time, as part of an overall
economic evaluation. For example, a suitable multiplication
factor proprietary to a given drilling operator can be used to
adjust a simulated drilling iteration drill time for a given well
bore. For one drilling operator, the proprietary multiplica-
tion factor may be seventeen percent (17%). For another, the
proprietary multiplication factor may be twenty two percent
(22%).

[0041] With the embodiments of the present disclosure,
multiplication factors taking into account an operator’s own
trouble time experience can be factored into an economic
evaluation of an iterative drilling simulation. Such percent-
age or percentages can be based upon the experience of a
respective operator. For example, an off shore drilling rig
may experience a certain percentage of weather related
down time, such as during a hurricane season, when all crew
members are required to leave the rig for safety concerns. If
the off shore rig is planned to drill for a three year period,
then some portion of that time will likely include weather
related downtime, as well as other factors as noted herein.
Accordingly, while the iterative simulation method and
system of the present disclosure provides an economic
evaluation output scientifically linked to the geology of the
formation in the drilling of a well bore, the economic
evaluation output can be further adjusted to take into
account one or more of trouble time, logistics time, or
weather related down time.

[0042] Referring still to FIG. 1, equipped with drilling
economics output 34, the virtual drilling simulation service
(at 10a) reviews and analyzes the same for producing a
recommendation package output, generally indicated by
reference numeral 36, and as further discussed herein. The
review and analysis may be performed automatically via
computer control, manually, or a combination of both,
according to prescribed evaluation rules. The evaluation
rules may include economic rules and/or other rules perti-
nent to a particular drilling scenario.
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[0043] The operating company (at 12a) receives the rec-
ommendation package 36, and in response thereto, renders
an enhanced decision on rig equipment and operations, as
generally indicated by reference numeral 38. Accordingly,
the method of the present disclosure facilitates enhanced
economic decision making with respect to drilling of a well
bore in a given formation, further as a function of drilling
system characteristics and economic evaluation factors for
the particular geology of the formation.

[0044] FIG. 2 is a block diagram representation of the
iterative drilling simulation system according to one
embodiment. As illustrated, the iterative drilling simulation
system 50 includes a drilling simulator processor 52, respon-
sive to inputs (54a, 54b, 54¢), for producing an iterative
drilling simulation output 56, as further discussed herein.
The iterative drilling simulation system 50 is characterized
by geology models 58, drilling mechanics models 60, and
drilling economics models 62.

[0045] The geology models 58 provide rock column char-
acteristic input 54« to the drilling simulator processor 52.
The characteristics of the rock column include at least one
or more of lithology, rock strength, shale plasticity, log data,
and porosity. With respect to the characteristics of lithology,
rock strength, and shale plasticity, one or more of the
respective characteristics may be derived from log data and
a respective lithology model, rock strength model, and shale
plasticity model. Log data 64 can include one or more of
well logs, mud logs, core data, and bit records. In a preferred
embodiment, the geology models include those disclosed in
co-pending U.S. patent application Ser. No. 09/649,495,
entitled “Method and System for Predicting the Performance
of a Drilling System for a Given Formation” filed Aug. &,
2000, which is a continuation-in-part application of Ser. No.
09/192,389, filed Nov. 13, 1998, now U.S. Pat. No. 6,109,
368, incorporated herein by reference.

[0046] The drilling mechanics models 60 provide drilling
rig system characteristic input 54b to the drilling simulator
processor 52. It is noted that the drilling rig system charac-
teristics can include characteristics of more than one drilling
rig system, wherein characteristics for a single drilling rig
system are utilized in connection with a respective iteration
of drilling simulation. In a preferred embodiment, the drill-
ing mechanics models include those disclosed in co-pending
U.S. patent application Ser. No. 09/649,495, entitled
“Method and System for Predicting the Performance of a
Drilling System for a Given Formation™ filed Aug. 8, 2000,
which is a continuation-in-part application of Ser. No.
09/192,389, filed Nov. 13, 1998, now U.S. Pat. No. 6,109,
368, incorporated herein by reference.

[0047] The characteristics of the drilling rig system can
include one or more of the following: rig inputs 66, drill
string and bottom hole assembly inputs 68, drill bit inputs
70, and hydraulic properties 72. The rig inputs 66 include
one or more of the following: operating constraints, rig
costs, maximum weight on bit, top drive torque, table drive
torque, top drive minimum RPM (revolutions per minute),
table drive minimum RPM, top drive maximum RPM, table
drive maximum RPM, maximum GPM (gallons per minute)
for pumps, and standpipe maximum PSI (pounds per square
inch).

[0048] The drill string and bottom hole assembly (BHA)
characteristics 68 include one or more of the following:
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motor RPM (revolutions per minute), turbine RPM, motor
torque, turbine torque, rotary steerable system, PSI (pounds
per square inch) loss through BHA, PSI string loss, string
torque, string drag, and drill string economics. The drill bit
inputs 70 include, for example, bit type, bit diameter, bit
cutting structure 3D (three dimensional) model, bit work
rating, bit wear rating, bit junk slot area, bit TFA (total flow
area), and bit pressure drop. [0049] With respect to hydraulic
properties 72, the hydraulic properties include one or more
of the following: oil, synthetic, water, weight PPG (pounds
per gallon), yield point, plastic viscosity, annular velocity,
water loss, lost circulation, ECD (equivalent circulating
densities), depth in, depth out, maximum ROP (rate of
penetration), and fluid costs.

[0049] The iterative drilling simulation system further
includes one or more drilling economics model 62. Eco-
nomic data particular to a given virtual drilling scenario is
input at 74. Responsive to the economic input data, the
drilling economics model 64 provides input to the drilling
simulator processor 52 at S4c¢, for use during an iterative
drilling simulation, according to the particular requirements
for a given iterative drilling simulation application, as
appropriate.

[0050] FIG. 3 is a block diagram view of an iterative
virtual drilling simulation according to an embodiment of
the present disclosure. The iterative drilling simulation 80
includes virtual drilling simulations in response to a request
for services, for example, from an operating company. The
iterative drilling simulation involves both drilling mechanics
82 and geology 84. The drilling simulations include drilling
mechanics analyses performed for a first drilling system 86
and a second rig system 88 in connection with rock column
90 of geology 84. In this example, the geology data may
have been obtained from well log data of a previously drilled
well (or wells) for determining the rock column 90. Accord-
ingly, the rock column 90 characterizes the formation to be
drilled.

[0051] As shown in FIG. 3, equipment data for the Rig A
drilling simulation 86 includes Rig A energy inputs 92,
drilling fluid properties 94, and drill bit inputs 96. The
energy inputs 92 include weight, rotary speed, and hydraulic
horsepower. Similarly, equipment data for the Rig B drilling
simulation 88 includes Rig B energy inputs 98, drilling fluid
properties 100, and drill bit inputs 102.

[0052] The simulation of FIG. 3, includes iterative simu-
lations of the drilling of a well bore in the formation
characterized by rock column 90 with Rigs A and B. The
simulation produced drilling simulation economics 104 that
comprises at least one economic evaluation factor for each
respective iteration of drilling simulation. In one example,
the economic evaluation factor may include a minimum
number of hours on bottom to drill a desired well bore. The
economic evaluation factor may also include a minimum
cost amount for drilling the well bore, wherein the minimum
cost amount is a function of both a minimum number of
hours on bottom to drill the well bore and a cost per day for
a respective drilling rig system. Accordingly, economic
results, as generally indicated by reference numerals 106 and
108, respectively, correspond to one or more evaluation
factors of a respective iterative drilling simulation. Each
iteration of drilling simulation (86, 88) is a function of the
rock column 90 and the characteristics of the a respective
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one of the drilling rig systems according to a drilling
simulation model. The drilling simulation model includes
one or more of a mechanical efficiency model, bit wear
model, hole cleaning efficiency model, penetration rate
model, and drilling economics model, as discussed further
herein.

[0053] Drilling Mechanics Analysis

[0054] To assist in greater understanding of the present
embodiment, the following discussion relates to exemplary
data requirements for a drilling mechanics analysis in con-
nection with the iterative drilling simulation method and
system of the present disclosure.

[0055] For each interval of well bore being analyzed, the
drilling mechanics analysis utilizes information that may
include one or more of the following: lithology, rock
strength, shale plasticity, drilling mechanics optimization,
and illustrations of one or more drill bits for use in drilling
the well bore. Intervals are specified with a start depth and
an end depth.

[0056] For an analysis request, well logs are obtained from
the operating company or other suitable source. The well
logs may include one or more of the following: gamma ray,
sonic, neutron, density, photoelectric, NMR (nuclear mag-
netic resonance), spectral gamma ray, and caliper. Addi-
tional data provided by the operating company, or other
suitable source, may include mud logs, bit records, or other
pertinent information.

[0057] For a given drilling mechanics analysis, bit data for
a proposed well is considered. The bit data comprises
information for each bit run. Accordingly, bit data may
include one or more of the following: bit size, bit type,
proposed depth in, proposed depth out, ROP, and cost. In one
example, cost refers to a cost per foot analysis based upon
an hourly rig cost. The drilling mechanics analysis further
includes, for a given bit run, specification of one or more of
the following for a respective bit: a work rating (expressed
in units of ton-mi), a sharp bit slope, a worn bit slope, a
friction slope, and bit contact area (initial and final).

[0058] The drilling mechanics analysis still further
includes operating constraints for a given bit run. The
operating constraints include one or more of the following:
maximum torque (expressed in units of ft-1bs) for top drive,
rotary table, drill pipe, motor, or turbine; minimum RPM
(revolutions per minute) for top drive, rotary table, motor, or
turbine; maximum RPM for top drive, rotary table, motor, or
turbine; maximum WOB (weight on bit) (expressed in units
of klbs); and maximum ROP (rate of penetration) (expressed
in ft/hr).

[0059] Further data for each bit run can include drill string
torque losses and/or drill string data. Drill string data
includes one or more of the following: drill pipe (ODxW?t),
HWDP (ODxlength), drill collars (ODxlength), and motor
(ODxtype).

[0060] The drilling mechanics analysis may also include
the use of measured operating parameters for an offset well,
along with a request for iterative drilling simulation ser-
vices. The measured operating parameters of the offset well
may be provided by an operating company or other suitable
source. Offset drilling data includes ROP, WOB, and RPM-
total. The offset drilling data may optionally include one or
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more of torque, motor RPM, surface RPM. For the offset
drilling data, the operating parameters are specified for a
start depth and end depth each respective section of well
bore.

[0061] The simulator of the present disclosure performs a
drilling mechanics analysis that includes an analysis of rock
mechanics for a given formation. The analysis of rock
mechanics provides information regarding one or more of
lithology, porosity, confined rock strength, unconfined rock
strength, and shale plasticity. The simulator performs the
rock mechanics analysis based upon one or more of the
following: well logs, mud logs, bit record(s), and recom-
mended bit(s).

[0062] Well Logs. At a minimum, a gamma ray log and at
least one (1) additional log is needed. The additional log
includes at least one or more of the following logs: nuclear
magnetic resonance (NMR), photoelectric (Pe) with neutron
density; neutron density, and sonic. The gamma ray is
typically run in combination with the log suites listed above.
In general, a more accurate lithology analysis can be
obtained when more of the above logs are provided for
performing the analysis.

[0063] Additional optional information would be useful
for the lithology analysis, if available. The additional
optional information includes one or more of spectral
gamma ray log, caliper log, core porosity, and rock strength.
According to one embodiment, the shale plasticity model
utilizes data from the spectral gamma ray log. The caliper
log data is used to evaluate data quality. In addition, the core
porosity and/or rock strength is used to calibrate the logs.

[0064] Mud Logs. Mud logs provide a valuable “reality
check” for the lithology analysis. In particular, the mud logs
assist in identifying any non-shales contained within the
given geology.

[0065] Bit Records. Bit records provide a valuable “reality
check” for the rock strength analysis, especially if the sonic
log is the only available porosity log.

[0066] Proposed Bits. Information regarding proposed
bits, such as photos and specifications, can be included in a
recommendation package, as further discussed herein. If a
depth interval is established for a proposed bit, the depth
interval can be displayed or shown graphically in the rec-
ommendation package, also.

[0067] Drilling Mechanics. In one embodiment, the drill-
ing mechanics analysis provides an output in the form of a
“driller’s road map.” In particular, the drilling mechanics
analysis provides predicted performance of a given bit in the
drilling of a well bore in a given formation. Drilling mechan-
ics information includes one or more of the following: work
done by a proposed bit in drilling through rock of known
compressive strength; bit wear condition; mechanical effi-
ciency of the bit as a function of rock strength and wear
condition; cutting torque and total torque produced by the
bit; operating power level as a function of the bit and an
corresponding drilling rig; constraint analysis indicating
which operating constraint are in effect; optimal operating
parameters, including WOB and RPM; predicted ROP,
including instantaneous and average; and predicted cost per
foot.

[0068] The simulator method and system of the present
disclosure perform drilling mechanics analysis with the use
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of one or more of the following types of information: bit
data, rig operating constraints, directional survey data and
proposed directional well plan, torque and drag analysis; and
measured operating parameters, for performing a history
match, as appropriate.

[0069] With respect to a given bit, a bit assembly number
can be used to identify the specific bit design. Upon estab-
lishment of a 3-D geometry for a given bit, a torque-WOB
signature can be generated using an appropriate 3-D bit
model. Accordingly, predicted performance reflects the spe-
cific bit design.

[0070] Operating Constraints. Operating constraints that
define a safe operating window for the driller include one or
more of the following: maximum safe operating torque (in
units of ft*1b); maximum safe operating WOB; maximum
safe operating RPM; minimum safe operating RPM; and
maximum allowable ROP. According to the embodiments of
the present disclosure, the above operating constraints apply
at the bit. Accordingly, the drilling mechanics analysis
facilitates an ability to handle a wide variety of drilling
situations. The operating constraints are discussed further
herein below.

[0071] Torque constraint. For a given bit run, the above
limits are constraints, except for torque which is variable.
For example, suppose the top drive is able to generate a
(theoretical) maximum of 10,000 ft*1b of torque according
to available information, such as an engineering manual
from the equipment manufacturer. However, the toolpusher
may indicate that the maximum safe operating torque is
7,000 ft*1b based upon the toolpusher’s experience with the
rig equipment. Suppose, also, that the proposed bit run is
from 5,000 to 10,000 ft measured depth (MD), where
measured depth is along the well path. A standard torque and
drag analysis might indicate that 1,000 ft*1b of torque is lost
because of friction between the drill string and the bore hole
wall at the beginning of the bit run and that 2,000 {t*1b is lost
at the end of the bit run. This means that the actual torque
transmission to the bit is 6,000 ft*lb maximum at the
beginning of the bit run, gradually decreasing to 5,000 ft*1b
at the end of the run. If a mud motor is used, then the
maximum torque output of the motor would also be needed.
Accordingly, when appropriate, the torque capabilities of the
drilling rig are included in the drilling rig characteristics for
use in a given drilling simulation.

[0072] Torque and Drag Analysis. The present embodi-
ments utilize a torque and drag analysis for converting
surface torque limits to equivalent limits at the bit. Such a
torque and drag analysis is generally available from a
drilling engineer of the operating company, since a torque
and drag analysis is typically part of a well plan. Alterna-
tively, a separate torque and drag analysis may be conducted,
however, such an analysis requires a complete description of
the drill string and bottom hole assembly. In addition, a
reasonable estimate can be made if the drill sting torque
losses at total depth (TD) are known. A toolpusher often has
information from prior measurements of on-bottom and
off-bottom torque. Furthermore, this information is some-
times available on morning reports at various depths or
when TD is reached.

[0073] WOB Constraint. According to one embodiment of
the present disclosure, for a given simulation recommenda-
tion, a maximum safe operating WOB depends on the
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weight of the drill string below the neutral point, and the
hook load capacity of the rig. In addition, the maximum safe
operating WOB also depends on expected rock strength and
bit selection. In conjunction with determining a maximum
safe operating WOB, it is advisable to examine the measured
WOB from an offset well to get a feel for the historical
maximum actually used, as opposed to a theoretical value.
The maximum safe operating WOB may also include a
safety factor.

[0074] RPM Constraints. According to one embodiment of
the present disclosure, for a given simulation recommenda-
tion, the safe operating window for RPM depends on the
specific machinery: rotary table, top drive, positive displace-
ment motor, or turbine. Sometimes the safe operating win-
dow for RPM is a combination of specific machinery: for
example, drilling with a motor in rotary mode, the motor
RPM must be added to the surface RPM. In conjunction with
determining a safe operating window for RPM, it is advis-
able to examine the measured RPM from an offset well to
get a feel for the historical maximum and minimum RPM
actually used, as opposed to the theoretical values alone. The
safe operating window for RPM may also include a safety
factor.

[0075] ROP Constraint. The ROP constraint reflects the
limitations of the drilling fluid system as well as related
geologic considerations. For example, an analysis of the
hydraulics system may reveal that the rig pumps are capable
of cleaning hole properly as long as the penetration rate does
not exceed 300 ft/hr. However, a geologic study may reveal
that if the penetration rate exceeds 200 ft/hr, the dynamic
mud weight will exceed the fracture gradient at the casing
shoe. Accordingly, the ROP constraint would be set to the
lower of these two limits. A toolpusher would generally be
well aware of this constraint.

[0076] Directional Data (optional). According to one
embodiment of the present disclosure, the iterative drilling
simulation method and system perform a drilling mechanics
analysis based upon well logs taken from a nearby offset
well for a given formation. However, a drilling mechanics
analysis is needed along the proposed well path of the next
well to be drilled. Accordingly, this can be accomplished if
a directional survey for the offset well, and a directional well
plan for the proposed well, are available.

[0077] Measured Operating Parameters. According to one
embodiment of the present disclosure, measured operating
parameters from an offset well, while optional, are very
useful in determining what the actual values are for the
various operating constraints. The measured operating
parameters include one or more of the following: weight-
on-bit, rotary RPM, penetration rate, and torque-on-bit
(ft*1b). Even if torque is unavailable, as is often the case, a
history match can still be made with the other operating
parameters.

[0078] Rig operating constraints provided by a rig opera-
tor should be reasonably close to actual field performance.
Measured operating parameters from an offset well enable
double-checking and confirming that the constraints are
correct.

[0079] Measured operating parameters are also used to
history-match the particular drill bit to the specific geology
and rig. This can significantly increase confidence in the
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predicted drilling performance results, and the value of the
analysis to the driller. Accordingly, measured operating
parameters are helpful.

[0080] Turning now to FIG. 4, an exemplary output 110 of
a sample iterative virtual drilling simulation for a first
geology formation is illustrated. In the iterative virtual
drilling simulation output 110 of FIG. 4, certain rig data and
energy input levels are specified for Rig A (112), Rig B (114)
and Rig C (116), as indicated by reference numerals 112,
1144, and 1164, respectively. As shown, the rig data and
energy input levels include cost per day, maximum weight
on bit, top drive and table torque, minimum RPM for the top
drive and table motor, maximum RPM for the top drive and
table motor, and a maximum GPM for pumps. The charac-
teristics of a drilling rig system can also include one or more
of the following: bit specification, down hole motor, top
drive system, rotary table, mud system, mud pump, hydrau-
lics, and operating parameters. In addition, the operating
parameters may include weight-on-bit (WOB), rotary RPM
(revolutions per minute), cost per day, rate of penetration
(ROP), torque, and pump flow rate.

[0081] According to one embodiment of the present dis-
closure, the well bore to be drilled includes a plurality of
sections 120 of well bore, as illustrated in FIG. 4. In this
embodiment, an economic evaluation factor includes a mini-
mum number of hours on bottom to drill a respective section
of well bore in a geology formation characterized by a given
rock column. That is, each section may be characterized by
a minimum number of hours (122,,, 122,,, 122,5,) on
bottom to drill a respective section of well bore (120,
120,., 1205). In addition, the economic evaluation factor
may include a cumulative minimum number of hours, indi-
cated by reference numeral 122 in FIG. 4, on bottom to drill
the respective sections of well bore. The cumulative number
of minimum hours on bottom to drill the respective sections
of well bore in the first geology formation with Rig A
amounted to 1082 Hours, as indicated by reference numeral
122A.

[0082] The iterative virtual drilling simulation output 110
further includes an economic minimum cost 124 for each
drilling rig system in the drilling of the well bore in the first
geology formation. The minimum cost 124 is a function of
the cost per day of a respective drilling rig system (converted
into cost per hour, as appropriate) multiplied by a corre-
sponding cumulative minimum number of hours to drill the
well bore for a respective iterative simulation. For example,
using the iterative drilling simulation method of the present
disclosure, the total minimum number of hours on bottom to
drill the respective sections of well bore with Rig A
amounted to 1082 hours. The minimum cost of Rig Ain the
drilling of the well bore amounted to $5.64 million dollars
((1082(Hours)/24(Hours/Day))x125,000($/Day)=$5.64
MM), as indicated by reference numeral 124A. Similarly,
the iterative drilling simulation output 110 includes a mini-
mum number of hours on bottom for respective sections of
well bore, the cumulative total minimum number of hours on
bottom, and a cost for each of the other drilling rig systems
Rig B 114 and Rig C 116, respectively.

[0083] As discussed herein, according to one embodiment
of the iterative simulation method of the present disclosure,
the method generates a simulated well bore drilling perfor-
mance output for a given iteration of simulated drilling of
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the well bore. As illustrated in the example output 110 of
FIG. 4, the simulated well bore drilling performance output
facilitates an enhanced economic decision making with
respect to an actual drilling in a field containing formations
analogous to the rock column with a respective drilling rig
system. For example, from the output 110 of FIG. 4, an
operating company can make an enhanced economic deci-
sion in the selection of a drilling rig system. From an
economic standpoint, drilling rig system Rig A 112 provides
the best selection over drilling rig system Rig B 114 and Rig
C 116 for the drilling of a well bore in a given formation
analogous to the rock column.

[0084] As illustrated in the example of FIG. 4, the simu-
lated well bore drilling performance output 110 includes one
or more of (a) identification of drilling rig system charac-
teristics, the characteristics including at least a drilling rig
system economic factor, (b) a representation of at least one
section of well bore in the rock column, (¢) a minimum
duration of time needed on bottom to drill a respective at
least one section of well bore, (d) a cumulative duration of
time needed to drill all sections of well bore, and (e) a
minimum cost amount determined as a function of the
cumulative duration of time and the drilling rig system
economic factor. The simulated well bore drilling perfor-
mance output may also include a minimum duration of time
needed on bottom to drill the well bore, without indicating
the same for each section of the well bore.

[0085] Referring now to FIG. 5, an exemplary output 130
of a sample iterative virtual drilling simulation for a second
geology formation is illustrated. The iterative virtual drilling
simulation output 130 of FIG. 5 is similar to that of FIG. 4
with respect to rig data and energy input levels specified for
Rig A (112), Rig B (114) and Rig C (116), as indicated by
reference numerals 11241144, and 1164, respectively. How-
ever, the iterative simulated drilling with the drilling rig
systems is with respect to a different geology formation.
While the rig data and energy input levels of FIG. 5 are
similar to those specified in FIG. 4, the various economic
evaluation factors have changed as a result of the simulated
drilling in a different rock column.

[0086] As illustrated in FIG. 5, the well bore to be drilled
includes a plurality of sections 120 of well bore. In this
embodiment, the economic evaluation factor includes a
minimum number of hours on bottom to drill a respective
section of well bore in a geology formation characterized by
the given rock column. Each section is characterized by a
minimum number of hours on bottom to drill a respective
section of well bore. For example, the minimum number of
hours on bottom to drill section two of the well bore with Rig
A, Rig B, and Rig C amounted to 886 Hours, 798 Hours, and
605 Hours, respectively. In addition, the economic evalua-
tion factor includes a cumulative total minimum number of
hours (indicated by reference numeral 122) on bottom to
drill the respective sections of well bore. In FIG. 5, the
cumulative total number of minimum hours on bottom to
drill respective sections of well bore in the second geology
formation with Rig A, Rig B, and Rig C amounted to 1748
Hours, 1488 Hours, and 1139 Hours, respectively. Accord-
ingly, the exemplary output 130 of FIG. 5 illustrates drilling
rig system Rig C as producing the best economic perfor-
mance over the drilling rig systems Rig A and Rig B in the
simulated drilling of a well bore in the second geology
formation.
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[0087] According to another embodiment, the method of
iterative drilling simulation includes generating a recom-
mendation package 36 (FIG. 1) of drilling system charac-
teristics for use in an actual drilling of a well bore in the
formation as a function of economic evaluation factors. The
recommendation package provides iterative simulation out-
put content in one or more formats, including, for example,
hardcopy, CD ROM, computer readable media, electronic
file, holographic projection, compressed time animation, or
any combination thereof. For example, the recommendation
package may include a computer readable medium, as
indicated by reference numeral 37 in FIG. 1.

[0088] With respect to compressed time animation, the
recommendation package facilitates visualization of the
simulated drilling of the well bore on a compressed time
frame. For example, if the actual time to drill the well bore
were thirty (30) days, then with the compressed time ani-
mation, the simulated drilling for the entire well could be
visually viewed over some fraction of that time by a viewer
using compressed time animation. Output embodying com-
pressed time animation would give the operator the oppor-
tunity to quickly view the wellbore drilling system simula-
tion presented through time. Each iteration can include
compressed or collapsed time animation of the drilling
process for that particular rig, set of system components, and
rock column. The operator can review the output of a
simulation in a few minutes that represents many hours of
actual drilling time on bottom. The operator can also see the
changes in the progress of the drilling brought about by
changes in system components.

[0089] Accordingly, the compressed time animation could
be highly beneficial to an operating company in making a
best economic decision for the drilling of a well bore in a
given formation. According to one embodiment, the com-
pressed time animation utilizes the geology and mechanics
models, as described herein, in the iterative drilling simu-
lations for producing a respective economic evaluation
output. Compressed time animation techniques are known in
the art, and thus only briefly discussed herein.

[0090] In one embodiment, the recommendation package
includes at least one economic evaluation factor and at least
one recommendation of drilling rig system characteristics
for use in an actual drilling of the at least one well bore in
the formation as a function of the economic evaluation
factors. The economic evaluation factor can be derived by
the method of (a) obtaining characteristics of a rock column
in the formation to be drilled, (b) specifying characteristics
of at least one drilling rig system, and (c) iteratively simu-
lating the drilling of the well bore in the formation and
producing an economic evaluation factor for each iteration
of drilling simulation. Other economic evaluation factors are
also possible, as discussed earlier herein. In addition, each
iteration of drilling simulation is a function of the rock
column to be drilled and the characteristics of the at least one
drilling rig system according to a drilling simulation model,
as discussed herein.

[0091] Turning now to FIG. 6, FIG. 6 illustrates a flow
diagram view of an iterative virtual drilling simulation
method 150 with an iterative virtual drilling simulator 21
(FIG. 1) according to one embodiment of the present
disclosure. In step 152, iterative virtual drilling simulator
receives a request for a drilling recommendation in connec-
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tion with facilitating enhanced economic decision making,
further with respect to drilling of a well bore in a given
formation characterized by a particular rock column. In step
154, the simulator obtains geology characteristics of the
formation to be drilled, the geology characteristics including
those as discussed earlier herein. In step 156, the simulator
obtains drilling equipment characteristics of a drilling sys-
tem, the drilling equipment characteristics including char-
acteristics as discussed earlier herein.

[0092] In step 158, the simulator performs an iterative
drilling simulation of the drilling of the well bore in the
formation. The simulation of step 158 includes the produc-
ing of an economic evaluation factor for the respective
iterative simulation. In step 160, the simulator queries
whether or not the simulation is optimized, according to a
prescribed optimization process and criteria for a given
simulated drilling application. If not optimized, the process
proceeds to step 162. In step 162, the simulator modifies one
or more drilling mechanics parameter(s) according to the
prescribed optimization process and criteria. Upon a modi-
fication of the one or more drilling mechanics parameters in
step 162, the process returns to step 158 for performing an
iterative drilling simulation as a function of the modified
drilling mechanics parameters and the geology characteris-
tics. The process continues as discussed herein with respect
to step 158.

[0093] TIf, in step 160, the simulation is determined to be
optimized, then the process proceeds to step 164. In step
164, the simulator generates a preliminary recommendation
as a function of the optimized drilling simulation output for
the respective iteration. In step 166, the simulator queries
whether or not there are additional equipment consider-
ations. If additional equipment considerations exist, then the
process proceeds to step 168. In step 168, the simulator
obtains the additional drilling equipment characteristics. The
process then returns to step 158 for performing an iterative
drilling simulation as a function of the additional drilling
system equipment characteristics. The process continues as
discussed herein with respect to step 158.

[0094] If, in step 166, there are no additional equipment
considerations for the particular iterative drilling simulation
process, then the simulator prepares an overall recommen-
dation package at step 170, as discussed further herein. The
process then ends at step 172.

[0095] Turning now to FIG. 7, FIG. 7 illustrates a block
diagram view of an iterative drilling simulator system 180
for performing iterative drilling simulations according to
another embodiment of the present disclosure. The iterative
drilling simulation system provides for enhanced economic
decision making, as discussed herein. The iterative drilling
simulation system 180 includes a simulator 182. The simu-
lator 182 obtains characteristics of a rock column to be
drilled via input 184. The characteristics of the rock column
include one or more of lithology, rock strength, and shale
plasticity. Any one of the rock column characteristics can be
derived from log data 186 and a respective lithology model,
rock strength model, and shale plasticity model, generally
indicated by reference numeral 188.

[0096] Referring still to FIG. 7, the drilling simulator 182
obtains characteristics of a drilling rig system via drilling rig
system input, generally indicated by reference numeral 190.
The characteristics of the drilling rig system include one or
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more characteristics of rig inputs 192, drill string and bottom
hole assembly inputs 194, drill bit inputs 196, and hydraulic
properties 198. The drilling rig system characteristics may
also include characteristics of more than one drilling rig
system.

[0097] The rig inputs 192 may include one or more inputs
of operating constraints, rig costs, maximum weight on bit,
top drive torque, table drive torque, top drive minimum
RPM, table drive minimum RPM, top drive maximum RPM,
table drive maximum RPM, pumps maximum GPM, and
standpipe maximum PSI. The drill sting and bottom hole
assembly (BHA) characteristics 194 may include character-
istics of motor RPM, turbine RPM, motor torque, turbine
torque, rotary steerable system, PSI loss through BHA, PSI
string loss, string torque, string drag, and drill string eco-
nomics.

[0098] The drill bit inputs 196 may include one or more
inputs of bit type, bit diameter, bit cutting structure 3D
model, bit work rating, bit wear rating, bit junk slot area, bit
TFA (total flow area), and bit pressure drop.

[0099] The hydraulic properties 198 may include one or
more properties of oil, synthetic, water, weight PPG (pounds
per gallon), yield point, plastic viscosity, annular velocity,
water loss, lost circulation, ECD (equivalent circulating
densities), depth in, depth out, maximum ROP, and fluid
costs.

[0100] According to one embodiment, the simulator 182
(FIG. 7) includes a computer system 21 (FIG. 1) for
performing the various functions as described herein. The
various functions as discussed herein can be programmed
using programming techniques well known in the art. The
inputs can include any suitable input, whether analog, digi-
tal, optical, sonic, or other form of input, via an input device,
such as a keyboard, interface card, or other suitable input
device, for communicating the rock column and drilling rig
system characteristics to simulator 182.

[0101] In response to obtaining characteristics of a rock
column in a formation to be drilled and characteristics of at
least one drilling rig system, the simulator 182 iteratively
simulates the drilling of a well bore in the formation and
produces an economic evaluation factor for each iteration of
drilling simulation. Each iteration of drilling simulation is a
function of the rock column and the characteristics of the at
least one drilling rig system according to a drilling simula-
tion model. According to one embodiment, the drilling
simulation model includes one or more models of mechani-
cal efficiency, bit wear, hole cleaning efficiency, and drilling
economics, generally indicated by reference numeral 200, as
discussed further herein. The drilling simulation model may
also include a penetration rate model 202, as discussed
further herein also.

[0102] As illustrated in FIG. 7, if an output of the pen-
etration rate model 200 is not optimized, the simulator
executes another iterative simulation, via 204. The iterative
simulation would include a modification of one or more
drilling rig system characteristics, prior to running a corre-
sponding iteration, as may be appropriate for a given itera-
tive drilling simulation plan. On the other hand, if an output
of the penetration rate model 204 were satisfactory accord-
ing to a given optimization criteria, then simulator 182
provides the optimum output at 206. Accordingly, simulator
182 would be finished with the given iterative drilling
simulation exercise.
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[0103] In addition to iteratively simulating the drilling of
a well bore in the formation, the simulator 182 produces an
economic evaluation factor for each iteration of drilling
simulation. Each iteration of drilling simulation is a function
of the rock column and the characteristics of the at least one
drilling rig system according to a drilling simulation model.

[0104] The simulator 182 further generates a recommen-
dation package of drilling rig system characteristics as a
function of economic evaluation factors. The recommenda-
tion package information is presented in one or more of the
following formats of hardcopy, CD ROM, computer read-
able media, electronic file, holographic projection, com-
pressed time animation, or any combination thereof. Accord-
ingly, the recommendation package includes information
suitable for use in deciding upon equipment and process
selections in an actual drilling of a well bore in the forma-
tion, as a function of the economic evaluation factors.

[0105] FIG. 8 is a flow diagram view of an iterative
drilling simulation method 210 according to another
embodiment. In step 212, the iterative drilling simulation
method obtains geology characteristic(s) of a desired for-
mation. In step 214, the process includes obtaining param-
eters of desired drilling equipment. In step 216, the method
simulates drilling of a well bore in the geology as a function
of the geology and the drilling equipment parameters
according to a prescribed drilling simulation model. In step
218, the method generates an economic characteristic as a
function of the drilling simulation, the economic character-
istic as further discussed herein.

[0106] In step 220, the process queries whether or not
additional iterations of simulation are to be carried out. If
additional iterations of simulations are to be conducted, then
the process proceeds to step 222. In step 222, the process
obtains parameters of additional desired drilling equipment.
In response to obtaining the parameters of additional desired
drilling equipment, the process returns to step 216 and the
simulating of drilling the geology as a function of the
geology and drilling equipment characteristics.

[0107] In step 220, if no additional simulations are to be
conducted, then the process proceeds to step 224. In step
224, the process generates a report of the iterative drilling
simulations, the report including suitable information for
facilitating enhanced economic decision making in conjunc-
tion with drilling of a well bore in a given formation with a
given drilling rig system, as discussed further herein. The
process then ends at 226.

[0108] The embodiments of the present disclosure further
include a method for preparing a recommendation package
for enhanced economic decision making in connection with
drilling at least one well bore in a given formation. The
method comprises obtaining geology characteristics of the
formation to be drilled. The geology characteristics include
at least a rock column. The method further includes speci-
fying equipment characteristics of at least one drilling
system. The equipment characteristics include drilling
mechanics parameters. Lastly, the method includes itera-
tively simulating the drilling of the well bore in the forma-
tion, producing an economic evaluation factor for each
respective iterative drilling simulation and modifying drill-
ing mechanics parameters until a desired optimization of the
iterative drilling simulation is achieved.

[0109] Each iterative drilling simulation is a function of
the geology and drilling system equipment characteristics
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according to a drilling simulation model. The method gen-
erates a preliminary recommendation in response to the
iterative drilling simulation achieving the desired optimiza-
tion. Still further, the method includes, repeating, for any
additional equipment considerations, the steps of specifying
equipment characteristics of at least one drilling system,
iteratively simulating the drilling of the well bore, and
generating a preliminary recommendation for any additional
equipment considerations.

[0110] An overall recommendation is then generated as a
function of the preliminary recommendations of iterative
drilling simulations. For example, the recommendation
package may be generated from the iterative drilling simu-
lations as a function of economic evaluation factors of select
ones of respective iterative drilling simulations. In one
embodiment, the overall recommendation comprises one or
more of hardcopy, CD ROM, computer readable media,
electronic file, holographic projection, compressed time
animation, or any combination thereof.

[0111] According to another embodiment, computer sys-
tem 21 (FIG. 1) is programmed for performing functions as
described herein, using programming techniques known in
the art. In one embodiment, a computer program product
includes a computer readable medium 37 (FIG. 1) having a
computer program stored thereon. The computer program
for execution by the computer enables iterative drilling
simulation for enhanced economic decision making. The
computer program includes instructions processable by the
computer system for causing the computer system to obtain
characteristics of a rock column in a formation to be drilled,
obtain characteristics of at least one drilling rig system, and
iteratively simulate the drilling of a well bore in the forma-
tion. The computer program is further for producing an
economic evaluation factor for each iteration of drilling
simulation, wherein each iteration of drilling simulation is a
function of the rock column and the characteristics of the at
least one drilling rig system according to a drilling simula-
tion model.

[0112] The computer program is further processable by the
computer system for causing the computer system to gen-
erate a simulated well bore drilling performance output for
a given iteration of simulated drilling of the well bore, the
simulated well bore drilling performance output suitable for
facilitating an enhanced economic decision making with
respect to an actual drilling with a respective drilling rig
system in a field containing formations analogous to the rock
column. The simulated well bore drilling performance out-
put includes at least one of the following selected from the
groups consisting of (a) identification of drilling rig system
characteristics, the characteristics including at least a drill-
ing rig system economic factor, (b) a representation of the
well bore in the rock column, (¢) a minimum duration of
time needed on bottom to drill the well bore, and (d) a
minimum cost amount determined as a function of the
duration of time and the drilling rig system economic factor.

[0113] The computer program is still further processable
by the computer system for causing the computer system to
generate a simulated well bore drilling performance output
for at least one iteration of the simulated drilling of the well
bore. In one example, the simulated well bore drilling
performance output facilitates enhanced economic decision
making with respect to actual drilling in a field containing
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formations analogous to the rock column with a respective
drilling rig system corresponding to that of the at least one
iteration of the simulated well bore drilling performance.

[0114] According to another embodiment, the simulator
iteratively simulates the drilling of the well bore in the
formation, produces an economic evaluation factor for each
respective iterative drilling simulation, and modifies drilling
mechanics parameters until a desired optimization of the
iterative drilling simulation is achieved. Each iterative drill-
ing simulation is a function of the geology and drilling
system equipment characteristics according to a drilling
simulation model. The simulator further generates a prelimi-
nary recommendation in response to the iterative drilling
simulation achieving the desired optimization. The simula-
tor operates to repeat the specifying of equipment charac-
teristics of at least one drilling system, iteratively simulating
the drilling of the well bore, and generating a preliminary
recommendation for any additional equipment consider-
ations. Lastly, the simulator generates an overall recommen-
dation as a function of the preliminary recommendations of
iterative drilling simulations.

[0115] According to another embodiment, a system for
preparing a recommendation package for enhanced eco-
nomic decision making in connection with drilling at least
one well bore in a given formation comprises a first input,
a second input, and a simulator. The first input is for
obtaining geology characteristics of the formation to be
drilled, wherein the geology characteristics include at least
a rock column. The second input is for specifying equipment
characteristics of at least one drilling system, wherein the
equipment characteristics include drilling mechanics param-
eters. Lastly, the simulator is for simulating the drilling of
the well bore in the formation, wherein the drilling simula-
tion is a function of the geology and drilling system equip-
ment characteristics according to a drilling simulation
model.

[0116] The simulator generates an economic evaluation
factor as a function of the drilling simulation. In addition, the
simulator operates to iteratively repeat, for any additional
equipment considerations, the specifying of equipment char-
acteristics, simulating the drilling of the well bore, and
generating the economic evaluation factor. The simulator
further generates a recommendation package of the iterative
drilling simulations as a function of economic evaluation
factors of select ones of respective iterative drilling simu-
lations, as discussed.

[0117] According to another embodiment, a simulator for
enhanced economic decision making in connection with
drilling at least one well bore in a given formation comprises
a first processor, a second processor, and a third processor.
In one embodiment, the first, second, and third processors
may include a single processor for performing the function-
ality’s as discussed herein.

[0118] The first processor, responsive to geology charac-
teristics of the formation to be drilled and specified equip-
ment characteristics of at least one drilling system, itera-
tively simulates the drilling of a well bore in a formation.
The geology characteristics include at least a rock column
and the equipment characteristics include the drilling
mechanics parameters. The first processor further produces
an economic evaluation factor for each respective iterative
drilling simulation. The first processor also modifies drilling
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mechanics parameters until a desired optimization of the
iterative drilling simulation is achieved. Each iterative drill-
ing simulation is a function of the geology and drilling
system equipment characteristics according to a prescribed
drilling simulation model.

[0119] The second processor, responsive to the achieve-
ment of the desired optimization by the first processor,
generates a preliminary recommendation. The first and sec-
ond processors further operate in response to the geology
characteristic and any additional specified equipment char-
acteristics of the at least one drilling system for iteratively
simulating the drilling of the well bore and generating a
preliminary recommendation for any such additional equip-
ment considerations as a function of one or more economic
evaluation factors.

[0120] Responsive to iterative simulations of drilling and
generating of preliminary recommendations for the initial
and any additional equipment considerations, the third pro-
cessor generates an overall recommendation as a function of
the preliminary recommendations of iterative drilling simu-
lations. The third processor may also generate a recommen-
dation package of the iterative drilling simulations as a
function of economic evaluation factors of select ones of
respective iterative drilling simulations. The overall recom-
mendation package content may be in a format that includes
hardcopy, CD ROM, computer readable media, electronic
file, holographic projection, compressed time animation, or
any combination thereof.

[0121] As discussed herein, the geology and drilling
mechanics models of the present iterative simulation method
and system digest an existing suite of logs. The iterative
drilling simulation method and system are also characterized
by an open architecture that can be readily upgraded to
reflect any impact that a new technology may have on the
economics of an iterative simulation. In addition to the
above discussion, the iterative drilling simulation method
and system includes capabilities for being upgraded to
reflect new technology advancements as they are developed
and made generally available. For example, the iterative
drilling simulation method and system can be upgraded to
take into account technical advancements in one or more of
the rig equipment, torque and drag mitigation equipment,
downhole rotary systems, rock destruction tools, drill bit
enhancements, and other related technology developments.
Accordingly, it is anticipated that as technology advances,
the iterative drilling simulation method and system can be
modified to reflect any impact of the new technology on the
economics of a given iterative simulation.

ILLUSTRATIVE EXAMPLES

[0122] The following description provides various illus-
trative examples of applicability with respect to the embodi-
ments of the present disclosure.

[0123] Rig Selection

[0124] According to one embodiment, the drilling simu-
lator of the present disclosure is useful with respect to rig
selection. For example, consider a situation in which a
drilling operator has discovered and delineated a new off-
shore field. The operator now intends to develop the field.
The operator has a choice of two available drill rigs to put
under contract to accomplish the developmental drilling. A
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first rig (“Rig One™) is available at $200,000 per day and a
second rig (“Rig Two”) is available at $175,000 per day.
Rough estimates made by the operator indicate that the
operator expects developmental drilling to take three (3)
years. Accordingly, the operator seeks to contract a rig for
the three (3) year period of time.

[0125] Traditional decision making methods used to deter-
mine which rig to contract involve estimating or approxi-
mating which rig will be most effective through various
macro observations of horsepower, pumping power, and
weight handling capability relative to the daily cost. From
these estimates, a contractor decides which rig to contract.

[0126] Using the simulation method of the present disclo-
sure, according to one embodiment, the simulator creates a
computerized simulation of each rig and the respective rig’s
capabilities relative to the particular rock column to be
drilled. The characteristics of the rock to be drilled are
simulated using log data gathered from one or more discov-
ery and/or delineation wells. With respect to each rig’s
particular characteristics, the drilling simulator iteratively
produces drilling simulations until an “optimum” drilling
approach for the specific rock column for each rig’s par-
ticular characteristics is determined. These simulations can
then be used to allow the operator to make a much better
informed decision as to which rig will ultimately provide a
best overall economic value in the development of the
particular field.

[0127] Inthe above example, the difference of $25,000 per
day over the projected 3 year life of the rig contract equals
$27,375,000. Accordingly, the potential economic implica-
tions of the decision are clearly significant.

[0128] Rig Modification/Upgrade Valuations

[0129] Drilling rigs are comprised of various components
that represent the total energy input capabilities that a
respective rig can apply to the drilling of a well bore. The rig
components include, but are not limited to, the rotary table,
top drive, drill string, drilling fluid pumps, bottom hole
assembly, and hoisting equipment. As a given rig ages, some
of the rig components lose efficiency. For instance, this is
especially true of the potential of the drill string to accept
rotary input, torque, and weight, and of the drilling fluid
pumps to operate at or near the manufacturer’s original
efficiency rating. Replacing these rig components to reattain
their original capabilities with respect to the overall drilling
rig system can be an expensive proposition.

[0130] The simulation capabilities provided by the process
of the present disclosure enable an analyst to iteratively run
through various scenarios of drilling before and after poten-
tial rig upgrades or component replacements. Accordingly,
the analyst can more effectively determine an economic
impact of actually making a corresponding upgrade or
replacement, or of delaying doing so.

[0131] For example, the present embodiments can be used
for assisting in making a multi-million dollar decision
whether or not to replace the drilling tubulars of a given
drilling rig with new drilling tubulars. By modeling the loss
of weight and torque capabilities of an existing drill string in
a proposed drilling environment versus the higher weight
and torque capabilities of a new drill string, a far clearer
picture of the economic benefits of the new tubulars versus
their cost can be derived. For a specific drilling campaign, a
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rig contractor may consider using the simulation results to
aid in convincing a contracting operator to share in the cost
of a new drill string, wherein the operator’s ultimate drilling
costs would be significantly reduced by the employment of
the new system capabilities resulting from the new drill
tubulars.

[0132] Asset Comparisons/Field Economics

[0133] Operating companies make decisions on whether
or not to develop a hydrocarbon bearing prospect based on
a simulation of the reservoir, value of the hydrocarbon to be
produced, logistics costs, and an estimate of drilling costs.
The present invention, allowing for a scientifically based
simulation of the drilling system and it’s respective efficien-
cies, provides the operator with a much more reliable way of
factoring the economic aspects of drilling costs into the
decision making process.

[0134] Specifically, by using a simulation according to the
present embodiments rather than an estimation, a decision
could swing to developing a field, rather than abandoning its
development as not being economically feasible.

[0135] Given that a simulation, according to the present
embodiments, can be used to assist in the economic evalu-
ation of an individual prospective asset, such a simulation
can by extension be used to make comparisons of the
economics of multiple prospective assets. Accordingly, the
simulation method of the present disclosure assists in deter-
mining which of multiple prospective assets should be
developed and in what order they should be developed.

[0136] DHM (Down Hole Motor) vs Rotary Steerable vs
Turbine Evaluations

[0137] Drilling system components that provide down
hole rotation enhancements and/or directional drilling con-
trol methods represent an expensive addition to an overall
drilling system. The simulation system of the present
embodiments make it possible to iteratively compare down-
hole performance and ultimate economics of the various
available down hole rotation and/or directional drilling
control drilling system components. Exemplary drilling sys-
tem components may include, for example, down hole
motor, rotary steerable system, downhole turbine, or other
similar component.

[0138] From an operator’s viewpoint, having a simulation
makes it possible to arrive at the best possible system for the
drilling project ahead, prior to an initial developmental well.
The simulation also enables avoiding the expense of “field
testing” of various systems to eventually reach a preferred
method, wherein the method of “field testing” may or may
not produce an optimum method.

[0139] Contractor Pricing/Qualification Consulting

[0140] Rig contractors manage fleets of drilling rigs of
various ratings, capabilities, and wear conditions. According
to one embodiment of the present disclosure, the simulator
enables cross-analyses of the capabilities of some or all of
the subject rig fleet to be performed, allowing a contractor
to determine which members of a given fleet are best suited
for a particular drilling challenge or challenges. In addition,
the contractor can use the simulation outputs for determining
appropriate upgrade strategies and upgrade timing decisions.
Decisions to build a new rig versus refurbishing an existing
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rig can also be positively impacted by use of embodiments
of the simulator method and apparatus of the present dis-
closure.

[0141] With access to the embodiments of the present
disclosure, a rig contractor can use the simulations or
simulation data outputs produced by the simulator in con-
tract negotiations with drilling operators to provide further
information as to the “fit-for-purpose™ nature of a particular
rig or rigs. The leverage provided by the simulation should
allow the contractor an ability to negotiate better financial
terms for the lease of the particular rig or rigs.

[0142] Drilling Fluids Selection and Economic Impact

[0143] According to another embodiment, the simulator
takes into account properties of the drilling fluid to be used
in a drilling process, relative to the formation(s) to be drilled.
Such a capability allows the simulator output to be used to
make decisions on drilling fluids economics, drilling fluids
selection and additional hydraulics parameters to be used in
a given drilling process.

[0144] Drilling Parameter Recommendations

[0145] If during the course of a developmental drilling
campaign, an operator determines that drilling costs are
unacceptably high, then there is a likelihood that steps will
be taken to reduce drilling costs. One basic approach to
reduce drilling costs (as well as reduce overall cost) is to
improve drilling efficiency.

[0146] According to another embodiment of the present
disclosure, the simulator iteratively models drilling efficien-
cies. That is, the simulator provides opportunities for
improved drilling efficiency to be iteratively modeled and
analyzed by using various sets of drilling parameter inputs
and bit models. The best way forward in the reduction of
drilling costs can then be identified and implemented with-
out the ongoing expense of “field trials” to attempt, either
successfully or unsuccessfully, to reduce drilling costs.

[0147] Time to First Economic Production Evaluations

[0148] Operators use determinations of time to first eco-
nomic hydrocarbon production to assist them in determining
a net present value of a developmental prospect. An output
of the simulator of the present embodiments provides a more
accurate estimate of drilling times than previous estimation
methods. The greater accuracy provided by the simulator of
the present embodiments allows an operator to generate a
better determination as to what an actual time will be to first
economic hydrocarbon production.

[0149]

[0150] Infield drilling is performed to obtain additional
production from fields that have previously been producing.
Because the field has seen previous drilling, the assumption
is generally made that drilling times for the infield drilling
will generally be close to the earlier drilling. A simulation
according to the present embodiments can be carried out to
either verify the typical assumption, or to iteratively
improve under simulated conditions, valuable drilling effi-
ciencies prior to or early on in the commencement of the
infield drilling.

Infield Drilling Economics
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[0151] Lease and Drilling Cost Evaluations

[0152] Nations from time to time offer leased mineral
rights to properties for hydrocarbon exploration. Operators
evaluate the properties based on seismic analyses to deter-
mine if the properties are of interest and for developing a bid
price that the operator will offer for a corresponding lease or
leases. Operators may also offer lease rights, that they
already hold, to others from time to time. With use of the
simulator embodiments of the present disclosure, a more
accurate estimate of likely drilling costs for a given lease can
be made. Accordingly, the present embodiments assist an
operator in determining an appropriate bid price to offer for
a given lease or leases.

[0153] Although only a few exemplary embodiments of
this invention have been described in detail above, those
skilled in the art will readily appreciate that many modifi-
cations are possible in the exemplary embodiments without
materially departing from the novel teachings and advan-
tages of this invention. Accordingly, all such modifications
are intended to be included within the scope of this invention
as defined in the following claims. In the claims, means-
plus-function clauses are intended to cover the structures
described herein as performing the recited function and not
only structural equivalents, but also equivalent structures.

What is claimed is:

1. An iterative drilling simulation method for enhanced
economic decision making comprising:

obtaining characteristics of a rock column in a formation
to be drilled, wherein the characteristics of the rock
column include at least one of the following selected
from the group consisting of lithology, rock strength,
and shale plasticity, wherein a respective characteristic
is derived from log data and a respective lithology
model, rock strength model, and shale plasticity model,
further wherein the log data includes at least one of the
following selected from the group consisting of well
logs, mud logs, core data, and bit records;

specifying characteristics of at least one drilling rig sys-
tem, wherein the characteristics of the at least one
drilling rig system include rig inputs wherein the rig
inputs include at least one of the following selected
from the group consisting of: operating constraints, rig
costs, maximum weight on bit, top drive torque, table
drive torque, top drive minimum RPM, table drive
minimum RPM, top drive maximum RPM, table drive
maximum RPM, pumps maximum GPM, and stand-
pipe maximum PSI;

iteratively simulating the drilling a well bore in the
formation and producing an economic evaluation factor
for each iteration or drilling simulation, wherein each
iteration of drilling simulation is a function of the rock
column and the characteristics of the at least one
drilling rig system according to a prescribe drilling
simulation model, wherein the drilling simulation
model includes at least one of the following selected
from the group consisting of a mechanical efficiency
model, bit wear model, hole cleaning efficiency model,
penetration rate model, and drilling economics model;
and
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generating a recommendation package of drilling rig 3. The method of claim 1, wherein the produced economic
system characteristics for use in a drilling of a wellbore evaluation factor includes a minimum cost amount for
in the formation as a function of the economic evalu- drilling the well bore, and wherein the minimum cost
ation factors. amount is a function of both a minimum number of hours on

bottom to drill the well bore and a cost per day for a

2. The method of claim 1, wherein the produced economic . o .
respective drilling rig system.

evaluation factor includes a minimum number of hours on
bottom to drill the well bore. %k % %k



