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(57) Abstract: Apparatus and methods of identifying rock properties in
real-time during drilling, are provided. An apparatus includes an acoustic
sensor installed in a drilling fluid circulation system of a drilling rig, the
acoustic sensor coupled to one of the following: (i) a bell nipple, (i) a
gooseneck, or (iii) a standpipe. Raw acoustic sensor data generated re-
al-time as a result of rotational contact of the drill bit with rock during
drilling is received, and a plurality of acoustic characteristics are derived
from the raw acoustic sensor data. The lithology type of rock undergo-
ing drilling may be determined from the acoustic characteristics. Petro-
physical properties of the rock undergoing drilling may be determined
using a petrophysical properties evaluation algorithm employable to pre-
dict the petrophysical properties of rock undergoing drilling from the raw
acoustic sensor data.
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APPARATUS AND METHODS OF EVALUATING ROCK PROPERTIES WHILE
DRILLING USING ACOUSTIC SENSORS INSTALLED IN THE DRILLING FLUID
CIRCULATION SYSTEM OF A DRILLING RIG

BACKGROUND OF THE INVENTION
1. Related Applications

[0001] This application is a continuation-in-part of and claims priority to and the benefit
of U.S. Non-Provisional Patent Application No. 13/554,369 titled “Methods Of Evaluating
Rock Properties While Drilling Using Downhole Acoustic Sensors And A Downhole
Broadband Transmitting System™ filed on July 20, 2012, which is a non-provisional of and
claims priority to and the benefit of U.S. Provisional Patent Application No. 61/539,171, titled
"Methods Of Evaluating Rock Properties While Drilling Using Downhole Acoustic Sensors
And A Downhole Broadband Transmitting System," filed on September 26, 2011, and is
related to U.S. Patent Application No. 13/554,019, filed on July 20, 2012, titled “Apparatus,
Computer Readable Medium and Program Code for Evaluating Rock Properties While Drilling
Using Downhole Acoustic Sensors and Telemetry System"; U.S. Patent Application No.
13/553,958, filed on July 20, 2012, titled “Methods of Evaluating Rock Properties While
Drilling Using Downhole Acoustic Sensors and Telemetry System"; U.S. Patent Application
No. 13/554,298, filed on July 20, 2012, titled “Apparatus for Evaluating Rock Properties While
Drilling Using Drilling Rig-Mounted Acoustic Sensors"; and U.S. Patent Application No.
13/554,470, filed on July 20, 2012, titled “Methods for Evaluating Rock Properties While
Drilling Using Drilling Rig-Mounted Acoustic Sensors"; U.S. Patent Application No.
13/554,077, filed on July 20, 2012, titled “Apparatus, Computer Readable Medium, and
Program Code For Evaluating Rock Properties While Drilling Using Downhole Acoustic
Sensors and a Downhole Broadband Transmitting System; U.S. Provisional Patent Application
No. 61/539,165, titled " Apparatus And Program Product For Evaluating Rock Properties While
Drilling Using Downhole Acoustic Sensors And A Downhole Broadband Transmitting
System," filed on September 26, 2011; U.S. Provisional Patent Application No. 61/539,201,
titled " Apparatus For Evaluating Rock Properties While Drilling Using Drilling Rig-Mounted
Acoustic Sensors," filed on September 26, 2011; U.S. Provisional Patent Application No.
61/539,213, titled "Methods For Evaluating Rock Properties While Drilling Using Drilling
Rig-Mounted Acoustic Sensors," filed on September 26, 2011; U.S. Provisional Patent
Application No. 61/539,242 titled "Apparatus And Program Product For Evaluating Rock
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Properties While Drilling Using Downhole Acoustic Sensors And Telemetry System," filed on
September 26, 2011; and U.S. Provisional Patent Application No. 61/539,246 titled "Methods
Of Evaluating Rock Properties While Drilling Using Downhole Acoustic Sensors And
Telemetry System," filed on September 26, 2011, each incorporated herein by reference in its

entirety for purposes of United States Patent Practice.

2 Field of the Invention

[0002] This invention relates in general to hydrocarbon production, and more particularly,

to identifying rock types and rock properties in order to improve or enhance drilling operations.
3. Description of the Related Art

[0003] Measuring rock properties during drilling in real time can provide the operator the
ability to steer a drill bit in the direction of desired hydrocarbon concentrations. In current
industrial practice and prior inventions, either resistivity or sonic logging while drilling (LWD)
tools are employed to guide the drill bit during horizontal or lateral drilling. The center of these
techniques is to calculate the locations of the boundary between the pay zone and the overlying
rock (upper boundary), and the boundary between the pay zone and underlying rock (lower
boundary) at the sensors location. The drill bit is steered or maintained within the pay zone by
keeping the drill string, at the sensors position, in the middle, or certain position between the
upper and lower boundaries of the pay zone. The conventional borehole acoustic telemetry
system, which transmits data at low rate (at about tens bit per second), is employed to transmit

the measured data to surface.

[0004]  Since the sensors are located 30 - 50 feet behind the drill bit, theses conventional LWD
steering tools only provide data used in steering the drill bit 30 - 50 feet behind the drill bit. As the
result, it is only after the 30 - 50 feet that the operator finds out if the selected drilling path is or is

not the desired one. Therefore, these tools are not true real-time tools.

[0005] Some newer types of systems attempt to provide data at the drill bit, at -real-time,
while still utilizing conventional borehole telemetry systems (having a relatively slow bit rate).
Such systems, for example, are described as including a downhole processor configured to
provide downhole on-site processing of acoustic data to interpret the lithologic properties of
the rock encountered by the drill bit through comparison of the acoustic energy generated by
the drill bit during drilling with predetermined bit characteristics generated by rotating the drill
bit in contact with a known rock type. The lithologic properties interpreted via the comparison

are then transmitted to the surface via the conventional borehole telemetry system. Although
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providing data in a reduced form requiring only a bit rate speed, as such systems do not provide
raw data real-time which can be used for further analysis, it is nearly impossible to construct
additional interpretation models or modify any interpretation models generated by the

downhole processor.

[0006] Some newer types of borehole data transmitting systems utilize a dedicated
electronics unit and a segmented broadband cable protected by a reinforced steel cable
positioned within the drill pipe to provide a much faster communication capability. Such
systems have been employed into conventional LWD tools to enhance the resolution of the
logged information. However the modified tools still measures rock properties at the similar

location which 1s 30 - 50 feet behind the drill bit.

[0007] Accordingly, recognized by the inventor is the need for apparatus, computer
readable medium, program code, and methods of identifying rock properties in real-time during
drilling, and more particularly, methods which include positioning acoustic sensors adjacent
the drill bit to detect drill sounds during drilling operations, pushing raw acoustic sensor data
to a surface computer over a broadband transmitting system, receiving the raw acoustic sensor
data, and deriving the rock type and/or evaluating the properties of the rocks in real-time
utilizing the raw acoustic sensor data. Additionally, recognized by the inventor is the need for
apparatus, computer readable media, program code, and methods of identifying rock properties
in real-time during drilling and, more particularly, apparatus and methods which include
acoustic sensors located in a drilling fluid circulation system of a drilling rig to detect an
acoustic signal generated real-time as a result of rotational contact of a drill bit with rock during
drilling and transmitted through the drilling fluid (for example, drilling mud) circulation
system. The apparatus and method include a data acquisition unit to sample the raw acoustic
sensor data, and a computer to determine the lithology type of rock or evaluate the

petrophysical properties of the rocks in real-time utilizing the raw acoustic sensor data.

SUMMARY OF THE INVENTION

[0008] In view of the foregoing, various embodiments of the present invention
advantageously provide apparatus, computer readable medium, program code, and methods of
identifying rock types and rock properties of rock that is currently in contact with an
operationally employed drilling bit, which can be used in real-time steering of the drilling bit
during drilling. Various embodiments of the present invention provide apparatus and methods

which include acoustic sensors located in a drilling fluid circulation system of a drilling rig to
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detect an acoustic signal generated real-time as a result of rotational contact of a drill bit with
rock during drilling and transmitted through the drilling fluid. The apparatus and method
include a data acquisition unit for to sample the raw acoustic sensor data, and a computer to
identify the lithology type of rock or evaluate the petrophysical properties of the rocks in real-
time utilizing the raw acoustic sensor data. One or more acoustic sensors may be coupled to
the bell nipple, gooseneck, standpipe, other components, or any combination thereof of the

drilling fluid circulation system.

[0009] According to various embodiments of the present invention, a surface
computer/processor receives the raw acoustic sensor data from acoustic sensors. Utilizing the
raw acoustic sensor data, the computer can advantageously function to derive a frequency
distribution of the acoustic sensor data, derive acoustic characteristics from the raw acoustic
data, and determine petrophysical properties of rock from the raw acoustic sensor data. The
acoustic characteristics can advantageously further be used to identify the lithology type of the
rock encountered by the drill bit, to determine the formation boundary, to determine an optimal
location of the casing shoe, among other applications. According to various embodiments of
the present invention, to determine petrophysical properties of the rock directly from the raw
acoustic sensor data (generally after being converted into the frequency domain and filtered),
a petrophysical properties evaluation algorithm can be derived from acoustic sensor data and

correspondent petrophysical properties of formation samples.

[00010] Various embodiments of a method of identifying rock properties of rock in real-
time during operational drilling, to include identifying lithology type and other petrophysical
properties, can include the deployment, installation, and/or positioning of both conventional
components and additional/enhanced acoustic components. Some primary conventional
components include a drill string containing a plurality of drill pipes each having an inner bore,
a drill bit connected to the downhole end of the drill string, and a top drive system for rotating
the drill string having both rotating and stationary portion. The additional/acoustic components
can include a downhole sensor subassembly connected to and between the drill bit and the drill
string, acoustic sensors (e.g. accelerometer, measurement microphone, contact microphone,
hydrophone) attached to or contained within the downhole sensor subassembly adjacent the
drill bit and positioned to detect drill sounds during drilling operations. The additional
components can also include a broadband transmitting system operably extending through the
inner bore of each of the plurality of drill pipes and operably coupled to the acoustic sensors

through the downhole data transmitting interface position therewith, a surface data transmitting

-
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interface typically connected to a stationary portion of the top drive system, a surface data
acquisition unit connected to the surface data transmitting interface, and a surface computer
operably coupled to the downhole data transmitting interface through the data acquisition unit,

the surface data transmitting interface, and the broadband transmitting system.

[00011] Various embodiments of the method can also include both computer employable
steps (operations), as described later with respect to the operations performed by various
featured apparatus/program code, and various non-computer implemented steps which provide
substitutable replacements for the featured computer implemented steps, in conjunction with
additional non-computer implemented steps as described below and/or as featured in the

appended claims. Examples of various embodiments of the method are described below.

[00012] According to an embodiment of a method of analyzing properties of rock in a
formation in real-time during drilling, the method can include the steps of sending sampling
commands to the data acquisition unit and receiving raw acoustic sensor data from a surface
data interface in communication with a communication medium further in communication with
a downhole data interface operably coupled to a plurality of acoustic sensors. The method can
also include various processing steps which include deriving a frequency distribution of the
raw acoustic sensor data, deriving a plurality of acoustic characteristics including mean
frequency and normalized deviation of frequency from the raw acoustic sensor data utilizing,
for example, an acoustics characteristics evaluation algorithm, and/or deriving petrophysical
properties from the raw acoustic sensor data utilizing, for example, a petrophysical properties
evaluation algorithm employable to predict one or more petrophysical properties of rock

undergoing drilling.

[00013] According to an embodiment of the method, the step of deriving a frequency
distribution of the acoustic data from the raw acoustic sensor data includes transforming the
raw acoustic sensor data into the frequency domain (e.g., employing a Fast Fourier Transform

(FFT)), and filtering the transformed data.

[00014] According to an embodiment of the method, the step of deriving the plurality of
acoustic characteristics from the raw acoustic sensor data can include providing the acoustic
characteristics evaluation algorithm and comparing the mean frequency, the normalized
deviation of frequency, the mean amplitude, the normalized deviation of amplitude, and
apparent power for the rock undergoing drilling with the mean frequency, normalized deviation

of frequency, mean amplitude, normalized deviation of amplitude, and apparent power for a
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plurality of rock samples having different known lithologies according to a first configuration,
or comparing only part of the acoustic characteristics, such as the mean frequency and the
normalized deviation of frequency of the rock undergoing drilling with the same type of
acoustic characteristics of a plurality of rock samples having different known lithologies
according to another configuration. The method can also include identifying lithology type of
the rock undergoing drilling, determining a location of a formation boundary encountered

during drilling, and/or identifying an ideal location for casing shoe positioning, among others.

[00015] According to an exemplary implementation, the mean frequency and normalized
deviation of frequency are examined together to determine an amount of correlation of the
acoustic characteristics associated with the rock undergoing drilling and the acoustic
characteristics associated with the rock samples. Also or alternatively, the mean frequency and
the mean amplitude can be examined together and/or with normalized deviation of frequency
and/or normalized deviation of amplitude and apparent power, or a combination thereof. The
step of comparing can beneficially be performed substantially continuously during drill bit

steering in order to provide enhanced steering ability.

[00016] According to an embodiment of the method, the step of deriving petrophysical
properties from the raw sensor data can include deriving a bit-specific petrophysical properties
evaluation algorithm for use in evaluating the received signals. The derivation of the algorithm
can include collecting petrophysical properties data describing one or more petrophysical
properties of rock for a plurality of formation samples and correspondent acoustic data for a
preselected type of drill bit and processing the collected acoustic data to produce filtered FFT
data. The algorithm derivation can also include determining one or more relationships between
features of the filtered FFT data and correspondent one or more petrophysical properties of
rock describing petrophysical properties of a plurality of formation samples, e.g., utilizing
mathematical modeling techniques such as, multiple regression analysis, artificial neural
network modeling, etc. The algorithm derivation can also include coding the determined
relationships into computer program code defining the bit-specific petrophysical properties
evaluation algorithm. The derived algorithm can then be used in predicting one or more
petrophysical properties of the rock undergoing drilling real-time responsive to filtered data

associated with raw acoustic sensor data produced in response to the drilling.

[00017] According to another embodiment of the method, the step of deriving petrophysical
properties from the raw sensor data can also or alternatively include deriving a bit-independent

petrophysical properties evaluation algorithm. The derivation of the algorithm can include

-6-
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collecting petrophysical properties data describing one or more petrophysical properties of rock
for a plurality of formation samples and correspondent acoustic data for a plurality of different
types of drill bits, processing the collected acoustic data to produce filtered FFT data, and
determining bit-type independent features of the filtered FFT data. The algorithm derivation
can also include determining one or more relationships between the bit-type independent
features of the filtered FFT data and correspondent one or more petrophysical properties of the
rock, e.g., using mathematical modeling techniques, such as artificial neural network modeling,
etc., to provide a bit-independent evaluation methodology. The algorithm derivation can also
include coding the determined relationships into computer program code defining the bit-
independent petrophysical evaluation properties algorithm. Correspondingly, the method can
include employing the derived petrophysical properties evaluation algorithm to predict one or
more petrophysical properties of the rock undergoing drilling real-time responsive to filtered

data associated with raw acoustic sensor data produced in response to the drilling.

[00018] According to various embodiments of the present invention, apparatus for analyzing
properties of rock in a formation in real-time during drilling are also provided. An example of
an embodiment of such an apparatus can include a drill string containing a plurality of drill
pipes each having an inner bore, a drill bit connected to the downhole end of the drill string,
and a top drive system for rotating the drill string having both rotating and stationary portion.
The apparatus can also include a downhole sensor subassembly connected to a rotating portion
of the system, such as, for example, to and between the drill bit and the drill string, acoustic
sensors (e.g. accelerometer, measurement microphone, contact microphone, hydrophone)
attached to or contained within the downhole sensor subassembly adjacent the drill bit and
positioned to detect drill sounds during drilling operations. The apparatus can further include
a broadband transmitting system operably extending through the inner bore of each of the
plurality of drill pipes and operably coupled to the acoustic sensors through the downhole data
transmitting interface position therewith, a surface data transmitting interface typically
connected to a stationary portion of the top drive system, a data acquisition unit in
communication with the surface data transmitting interface, and a surface computer operably
coupled to the downhole data transmitting interface through surface acquisition unit, the

surface data transmitting interface, and the broadband transmitting system.

[00019] According to an embodiment of the apparatus, the computer includes a processor,
memory in communication with the processor, and petrophysical properties analyzing

program, which can adapt the computer to perform various operations. The operations can

-7-
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include, for example, sending sampling commands to the data acquisition unit, receiving raw
acoustic data from the downhole data transmitting interface, processing the received raw
acoustic sensor data--deriving a frequency distribution of the acoustic data from the raw
acoustic data, employing an acoustics characteristics evaluation algorithm to thereby derive
acoustic characteristics from the raw acoustic sensor data (e.g., via analysis of the processed
acoustics data), and employing a petrophysical properties evaluation algorithm to thereby

derive petrophysical properties of rock undergoing drilling, real-time, from the acoustics data.

[00020] According to an embodiment of the apparatus, the acoustic characteristics
evaluation algorithm evaluates filtered Fast Fourier Transform data for acoustic characteristics.
The acoustic characteristics can include mean frequency, normalized deviation of frequency,
mean amplitude, normalized deviation of amplitude, and apparent power. These characteristics
can be predetermined for rock samples having a known lithology type and/or petrophysical
properties, and thus, can be used to identify lithology type and other properties by comparing
such characteristics of the acoustic data received during drilling to that determined for the rock
samples. According to another embodiment of the apparatus, the computer uses the derived
acoustic characteristics to determine formation boundaries based on real-time detection of

changes in the lithology type of the rock being drilled and/or petrophysical properties thereof.

[00021] According to an exemplary configuration, the petrophysical properties analyzing
program or separate program code functions derive a "bit specific" or "bit independent"”
petrophysical properties evaluation algorithm. Similarly, the derived bit specific or bit
independent petrophysical properties evaluation algorithm evaluates filtered Fast Fourier
Transform data for petrophysical properties.  This petrophysical property data can
advantageously be applied by other applications to include real-time formation boundary

determination, casing shoe position fine-tuning, geosteering, etc.

[00022] According to an embodiment of the present invention, the petrophysical properties
analyzing program can be provided either as part of the apparatus or as a standalone deliverable.
As such, the petrophysical properties analyzing program can include a set of instructions, stored
or otherwise embodied on a non-transitory computer readable medium, that when executed by
a computer, cause the computer to perform various operations. These operations can include
the operation of receiving raw acoustic sensor data from a surface data interface in
communication with a communication medium that is further in communication with a
downhole data interface operably coupled to a plurality of acoustic sensors. The operations

can also include the processing operations of deriving a frequency distribution of the raw
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acoustic sensor data, deriving a plurality of acoustic characteristics including mean frequency
and normalized deviation of frequency from the raw acoustic sensor data, and/or deriving
petrophysical properties from the raw acoustic sensor data utilizing a derived petrophysical
properties evaluation algorithm employable to predict one or more petrophysical properties of

rock undergoing drilling.

[00023] According to an embodiment of the petrophysical properties analyzing program, the
operation of deriving a frequency distribution of the acoustic data from the raw acoustic sensor
data includes transforming the raw acoustic sensor data into the frequency domain (e.g.,

employing a Fast Fourier Transform), and filtering the transformed data.

[00024] According to an embodiment of the petrophysical properties analyzing program, the
operation of deriving the plurality of acoustic characteristics from the raw acoustic sensor data
can include comparing the mean frequency, the normalized deviation of frequency, the mean
amplitude, the normalized deviation of amplitude, and apparent power for the rock undergoing
drilling with the mean frequency, normalized deviation of frequency, mean amplitude,
normalized deviation of amplitude, and apparent power for a plurality of rock samples having
different known lithologies according to a first configuration, or comparing only part of the
acoustic characteristics, such as the mean frequency and the normalized deviation of frequency
of the rock undergoing drilling with the same type of acoustic characteristics of a plurality of
rock samples having different known lithologies according to another configuration. The
operations can also include identifying lithology type of the rock undergoing drilling,
determining a location of a formation boundary encountered during drilling, and/or identifying

an ideal location for casing shoe positioning, among others.

[00025] According to an exemplary implementation, the mean frequency and normalized
deviation of frequency are examined together to determine an amount of correlation of the
acoustic characteristics associated with the rock undergoing drilling and the acoustic
characteristics associated with the rock samples. Also or alternatively, the mean frequency and
the mean amplitude can be examined together and/or with the normalized deviation of
frequency or apparent power, or a combination thereof. The operation of comparing can
beneficially be performed substantially continuously during drill bit steering in order to provide

enhanced steering ability.

[00026] According to an embodiment of the petrophysical properties analyzing program

employing a bit-specific evaluation methodology, the operation of deriving petrophysical
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properties from the raw acoustic sensor data can include deriving a bit-specific petrophysical
properties evaluation algorithm. The derivation of the algorithm can include collecting
petrophysical properties data describing one or more petrophysical properties of rock for a
plurality of formation samples and correspondent acoustic data for a preselected type of drill
bit, processing the collected acoustic data to produce filtered FFT data, and determining one or
more relationships between features of the filtered FFT data and correspondent one or more
petrophysical properties of rock describing petrophysical properties of the plurality of
formation samples. This can be accomplished, for example, by utilizing mathematical
modeling techniques such as, multiple regression analysis, artificial neural network modeling,
etc. The derivation of the algorithm can also include coding the determined relationships into
computer program code defining the petrophysical properties evaluation algorithm. The
operations can correspondingly include employing the derived petrophysical properties
evaluation algorithm to predict one or more petrophysical properties of the rock undergoing
drilling real-time responsive to filtered data associated with raw acoustic sensor data produced

in response to the drilling.

[00027] According to an embodiment of the petrophysical properties analyzing program
employing a bit-independent evaluation methodology, the petrophysical properties evaluation
algorithm derivation can also or alternatively include collecting petrophysical properties data
describing one or more petrophysical properties of rock for a plurality of formation samples
and correspondent acoustic data for a plurality of different types of drill bits, processing the
collected acoustic data to produce filtered FFT data, determining bit-type independent features
of the filtered FFT data, and determining one or more relationships between the bit-type
independent features of the filtered FFT data and correspondent one or more petrophysical
properties of the rock to provide a bit-independent evaluation methodology. The algorithm
derivation can also include coding the determined relationships into computer program code
defining a bit-independent petrophysical properties evaluation algorithm. The operations can
correspondingly include employing the derived bit-independent petrophysical properties
evaluation algorithm to predict one or more petrophysical properties of the rock undergoing
drilling real-time responsive to filtered data associated with raw acoustic sensor data produced

in response to the drilling.

[00028]  According to another embodiment, an apparatus for determining properties of rock
in a formation in real-time during drilling includes an acoustic sensor installed in a drilling

fluid circulation system of a drilling rig and coupled to one of the following: (i) a bell nipple,
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(i1) a gooseneck, or (iii) a standpipe. The acoustic sensor is operable to detect an acoustic signal
generated real-time as a result of rotational contact of a drill bit with rock during drilling and
transmitted through the drilling fluid. The apparatus includes a data acquisition unit in
communication with the acoustic sensor and a computer. The data acquisition unit is operable
to sample the raw acoustic sensor data and digitize the raw acoustic sensor data. The computer
is in cormmumication with the acoustic sensor and configured o perform the operations that
mehude receiving digitized acoustic sensor data from the data acquisition unit, the raw acoustic
sensor data representing the acoustic signal generated real-time as a result of rotational contact
of a drill bit with rock during drilling, and processing the digitized acoustic sensor datareceived
from the acoustic sensor. The processing includes deriving a plurality of acoustic
characteristics from the digitized acoustic sensor data, the plurality of acoustic characteristics
including mean frequency and normalized deviation of frequency and comparing the mean
frequency and the normalized deviation of frequency for the rock undergoing drilling with
mean frequency and normalized deviation of frequency for a plurality of rock samples having
different known lithologies. The computer is configured to perform operations that further
include identifying a lithology type of the rock undergoing drilling responsive to the
comparing. In some embodiments, the plurality of acoustic characteristics further include mean
amplitude, normalized deviation of amplitude, and apparent power, and the operations include
comparing the mean frequency, the normalized deviation of frequency, the mean amplitude,
and the normalized deviation of amplitude, and the apparent power for the rock undergoing
drilling with mean frequency, normalized deviation of frequency, mean amplitude, normalized
deviation of amplitude, and apparent power for a plurality of rock samples having different
known lithologies. In some embodiments, the processing includes sending sampling commands
to the data acquisition unit in communication with the one or more acoustic sensors, converting
analog acoustic signals into digitized data through employment of the data acquisition unit,
transforming the digitized data into Fast Fourier Transform data using a Fast Fourier
transformation, filtering the Fast Fourier Transform data, restoring the Fast Fourier Transform
data to compensate for attenuation by the drilling fluid, and deriving the plurality of acoustic
characteristics from the filtered and restored Fast Fourier Transform data. In some
embodiments, the apparatus includes an amplifier connected to the acoustic sensor, the
amplifier is operable to amplify the raw acoustic sensor data before received by the data
acquisition unit. In some embodiments, the acoustic sensor includes a first acoustic sensor
installed in coupled to the bell nipple of the drilling fluid circulation system. In some

embodiments, the acoustic sensor includes a second acoustic sensor coupled to the gooseneck
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of the drilling fluid circulation system. In some embodiments, the acoustic sensor includes a

third acoustic sensor coupled to the standpipe of the drilling fluid circulation system.

[00029]  According to another embodiment, an apparatus for determining properties of rock
in a formation in real-time during drilling includes an acoustic sensor installed in a drilling
fluid circulation system of a drilling rig and coupled to one of the following: (i) a bell nipple,
(i1) a gooseneck, or (ii1) a standpipe. The acoustic sensor is operable to detect an acoustic signal
generated real-time as a result of rotational contact of a drill bit with rock during drilling and
transmitted through the drilling fluid. The apparatus includes a data acquisition unit in
communication with the acoustic sensor and a computer. The data acquisition unit is operable
to sample the raw acoustic sensor data and digitize the raw acoustic sensor data. The computer
is in comununication with the acoustic sensor and configured to perform the operations that
inctude receiving digitized acoustic sensor data from the data acquistiion untl, the raw acoustic
sensor data representing the acoustic signal generated real-time as a result of rotational contact
of a drill bit with rock during drilling, and processing the raw acoustic sensor data received
from the acoustic sensor. The processing includes transforming the digitized data into Fast
Fourier Transform (FFT) data using a Fast Fourier transformation, filtering the FFT data,
restoring the FFT data to compensate for attenuation by the drilling fluid, and determining
netrophysical properties of rock being encountered by the dnill bit using a petrophysical
properties evaluation algoriihm employvable to predict ong or more peirophysical properiies of
rock umdergoing dritling using the filtered and restored FFT dala To some embodimenis, the
apparaius includes an amplifier connected to the acoustic sensor, such that the amplifier is
operable to amplify the raw acoustic sensor data before received by the data acquisition unit.
In some embodiments, the processing includes sending sampling commands to the data
acquisition unit in communication with the one or more acoustic sensors and converting analog
acoustic signals into digitized data through employment of the data acquisition unit. In some
embodiments, the one or more petrophysical properties include: lithology type, porosity, water
saturation, and permeability of rock undergoing drilling. In some embodiments, the
petrophysical properties evaluation algorithm is a bit-specific petrophysical properties
evaluation algorithm and the processing includes collecting petrophysical properties data
describing one or more petrophysical properties of rock contained in a data set and
correspondent acoustic data for a preselected type of drill bit, processing the collected acoustic
data to produce filtered and restored FFT data, determining one or more relationships between

features of the filtered and restored FFT data and correspondent one or more petrophysical
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properties of rock for each type of drill bit, and coding the determined relationships into
computer program code defining the petrophysical properties algorithm. In some embodiments,
the petrophysical properties evaluation algorithm is a bit-independent petrophysical properties
evaluation algorithm and the processing includes collecting petrophysical properties data
describing one or more petrophysical properties of rock and correspondent acoustic data for a
plurality of different types of drill bits, processing the collected acoustic data to produce filtered
and restored FFT data, determining bit-type independent features of the filtered and restored
FFT data, determining one or more relationships between the bit-type independent features of
the filtered and restored FFT data and correspondent one or more petrophysical properties of
the rock, and coding the determined relationships into computer program code defining the
petrophysical properties algorithm. In some embodiments, the acoustic sensor includes a first
acoustic sensor coupled to the bell nipple of the drilling fluid circulation system. In some
embodiments, the acoustic sensor includes a second acoustic sensor coupled to the gooseneck
of the drilling fluid circulation system. In some embodiments, the acoustic sensor includes a

third acoustic sensor coupled to the standpipe of the drilling fluid circulation system.

[00030] According to another embodiment, a method for determining properties of rock in
a formation in real-time during drilling using a drilling fluid includes detecting, by an acoustic
sensor, an acoustic signal generated real-time as a result of rotational contact of a drill bit with
rock during drilling and transmitted through the drilling fluid, the acoustic sensor installed in a
drilling fluid circulation system of a drilling rig and coupled to one of the following: (i) a bell
nipple, (ii) a gooseneck, or (iii) a standpipe. The method includes digitizing, by a data
acquisition unit, the raw acoustic sensor data and processing, at a computer in communication
with the data acquisition unit, the digitized acoustic sensor data received from the acoustic
sensor. The processing includes deriving a plurality of acoustic characteristics from the
digitized acoustic sensor data, the plurality of acoustic characteristics including mean
frequency and normalized deviation of frequency and comparing the mean frequency and the
normalized deviation of frequency for the rock undergoing drilling with mean frequency and
normalized deviation of frequency for a plurality of rock samples having different known
lithologies. The method also includes identifying a lithology type of the rock undergoing
drilling responsive to the comparing. In some embodiments, the method includes sending
sampling commands to the data acquisition unit in communication with the one or more
acoustic sensors, converting analog acoustic signals into digitized data through employment of

the data acquisition unit, transforming the digitized data into FFT data using a Fast Fourier
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transformation, filtering the FFT data, restoring the FFT data to compensate for attenuation by
the drilling fluid, and deriving the plurality of acoustic characteristics from the filtered and
restored FFT data. In some embodiments, the method includes amplifying the raw acoustic
sensor data by an amplifier before being received by the data acquisition unit. In some
embodiments, the plurality of acoustic characteristics further include mean amplitude,
normalized deviation of amplitude, and apparent power and the method includes comparing
the mean frequency, the normalized deviation of frequency, the mean amplitude, the
normalized deviation of amplitude, and the apparent power for the rock undergoing drilling
with mean frequency, normalized deviation of frequency, mean amplitude, normalized
deviation of amplitude, and apparent power for a plurality of rock samples having different
known lithologies. In some embodiments, the method includes determining a location of a
formation boundary encountered during drilling responsive to the comparing. In some
embodiments, the method includes determining an optimal location of a casing shoe for a
casing associated with a drill string based on the location of the formation boundary. In some
embodiments, the acoustic sensor includes a first acoustic sensor coupled to the bell nipple of
the drilling fluid circulation system. In some embodiments, the acoustic sensor includes a
second acoustic sensor coupled to the gooseneck of the drilling fluid circulation system. In
some embodiments, the acoustic sensor includes a third acoustic sensor coupled to the

standpipe of the drilling fluid circulation system.

[00031]  According to another embodiment, a method for determining properties of rock in
a formation in real-time during drilling using a drilling fluid includes detecting, by an acoustic
sensor, an acoustic signal generated real-time as a result of rotational contact of a drill bit with
rock during drilling and transmitted through the drilling fluid, the acoustic sensor installed in a
drilling fluid circulation system of a drilling rig and coupled to one of the following: (i) a bell
nipple, (ii) a gooseneck, or (iii) a standpipe. The method includes digitizing, by a data
acquisition unit, the raw acoustic sensor data and processing, at a computer in communication
with the data acquisition unit, the digitized acoustic sensor data received from the acoustic
sensor. The processing includes transforming the digitized data into Fast Fourier Transform
(FFT) data using a Fast Fourier transformation, filtering the FFT data, restoring the FFT data
to compensate for attenuation by the drilling fluid, and determining petrophysical properties of
rock beng encountered by the dodl bit using a petrophysical properties evaluation algorithim
zraplovable to predict one or miore petraphysical properties of rock wndergoing drilling using

the filtered and restored FFT data. In some embodiments, the method includes amplifying the
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raw acoustic sensor data by an amplifier before the being received by the data acquisition unit.
In some embodiments, the one or more petrophysical properties include: lithology type,
porosity, water saturation, and permeability of rock undergoing drilling. In some embodiments,
the petrophysical properties evaluation algorithm is a bit-specific petrophysical properties
evaluation algorithm and the method includes collecting petrophysical properties data
describing one or more petrophysical properties of rock contained in a data set and
correspondent acoustic data for a preselected type of drill bit, processing the collected acoustic
data to produce filtered and restored FFT data, determining one or more relationships between
features of the filtered and restored FFT data and correspondent one or more petrophysical
properties of rock for each type of drill bit, and coding the determined relationships into
computer program code defining the petrophysical properties algorithm. In some embodiments,
the petrophysical properties evaluation algorithm is a bit-independent petrophysical properties
evaluation algorithm and the method includes collecting petrophysical properties data
describing one or more petrophysical properties of rock and correspondent acoustic data for a
plurality of different types of drill bits, processing the collected acoustic data to produce filtered
and restored FFT data, determining bit-type independent features of the filtered and restored
FFT data, determining one or more relationships between the bit-type independent features of
the filtered and restored FFT data and correspondent one or more petrophysical properties of
the rock, and coding the determined relationships into computer program code defining the
petrophysical properties algorithm. In some embodiments, the method includes determining a
location of a formation boundary encountered during drilling based on the determined
petrophysical properties of the rock undergoing drilling. In some embodiments, the method
includes determining an optimal location of a casing shoe for a casing associated with a drill
string based on the location of the formation boundary. In some embodiments, the acoustic
sensor includes a first acoustic sensor coupled to the bell nipple of the drilling fluid circulation
system. In some embodiments, the acoustic sensor includes a second acoustic sensor coupled
to the gooseneck of the drilling fluid circulation system. In some embodiments, the acoustic
sensor includes a third acoustic sensor coupled to the standpipe of the drilling fluid circulation

system.

[00032] Various embodiments of the present invention advantageously supply a new
approach for a much better drilling steering. Various embodiments of the present invention
provide apparatus and methods that supply detailed information about the rock that is currently

in contact with the drilling bit, which can be used in real-time steering the drilling bit. That is,
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various embodiments of the present invention advantageously provide an employable
methodology of retrieving a sufficient level of information so that the driller always knows the
rock he is drilling, so that the drilling bit can be steered to follow the desire path more
accurately than conventionally achievable. In comparison with conventional drilling steering
tools, the real-time data provided by various embodiments of the present invention
advantageously allow the driller to drill smoother lateral or horizontal wells with better contact
with the production zone, to detect formation boundaries in real-time, and to detect the

fractured zones in real-time, and to perform further analysis on raw sensor data, if necessary.
BRIEF DESCRIPTION OF THE DRAWINGS

[00033] So that the manner in which the features and advantages of the invention, as well as
others which will become apparent, may be understood in more detail, a more particular
description of the invention briefly summarized above may be had by reference to the
embodiments thereof which are illustrated in the appended drawings, which form a part of this
specification. It is to be noted, however, that the drawings illustrate only various embodiments
of the invention and are therefore not to be considered limiting of the invention’s scope as it

may include other effective embodiments as well.

[00034] FIGS. 1A-1B is a partial perspective view and partial schematic diagram of a
general architecture of an apparatus for identifying rock properties in real-time during drilling

according to an embodiment of the present invention;

[00035] FIG. 2 is a schematic diagram showing a data processing procedure performed by

a computer program according to an embodiment of the present invention;

[00036] FIG. 3 is a schematic diagram illustrating major components of a data preprocess

module according to an embodiment of the present invention;

[00037] FIGS. 4A-4B are graphs illustrating examples of a frequency distribution of two

types of carbonate according to an embodiment of the present invention;

[00038] FIG. 5 is a graph illustrating a three dimensional depiction of the frequency
distribution in correlation with various lithography types according to an embodiment of the

present invention;

[00039] FIG. 6 is a graph illustrating a comparison of mean frequency and normalized
deviation of frequency correlated with a plurality of lithology types according to an

embodiment of the present invention;
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[00040] FIG. 7 is a schematic flow diagram illustrating steps for forming a petrophysical
properties evaluation algorithm for a particular type of drill bit according to an embodiment of

the present invention;

[00041] FIG. 8 is a schematic flow diagram illustrating steps for forming a drill bit
independent petrophysical properties evaluation algorithm according to an embodiment of the

present invention;

[00042] FIG. 9 is a schematic diagram of a general architecture of an apparatus for
identifying rock properties in real-time during drilling according to another embodiment of the

present invention;

[00043] FIG. 10 is a schematic diagram showing a data processing procedure performed by

a computer program according to another embodiment of the present invention;

[00044] FIG. 11 is a schematic diagram illustrating major components of a data preprocess

module according to another embodiment of the present invention;

[00045] FIG. 12 is a schematic flow diagram illustrating steps for forming a petrophysical
properties evaluation algorithm for a particular type of drill bit according to another

embodiment of the present invention; and

[00046] FIG. 13 is a schematic flow diagram illustrating steps for forming a drill bit
independent petrophysical properties evaluation algorithm according to another embodiment

of the present invention.
DETAILED DESCRIPTION

[00047]  The present invention will now be described more fully hereinafter with reference
to the accompanying drawings, which illustrate embodiments of the invention. This invention
may, however, be embodied in many different forms and should not be construed as limited to
the illustrated embodiments set forth herein. Rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will fully convey the scope of the invention
to those skilled in the art. Like numbers refer to like elements throughout. Prime notation, if

used, indicates similar elements in alternative embodiments.

[00048] When drilling into different lithologies or the same lithology with different
properties (e.g., porosity, water saturation, permeability, etc.) the generated acoustic sounds
emanating from the drill bit when drilling into rock, are distinctly different. The sounds, termed

as drilling acoustic signals hereafter, transmit upward along the drill string. According to
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various embodiments of the present invention, a sensor subassembly containing acoustic
sensors is positioned above the drill bit and connected to the above drill string. The drilling
acoustic signals transmit from the drill bit to the sensor subassembly and are picked up by the
acoustic sensors. The drilling acoustic signals received by the sensors are transmitted
(generally after amplification) to surface by a borehole transmitting system which can include
various components such as, for example, a downhole data interface, a broadband conductor,
a surface data interface, etc. According to another embodiment of the present invention,
acoustic sensors are positioned in the drilling fluid circulation system. The drilling acoustic
signals transmit upwards in the drilling fluid circulation system from the drill bit to the sensors
and are picked up by the acoustic sensors. The drilling acoustic signals received by the sensors
are transmitted (generally after amplification) to a data acquisition unit (DAQ) connected with
the acoustic sensors and then to a computer through a data transmitting system. On the surface,
the received acoustic signals are transformed by a data processing module into the frequency
domain using, for example, a Fast Fourier Transformation (FFT) to generate FFT data
(primarily the frequency and amplitude data). Some acoustic characteristics are derived
directly from the FFT data. The frequency distribution and acoustic characteristics, for
example, can be used immediately in some applications, such as lithology type identification
and formation boundary determination. The FFT data can be further analyzed using a
calibrated mathematical model, for the lithology type and petrophysical properties, which have

wider applications than the direct results (frequency distribution and acoustic characteristics).

[00049]  Where conventional measurement-while-drilling tools are typically located 30 - 50
feet behind the drill bit, beneficially, a major advantage of approaches employed by various
embodiments of the present invention is that such approaches can derive information about
lithologies from a position located at the cutting surface of the drill bit or via acoustic signals
transmitted through the drilling fluid to provide such information to the operator steering the
drill bit, in real time. This advantage makes aspects of various embodiments of the present
invention ideal in the application of horizontal and lateral well drill steering, locating the
relative position for setting the casing shoe, detecting fractured zones, and interpreting rock

lithologies and petrophysical properties in real time.

[00050]  FIGS. 1A-1B schematically show the setup of an exemplary apparatus for
identifying rock properties in real-time during drilling 100. Acoustic sensors 102 are connected
to a downhole data “transmitting™ interface 103. According to the exemplary configuration,

both are contained in a sensor subassembly 104, which is positioned above a drill bit 101 and
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connected to a drill string 117. In operation, the drilling acoustic signals are generated when

the drill bit 101 bites rocks at the bottom of a borehole 118 during the drilling process.

[00051]  Different acoustic sensors 102 may be used, e.g. accelerometer, measurement
microphone, contact microphone, and hydrophone. According to the exemplary configuration,
at least one, but more typically each acoustic sensor 102 either has a built-in amplifier or is
connected directly to an amplifier (not shown). The drilling acoustic signals picked up by the
acoustic sensors 102 are amplified first by the amplifier before transmitted to the downhole

data interface 103.

[00052]  Fromthe downhole data interface 103, acoustic signals are transmitted to a surface
data “transmitting” interface 106 through a borehole broadband data transmitting system 105.
Currently, one commercially available broadband data transmitting system, NOV™
IntelliServ®, can transmit data at the rate of 1000,000 bit/s. A study indicated that with two
acoustic sensors 102 at normal working sampling rate of 5 seconds per sample, the required
data transmitting rate was about 41,000 bits/s. Therefore, the NOV™ IntelliServ® borehole
broadband data transmitting system is an example of a broadband communication media
capable of transmitting acoustic signals data for at least four acoustic sensors 102 to surface

directly from a downhole data interface 103.

[00053]  According to the exemplary configuration, the surface data interface 106 is located
at the stationary part of the top drive 107. From the surface data interface 106, the acoustic
signals are further transmitted to a data acquisition unit 110 through an electronic cable 108,
which is protected inside a service loop 109. The data acquisition unit 110 is connected to a
computer 124 through an electronic cable 126. The data acquisition unit 110 samples the acoustic

signal in analog format and then converts the analog acoustic signals into digit data in FIG. 2.

[00054]  Referring to FIGS. 1 and 2, the digitized data 111 is read by a computer program
112 (e.g., a petrophysical properties analyzing program), installed in memory 122 accessible
to processor 123 of computer 124. The computer program 112 analyzes the digitized data 111
to derive a frequency distribution 113, acoustic characteristics 114, and petrophysical
properties 115 of the rock undergoing drilling. The respective results, e.g., frequency
distribution 113, acoustic characteristics 114, and petrophysical properties 115, can be used in
various applications 116 to include lithology identification, drill bit steering, formation

boundary identification, among others. Such data along with rock sample data, rock modeling
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data, etc. can be stored in database 125 stored in either internal memory 122 or an external

memory accessible to processor 123.

[00055]  Note, the computer 124 can be in the form of a personal computer or in the form
of a server or server farm serving multiple user interfaces or other configurations known to
those skilled in the art. Note, the computer program 112 can be in the form of microcode,
programs, routines, and symbolic languages that provide a specific set or sets of ordered
operations that control the functioning of the hardware and direct its operation, as known and
understood by those skilled in the art. Note also, the computer program 112, according to an
embodiment of the present invention, need not reside in its entirety in volatile memory, but can
be selectively loaded, as necessary, according to various methodologies as known and
understood by those skilled in the art. Still further, at least portions of the computer program

112 can be stored in memory of the sensor subassembly 104 when so configured.

[00056]  Referring to FIG. 3, according to the exemplary configuration, the digitized data
111 needs to be preprocessed before any use. According to the exemplary configuration, this
is accomplished by a subroutine program referred to as data preprocess module 200. As
illustrated in the figure, the digitized data is transformed into Fast Fourier Transform (FFT)
data 202 by a FFT 201. The FFT data 202 is then filtered by a filter 203 to remove some
low/high frequency and/or low amplitude data points, generated from other sources, i.e. not
from the bit cutting into the rocks. The filtered FFT data 301 is then used in the various part
of data process. Note the filtered FFT data 301 is relabeled as 403 in FIG. 7 and 503 in FIG. 8.
Note also, the digitized data 111 is relabeled as 402 in FIG. 7, and 502 in FIG. 8.

[00057]  Major components and functions of the computer program 112 according to an
exemplary configuration are detailed in FIG. 2. According to the exemplary configuration,
there are four modules (components) in the computer program 112: a data preprocess module
200, a data sampling module 210, an acoustic characteristics evaluation algorithm 302, and a
petrophysical properties evaluation algorithm 303. The sampling module 210 sends sampling
commands 127, such as sampling rate, to the data acquisition unit 110 for data sampling control.
The main part of the filtered FFT data 301 is a frequency distribution 113, which is the
frequency and amplitude information of a sampled acoustic signal. Two examples of such
signal are shown in FIGS. 4A and 4B. FIG. 4A illustrates the frequency distribution for a
limestone and FIG. 4B illustrates the frequency distribution for a dolomite. A review of the
frequency distribution of the two different types of carbonates illustrates how the frequency

distribution can be used directly to distinguish lithologies.
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[00058]  According to the exemplary configuration, the frequency distribution 113 can be
used directly in some applications, such as lithology type identification, formation boundaries
determination, etc., represented by example at 116. The frequency distribution 113 can be plotted
into depth-frequency spectrum which can be used directly in some applications, such as lithology

type identification, formation boundaries determination, etc., represented by example at 116.

[00059]  Am cxample of such signal displaying diagram is shown 1o FIG. 3, which iilustrates
results of a laboratory experiment showing different lithologies have different frequency spectrums
and hithology boundaries can be detornused vsing the diagram. Te FIG 3 the color ropresents
smplitude, with color normally displaved as red being highest (the intermixed color mostly
concentrated just below the 4000 Hz range i this example} and the color normally displayed as

Blue being the lowest (the more washed out color in this example).

[00060]  According to the exemplary configuration, an acoustic characteristics evaluation
algorithm 302 evaluates the filtered FFT data 301 for select acoustic characteristics, such as,
for example, mean frequency, normalized deviation of frequency, mean amplitude, normalized
deviation of amplitude, and apparent power. These acoustic characteristics for an acoustic

signal sample are defined as follows:
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Gy v --normalized deviation of frequency, Hz,

p4--mean amplitude, the unit depending on the type of acoustic sensor used in the
measurement,

G4 v --normalized deviation of amplitude, the unit depending on the type of acoustic
sensor used in the measurement,

Pa . apparent power, the unit depending on the type of acoustic sensor used in the
measurement,

fi-- frequency of the i point of the acoustic signal sample, Hz,

Aj--amplitude of the i point of the acoustic signal sample, the unit depending on the
type of acoustic sensor used in the measurement, and

n--number of data points of the acoustic signal sample.

[00061] The mean frequency and the normalized deviation of frequency characterize the
frequency distribution, while the mean amplitude and the normalized deviation of amplitude
characterize the loudness level of the drilling sound. Apparent power represents the power of
the acoustic signals. In the evaluation, these characteristics can be calculated within the whole
range or a partial range of the frequency of the acoustic samples. The range is selected to achieve

the maximum difference of these characteristics among different lithologies.

[00062] The derived acoustic characteristics 114 can be used directly for certain
applications, such as lithology type identification, formation boundary determination
represented by example at 116. FIG. 6 illustrates results of a laboratory experiment showing
that the mean frequency and normalized deviation of frequency correlated well with different

lithology types.

[00063] According to an exemplary embodiment of the present invention, the mean
frequency, the normalized deviation of frequency, the mean amplitude, the normalized
deviation of amplitude, and/or the apparent power of the rock undergoing drilling can be
compared with a corresponding mean frequency, normalized deviation of frequency, mean
amplitude, normalized deviation of amplitude and/or apparent power of a plurality of rock
samples having different known lithologies, to thereby determine an amount of correlation of
the acoustic characteristics associated with the rock undergoing drilling and the acoustic
characteristics associated with the rock samples. Responsively, the lithology type of the rock

undergoing drilling can be determined.
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[00064]  FIGS. 7 and 8 illustrate examples of the construction of two types of petrophysical
properties evaluation algorithms 303: one designed for a particular type of drill bit shown at
303 A and the other designed to be drill bit type independent shown at 303B. Unlike the FFT
201 and the acoustic characteristics evaluation algorithm 302, which are based on known
mathematical equations, the petrophysical properties evaluation algorithm 303 is based on
mathematical models, which are to be built utilizing acoustic data and petrophysical properties

according to an exemplary configuration.

[00065]  FIG. 7 illustrates the procedure for constructing a “Petrophysical Properties
Evaluation Algorithm™ for a particular type of drill bit. According to the exemplary
configuration, datasets of petrophysical properties 401 and correspondent digitized acoustic
data 402 for a particular drill bit are collected. The digitized acoustic data 402 is preprocessed
by the data preprocess module 200 (referred to in FIG. 2) to produce the filtered FFT data 403.
The relationships 405 between filtered FFT data 403 and petrophysical properties 401 are
constructed (step 404) using suitable mathematical modeling techniques, such as, multiple
regression analysis, artificial neural networks modeling. Once relationships 405 between the
filtered FFT data 403 and petrophysical properties 401 are constructed, the relationships are
coded (step 406) to produce a computer program, module, subroutine, object, or other type of
instructions to define the “petrophysical properties evaluation algorithm™ 303 A. The algorithm
303A is then available to be used in the computer program 112 to predict the petrophysical

properties from drilling acoustic signals for the particular drill bit type.

[00066] FIG. 8 illustrates the procedure for constructing a drill bit type independent
“Petrophysical Properties Evaluation Algorithm™ 303B. The datasets of petrophysical
properties 501 and the correspondent acoustic data 502 measured from different types of drill
bit are collected. The acoustic data 502 is preprocessed by the data preprocess module 200
(e.g., the module referred to FIGS. 2 and 3) to produce the filtered FFT data 503. Bit type
independent features 505 of the filtered FFT data 503 are then determined by comparing the
filtered FFT data of different types of drill bit and the correspondent petrophysical properties
501 (step 504). Features which have weakest correlation with the drill bit types and strong
correlation with the petrophysical properties are the bit-type independent ones. The
relationships 507 between the petrophysical properties 501 and the bit type independent
features 505 are constructed (step 506) using suitable mathematical modeling techniques, such
as, for example, multiple regression analysis, artificial neural networks modeling, among

others. The constructed relationships 507 are then coded (step S08) into a computer program,

-23-



WO 2020/097090 PCT/US2019/059884

module, subroutine, object, or other type of instructions to define the “petrophysical properties
evaluation algorithm™ 303B. The algorithm 303B is then available to be used in the computer

program 112 to predict the petrophysical properties from drilling acoustic signals.
[00067]  Application of the results from the processed acoustic signal.

[00068] One direct result is the frequency distribution 113 (FIG. 2), which may be used
directly in lithology type identification, formation boundary determination. FIGS. 4A and 4B,
for example, show the frequency distribution of two different types of carbonates. The figures
illustrate that the frequency distribution can be used in the lithology type identification from
matching a detective frequency distribution with a frequency distribution of a rock of known

lithography type.

[00069]  FIG. 6 demonstrates the feasibility of using acoustic characteristics 114 (FIG. 2)
to derive lithology information. In FIG. 6, mean frequency and normalized deviation were
calculated from FFT data of the drilling sounds of a sample corer drilling into cores of different
lithologies. The figure demonstrates how the lithology types can be distinguished by the
combination of the two characteristics: mean frequency and the normalized deviation of
frequency. If mean amplitude and the normalized deviation of the amplitude are also used, an
even better result may be achieved. The figure also inherently demonstrates that formation
boundaries can be determined from acoustic characteristics. FIGS. 7 and 8 demonstrate the
feasibility of building a petrophysical properties evaluation algorithm 303 (FIG. 2) which can
be used to evaluate processed forms of the sound generated by operationally engaging the

drilling bit with the rock being drilled.

[00070] In some embodiments, acoustic sensors may be installed in a drilling fluid
circulation system of a drilling rig to record acoustic drilling signals in real-time. The drill
sounds, termed as drilling acoustic signals, may transmit toward the surface along the drilling
fluid both inside the drill string and the annulus to be recorded by the acoustic sensors located
in the drilling fluid circulation system. The recorded drilling acoustic signals are processed and
analyzed to determine lithology type and petrophysical properties of the rock under drilling in
real time. The determined real time lithology type and petrophysical properties may be used in

various applications, such as steering a drill bit (geosteering), casing shoe positioning, etc.

[00071]  FIG. 9 depicts the setup of an example apparatus 900 for identifying rock
properties in real-time during drilling. The apparatus 900 may be attached to a drilling rig 902.
As will be appreciated, the drilling rig 902 may be a top drive drilling rig or a rotary table
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drilling rig. Embodiment of the apparatus 900 described in the disclosure may be used with a
top drive drilling rig, a rotary table drilling rig, or any other type of drilling rig in which drilling
fluid (for example, drilling mud) is used to circulate drilling cuttings out of the well. FIG. 9
depicts some components of a drilling rig that may be applicable to numerous types of drilling

rigs and are thus illustrative of embodiments of the apparatus 900.

[00072]  As will be appreciated, drilling of a well is achieved by the rotational action of a
drill bit 904. The drill bit 904 is connected to a downhole end of a drill string 906. In a top
drive drilling rig, the rotational action of the drill bit 904 is achieved by a top drive 908 that
rotates the drill string 906. The top drive 908 of the drilling rig 902 may be suspended in a
derrick 910 by a traveling block 912. The derrick 910 is supported on a rig floor 914,

[00073] A drive shaft 916 is located in the center of the top drive 908 and may be connected
to the top pipe of the drill string 906 via a threaded connection. The drill string 906 runs through
a bell nipple 918, a blowout preventer (BOP) 920, and a casing head 922. The rotation of the
top drive 908 rotates the drive shaft 916, causing rotation of the drill string 906 and the drill bit
904 to cut rock at the bottom of a borehole 924. As will be appreciated, a rotary table drilling
rig may rotate a drill string via the coupling between a kelly drive 926 and a rotary table 928.

[00074]  During drilling, the produced cuttings from drilling (for example, small rock
fragments broken by the drill bit) are carried to the surface by a drilling fluid 930. As will be
appreciated, the drilling fluid 930 may provide multiple functions, including exerting a
hydrostatic pressure sufficient to prevent formation fluids from entering the borehole 924 and

to keep the borehole 924 stable.

[00075]  The drilling fluid 930 may be circulated by a drilling fluid circulation system. For
example, the drilling fluid 930 may be pumped from a drilling fluid reserve pit 932 by pumps
934, and the drilling fluid circulation system may include various components for controlling
and routing the drilling fluid. For example, the drilling fluid may be pumped through a flowline
936, a standpipe 938, a kelly hose 940, a gooseneck 942, a wash pipe assembly (not shown)
for a top drive drilling rig, the drive shaft 916, a swivel (not shown) and the kelly drive 926 for
arotary table drilling rig, and down the drill string 906. At the bottom of the borehole 924 the
drilling fluid flows through the drill bit 904 and then up the annulus 944, the casing head 922,
the BOP 920, and the bell nipple 918. From the bell nipple 918, the drilling fluid is directed

through a mud return line 946 to a solids removal equipment 948 for removal of cuttings and
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release into the drilling fluid reserve pit 932. Thus, the drilling fluid is continuously circulating,

as shown by arrows 950 that generally indicate the direction of circulation of the drilling fluid.

[00076]  During drilling of a well, drill sounds are generated as a result of the drill bit’s
engagement with rock. In operation, the drilling acoustic signals are generated when the drill
bit 904 bites rocks at the bottom of a borehole 924. When drilling into different lithologies or
the same lithology with different physical properties (for example, lithology type, porosity,
water saturation, permeability, presence of hydrocarbons, presence of fractures, etc.) the
generated drill sounds are distinctly different. The drill sounds (also referred to as “drilling
acoustic signals) transmit upward along the drilling fluid both inside the drill string 906 and
the annulus 944.

[00077]  As described in the disclosure, the apparatus 900 records and analyzes the drilling
acoustic signals on the surface. As shown in FIG. 9, acoustic sensors 952 are installed in a
drilling fluid circulation system. For example, the acoustic sensors 952 may be coupled to the
bell nipple 918, the standpipe 938, the gooseneck 942, or any combination thereof. For
example, in some embodiments, one or more acoustic sensors may be coupled to the bell nipple
918, one or more acoustic sensors may be coupled to the standpipe 938, and one or more
acoustic sensors may be coupled to the gooseneck 942. In other embodiments, the acoustic
sensors 952 may additionally or alternatively be coupled to other components of the drilling

fluid circulation system.

[00078]  Different acoustic sensors 952 may be used such as, for example, accelerometers,
measurement microphones, contact microphones, and hydrophones. In some embodiments,
one or more (for example, each) acoustic sensor 952 may include a built-in amplifier or may
be connected directly to an amplifier (not shown). In such embodiment, the drilling acoustic
signals picked up by the acoustic sensors 952 may be amplified first by the amplifier before
being transmitted to a data acquisition unit (DAQ) 954.

[00079]  As shown in FIG. 9, the apparatus 900 includes the data acquisition unit (DAQ)
954 which, in some embodiments, may be connected to the acoustic sensors 952 via electronic
cables 956. The drilling acoustic signals received by the acoustic sensors 952 may be amplified
and then transmitted to the data acquisition unit 954. The data acquisition unit 954 may be
connected to a computer 958 through an electronic cable 960. The data acquisition unit 954
samples the acoustic signal in analog format and then converts the analog acoustic signals into

digital data (shown in FIG. 10). In some embodiments, a repeater 962 may be installed in the
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electronic cable 960 to relay the data from the data acquisition unit 954 to the computer 958 if
the distance between the data acquisition unit 954 and the computer 958 exceeds a maximum

specified distance of the electronic cable 960.

[00080]  As shown in FIG. 9, the computer includes a processor 966 and a memory 968
(that is, a non-transitory machine readable medium) accessible by the processor. The memory

968 includes a computer program 970 (that is, a petrophysical properties analyzing program).

[00081]  FIG. 10 depicts a data processing procedure performed by the computer program
970 according to an embodiment of the present disclosure. As shown in FIGS. 9 and 10,
digitized data 1000 may be read by the computer program 970 (for example, a petrophysical
properties analyzing program), installed in memory 968 accessible by the processor 966. The
computer program 970 analyzes the digitized data 1000 to derive a frequency distribution 1002,
acoustic characteristics 1004, and petrophysical properties 1006 of the rock undergoing
drilling. The respective results, for example, frequency distribution 1002, acoustic
characteristics 1004, and petrophysical properties 1006, can be used in various applications
1008 to include lithology identification, drill bit steering, formation boundary identification,
and other applications. As shown in FIG. 9, such data along with rock sample data, rock
modeling data, etc. can be stored in a database 972 stored in the internal memory 968 or an

external memory accessible to the processor 966.

[00082]  The computer 958 can be in the form of a personal computer or in the form of a
server or server farm serving multiple user interfaces or other configurations known to those
skilled in the art. The computer program 970 can be in the form of microcode, programs,
routines, and symbolic languages that provide a specific set or sets of ordered operations that
control the functioning of the hardware and direct its operation, as known and understood by
those skilled in the art. The computer program 970, according to an embodiment of the present
disclosure, need not reside in its entirety in volatile memory, but can be selectively loaded, as
necessary, according to various methodologies as known and understood by those skilled in

the art.

[00083] In operation, when the drilling acoustic signals are generated at the drill bit 904,
they transmit toward the surface through the drilling fluid 930 both inside the drill string 906
and the annulus 944. The drilling acoustic signals transmitted in the drilling fluid are picked up
by the acoustic sensors 952 attached to the bell nipple 918, the standpipe 938, the gooseneck

942, other components of the drilling fluid circulation system, or any combination thereof. The
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drilling acoustic signals picked up by the acoustic sensors 952, after being amplified, are sent
through electronic wires 956 to the data acquisition unit (DAQ) 954. The acoustic signals are
digitized by the data acquisition unit 954 and then sent to the computer 958 for analysis by the
petrophysical properties analyzing program 970. The digitized acoustic signals are first
transformed into frequency domain by using Fourier transformation. The frequency
distribution data are further evaluated for acoustic characteristics. The frequency distribution,
characteristics of the acoustic signals, or both may then be used to identify lithology and to
evaluate petrophysical properties of the rock under drilling in real time, as described in the

disclosure.

[00084]  FIG. 10 further illustrates components of the computer program 970 in accordance
with an embodiment of the disclosure. An embodiment of the computer program 970 may
include a data preprocess module 1010, a data sampling module 1012, an acoustic
characteristics evaluation algorithm 1014, and a petrophysical properties evaluation algorithm
1016. The sampling module 1012 sends sampling commands 1018, such as sampling rate, to the
data acquisition unit 954 for data sampling control. The data preprocess module produces filtered
and restored Fast Fourier Transform (FFT) data 1020 in accordance with techniques of the present

disclosure.

[00085]  FIG. 11 depicts processing by the data preprocess module 1010 in accordance with
an embodiment of the disclosure. As shown in FIG. 11, the digitized data 1000 in the time
domain is transformed into Fast Fourier Transform (FFT) data 1102 (that is, data in the
frequency domain) by a Fast Fourier Transformation 1100. The FFT data 1102 is then filtered
by afilter 1104 to remove some low and high frequency data points, low amplitude data points,
or both generated from other sources, i.e. from sources other than the bit cutting into the rocks.
The filtered FFT data 1106 is restored by the restorer 1108 to produce filtered and restored FFT
data 1020. The main part of the filtered and restored FFT data 1020 is the frequency distribution
1002, which is the frequency and amplitude information of a sampled acoustic signal. As
discussed infra, two examples of such signal are shown in FIGS. 4A and 4B for the frequency

distribution for a limestone and the frequency distribution for a dolomite respectively.

[00086]  As the drilling acoustic signals transmit toward the surface through the drilling
fluid 930, the signals attenuate. As will be appreciated, the attenuation in a liquid generally is
frequency and temperature dependent. For example, the higher the frequency, the stronger the
attenuation. As discussed in the disclosure, the attenuated drilling acoustic signals maybe

restored in order to maximally represent the sounds generated by the drill bit 904. As shown in
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Equation 6, the sound amplitude with initial value Po will attenuate to a lower value P after
transmission over a distance d-

—ad

P = Py10720 (6)
[00087]  Where a is a coefficient of attenuation in decibels per meter (dB/m).

[00088]  The restoration of the drilling acoustic signals may be performed by deriving the
initial sounds amplitude Po from the measured value P at a different frequency, as shown by

Equation 7:

ad
P, = P1070 (7)

[00089]  The attenuation in the drilling fluid may also be dependent on the density of the
drilling fluid. For a particular drilling fluid, the relationship between the coefficients of
attenuation o, the drilling fluid density p, sound frequencies f, and drilling fluid temperatures

T may be expressed according to Equation 8:

a = function(f,p,T,) ®)

[00090]  Equation 8 may be referred to as a “drilling fluid attenuation coefficient function.”
In some embodiments, the coefficients of attenuation o at different the drilling fluid densities
p, sound frequencies f, and drilling fluid temperatures 7" may be measured using known
techniques. In such embodiments, the drilling fluid attenuation coefficient function expressed

by Equation 8 may be constructed from the measurements.

[00091]  The restorer 1108 of the data preprocess module 1010 may restore a drilling signal
using the sounds amplitude of the filtered FFT data 1106 and the drilling fluid attenuation
coefficient function. To restore a drilling signal, the initial amplitude at each frequently may
be restored from the filtered FFT data 1106 using Equation 7, with the attenuation coefficient

determined using the drilling fluid attenuation coefficient function expressed by Equation 8.

[00092]  The filtered and restored FFT data 1020 is in the frequency domain and, as shown
in FIG. 10, may include frequency distribution 1002 that is output from the computer program
970. The frequency distribution of the two different types of carbonates shown in FIGS. 4A
and 4B illustrate how the frequency distribution can be used directly to identify lithologies and
to determine formation boundaries during drilling real time (that is, when drilling through a
formation boundary rock lithology changes). Identification of lithologies may be used to define

hydrocarbon reservoir location and thickness, in geosteering to keep drilling within a

-29-



WO 2020/097090 PCT/US2019/059884

production zone during lateral drilling, and in other applications. Determination of a formation

boundary in real-time may improve casing shoe positioning and increase drilling safety.

[00093]  According to embodiments of the disclosure, the acoustic characteristics
evaluation algorithm 1014 evaluates the filtered and restored FFT data 1020 for select acoustic
characteristics, such as, for example, mean frequency, normalized deviation of frequency,
mean amplitude, normalized deviation of amplitude, and apparent power. These acoustic
characteristics for an acoustic signal sample may be defined according to Equations 1-5

described supra.

[00094] The mean frequency and the normalized deviation of frequency characterize the
frequency distribution, while the mean amplitude and the normalized deviation of amplitude
characterize the loudness level of the drilling sound. Apparent power represents the power of
the acoustic signals. In some embodiments, the acoustic characteristics may be calculated
within a whole range or a partial range of the frequency of the acoustic samples. The range
may be selected to achieve the maximum difference of these characteristics among different

lithologies.

[00095] The derived acoustic characteristics 1004 can be used directly for certain
applications 1008, such as lithology type identification or formation boundary determination.
In some embodiments, the mean frequency, the normalized deviation of frequency, the mean
amplitude, the normalized deviation of amplitude, the apparent power of the rock undergoing
drilling, or any combination thereof, can be compared with a corresponding mean frequency,
normalized deviation of frequency, mean amplitude, normalized deviation of amplitude and
apparent power of a plurality of rock samples, or any combination thereof having different
known lithologies to determine an amount of correlation of the acoustic characteristics
associated with the rock undergoing drilling and the acoustic characteristics associated with
the rock samples. The lithology type of the rock undergoing drilling can be determined using
the correlation. For example, the mean frequency and the normalized deviation of frequency
for the rock undergoing drilling may be compared with mean frequency and normalized
deviation of frequency for rock samples having different lithologies to identify the lithology
type of the rock undergoing drilling. In some embodiments, the location of a formation
boundary may be determined in real-time from the comparison, such as by changes in lithology
type of the rock undergoing drilling. In some embodiments, the optimal location of a casing
show for a casing associated with the drill string may be determined based on the location of

the formation boundary. In some embodiments, the mean frequency, the normalized deviation
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of frequency, the mean amplitude, the normalized deviation of amplitude, and the apparent
power for the rock undergoing drilling may be compared with the mean frequency, the
normalized deviation of frequency, the mean amplitude, the normalized deviation of amplitude,
and the apparent power for rock samples having different known lithologies to identify the

lithology type of the rock undergoing drilling.

[00096] When each of the five acoustic characteristics 1004 is plotted along depth, each
acoustic characteristic represents the property variation along depth for the rocks in the well.
Conventional well logs, such as gamma ray logs, density logs, or sonic logs and the like, may
also be plotted along depth to show the lithology type and properties variation along depth. In
such embodiments, the acoustic characteristics 1004 may be combined with the conventional

well logs to enhance the evaluation of lithology type and properties.

[00097]  The petrophysical properties evaluation algorithm 1016 of the computer program
970 evaluates the filtered and restored FFT Data 1020 to derive petrophysical properties 1006.
The petrophysical properties may include lithology types and physical properties of the rock
under drilling, such as porosity, permeability, oil presence, and fractures. In some
embodiments, the location of a formation boundary may be determined in real-time from the
petrophysical properties of the rock undergoing drilling, such as by changes in the
petrophysical properties. In some embodiments, the optimal location of a casing show for a
casing associated with the drill string may be determined based on the location of the formation

boundary.

[00098] FIGS. 12 and 13 illustrate examples of the construction of two types of
petrophysical properties evaluation algorithms 1016: one designed for a particular type of drill
bit shown at 1016A and the other designed to be drill bit type independent shown at 1016B.
Unlike the acoustic characteristics evaluation algorithm 1014, which may be based on known
mathematical equations, the petrophysical properties evaluation algorithm 1016 may be based
on mathematical models, which are to be built utilizing acoustic data and petrophysical

properties according to the techniques described in the disclosure.

[00099]  FIG. 12 illustrates the procedure for constructing a “Petrophysical Properties
Evaluation Algorithm™ for a particular type of drill bit. According to the exemplary
configuration, datasets of petrophysical properties 1200 and correspondent digitized acoustic
data 1202 for a particular drill bit are collected. The digitized acoustic data 1202 is
preprocessed by the data preprocess module 1010 (illustrated in FIGS. 10 and 11) to produce
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the filtered and restored FFT data 1204. The relationships 1208 between filtered and restored
FFT data 1204 and petrophysical properties 1200 are constructed (step 1206) using suitable
mathematical modeling techniques, such as, multiple regression analysis or artificial neural
networks modeling. Once relationships 1208 between the filtered and restored FFT data 1204
and petrophysical properties 1200 are constructed, the relationships are coded (step 1210) to
produce a computer program, module, subroutine, object, or other type of instructions to define
the petrophysical properties evaluation algorithm 1016A. The algorithm 1016A is then
available to be used in the computer program 970 to predict the petrophysical properties from

drilling acoustic signals for the particular drill bit type.

[000100] FIG. 13 illustrates the procedure for constructing a drill bit type independent
“Petrophysical Properties Evaluation Algorithm™ 1016B. The datasets of petrophysical
properties 1300 and the correspondent digitized acoustic data 1302 measured from different
types of drill bit are collected. The digitized acoustic data 1302 is preprocessed by the data
preprocess module 1010 (illustrated in FIGS. 10 and 11) to produce the filtered and restored
FFT data 1304. Bit type independent features 1308 of the filtered and restored FFT data 1304
are then determined by comparing the filtered and restored FFT data of different types of drill
bit and the correspondent petrophysical properties 1300 (step 1306). Features which have
weakest correlation with the drill bit types and strong correlation with the petrophysical
properties are the bit-type independent ones. The relationships 1312 between the petrophysical
properties 1300 and the bit type independent features 1308 are constructed (step 1310) using
suitable mathematical modeling techniques, such as, for example, multiple regression analysis
or artificial neural networks modeling. The constructed relationships 1312 are then coded (step
1314) into a computer program, module, subroutine, object, or other type of instructions to
define the petrophysical properties evaluation algorithm 1016B. The algorithm 1016B is then
available to be used in the computer program 970 to predict the petrophysical properties from

drilling acoustic signals.

[000101] Embodiments of the apparatus 900 provide several advantages, such as the
identification of lithology type and physical properties in real-time. The advantages provided
by embodiments of the apparatus 900 makes such embodiments ideal in the applications of (1)
horizontal and lateral well drill steering and (2) locating the relative position for setting the
casing shoe at a much higher precision. Embodiments may also be used to (3) detect fractured
zones; and (4) interpret rock lithologies and petrophysical properties. Further, embodiments of

the apparatus 900 beneficially supply more information for evaluating petrophysical properties
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of the rocks, such as porosity, strength, and presence of hydrocarbons, through the use of data
obtained through the analysis of acoustic signals to evaluate these petrophysical properties.
Such data is beneficially beyond that which can be supplied via conventional techniques such

as well logs.

[000102] Some embodiments of the apparatus 900 may exclude the petrophysical properties
evaluation algorithm 1016, as the frequency distribution 1002 and acoustic characteristics 1004
may be used in various applications. Such application may include identifying lithology type
and formation boundaries, correlating lithology formations at different well locations, steering
lateral well drilling, etc., by comparing the frequency distribution 1002 and acoustic
characteristics 1004 of the rock undergoing drilling with those collected in the upper sections
of the well undergoing drilling (that is, an “on-the-fly” application) or from a database with

known lithology types and petrophysical properties.

[000103] In embodiments of the disclosure, the petrophysical properties evaluation
algorithms 1016 may be constructed easily as 1) drilling acoustic signal data used in the model
construction may be easily and automatically collected on surface; and 2) the constructed

algorithms 1016 may be installed in a computer on the surface.

[000104] Various embodiments of the present disclosure provide several advantages. For
example, various embodiments of the present disclosure beneficially provide a means to
identify lithology type and physical properties, truly in real-time. This advantage makes
various embodiments of the present disclosure ideal in the applications of (1) horizontal and
lateral well drill steering and (2) locating the relative position for setting the casing shoe at a
much higher precision. Various embodiments can also be used to (3) detect fractured zones;
and (4) interpret rock lithologies and petrophysical properties. Various embodiments of the
present disclosure beneficially supply more information for evaluating petrophysical properties
of the rocks, such as porosity, strength, and presence of hydrocarbons, through the utilization
of data obtained through the analysis of acoustic signals to evaluate these petrophysical

properties. Such data can beneficially be beyond that which can be conventionally supplied.

[000105] This application is a continuation-in-part of and claims priority to and the benefit
of U.S. Non-Provisional Patent Application No. 13/554,369 titled “Methods Of Evaluating
Rock Properties While Drilling Using Downhole Acoustic Sensors And A Downhole
Broadband Transmitting System™ filed on July 20, 2012, which is a non-provisional of and

claims priority to and the benefit of U.S. Provisional Patent Application No. 61/539,171, titled
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"Methods Of Evaluating Rock Properties While Drilling Using Downhole Acoustic Sensors
And A Downhole Broadband Transmitting System," filed on September 26, 2011, and is
related to U.S. Patent Application No. 13/554,019, filed on July 20, 2012, titled “Apparatus,
Computer Readable Medium and Program Code for Evaluating Rock Properties While Drilling
Using Downhole Acoustic Sensors and Telemetry System"; U.S. Patent Application No.
13/553,958, filed on July 20, 2012, titled “Methods of Evaluating Rock Properties While
Drilling Using Downhole Acoustic Sensors and Telemetry System"; U.S. Patent Application
No. 13/554,298, filed on July 20, 2012, titled “Apparatus for Evaluating Rock Properties While
Drilling Using Drilling Rig-Mounted Acoustic Sensors"; and U.S. Patent Application No.
13/554,470, filed on July 20, 2012, titled “Methods for Evaluating Rock Properties While
Drilling Using Drilling Rig-Mounted Acoustic Sensors"; U.S. Patent Application No.
13/554,077, filed on July 20, 2012, titled “Apparatus, Computer Readable Medium, and
Program Code For Evaluating Rock Properties While Drilling Using Downhole Acoustic
Sensors and a Downhole Broadband Transmitting System; U.S. Provisional Patent Application
No. 61/539,165, titled " Apparatus And Program Product For Evaluating Rock Properties While
Drilling Using Downhole Acoustic Sensors And A Downhole Broadband Transmitting
System," filed on September 26, 2011; U.S. Provisional Patent Application No. 61/539,201,
titled " Apparatus For Evaluating Rock Properties While Drilling Using Drilling Rig-Mounted
Acoustic Sensors," filed on September 26, 2011; U.S. Provisional Patent Application No.
61/539,213, titled "Methods For Evaluating Rock Properties While Drilling Using Drilling
Rig-Mounted Acoustic Sensors," filed on September 26, 2011; U.S. Provisional Patent
Application No. 61/539,242 titled "Apparatus And Program Product For Evaluating Rock
Properties While Drilling Using Downhole Acoustic Sensors And Telemetry System," filed on
September 26, 2011; and U.S. Provisional Patent Application No. 61/539,246 titled "Methods
Of Evaluating Rock Properties While Drilling Using Downhole Acoustic Sensors And
Telemetry System," filed on September 26, 2011, each incorporated herein by reference in its

entirety.

[000106] In the drawings and specification, there have been disclosed a typical preferred
embodiment of the invention, and although specific terms are employed, the terms are used in
a descriptive sense only and not for purposes of limitation. The invention has been described
in considerable detail with specific reference to these illustrated embodiments. It will be
apparent, however, that various modifications and changes can be made within the spirit and

scope of the invention as described in the foregoing specification.
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THAT CLAIMED IS:

1. An apparatus for determining properties of rock in a formation in real-time during
drilling, the apparatus comprising:

an acoustic sensor installed in a drilling fluid circulation system of a drilling rig, the
acoustic sensor coupled to one of the following: (i) a bell nipple, (ii) a gooseneck, or (iii) a
standpipe, wherein the acoustic sensor is operable to detect an acoustic signal generated real-
time as a result of rotational contact of a drill bit with rock during drilling and transmitted
through the drilling fluid;

a data acquisition unit in communication with the acoustic sensor and a computer,
wherein the data acquisition unit is operable to sample the raw acoustic sensor data and
digitize the raw acoustic sensor data, the raw acoustic sensor data representing the acoustic
signal generated real-time as a result of rotational contact of a drill bit with rock during
drilling;

the computer in communication with the data acquisition unit and configured to
perform the following operations:

recetving the digitized acounsue sensor data fronthe datg acquisition unit;
processing the digitized acoustic sensor data received from the data acquisition
unit, the processing comprising:
deriving a plurality of acoustic characteristics from the digitized
acoustic sensor data, the plurality of acoustic characteristics including mean frequency and
normalized deviation of frequency; and
comparing the mean frequency and the normalized deviation of
frequency for the rock undergoing drilling with mean frequency and normalized deviation of
frequency for a plurality of rock samples having different known lithologies;
identifying a lithology type of the rock undergoing drilling responsive to the

comparing.

2. The apparatus of claim 1, wherein the plurality of acoustic characteristics further
include mean amplitude, normalized deviation of amplitude, and apparent power, wherein
the operations comprise:

comparing the mean frequency, the normalized deviation of frequency, the mean
amplitude, and the normalized deviation of amplitude, and the apparent power for the rock

undergoing drilling with mean frequency, normalized deviation of frequency, mean
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amplitude, normalized deviation of amplitude, and apparent power for a plurality of rock

samples having different known lithologies.

3. The apparatus of any one of the preceding claims, wherein the processing comprises:

sending sampling commands to the data acquisition unit in communication with the
one or more acoustic sensors;

converting analog acoustic signals into digitized data through employment of the data
acquisition unit;

transforming the digitized data into Fast Fourier Transform (FFT) data using a Fast
Fourier transformation;

filtering the FFT data;

restoring the FFT data to compensate for attenuation by the drilling fluid;

deriving the plurality of acoustic characteristics from the filtered and restored Fast

Fourier Transform data.

4, The apparatus of any one of the preceding claims, comprising an amplifier connected
to the acoustic sensor, wherein the amplifier is operable to amplify the raw acoustic sensor

data before being received by the data acquisition unit.

5. The apparatus of any one of the preceding claims, wherein the acoustic sensor
comprises a first acoustic sensor coupled to the bell nipple of the drilling fluid circulation

system.

6. The apparatus of claim 5, wherein the acoustic sensor comprises a second acoustic

sensor coupled to the gooseneck of the drilling fluid circulation system.

7. The apparatus of claim 6, wherein the acoustic sensor comprises a third acoustic

sensor coupled to the standpipe of the drilling fluid circulation system.

8. An apparatus for determining properties of rock in a formation in real-time during
drilling, the apparatus comprising:

an acoustic sensor installed in a drilling fluid circulation system of a drilling rig, the
acoustic sensor coupled to one of the following: (i) a bell nipple, (ii) a gooseneck, or (iii) a
standpipe, wherein the acoustic sensor is operable to detect an acoustic signal generated real-
time as a result of rotational contact of a drill bit with rock during drilling and transmitted

through the drilling fluid;
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a data acquisition unit in communication with the acoustic sensor and a computer,
wherein the data acquisition unit is operable to sample the raw acoustic sensor data and
digitize the raw acoustic sensor data, the raw acoustic sensor data representing the acoustic
signal generated real-time as a result of rotational contact of a drill bit with rock during
drilling;

the computer in connounication with the data acquisition unit and cordigured o
perform the following operations:

recetving digitized acoustic sensor data from the dala acquisition unit, the raw
acoustic sensor data representing the acoustic signal generated real-time as a result of
rotational contact of a drill bit with rock during drilling;
processing the raw acoustic sensor data received from the acoustic sensor, the
processing comprising:
transforming the digitized data into Fast Fourier Transform (FFT) data
using a Fast Fourier transformation;
filtering the FFT data; and
restoring the FFT data to compensate for attenuation by the drilling
fluid;
determuning petrophvsical properties of rock being encountered by the driil bit
vsing a petrophvaical properties evabluation algorithim emplovalile to predict one or more

petrophyacal properies of rock undergoing dittling from the filtered and rectored FFT data

9. The apparatus of claim 8, comprising an amplifier connected to the acoustic sensor,
wherein the amplifier is operable to amplify the raw acoustic sensor data before being

received by the data acquisition unit.

10. The apparatus of claims 8 or 9, wherein the processing comprises:

sending sampling commands to the data acquisition unit in communication with the
one or more acoustic sensors;

converting analog acoustic signals into digitized data through employment of the data

acquisition unit.

11. The apparatus of claims 8, 9, or 10, wherein the one or more petrophysical properties
comprise: lithology type, porosity, water saturation, and permeability of rock undergoing

drilling.
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12. The apparatus of claims 8, 9, 10, or 11, wherein the petrophysical properties
evaluation algorithm is a bit-specific petrophysical properties evaluation algorithm, the
processing comprising:

collecting petrophysical properties data describing one or more petrophysical
properties of rock and correspondent acoustic data for a preselected type of drill bit;

processing the collected acoustic data to produce filtered and restored FFT data;

determining one or more relationships between features of the filtered and restored
FFT data and correspondent one or more petrophysical properties of rock for each type of
drill bit;

coding the determined relationships into computer program code defining the

petrophysical properties algorithm.

13. The apparatus of claims 8, 9, 10, 11, or 12, wherein the petrophysical properties
evaluation algorithm is a bit-independent petrophysical properties evaluation algorithm, the
processing comprising:

collecting petrophysical properties data describing one or more petrophysical
properties of rock and correspondent acoustic data for a plurality of different types of drill
bits;

processing the collected acoustic data to produce filtered and restored FFT data;

determining bit-type independent features of the filtered and restored FFT data;

determining one or more relationships between the bit-type independent features of
the filtered and restored FFT data and correspondent one or more petrophysical properties of
the rock; and

coding the determined relationships into computer program code defining the

petrophysical properties algorithm.

14. The apparatus of claims 8, 9, 10, 11, 12, or 13, wherein the acoustic sensor comprises

a first acoustic sensor coupled to the bell nipple of the drilling fluid circulation system.

15.  The apparatus of claim 14, wherein the acoustic sensor comprises a second acoustic

sensor coupled to the gooseneck of the drilling fluid circulation system.

16.  The apparatus of claim 15, wherein the acoustic sensor comprises a third acoustic

sensor coupled to the standpipe of the drilling fluid circulation system.
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17. A method for determining properties of rock in a formation in real-time during
drilling using a drilling fluid, the method comprising:
detecting, by an acoustic sensor, an acoustic signal generated real-time as a result of
rotational contact of a drill bit with rock during drilling and transmitted through the drilling
fluid, the acoustic sensor installed in a drilling fluid circulation system of a drilling rig, and
coupled to one of the following: (i) a bell nipple, (i1) a gooseneck, or (iii) a standpipe;
digitizing, by a data acquisition unit, the raw acoustic sensor data;
processing, at a computer in communication with the data acquisition unit, the
digitized acoustic sensor data received from the data acquisition unit, the processing
comprising:
deriving a plurality of acoustic characteristics from the digitized acoustic
sensor data, the plurality of acoustic characteristics including mean frequency and normalized
deviation of frequency; and
comparing the mean frequency and the normalized deviation of frequency for
the rock undergoing drilling with mean frequency and normalized deviation of frequency for
a plurality of rock samples having different known lithologies; and
identifying a lithology type of the rock undergoing drilling responsive to the

comparing.

18. The method of claim 17, wherein the processing comprises:

sending sampling commands to the data acquisition unit in communication with the
one or more acoustic sensors;

converting analog acoustic signals into digitized data through employment of the data
acquisition unit;

transforming the digitized data into Fast Fourier Transform (FFT) data using a Fast
Fourier transformation;

filtering the FFT data;

restoring the FFT data to compensate for attenuation by the drilling fluid;

deriving the plurality of acoustic characteristics from the filtered and restored FFT

data.

19. The method of claims 17 or 18, comprising amplifying the raw acoustic sensor data

by an amplifier before being received by the data acquisition unit.
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20. The method of claims 17, 18, or 19, wherein the plurality of acoustic characteristics
further include mean amplitude, normalized deviation of amplitude, and apparent power,
wherein the method comprises:

comparing the mean frequency, the normalized deviation of frequency, the mean
amplitude, the normalized deviation of amplitude, and the apparent power for the rock
undergoing drilling with mean frequency, normalized deviation of frequency, mean
amplitude, normalized deviation of amplitude, and apparent power for a plurality of rock

samples having different known lithologies

21. The method of claims 17, 18, 19, or 20, comprising determining a location of a

formation boundary encountered during drilling responsive to the comparing.

22. The method of claim 21, comprising determining an optimal location of a casing shoe

for a casing associated with a drill string based on the location of the formation boundary.

23. The method of claims 17, 18, 19, 20, 21, or 22, wherein the acoustic sensor comprises

a first acoustic sensor coupled to the bell nipple of the drilling fluid circulation system.

24, The method of claim 23, wherein the acoustic sensor comprises a second acoustic

sensor coupled to the gooseneck of the drilling fluid circulation system.

25. The method of claim 24, wherein the acoustic sensor comprises a third acoustic sensor

coupled to the standpipe of the drilling fluid circulation system.

26. A method for determining properties of rock in a formation in real-time during
drilling using a drilling fluid, the method comprising:

detecting, by an acoustic sensor, an acoustic signal generated real-time as a result of
rotational contact of a drill bit with rock during drilling and transmitted through the drilling
fluid, the acoustic sensor installed in a drilling fluid circulation system of a drilling rig, and
coupled to one of the following: (i) a bell nipple, (i1) a gooseneck, or (iii) a standpipe;

digitizing, by a data acquisition unit, the raw acoustic sensor data;

processing, at a computer in communication with the data acquisition unit, the
digitized acoustic sensor data received from the data acquisition unit, the processing
comprising:

transforming the digitized data into Fast Fourier Transform (FFT) data using a

Fast Fourier transformation;
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filtering the FFT data; and
restoring the FFT data to compensate for attenuation by the drilling fluid;
determining petrophysical properties of rock being encountered by the dnll st using a
netrophysical properties evaluation alporithm emplovable to predict ong or more

petrophysical properties of rock ondergoing drilling from the filtered and restored FFT data.

27. The method of claim 26, comprising amplifying the raw acoustic sensor data by an

amplifier before being received by the data acquisition unit.

28. The method of claims 26 or 27, wherein the one or more petrophysical properties
comprise: lithology type, porosity, water saturation, and permeability of rock undergoing

drilling.

29. The method of claims 26, 27, or 28, wherein the petrophysical properties evaluation
algorithm is a bit-specific petrophysical properties evaluation algorithm, the method
comprising:
collecting petrophysical properties data describing one or more petrophysical
properties of rock and correspondent acoustic data for a preselected type of drill bit;
processing the collected acoustic data to produce filtered and restored FFT data;
determining one or more relationships between features of the filtered and restored
FFT data and correspondent one or more petrophysical properties of rock for each type of
drill bit;
coding the determined relationships into computer program code defining the petrophysical

properties algorithm.

30. The method of claims 26, 27, 28, or 29, wherein the petrophysical properties
evaluation algorithm is a bit-independent petrophysical properties evaluation algorithm, the
method comprising:
collecting petrophysical properties data describing one or more petrophysical
properties of rock and correspondent acoustic data for a plurality of different types of drill
bits;
processing the collected acoustic data to produce filtered and restored FFT data;
determining bit-type independent features of the filtered and restored FFT data;
determining one or more relationships between the bit-type independent features of

the filtered and restored FFT data and correspondent one or more petrophysical properties of
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the rock; and
coding the determined relationships into computer program code defining the

petrophysical properties algorithm.

31. The method of claims 26, 27, 28, 29, or 30, comprising determining a location of a
formation boundary encountered during drilling based on the determined petrophysical

properties of the rock undergoing drilling.

32, The method of claim 31, comprising determining an optimal location of a casing shoe

for a casing associated with a drill string based on the location of the formation boundary.

33. The method of claims 26, 27, 28, 29, 30, 31, or 32, wherein the acoustic sensor
comprises a first acoustic sensor coupled to the bell nipple of the drilling fluid circulation

system.

34, The method of claims 26, 27, 28, 29, 30, 31, 32, or 33, wherein the acoustic sensor
comprises a second acoustic sensor coupled to the gooseneck of the drilling fluid circulation

system.

35. The method of claims 26, 27, 28, 29, 30, 31, 32, 33, or 34, wherein the acoustic sensor
comprises a third acoustic sensor coupled to the standpipe of the drilling fluid circulation

system.
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