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(57) Abréegée/Abstract:

Determination of the rate penetration (ROP) of drilling has usually been based upon surface measurements and may not be an
accurate representation of the actual ROP. This can cause problems in Logging While Driling (LVWD). Because of the lack of a
high-speed surface to-downhole communication while drilling, a conventional method of measuring ROP at the surface does not
provide a solution to this problem. However, the instantaneous ROP can be derived downhole with a certain degree of accuracy by
utilizing an accelerometer placed in (or near) the tool to measure acceleration In the axial direction. When three-component
accelerometers are used, the method may be used to determine the true vertical depth of the borehole.

o
SSonEeAN S f
.l.!.\‘\-c.c..--.
- h.l‘s_ .\I {\A '
J & "'.

C an ad a http:/opic.ge.ca + Ottawa-Hull K1A 0C9 - atip.://eipo.ge.ca OPIC ' CTIPO
OPIC - CIPO 191 SRR




O 02/103138 Al

CA 02450653 2003-12-12

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date
27 December 2002 (27.12.2002)

(51) International Patent Classification’: E21B 47/04,

44/00, 49/00, 47/00

(21) International Application Number: PCT/US02/18912

(22) International Filing Date: 13 June 2002 (13.06.2002)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/298,299 14 June 2001 (14.06.2001) US

(71) Applicant: BAKER HUGHES INCORPORATED
[US/US]; 3900 Essex Lane, Suite 1200, Houston, TX
77027 (US).

(72) Inventors: DUBINSKY, Vladimir; 9103 Corral Corner
Court, Houston, TX 77064 (US). JOGI, Pushkar, N.;
12015 Orchard Hollaw Way, Houston, TX 77065 (US).
LEGGETT, James, V. III; 11518 Galbreath Drive,
Houston, TX 77066 (US). PATTERSON, Douglas, J.;
10303 Rippling Fields, Houston, TX 77064 (US). BOL-
SHAKOYV, Alexei; 2210 Dorrington, #303, Houston, TX
77030 (US). KRUEGER, Volker; Sassengarten 8, 29223
Celle (DE).

PCT

(10) International Publication Number

WO 02/103158 Al

74) Agents: RIDDLE, Albert, J. et al.; Baker Hughes Incor-
( g g
porated, 1999 Rankin Road, Houston, TX 77073 (US).

(81) Designated States (national): AL, AM, AT, AU, AZ, BA,
BB, BG, BR, BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES,
FI, GB, GE, GH, GM, HU, ID, I, IS, JP, KE, KG, KP, KR,
KZ,LC,LK, IR, LS, LT, LU, LV, MD, MG, MK, MN, MW,
MX, NO, NZ, PL., PT, RO, RU, SD, SE, SG, SI, SK, SL,
TJ, TM, TR, TT, UA, UG, UZ, VN, YU, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR,
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent
(BE, Bl, CFL, CG, CI, CM, GA, GN, GQ, GW, ML, MR,

NE, SN, TD, TG).

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: USE OF AXIAL ACCELEROMETER FOR ESTIMATION OF INSTANTANEOUS ROP DOWNHOLE FOR LWD

AND WIRELINE APPLICATIONS

’/200
210
202 I 208 204 [208{272 1, o
'n oo n'
D B
) 2 dy r— 04—

220R.. ...
202~ (Rpap)oop~ 224 20 e

| } ‘1 | I
Oo---0N POROSITY ooo--o
Rife RnE | PRl Rm@

B ] 0, \*—drj

DENSITY

(57) Abstract: Determination of the rate penetration (ROP) of drilling has usually been based upon surface measurements and may
not be an accurate representation of the actual ROP. This can cause problems in Logging While Drilling (LWD). Because of the lack
of a high-speed surface to-downhole communication while drilling, a conventional method of measuring ROP at the surface does
not provide a solution to this problem. However, the instantaneous ROP can be derived downhole with a certain degree of accuracy
by utilizing an accelerometer placed in (or near) the tool to measure acceleration in the axial direction. When three-component
accelerometers are used, the method may be used to determine the true vertical depth of the borehole.
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1. Field of the Invention ‘

[0001] This invention is related to methods for determining the rate of penetration of a
drillbit and using the determined rate of penetration for controlling the operation of
downbhole logging tools. The method of the invention is applicable for use with both

measurement-while-drilling (MWD) tools and wireline tools.

2. Description of the Related Art |

[0002] In the rotary drilling of wells such as hydrocarbon wells, a drill bit located at
the end of a drill string is rotated so as to cause the bit to drill into the formation. The
rate of penetration (ROP) depends upon the weight on bit (WOB), the rotary speed of
the drill and the formation and also the condition of the drill bit. The earliest prior art
methods for measuring ROP were based on monitoring the rate at which the drill
string is lowered into the well at the surface. However because the drill string, which
is formed of steel pipes, is relatively long, the elasticity or compliance of the string
can result in the actual ROP being different from the rate at which the string is

lowered into the hole.

[0003] U.S. Pat. No. 2 688 871 to Lubinski and U.S. Pat. No. 3 777 560 to Guignard
teach methods to correct for this difference by modeling the drill string is as an
elastic spring with the elasticity of the string being calculated theoretically from the
length of the drill string and the Young's modulus of the pipe used to form the string,
This information is then used to calculate ROP from the load applied at the hoc;k
suspending the drill string and the rate at which the string is lowered into the well.
These methods do not account for the friction encountered by the drill string as a
result of contact with the wall of the well. Patent FR 2 038 700 to Gosselin teaches a

method of correcting for this effect by making an in sifu measurement of the modulus
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of elasticity. This is achieved by determining the variations in tension to which the
drill string is subjected as the bit goes down the well until 1t touches the bottom.

Since 1t is difficult to determine exactly when the bit touches the bottom from surface
measurements, strain gauges are provided near the bit and atelemetry system 1s
required to relay the information to the surface. In MWD applications, the data rate of
the telemetry system is necessarily limited. Additionally, this method still does not

provide measurements when drilling 1s taking place.

[0004] There have been a number of teachings of the use of Kalman filtering for
determining the rate of penetration of a drillbit. For example, Sengbush (FR 2 165
851 and AU 44 424/72), uses a mathematical model applicable for roller cone bits for
describing the drill bit cutting rate. The model requires a knowledge of the drill
depth, the drill rotational speed, and the weight on bit. Chanin US 5 551 286

discusses a related problem of a wireline logging tool on an elastic cable.

[000S] In US Patent 4 843 875 to Kerbart, during an initial period, the well is drilled
keeping, on average, the value of weight F of the drill string measured at the surface
relatively constant, and the instantaneous values of the drill string rate of penetration
Vs and the weight F are measured at the surface at different successive moments. The
value of the drill string average rate of perietration Vswm at the surface is determined
from the values of Vg measured and the successive values of dF/dt of the first
derivative with respect to time. The coefficient of apparent rigidity of the drill string
during the initial period is then determined from the values of Vsy, Vs and dF/dt.
Finally, the rate Vris calculated. In US Patent 5 551 286 to Booer, a state space
formulation of the model in the Kerbart patent is used with a Kalman filter to
determine the downhole ROP. The quantity observed in Booer is the surface
displacement. Those versed in the art would recognize that a fundamental problem in
Kalman filtering is the identification of the state transition matrix that governs the
evolution of the state space model. Kalman filtering is also computationally

intensive.
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[0006] US Patent 5 585 726 to Chau teaches the use of a three-component

accelerometer near a drillbit used for boring a near horizontal borehole. Integration of

the accelerometer outputs is performed to determine the position of the drillbit. This
integration is susceptible to integration €ITOrS. In Chau, at specified times, a dipole
antenna is used in conjunction with a surface EM transmitter to get an absolute
position of the drilibit and to correct for the integration errors. This 1s possible in near

horizontal boreholes but is impractical for deep wells drilled in hydrocarbon

exploration.

[0007] Determination of the ROP is of particular importance in measurement of
compressional and shear velocities of formations in measurement-while-drilling
(MWD) tools. In wireline logging, a plurality of acoustic transmitters 1s used in
conjunction with arrays of acoustic receivers for determining these velocities, the
transmitters being excited at regular intervals related to the logging speed to give
redundant measurements of these velocities. In MWD applications using devices
such as that described in U.S. Patent No. 6,088,294 to Leggett et al., excitation at
regular time intervals is not necessarily desirable if the ROP is time varying. The
method of the present invention makes it possible to determine the ROP with

relatively simple computations and thus control the operation of the acoustic logging

tool.

[0008] Generally, depth determination is less a problem in wireline tools. One of the
earliest teachings is that of Bowers et al (US Patent 3,365,447) In Bowers, the
tension between the tool and its supporting cable 1s measured, as is the movement of
the calbe at the surface of the earth. The tension and cable movement are then
combined in a computer along with a plurality of constants representative of various
characteristics of the calbe and its surround medium to produce an output signal
representative of the movement of the tool and relating to the changes 1n tension
Examples of the use of accelerometers for wireline use are given in Chan (US Patent
4,545,242) teaches a high resolution method and apparatus for measuring the depth of

a tool suspended from a cable. The tool includes accelerometers for measuring its
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acceleration and this measurement is combined with a cable depth measurement with
which the amount of cable in the borehole is determined. A Kalman filter is
employed to continually provide estimates of the velocity and depth of the tool from
the accelerometer and cable depth measurements. A filter modifier alters operation of
5  the filter during discontinuous motions of the tool such as when it is stuck and slips.
A tool sticking detector senses when the tool is stuck and for how long to
correspondingly modify the filter by forcing it to more strongly rely upon
accelerometer measurements when the tool is stuck and gradually return to normal
filter operation when the tool resumes movement after having been stuck. However,
10  as noted above, it is particularly when a tool is stuck that integration of accelerometer

measurements tend to become unreliable.

{0009] There 1s a need for a method of determination of depth of a tool in a borehole
that 1s not susceptible to the errors discussed above. The present invention satisfies
15  this need.

SUMMARY OF THE INVENTION
[0010] The present invention is a method of determining the rate of penetration of a
downhole drilling assembly conveyed in a borehole during drilling of the borehole.

20  An accelerometer on the downhole assembly is used to make measurements indicative
of axial motion of the drilling assembly. In one embodiment of the invention, these
measurements are used to determine the axial velocity of motion. Maxima or minima
of the velocity are identified and from these, the rate of penetration is determined
assuming that the penetration occurs in discrete steps. Alternatively, maxima or

25 minima of the axial displacement are determined and these are used to obtain a depth
curve as a function of time. In an alternate embodiment of the invention, the rate of
penetration 1s determined from the average acceleration of the downhole assembly
and its instantaneous frequency. The determined rate of penetration may then be used
to control the operation of a logging while driliing tool. Specifically, the activation of

30 atransmitter of the logging tool is controlled to give measurements at desired depths.

This is particularly desirable in array logging tools such as are used in borehole-
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compensated acoustic logging. Operation of other downhole tools may also be

controlled based on depth determination.

[0011] In an alternate embodiment of the invention, measurements made using

accelerometers are also used to get an estimate of the depth of a downhole tool

conveyed on a wireline.

[0011a] Accordingly, in one aspect of the present invention there 1s provided a

method of determining a depth of a downhole drilling assembly conveyed in a

borehole during drilling of the borehole in an earth formation by a drillbit on the

drilling assembly, the method comprising:

(a)

(b)

(c)

(d)

making measurements with at least one accelerometer on the
downhole assembly at a plurality of times, said measurements
indicative of at least an axial component of motion of the drilling
assembly;

determining from said accelerometer measurements at least one of
(A) an axial velocity, and, (B) axial displacement, of the downhole
assembly at the plurality of times;

identifying a plurality of maxima or a plurality of minima of said at
least one of the axial velocity and the axial displacement; and
determining said depth from said plurality of maxima or plurality of

minima.

[0011b] According to another aspect of the present invention there 1s provided a

(a)

method of determining a parameter of interest of a downhole drilling assembly
conveyed 1n a borehole during drilling of the borehole by a drillbit on the drilling
assembly, the method comprising:

making measurements with at least one accelerometer on the

downhole assembly at a plurality of times, said measurements

indicative of at least an axial component of motion of the downhole
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assembly with an accelerometer thereon;

(b)

(c)

determining at least one of said plurality of times from said
accelerometer measurements an average acceleration magnitude and
an instantaneous frequency of said measurements; and

determining the parameter of interest from said average acceleration

magnitude and said instantaneous frequency at the at least one of said

plurality of times.

[0011c] According to yet another aspect of the present invention there is provided a

method of determining a depth of a logging tool conveyed on a wireline in a borehole

during the method comprising:

(a)

(b)

(c)

(d)

making measurements with at least one accelerometer on the logging
tool at a plurality of times, said measurements indicative of at least
an axial component of motion of the logging tool;

determining from said accelerometer measurements at least one of
(A) an axial velocity, and, (B) axial displacement of the logging tool
at the plurality of times;

identitying a plurality of maxima or a plurality of minima of said at
least one of the axial velocity and the axial displacement; and
determining said depth from said plurality of maxima or plurality of

minima.

Sa
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BRIEF DESCRIPTION OF THE DRAWINGS
(0012] FIG. 1 (Prior Art) shows a schematic diagram of a drilling system having

downhole sensor systems and accelerometers.

5  FIG. 2a shows an embodiment of an acoustic sensor system for use in conjunction

with the system of the present invention.

FIG. 2b shows an alternative embodiment of an acoustic sensor system for use in
conjunction with the system of the present invention.

FIG. 3 illustrates the positions of a transmitter and receivers used 1n obtaining

10 acoustic velocities of formations.

FIG. 4 shows a comparison of ROP determined by the method of the present

invention with ROP measurements made at the surface.
Figs. 5a, 5b and 5¢ show an example of accelerometer signals, determined velocities
and determined displacement in a downhole assembly.

15  FIGS. 6a and 6b show an example of the determined ROP and drilling depth for the
data 1n FIG. 5a.

DETAILED DESCRIPTION OF THE INVENTION

20  [0013] FIG. 1 shows a schematic diagram of an exemplary drilling system 10 having
a downhole assembly containing an acoustic sensor system and surface devices. This
is a modification (discussed below) of the device disclosed in US Patent 6 088 294 to
Leggett et al. As shown, the system 10 includes a conventional derrick 11 erected on
a derrick floor 12 which supports a rotary table 14 that 1s rotated by a prime mover

25  (not shown) at a desired rotational speed. A drill string 20 that includes a drill pipe

5b
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section 22 extends downward from the rotary table 14 into a borehole 26. A drill bit
50 attached to the drill string downhole end disintegrates the geological formations
when 1t 1s rotated. The drill string 20 1s coupled to a drawworks 30 via a kelly joint
21, swivel 28 and line 29 through a system of pulleys 27. During drilling operations,
the drawworks 30 is operated to control the weight on bit and the rate of penetration
of the drill string 20 into the borehole 26. The operation of the drawworks 30 is well

known in the art and is thus not described in detail herein.

[0014] During drilling operations a suitable drilling fluid (commonly referred to in the
art as "mud") 31 from a mud pit 32 is circulated under pressure through the drill string
20 by a mud pump 34, The drilling fluid 31 passes from the mud pump 34 into the
drill string 20 via a desurger 36, fluid line 38 and the kelly joint 21. The drilling fluid
1s discharged at the borehole bottom S1 through an opening in the drill bit 50. The
drilling fluid circulates uphole through the annular space 27 between the drill string
20 and the borehole 26 and is discharged into the mud pit 32 via a return line 3S5.
Preferably, a variety of sensors (not shown) are appropriately deployed on the surface
according to known methods in the art to provide information about various drilling-

related parameters, such as fluid flow rate, weight on bit, hook load, etc.

[0015] A surface control unit 40 receives signals from the downhole sensors and
devices via a sensor 43 placed in the fluid line 38 and processes such signals
according to programmed instructions provided to the surface control unit, The
surface control umt displays desired drilling parameters and other information on a
display/monitor 42 which information is used by an operator to control the drilling
operations. The surface control unit 40 contains a computer, memory for storing data,

data recorder and other peripherals. The surface control unit 40 also includes models

and processes data according to programmed instructions and responds to user
commands entered through a suitable means, such as a keyboard. .The control unit 40
1s preferably adapted to activate alarms 44 when certain unsafe or undesirable

operating conditions occur.
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[0016] Optionally, a drill motor or mud motor 55 coupled to the drill bit SO via a drive
shaft (not shown) disposed in a bearing assembly S7 rotates the dnill bit 50 when the
drilling fluid 31 is passed through the mud motor SS under pressure. The bearing
assembly 57 supports the radial and axial forces of the drill bit S0, the downthrust of
the drill motor 55 and the reactive upward loading from the applied weight on bit. A
stabilizer 58 coupled to the bearing assembly 57 acts as a centralizer for the

lowermost portion of the mud motor assembly.

[0017] The downhole subassembly 59 (also referred to as the bottomhole assembly or
"BHA"), which contains the various sensors and MWD devices to provide
information about the formation and downhole drilling parameters and the mud
motor, is coupled between the dril]l bit 50 and the drill pipe 22. The downhole
assembly 59 preferably is modular in construction, in that the various devices are

interconnected sections so that the individual sections may be replaced when desired.

[0018] Still referring to F1G. 1, the BHA also preferably contains sensors and devices
in addition to the above-described sensors. Such devices include a device for
measuring the formation resistivity near and/or in front of the drillbit §0, a gamma ray
device for measuring the formation gamma ray intensity and devices for determining
the inclination and azimuth of the drill string 20. The formation resistivity measuring
device 64 is preferably coupled above the lower kick-off subassembly 62 that
provides signals, from which resistivity of the formation near or in front of the drill bit
50 is determined. A dual propagation resistivity device ("DPR") having one or more
pairs of transmitting antennae 66a and 66b spaced from one or more pairs of
receiving antennae 68a and 68b may be used. Magnetic dipoles are employed which
operate in the medium frequency and lower high frequency spectrum. In operation,
the transmitted electromagnetic waves are perturbed as they propagate through the
formation surrounding the resistivity device 64. The receiving antennae 68a and 68b
detect the perturbed waves. Formation resistivity 1s derived from the phase and
amplitude of the detected signals. The deteded signals are processed by a downhole

circuit that is preferably placed in a housing above the mud motor 55 and transmitted
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to the surface control unit 40 using a suitable telemetry system 72.

[0019] The inclinometer 74 and gamma ray device 76 are suitably placed along the
resistivity measuring device 64 for respectively determining the inclination of the
5  portion of the drill string near the drill bit S0 and the formation gamma ray intensity.

Any suitable inclinometer and gamma ray device, however, may be utilized for the
purposes of this invention. In addition, an azimuth device (not shown), suchasa
magnetometer or a gyroscopic device, may be used to determine the drill string
ezirnuth. Such devices are known in the art and are, thus, not descnibed in detail

10  herein. In the above-described configuration, the mud motor 88 transfers power to the
drill bit 50 via one or more hollow shafts that run through the resistivity measuring
device 64. The hollow shaft enables the drilling fluid to pass from the mud motor 58
to the drill bit §0. In an alternate embodiment of the drill string 20, the mud motor 55
may be coupled below resistivity measuring device 64 or at any other suitable place.

15
[0020] The drill string 20 contains a modular sensor assembly, a motor assembly and
kick-off subs. Ina preferred embodiment, the sensor assembly includes a resistivity
device, gamma ray device and inclinometer, all of which are in a common housing
between the drill bit and the mud motor. Such prior art sensor assemblies would be

20 known to those versed in the art and are not discussed further.

[0021] The downhole assembly of the present invention preferably includes a MWD
section which contains a nuclear formation porosity measuring device, a nuclear
density device and an acoustic sensor system placed above the mud motor 55 for

25  providing information useful for evaluating and testing subsurface formations along
borehole 26. The preferred configurations of the acoustic sensor system are described
later with reference to FIGS. 2a, and 2b. The present invention may utilize-any of the
known formation density devices. Any prior art density device using a gamma ray
source may be used. Inuse, gamma rays emitted from the source enter the formation

30  where they interact with the formation and attenuate. The attenuation of the gamma

rays is measured by a suitable detector from which density of the formation 1s

e e o S o o T mare b s~ N AT e At A T Pt vimtaran uine
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determined.

[0022] The porosity measurement device preferably is the device generally disclosed
in U.S. Pat. No. 5,144,126, which is assigned to the assignee hereof. This device
employs a neutron emission source and a detector for measuring the resulting gamma
rays. In use, high energy neutrons are emitted into the surrounding formation. A
suitable detector measures the neutron energy delay due to interaction with hydrogen

and atoms present in the formation. Other examples of nuclear logging devices are

disclosed in U.S. Pat. Nos. 5,126,564 and 5,083,124.

[0023] The above-noted devices transmit data to the downhole telemetry system 72,
which in turn transmits the received data uphble to the surface control unit 40. The
downhole telemetry also receives signals and data from the uphole control unit 40 and
transmits such received signals and data to the appropriate downhole devices. The
present invention preferably utilizes a mud pulse telemetry technique to communicate
data from downhole sensors and devices during drilling operations. A transducer 43
placed in the mud supply line 38 detects the mud pulses responsive to the data
transmitted by the downhole telemetry 72. Transducer 43 generates electrical signals

in response to the mud pressure variations and transmits such signals via a conductor

45 to the surface control unit 40, Other telemetry techniques such electromagnetic

and acoustic techniques or any other suitable technique may be utilized for the

purposes of this invention.

[0024] A novel feature of the present invention is the use of one or more motion

sensors 80a, 80b to make measurements of the acceleration of components of the
downhole assembly. In a preferred embodiment of the invention, the motion sensors
are accelerometers. Accelerometer 80a is preferably located on the acoustic sensor
assembly 70 to provide measurements of the motion of the acoustic sensor assembly.
Accelerometer 80b is preferably located proximate to the drill bit S0 to provide

measurements of the motion of the drillbit that may be different from the motion of
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the acoustic sensor assembly due to compliance of the intervening portions of the
bottom hole assembly. For purposes of determining the rate of penetration, and for
controlling the operation of the acoustic sensor assembly (discussed below), it is
sufficient that the accelerometers be sensitive to axial motion. However, if additional
information about drilling qnd drillbit conditions is required, accelerometer 80b may

be a three-component accelerometer.

[0025] FIG. 2a is a schematic diagram of a portion 200 of the downhole subassembly
including an acoustic sensor system of the present invention placed in the MWD
section shown in FIG. 1. The subsystem 200 of FIG. 2a is preferably placed
between the mud motor 55 and the downhole telemetry section 72. The subsystem
200 contains a nuclear density device 202 and a nuclear porosity device 204 of the
type described earlier, separated by an acoustic isolator section 206, The density
device 202 and the porosity device 204 may be enclosed in a common housing 208 or
formed as individual sections or modules. A first acoustic transmitter or a set of
transmitters T; is placed between the density device 202 and the first isolator 206. A
second acoustic transmitter or set of transmitters T, 1s placed past the porosity device
204 and a second acoustic isolator 210. A plurality of acoustic receivers Ry R;... R,
are placed axially spaced from each other between the transmitters T, and T,. The
distance d; between the transmitter T and the center of the far receiv'er of the array
212 1s preferably less than four and one half (4.5) meters while the distance d,
between transmitter T, and the near receiver of the array 212 is no less than ten (10)

centimeters. Accelerometer 80a may be placed at any convenient location (not

shown) proximate to the acoustic transmitters and receivers for making measurements

of the acceleration of the portion 200 of the downhole assembly. As described below,
the accelerometer measurements may be used to determine a parameter of interest of

the drilling assembly.

[0026] Each of the transmitters and the receivers 1s coupled to electronic circuitry (not
shown) which causes the acoustic transmitters to generate acoustic pulses at

predetermined time intervals and the receivers to receive acoustic signals propagated

10
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through the formation and also reflected acoustic signals from the borehole
formations. In one mode of operation, the acoustic system for determining the
formation acoustic velocit:les 1s selectively activated when drilling and the acoustic
system for determining the bed boundary information 1s activated when the drilling
activity 1s stopped so as to substantially reduce acoustic noise generated by the drill
bit. In an alternative mode of operation, both the velocity and bed boundary
measurements may be while the drilling 1s in progress. Other suitable modes of

operation may also be utilized in the system of the present invention.

[0027] In the present system, an array of two or more receivers 1s preferred over a
smaller number of receivers to obtain more accurate acoustic measurements. It is
known that the quality of acoustic measurements may be enhanced by utilizing
réceiver arrays having a large number of receivers. In operation, the transmitters are
preferably energized several times over a known time period and the received signals
are stacked to improve resolution. Such data processing techniques are known in the
art and are briefly described here. Referring to Kig. 3, by 305 1s depicted the location
of the transmitter Ty and receivers Ry, Ry, Rz, Ry, Rs, and Rg at a first time instance.
Above the depth indicated by 301 there 1s a washout in the borehole wall 303 so that
the diameter of the borehole is greater above the depth 301 than below. In borehole-
compensated logging, formation velocities are determined by measurement of time
differences of refracted signals through the formation. It can be seen that the
difference of arrival times at receivers R; and R4 will be affected by the change in
borehole diameter at 301 and hence not give an accurate measurement of the
formation acoustic velocity. However, any pair of recetvers that does not straddle the
change 1 borehole diameter can give a measurement indicative of the formation

velocity. Also shown in Fig. 3 are positions 307, 309 of the acoustic assembly when
the driiling has proceeded further. By activating the transmitter at depths such as TN;
and TO1 it can be secen that additional redundant measurements may be made: for
example, 307 shows that receivers RN3 and ROy are at the same depths as receivers

R4 and Rs at 305. Thus, stacking of the signals is possible to improve the signal to
noise ratio. An essential factor in being able to do this is knowing the ROP.
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[0028] The transmitter Ty is preferably operated at a preselected frequency between 5
to 20 KHz. The downhole computer 150 determines the time of travel of the acoustic
signals and thus the velocity of the acoustic signals through the formation by

5  processing signals from the first transmitter Ty and the receivers by using any of the
methods known in the art. In the configurations shown in Figs. 2a~b, all of the
acoustic sensors are placed above the mud motor §5. Alternatively, some of the

receivers may be placed above the mud motor and the others below the mud motor.

10  [0029] It would be apparent to those versed in the art that due to the limited ?apability
of mud pulse telemetry, control of the firing of the transmitters from the surface is not
possible even if the downhole ROP could be determined at the surface using any of
the methods discussed above. For this reason, the present invention determines the

ROP downhole. The discussion that follows is applicable for either position of the

15  accelerometer discussed above.

[0030] In a first embodiment of the invention, it is assumed that the actual drilling
process involves a series of steps of penetration of the drillbit into the rock while

breaking the rock. To estimate the ROP, the accelerometer data a(?) are first

20 integrated using the trapezoidal rule to obtain instantaneous velocities v(?) as

{

V(1) = Ia(r)dr .‘ (1)

0
With the assumption that the penetration proceeds in steps, the ROP is then estimated

25  asasum of all local maxima or minima of these velocities as

n-2

ROP* = k+z V; {Vz > ViV 2 vi-l-l} (2)

I=1

or from
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ROP™ = k"z v, {vi <V, ;,V< Vi-l-l} 3)

=1
where v; = v (1 t; ) with £; as a sampling interval, # is the total number of samples, and
k" and k™ are constants. The actual selection depends upon the sign convention used
for the accelerometer output. ROP is usually defined with increasing depth
downwards. Hence if the accelerometer output is positive upwards, then eq. (3) is
chosen whereas if the accelerometer output is positive downwards, then eq. (2) is
used. Integration of eq. (2) or eq. (3) gives the relative change in depth of the

downhole assembly.

[0031]) Referring now to Fig. 4, a comparison between the results obtained by
downhole measurements 401 and surface measurements 403 is shown. The horizontal
axis is time. Intypical operations, the samples are taken at intervals that are 30 -60
seconds apart. while the vertical axis is the ROP. Inthe example shown, the scale is
in ft/hr. The overall agreement is godd but the downhole measurements show
discontinuities that are not present in the surface measurements. This is to be
expected as the surface measurements would be smoothed out by the compliance of

the intervening drillstring.

10032} A second embodiment of the invention also performs an integration of the

accelerometer data. As in eq. (1), an integration of the accelerometer measurements

performed to give the velocity:

{

[ a(z)dz = v(t)- w(0) (@)

0
Note that in eq. (4), the initial velocity of the dnllstring is explicitly included.

Integration of eq. (4) gives

{

[ [v) - v()Jat = d(2)- d(0) - tv(0) (5)

0
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where d(?) 1s the displacement. On integrating a(t) and removing the average value
v(0), the dynamic part of velocity v(t) is obtained. Similarly the dynamic part of
displacement can be obtained by removing its average value of displacement as well
as subtracting the slope, t*v(0). The integration 1s performed by the trapezoidal
method. 501 in Fig. Sa shows the plot of bit acceleration. Positive acceleration is
defined to be increasing velocity upwards. 503 and S0S 1n Figs. Sb and Sc show the
dynamic velocity and dynamic displacement using the above method. Again, positive
velocity and positive dynamic displacement are upwards. 80 seconds of data are

shown.

[0033] Since the bit penetrates the formation by crushing (rock bits) or shearing (PDC
bits) the rock formation, the cumulative bit displacement can be used to compute the
resulting ROP. Also, since bit vibrates (axially) about a mean, the displacement
below the mean is the one that accounts for the rock penetration. In this method
therefore, starting from the initial position, the displacements of the bit at locations
where it has a minimum value are added consecutively, to obtain the cumulative
displacement as the time progresses. Note that in Fig. 6b, depth is positive downward
and increases with time. Using the time elapsed at each of those locations of

maximum downward displacement, the depth and an incremental ROP is calculated as

follows:
i=N
Depth,, = ;1 A ' (6)
and
‘dN} 7
ROPy = == — (72)
or
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where 7 represents the locations at which the displacement d; is minimum as seen on
Fig. Sc. Eq. (7a) give an incremental ROP while eq. (7b) gives an average ROP.
Shown in Fig. 6 are the ROP and depth denived using this method. Obviously, if the

accelerometer output is positive downward, then maxima are selected.

[0034] In another embodiment of the invention, the instantaneous rate of penetration
is determined by a frequency analysis of the accelerometer data. The instantaneous

ROP is determined using

k- A
RO inst = f (8)

where k is a scaling factor, 4 1s the average acceleration magnitude and fis the median

instantaneous frequency of the accelerometer signal. A 1s determined as the average

magnitude of the envelope of the accelerometer output over a time window. f1s
obtained by first determining the instantaneous frequency of the accelerometer output
for a plurality of times over a time window and then taking 1ts median valﬁe.
Determination of the instantaneous frequency of a signal would be known to those
versed in the art and is discussed, for example, in a paper by Barnes entitled “The
Calculation of Instantaneous frequency and Instantaneous bandwidth”, Geophysics v.
57 no. 11, pp 1520 - 1524,

[0035] In another embodiment of the invention, three-component accelerometers are
used to give three components of motion of the downhole tool instead of just the axial
component. The three components are preferably responsive to three orthogonal
components of motion. Using the methodology described above, three components
of movement of the downhole assembly can be obtained. These may then be

combined to give a true vertical depth (TVD) of the downhole assembly.
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J0036] Referring back to Figs. 2a, 2b and 3, in one embodiment of the invention, the
ROP and the distance moved by the downhole assembly are determined using the
methods described above. This determined ROP is then used to activate the one or
more transmitters on the downhole assembly whenever the downhole assembly travels
a specified distance along the borehole. This makes it possible to process the acoustic

data using methods similar to those used in wireline application.

10037] Still referring to Figs. 2a, 2b and 3, the embodiment of the invention discussed
in [0033] can also be used in other types of MWD measurements where 1t 1s useful to
obtain measurements that are affected by the tool position in the borehole and
borehole rugosity (including washouts). Examples of these are resistivity
measurements and nuclear measurements. The method of the present invention can
also be used in conjunction with reservorr sampling devices. Examples of such
devices are given in United States Patents 5803186, 6047239 and 6157893 (to
Berger et al). As would be known to those versed in the art, knowledge of the
absolute depth from which a formation fluid sample is recovered is of great
importance in reservoir evaluation and development. Typically, the fluid sampling is
done when the depth of the formation fluid sampling device equals a specified value.
Alternatively, the fluid sampling device may be operated at an approximate depth
determined from surface measurements. The present invention is particularly suitable

for reliable depth determination in such cases..

[0038] In order to determine the true formation depth reliably, the present invention
when used in conjunction with a MWD embodiment starts out with a reference depth
measurement at which drilling is started. This may be obtained by any of several
methods. One such method uses a suitable navigation tool, such as a gyro device or a
magnetic survey tool, on a downhole device to determine an absolute measurement at
which drilling is started. Reference markers, such as radioactive markers or magnetic
markers on casing can also be used. Subsequently, using the accelerometer based

measurements described above, the absolute depth and/or the true vertical depth are
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determined as drilling progresses.

[0039] The method of the present invention is also suitable for use with wireline tools.
As noted in the section on the “Background of the Invention”, wireline tools are
susceptible to sticking. In addition, the stretch of the cable may be non-uniform when
the cable itself is binding within the borehole. The method of the present invention is
also suitable for use with wireline lo going tools. As would be known to those versed
in the art, wireline logging tools in a borehole are typically lowered to a specified

depth and then withdrawn from the borehole. This ensures that there 1s always

. tension on the wireline and the tool moves at a rate similar to the rate at which the

wireline 1s being wound onto a takeup spool at the surface. When measurements are
made with the tool being lowered into the borehole, there is a possibility that the
actual tool motion may be much slower than the rate wt which the wireline 1s released
at the surface : this results in possibly a significant difference between depths
measured at the surface and the actual tool depth. However, in rare occasions,
measurements may be made with a wireline tool while the tool is being lowered. In
either case, the present invention may be used substantially as described above with
the difference that the term “Rate of Penetration” does not have the same meaning it
does for a drilling assembly. Accordingly, when used with a wireline tool, the more

accurate term “Rate of movement of the tool” may be used.

[0040] There are also situations in which relative depth from the bottom of the hole is
of particular interest. This could be determined either when pulling a drillstring or a
wireline out of a drilled hole, or it could also be relative depth from a previously
established well bottom. Another situation where relative depth 1s important by itself
is with reference to a stratigraphic marker. The stratigraphic marker may be
established by other logging tools and indicate when a particular geologic boundary
has been crossed. In many situations, it is desirable to start a formation evaluation at
a specified depth from the top of a particular stratigraphic marker. The present

invention is useful i such sttuations.
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[0041] While the foregoing disclosure is directed to the preferred embodiments of the
invention, various modifications will be apparent to those skilled in the art. It is
intended that all variations within the scope and spirit of the appended claims be

embraced by the foregoing disclosure.
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SUBSTITUTE CLAIMS
1 L A method of determining a depth of a downhole drilling assembly conveyed in

Z a borghole during drilling of the borehole in an earth formation by a drillbit on
3 the drilling assembly, the method comprising:
4 (a)  making measurements with at least one accslerpmeter on the downhole
5 assembly at a plurality of times, said measurements indicative c)f at least
6 an axial component of motion of the drilling assembly: |
7 by integrating said accelerometer measurements and obtaining an axial
8 velocity of the downhole assembly at the plurality of times;
5 (¢)  subtracting ati average velocity from said axial velocity 1o give a
10 | corrected velocity; and
11 . (d) dete:rmin'ing"said depth from said corrected velocity and said sverage
12 - velogity.
1 2 The method of claim 1 wherein determining said depth from said average
y veloeity further comprises: |
3 (i} intesrating said corrected veloeity to gi:vc an axial displacement, and
4 (i)  subwacting from said axial displacement a product of said average
5 velocity and time. |
13, The method of cleim 1 wherein the at least one aceelerometer comprises &
2 three-component accelerometer, the method further comprising determining a
3 true vertical depth of the borehole.
14 The method of claita 3 wherein determining said true vertical depth fusther
2 comprises obiaining and nsing a reference depth value,
i 5, The methad of claim 4 wherein obtaining said reference depth further comprises

sing & navigation 1ol oo the downhole assembly,

2
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1 6. The method of claim 5 wherein using said navigation tool further CONIPriSEs

2 using an inertial navigation tool.

1 7. The method of claim 1 further comprising using, at a depth related to said

2 determined depth, an additional device on the downhole assembly selected from
3 (1) a porosity measurement device, (ii) an acoustic sensor device, (iil) a
4 resistivity measurement device, (iv) a density measuring device, and, (v}a
5 tormation fluld sampling device for retrieving a fluid sampla from said
-
1 8. - Themethod of claim 1 wherein said depth is a depth relative to a marker.
19, The method of claim & wherein sald marker is selected from (1) a radioactive
2 matier, (1) a magnietic marker, (iif) & stratigraphic marker, and, (iv) a previously
3 stabhshed battom hole. | |
1 10.  The method of claim | wherein said depth is a depth relative to a depm
v, established usmg & navigation tool on the downhole assembly.
1 11 The method ol ¢laim 1 further comprising
{-_ (1) using, at a depth related to said determined depth, an additional device

2

3 on the downhole assembly selected from (i) an acoustic sensor device,
4 and, (ii) a resistivity messurement device, and =~
5

()  activatiing a wansmitier on sald additional devige.

1 12, A method of determining a pavameter of interast of 2 downhole drilling

y; assembly conveyed in @ borehols during drilling of the borehole by a drillbit on
3 the drilling assembly, the method comprising: |
20
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4 (8)  making measurements with at least one sccelerometer on the downhole
5 assembly at a plurality of times, said measurem ents indicative of at least
6 an axial component of motion of tﬁe downhole assembly with an
7 accelerometer thereon; |
8 ()  determining at at least one of said plurality of times from said
g aceelerometer measnrements an average acceleration rmapnitude and an
10 Instantaneous frequency of said measnrements; and =~
11 ()  determining the parameter of interest from said average acceleration
12 magniude and said instantansous frequency at the at least one of said
(— 13 piurality of times.'
1 13, The method of claim 12 wherein the parameter of interest comprises a rate of
2 penetration of the downhole assembty,
L 14. The method of claim 13 wherein the at least one accelerometer comprises a
2 three-component accelerometer and the parameter of interest comprises 2 true
3 vertical depth of the borehole.
1 15. A methed of determin Ing a rate of penetration of a downhole drilling assembly
2 conveyed In a borehele during drilling of'the borshole in an earth farmation by &
3 drillbit on the drilling assembly, the method comprising:
4 (a)  making measurements with at least one aceelerometer on the d ownhole
5 assembly at a plurality of times, said measurements indicative of at least
5 an axial component of motion of the dﬁl]ing assembly;:
" 7 (b)  determining from said acozlerom cter measuremenis an fxdal veloeity of
R the downhole assembly at the plurality of Himes:
O {¢)  idemtifying a plurality of masxima or a plurality of minima of said awial
10 velocity; and
il () - determuining said rate e::@‘f- penetration by summing said plurality of
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