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the drill string; a first sensor mounted within the housing for measuring a first parameter at a
' first location on the drill string and for generating a first parameter signal representative of the
first parameter: a second sensor mounted within the housing for measuring a second parameter
at a second location on the drill string and for generating a second parameter signal represent -
ative of the second parameter; and a controller mounted within the housing and communicat-
ively coupled to the first and second sensors. The magnitudes of the first and second paramet-
ers vary in proportion to magnitude of the acoustic wave and the first and second parameters
have a quadrature phase relationship. The controller is configured to combine the first and
second parameter signals to determine the magnitude of the acoustic wave.
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ACOUSTIC RECEIVER FOR USE ON A DRILL STRING

TECHNICAL FIELD

[0001] The present disclosure is directed al an acoustic receiver for use on a drill string.
BACKGROUND

[0002] It is beneficial in oil and gas drilling o be able to transmit data collected

downhole to a surface rig, and to be able to transfer data from the surface rig to a location that is
downheole. For example, collecting navigation and other relevant downhole data and transmitting
this data to the surface rig is a common practice, This practice is typically referred to as
"Measurement-While-Drilling" (MWD). Logging data may also be transmitted uphole, and if
so, this practice is referred to as Logging-While-Drilling (WD), Signals may be transmitted
bidirectionally: for example, control signals may be sent from the surface rig to MWD and LWD

cquipment that is located downhole.

[0003] Commercialized MWD and LWD technologies include mud pulse telemetry, in
which pressure pulses are generated in and transported through drilling mud by periodically
constricting the flow of the drilling mud through a drill string. [However, data transmission rates
available using mud pulse telemetry are relatively slow (< 1 bit/second), which limits the type of
data that can be usefully collected. Wireline telemetry has also been used, and it provides greater
data throughput than mud pulse telemetry, but clectric cables that are used to transmit data up
and down the drill string are vulnerable to damage and impose limitations on the operation of the

drill string,

[0004] Wireless telemetry technology other than mud pulse telemetry technology has
been developed that avoids the physical limitations of wireline cables and has a higher data
transmission rate than mud pulse telemetry. An example of wireless tclemetry other than mud
pulse tclemetry is electromagnetic telemetry, in which signals are sent as clectromagnetic waves
through the earth. Electromagnetic telemetry is limited to operating in arcas where formation

resistivity is in an acceptable range that permits signal transmission.
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[0005] Another type of wircless tclemetry is acoustic telemetry, which involves
transmitting data as acoustic waves via media such as drill pipe. Several technical challenges
exist when attempting to communicate using acoustic telemeiry; for example, when performing
MWD or LWD wusing acoustic telemetry, one challenge is ensuring that an above-surlace

receiver receives acoustic waves of sufficient amplitude and quality.

[0006] Given the continued need for transmitting data collected downhole to & surface
rig, and for transferring data from the surface rig 1o a location that is downhole, research and
development accordingly continue into methods, systems, and techniques for transmitting data

during drilling.
SUMMARY

{00607] According to a first aspect, there 1s provided a method for measuring an acoustic
wave propagating along a dnill string, the method comprising measuring a first parameter of the
drill string at a first location along the drill string; measuring a second parameter of the drill
string at a second location along the drill string, wherein magnitudes of the first and second
parameters vary in propottion to magnitude of the acoustic wave and wherein the first and
second parameters have a quadrature phasc relationship; and determining the magnitude of the

acoustic wave {rom one or both of the first and second parameters,

[0008) The first and second locations may share a common axial position along the drill
string.
[0009] The first and second locations may be separated by a distance other than ne (A/4),

where n 18 an odd integer.

[0010] A combination of the first and second parameters may be used to determine the

magnitude of the acoustic wave.

[0011] The first paramecter may be axial acceleration and the second parameter may be

axial strain.

[0012] A piezoelectric transducer may be used to measurc the strain.
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[0013} Measuring the strain may generate a strain signal, and the method may further

comprise amplifying the strain signal prior to determining the magnitude of the acoustic wave.

(00143 Measuring the acceleration may generate an acceleration signal, and the method
may further comprise amplitying the acceleration signal prior to determining the magnitude of

the acoustic wave.

{0015] The method may turther comprise conditioning and digitizing the strain and

acceleration signals prior Lo determining the magnitude of the acoustic wave.

10016] Determining the magnitude of the acoustic wave may comprise summing the

strain and acceleration signals.

[0017] The method may further comprise, prior to summing the strain and acceleration
signals, sweeping the signals relative to each other and determining a phase difference between
the signals at which a sum of the signals is maximized; and shifting the signals together by the

phase difference,

[0018] The acoustic wave may be an overall acoustic wave comprising a superposition of

an upward traveling wave and a downward traveling wave.

[0019] The method may further comprise determining current acceleration of the upward

traveling wave by summing a lincar combination of the accelerometer signal sampled at time t

and the strain signal sampled at time t — 174, where T is the period of the acoustic wave.

[0020] The method may further comprise determining current acceleration of the upward
traveling wave by subtracting a linear combination of the accelerometer signal sampled at time t

and the strain signal sampled at time t — T/4, where T is the period of the acoustic wave.
[0021] The first and secend locations may be located within a downhole telemetry node.

[0622] According to another aspect, there is provided an acoustic receiver for usc on a
drill string, the receiver comprising a housing attachable to the drill string; a first sensor mounted
within the housing for measuring a [irst parameter at a first location on the drill string and for

generating a first parameter signal representative of the first parameter;  a  second  sensor
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mounted within the housing for measuring a sccond parameter at a second location on the drill
string and for gencrating a second parameter signal representative of the second parameter,
wherein magnitudes of the first and second paramelers vary in proportion to magnitude of the
acoustic wave and wherein the [irst and second parameters have a quadrature phase relationship;
and a controller mounted within the housing and communicatively coupled to the first and
second sensors, the controller configured to combine the first and second parameter signals to

determine the magnitude of the acoustic wave,

[0023] The tirst and second locations may share a common axial position along the drill
string.
[0024] The first and second locations may be separated by a distance other than ne (3./4),

where n is an odd integper,

[0025] The controller may be configured to use a combination of the first and second

parameters is used to determine the magnitude of the acoustic wave.

[0026] The first parameter may be axial acceleration and the second parameter may be

axial strain,
[0027] The second sensor may comprise a piezoelectric transducer.

[0028] Measuring the strain may generate a strain signal, and the receiver may further
comprise a strain amplificr, communicative with the controlier and the piezoelectric transducer,

o amplify the strain signal.

[0029] Measuring the acceleration may generate an acceleration signal, and the receiver
may further comprise an acoustic amplifier, communicative with the controller and the

accelerometer, to amplitfy the acccleration signal.

[0030] The recetver may further comprise signal conditioning circuitry, communicative
with the amplifiers and the controller, to condition and digitize the strain and acceleration

signals,
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[0031] Determining the magnitude of the acoustic wave may comprise summing the strain

and acceleration signals.

[0032] The controller may be configured, prior to summing the strain and acceleration
signals, to sweep the signals relative to each other and determining a phase difference between the
signals at which a sum of the signals is maximized; and shift the signals together by the phase

difference.

[0033] The acoustic wave may be an overall acoustic wave comprising a superposition of an

upward traveling wave and a downward traveling wave.

[0034] The controller may be configured to determine current acceleration of the upward
traveling wave by summing a linear combination of the accelerometer signal sampled at time t and

the strain signal sampled at time t-T/4, where T is the period of the acoustic wave.

[0035]The controller may be configured to determine current acceleration of the upward traveling
wave by subtracting a linear combination of the accelerometer signal sampled at time t and the

strain signal sampled at time t-T/4, where T is the period of the acoustic wave.

[0036] The housing may comprise threaded ends that can be screwed into the drill string for

use as a downhole telemetry node.

[0037] According to another aspect, there is provided a non-transitory computer readable
medium having encoded thereon statements and instructions to cause a controller to perform any

of the foregoing methods.

[0037a] According to another aspect, there is provided a method for measuring an acoustic
wave propagating along a drill string, the method comprising: (a) measuring a first parameter of
the drill string at a first location along the drill string; (b) measuring a second parameter of the
drill string at a second location along the drill string, wherein magnitudes of the first and second
parameters vary in proportion to magnitude of the acoustic wave and wherein the first and second
parameters have a quadrature phase relationship; and (c¢) determining the magnitude of the
acoustic wave from one or both of the first and second parameters, wherein the first and second
locations are separated by a distance unequal to ne(2./4), wherein n is an odd integer, and wherein

i 1s a wavelength of the acoustic wave.

Date Regue/Date Received 2021-01-28
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[0037b] According to another aspect, there is provided an acoustic receiver for use on a drill
string to measure an acoustic wave propagating along the drill string, the receiver comprising: (a)
a housing attachable to the drill string; (b) a first sensor mounted within the housing for
measuring a first parameter at a first location on the drill string and for generating a first
parameter signal representative of the first parameter; (c) a second sensor mounted within the
housing for measuring a second parameter at a second location on the drill string and for
generating a second parameter signal representative of the second parameter, wherein magnitudes
of the first and second parameters vary in proportion to magnitude of the acoustic wave and
wherein the first and second parameters have a quadrature phase relationship; and (d) a controller
mounted within the housing and communicatively coupled to the first and second sensors, the
controller configured to combine the first and second parameter signals to determine the
magnitude of the acoustic wave, wherein the first and second locations are separated by a
distance unequal to n*(3/4), wherein n is an odd integer, and wherein A is a wavelength of the

acoustic wave.

[0037c] According to another aspect, there is provided a non-transitory computer readable
medium having encoded thereon statements and instructions that, when executed by a controller,
cause the controller to perform a method for measuring an acoustic wave propagating along a
drill string, the method comprising: (a) measuring with a first sensor axial acceleration of the drill
string at a first location along the drill string; (b) measuring with a second sensor axial strain of
the drill string at a second location along the drill string, wherein magnitudes of the acceleration
and strain vary in proportion to magnitude of the acoustic wave and wherein the acceleration and
strain have a quadrature phase relationship; and (c) determining the magnitude of the acoustic
wave from one or both of the acceleration and strain, wherein the first and second locations are
separated by a distance unequal to ne(A/4), wherein n 1s an odd integer, and wherein A is a

wavelength of the acoustic wave

[0038] This summary does not necessarily describe the entire scope of all aspects. Other
aspects, features and advantages will be apparent to those of ordinary skill in the art upon review

of the following description of specific embodiments.
BRIEF DESCRIPTION OF THE .DRAWINGS

[0039] In the accompanying drawings, which illustrate one or more exemplary

embodiments

-5a-
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[6040] Figure 1 shows a schematic of a drilling rig and drill string (PRIOR ART).
[0041] Figure 2 is an enlarged view of a portion of a drill string showing an acoustic

receiver mounted to the drill string, according to one embodiment.

[0042)] Figure 3 shows various upward and downward acoustic waves traveling along the

drill string of T'igure 2 at various times.

[0043] Figures 4 and 5 depict two different embodiments of strain gauges that may be

used in the acoustic recciver of Jigure 2.

[0044] Figure 6 is a block diagram of electrical circuliry used in the acoustic receiver of
Figure 2.
[0045] Figures 7 and 8 are flowcharts depicting a method for determining the magnitude

of an acoustic wave propagating along the drill string, according to additional embodiments.

DETAILED DESCRIPTTION

LIS

[0046] Directional terms such as “top.” “bottom,” “upwards,” “downwards,” “vertically,”
and “laterally” are used in the following description for the purpose of providing relative
reference only, and are not intended to suggest any limitlations on how any article is to be

positioned during use, or to be mounted in an assembly or relative o an environment.

[0047] During oil and gas drilling, acoustic telemetry can be used to communicate
bidirectionally between the surface and a downhole location. Referring now to Figure 1, there is’
shown a schematic of a drilling rig 100 that is used to drill a wellbore 110 and that includes
components that allow MWD to be perlormed. The drilling rig 100 includes a derrick 114 on to
which are mounted a cable assembly 113, traveling blocks 112 that the cable assembly 113 lifts
and lowers, and a hook 111 that the traveling blocks 112 carry. The hook 111 is inserted through
a bail 102 that is connected to a swivel joint 115, which is made of steel and into which is
screwed onc end of a saver sub 103, One end of a kelly 104 is screwed into the other end of the
saver sub 103, and a rotary table 101 is located between the kelly 104 and the saver sub 103,
Extending from ihe other end of the kelly 104 are segments of drill pipe 107, which are
threadably coupled together as desired to lengthen or shorten the drill string. The kelly 104 is

-0 -
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raised to enable insertion of a drill pipe 107 into the string. As the drilling proceeds, the travelling
blocks 112 lower the assembly 113 until the kelly 104 has been lowered to its maximum extent.
The kelly 104 is then raised until the topmost drill pipe 107 is just above the rig floor, thus
allowing the kelly 104 and drill pipe 107 to be disconnected and another segment of drill pipe 107
to be inserted into the drill string, and the drilling procedure continued. This raising/lowering
procedure implies that it is impractical to attach any equipment external to the tubulars unless
there is an available section of pipe 107 that always stays above the rig floor and also does not
interfere with surface pipe-handling equipment. Such a space is not designed into typical rigs 100;
any space that is available is incidental to the design of the rig 100 and spans typically 10 to 15
inches (25.4 to 38.1 cm) at most.

[0048] At the bottom of the drill string is a bottomhole assembly, which typically includes
an MWD tool 105 and a drill hit 106. In the depicted embodiment, the "drill string" includes the
saver sub 103, the kelly 104, the segments of drill pipe 107, the MWD tool 105, and the drill hit
106, although in other embodiments the drill string may include different components. The MWD
tool 105 contains sensors to acquire data relevant to the drilling process, such as data describing
formation geology, fluid pressure, and wellbore geometry, and in one specific embodiment an
acoustic transmitter that is used to send messages via acoustic telemetry to the surface. The
acoustic transmitter generates acoustic waves that propagate along the drill string to the surface. At
the surface, an acoustic receiver (not shown in Figure 1) that is located along the drill string
receives and conveys these acoustic waves wirelessly to a safe area monitoring system 108 for
further processing and analysis. The receiver may, for example, be mounted on to the saver sub
103 and be as described in United States patent 6,956,791 assigned to XACT™ Downhole
Telemetry Inc. A conventional acoustic receiver measures axial acceleration of the drill string at a
location on the drill string and uses axial acceleration as representative of the acoustic wave;
however, as discussed in more detail below, in the embodiments described herein parameters aside
from axial acceleration may also be measured and presumed to be representative of the acoustic

wave.

[0049] Referring now to Figure 2, there is shown an enlarged view of the hook 111, bail
102, swivel joint 115, saver sub 103, and kelly 104. Mounted on to the saver sub 103 is an acoustic

receiver 20(1 according to one embodiment. In the depicted embodiment, the acoustic

-7-
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receiver 200 includes a clamping assembly as described in United States patent 6,956,791 that
allows it to be clamped to the exterior of the saver sub 103; however, in alternative embodiments
(not depicted), the acoustic receiver 200 may be attached to the drill string differently, such as by
being incorporated inte a sub and then screwed inlo the drill string, by being incorporated into a
package for use in a downhole tool that forms part of the drill string, or by being integrated with
a surface pipe, such as a quill of a drill string, Shown in dashed lines in Figure 2 are bearings 209
that are housed within the swivel joint 115, Thesc bearings 209 also incorporate a seal (not
shown) between upper and lower parts of the swivel joint 115, their purpose being to enable the
lower section of the swivel joint 115 to rotate, thereby also cnabling the lower section of the drill
string to rotate. ‘The section of swivel joint 115 above the bearings 209 does not rotate, thus
allowing drilling fluid 1o enter the drill siring from a non-rotating flexible tube, with the seal
confining the fluid to the appropriate tubulacs, The portion of the swivel joint 115 that
incorporates the bearings 209 and scals cffectively forms an axial mechanical discontinuity.
From the perspective of an upward-travelling acoustic wave the discontinuity results in the
rotating section of the swivel joint 115 below the bearings 209 and seals having characteristics
similar to that of an open-ended pipe. A sinusoidal acoustic wave encountering this
discontinuity can be modeied as reflecting from the open end due to a significant acoustic
impedance (Z) change — from relatively high to relatively low. In an alternative embodiment (not
depicted), the upward traveling wave 202 reflects off significant acoustic discontinuities of a top

drive instead of the swivel joint 115.

[0050] In (his context the generalized acoustic Impedance Z is given by the following:
Z = pcA (1)
[0051] In Dquation 1 p is the density of the material through which the acoustic wave

propagates, which in the exemplary embodiments is steel; ¢ is the axial wave speed of the

acoustic wave in steel and A is the cross sectional area of the stecl.

[0052] Referring now to Figure 3, there are depicted a number of acoustic waves that
may be propagating up and down the drill string at any given time. The acoustic waves are
measured simullaneously by a single sensor at a {ixed axial position along the drill string, such as

an aceelerometer strapped to the drill sting.  The acoustic waves include upward travelling

-8
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cyclic waves 202 of frequency T and wavelength A and similar downward travelling waves 204
(hereinafter “upwaves 202 and “downwaves 2047, respectively). Consider first the upwave
202a encountering the discontinuity at the position 210 of the bearings 209 (“bearing position
2107). At a certain point in time ty the upwave 202a arrives as shown at the bearing position 210
with an amplitude of —1: for convenience this is shown ag zero degrees phase (0°) in Figure 3.
Because the acoustic discontinuity at the bearing position 210 is assumed to be implemented by a
perfect open pipe, the phase and amplitude of the reflected downwave 204a is identical to that of
the upwave 202a. They can be modeled identically, apart from their direction of propagation.
From the superposition principle, the net amplitude as measured in time at the bearing position

210 will be twice that of cither the upwave 202a or the downwave 204a.

[0053] Now consider a similar situation but place the sensor at a fixed position below the

bearing pesition 210, and relate wavelength 2 to frequency f via Equation 2:
¢ =4if (2)

[0054] ‘The situation in which the upwave 202a and downwave 204a are measured at a
particular position axially below the bearing position 210 is now considered; for reference this
position is referred to as being at a distance 211 (hereinafter “D 2117) from the bearing position
210. A time is chosen when the upwave 202b 1s al -1 amplitude at D 211, Further, D 211 is
chosen to be one quarter of the acoustic wavelength &, i.e. a difference in phase of 90° with
respect to the upwave 202a. l'ollowing the progression of this upwave 202b in time and
distance, we sec that it fravels a distance /4 to the bearing position 210 in time 14 as given by

Equation 3:

= (/) /¢ (3)

[0055] It then reflects from the bearing position 210, becoming downwave 204b.
Assuming that therc is negligible signal amplitude attenvation over these relatively short
distances the upwave 202b and downwave 204b will have the same amplitudes. The downwave
204b now takes an equal amount of time 4 to travel back distance d = 1/4, the round trip distance
travelled being therefore 3/2. and its amplitude upon arrival will be -1. Application of Equation

3 shows that in the time 2:t;that it takes the downwave 204b to roturn, the original upwave 202b

0.
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will have changed phase by 1800; this is depicted as upwave 202¢ in Figure 3, which is 180° out
of phase relative to the downwave 204b. Phase and amplitude considerations are arbitrary: a
round-trip distance of 2/2 will yield a relative phase change of 180° between upwave and
downwave, thereby causing an amplitude null at a position 2/4 below a substantially open pipe
(low impedance) discontinuity, such as the discontinuity at the bearing position 210. As the
sensing accelerometer simply adds waves 204b and 202¢ independent of their directionality, the
accelerometer measures a summed amplitude of zero. Thus if one were unfortunate enough to be
constrained to measure the acoustic signals at position D 211 on the drill string of the rig 100, the
measured acoustic amplitude would always be zero despite there being otherwise measurable

acoustic cyclic signals traveling along the drill string.

[0056] Position D 211 is not unique: the same cancellation will occur at 3)/4, 50/4 etc.
below the bearing position 210, assuming no significant signal attenuation and an ideal situation in
which the only acoustic reflection occurs at the bearing position 210. Analogously, double
amplitude measurements would occur at 0i/4, 23/4, 43/4 etc. Thus, using an accelerometer to
obtain a measurement at an arbitrary position is likely to yield a measurement somewhere between
these repeated extremes. In one embodiment, acoustic waves are transmitted at a frequency of
approximately 640Hz because of acoustic passband issues as referenced in United States patent
6,791,470. The wavelengths of the acoustic signal is accordingly approximately 8 m, thereby
being subject to axial signal extinctions approximately every 2 m. In practice the sensor position is
physically constrained by the rig design, making optimal positioning for signal detection purposes

a matter of luck.

[0057] In summary we have an acoustic wave detection situation in which, because of
reflections, amplitude detection can vary from 2x amplitude to zero amplitude over spatial periods

of 3/4, the constraint being determined by the detection position being available on a rig.

[0058] Accordingly, a position-independent acoustic receiver would be a significant
improvement over conventional acoustic sensors. The depicted embodiments accordingly utilize
another type of sensor in conjunction with an accelerometer at the same axial position as the

accelerometer. What would serve is a sensor that achieves maximum output when the

-10 -
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accelerometer provides minimum output. This is equivalent to requiring the second sensor to
provide an output that is shifted in phase by 90 from the accclerometer: i.e., a second sensor that
provides an output that has a quadrature phase relationship with the output from the

aceelerometer,

[0059] Such a phase shifted signal, signal 202d, 1s depicted in Figure 3. Comparing 202¢
and 202d, we sec that when onc is at an absolule maximum (=/-1 amplitude) the other is at a
minimum (zero amplitude). Therefore if the detector position was at position 211, from the
foregoing we would cxpect that the net accelerometer output was always zero and the new sensor
always provided a doubled output. This situation would reverse if the sensor position was at the
bearing position 210. Tt would be reasonable to choose to switch between one or the other
sensor, depending on which provided the best signal output, depending on receiver position on

the drill string.

[0060] To determine the type of the second sensor, consider that as a sinusoidal
extensional wave travels along drill pipe 107, on to the kelly 104 and hence to the saver sub 103
the fravelling wave acls upon the tubular’s material alternately causing a compression and
rarefaction of the material in an axial direction. The particles making up the tubulars thereby
sinusoidally oscillate in an axial direction, driven by the energy of the passing wave, A particle
at the bearing position 210 would experience a doubling of its motion compared to particles
substantially below it, because onc side is essentiaily unconsirained. This doubling also applies
o the velocity and the acceleration of the particle. Thus measuring acceleration at the bearing
position 210 is equivalent to measuring the signal energy of the acoustic signal in the pipe. But
as we have seen, the mwotion of a particle at an odd number of quarter wavelengths below the
bearing position 210 is zero due to reflections causing destructive interference. However, if one
were to measure the stress ene would find it was maximized at such positions. Further, the stress
at the bearing position 210 would be zero, basically because there are no axial constraints at such
a position. We define stress ¢ in an axial direction as the ratio of that material’s unit change of
length divided by the unit length. As is well known in material science, Young’s modulus E is

given by:
Fo=o/e 4)
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where ¢ is delined as the ratio of foree divided by area, i e. strain.

[0061] Because in stecl £ is substantially constant, mecasuring stress 1s equivalent to
measuring strain.  Thus a strain gauge would have the properties we desire in that its output
would be in phase quadrature (7.e. its output would look similar to that of an accelerometer at the
same position bul would be shifted by 90°). Practical congiderations would include the strain
gauge ocutput being commensurale with that of the accelerometer, which may be achieved with

signal conditioning circuits such as electronic amplifiers and filters.

[0062] Figure 4 shows a typical strain gauge circuil in a Wheatstone bridge deployment
404 whereby mechanical motion of two strain gauges 406,408 modifies the bridge electrical
output when powered by a battery 402, {or instance. One could expect changes of output voliage
on the order of a few microvelts when the source 402 is, for example, a 9 volt battery in the
acoustic telemetry cnvirenment of the depicted embodiments. T'he strain gauge circuit of Figure
4 may be used in onc embodiment as a strain gauge sensor 400 (hereinafter simply “strain gauge
400), While Iligure 4 shows a hatf-bridge strain gauge circuit, alternative embodiments (not
depicted) include full and quarter-bridge strain gauge circuits. A typical modern accelerometer
(such as built by Wilcoxon™) could easily provide hundreds of millivolis ander the same

circumstances,

[0063] Figure 4 indicates that a relevant application 1o our signal detection requirements
could be met by medification of the strain gauge technique just described. Consider a material
410 such as PZT (lead zirconate titanate) between two conductive plates 412, such as copper. If
the PZT is polarized appropriately, a force F in the planc of the plates 412 will cause a voltage
change Vo, proportional o the size of the force I Because a force is required to stress such a
device, which is shown in Figure 5, the device acts as a strain gauge 400. The response of the
strain gauge 400 of Figure 5 to a given force can be increased by increasing the surface area as
defined by conducting plates 412. In one exemplary embodiment, the conducting plates 412

have dimensions of approximately 2" x 27 x 0.17 (5.08¢cm x 5.08cm x 0.254¢m).

[C064] Figure 6 shows a typical electronic circuit 600 where we now provide two-
channe!l amplification for the accelerometer 601 and strain gauge 400 (via amplifiers 602a and

602b, respectively), conditioning and filtering (via conditioning and filtering circuitry 604a and
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604b, respectively) before digitizing the signals using an A/D converter 606 and sending them on
to a controller 608. The controller 608 includes a processor 610 and a computer readable medium
in the form of non-volatile and volatile memories (collectively, “memory 6127) that are
communicatively coupled to the processor 610 and have encoded therson statements and
instructions to cause the processor 610, and consequently the controller 608, to determine the
magnitude of the acoustic wave using any one or more of the methods described below. After
determining the magnitude of the acoustic wave, the controller 608 sends this information as a
wireless signal to the safe area monitoring system 108 via a wireless transmitter 614 for one or
both of further processing and display. The circuitry 600 also includes batteries 620 and power

supply circuitry 618, which powers the remainder of the circuitry 600 in the receiver 200.

[0065] Referring now to Figure 7, there is shown a method 700 for measuring the
acoustic wave, according to another embodiment. As mentioned above, in the depicted
embodiments, the controtler 608 performs the method 700, 1lowever, in alternative embodiments
(not depicted), the method 700 may be performed by, for cxample, the safe area monitoring
system 108, or performance of the method 700 may be distributed, with the controller 608
performing some aspects of the method 700 and the safe area monitoring system 108 performing

the remaining aspects of the method 700.

[0066] The controller 608 beging performing the method 700 at block 702, following
which it proceeds to blocks 704 and 706. At block 704, the controller 608 uses the strain gauge
400 to measure axial sirain of the drill string at a first location on the drill string. At block 706,
the controller 608 uses the accelerometer 501 to measure axial acceleration at a second location
along that drill string that sharcs a common axial position as the first location, The strain gauge
404 and the aceclerometer 601 may, for example, be coincident on the drill string. Altcrnatively,
the strain gauge 400 and the accelerometer 601 may be at dilferent positions on the drill string’s
circumference, but nonetheless be at the same axial position along the drill string. While Figure 7
shows blocks 704 and 706 being performed in parallel, in an alternative embodiment (not shown)

they may be perlormed in serics.

[0067] As discussed above 1n respect of Figure 6, the strain gauge 400 and accelerometer

601 respectively output the strain and acccleration signals, which are amplified, conditioned,
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digitized, and then further processed by the controller 608, After blocks 704 and 706, at block
708 the controller 608 detenmines the magnitude of the acoustic wave from onc or both of the
strain and accelcration signals, As mentioned above, if the acceleration signal is nearly zero, the
controller 608 may usc the strain signal; analogously, if the strain signal is nearly zero, the
controller 608 may use the acceleration signal. In the depicted embodiment, the controller 608
may combine the signals by normalizing and then summing them together, and using the

summed signals as being representative ol the magnitude of the acoustic wave.

[0068] In addition to determining the overall magnitude of the acoustic wave, which is
the result of the superposition of the upwaves 202 and downwaves 204, the controller 608 may
also distinguish between the upwaves 202 and downwaves 204 and determine the magnitude of

gither of them.

[0069] Following the phascs and amplitudes of the upwaves 202 and downwaves 204 can
be performed in a visual manner as depicled in and described in reference to Figure 3,

Alternatively, these phases and arnplitudes may be determined using the equations below.

[0670] To demonstrate this, consider the following d’Alembert solution for material
displacement # along the drill string, where x represents axial displacement along the drill string,
iis time, By and By arc amplitudes of the downwave 204 and upwave 202, respectively, angular

trequency w is 2af and ¢ is the wave velocity in sleel.
(x,t) = Byexpiw(t —x/c)+ Bpexpiw(t +x/¢) (5)

[0071] The first and second expressions on the right side of Equation (5) represent the
upwaves 202 and downwaves 204, respectively. The intent here 18 to devise a scheme for

measuring these two cxpressions separately.

[0072] Beeause the acoustic recetver 200 is a combination of the strain gauge 400 and the
; C . . . du . %u
accelerometer 601, the medified expressions for strain € = o and acccleration a = 5z are

evaluated below:

ce(x, t) = —iwBy expiw(t - x/c) + iwBy expiw(t + x/¢) {6)
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a(x,t) = —w’Byexpiw(t — x/c) — w?Bpexp iw(t +x/¢) (7
[0073] Noting that the complex number  obeys the relationship:
i = exp (%) 8)

and substituting { into Equation (6) results in:
' - .+ T ' o
ce(x, t) = —wh,expiw (t —x/c+ m) + wBy expiw (t +x/c+ Zw) 9
[0074] Using the known relationship between time period 7 and o results i
ce(x, t) = —wByexpiw (t —x/c+ %) + wBpexpiw (t +x/c+ E) (10}

t can then be replaced with 7~ © /4 to obtain:

ce(x, t —t/4) = —wByexpio(t —x/c) + wBp exp iw(t + x/c) (11)
[0075] This result is multiplicd by @ and added to Equation (7) to obtain
—2w* By expiw(t —x/c) = alx, ) + wece (x, t— E) (12)

and subtraction yields:
—2w?Bpexpio(t +x/c) = alx,t) — wee (x, t— E) (13)

Let x = x1 denote the axial location of the acoustic recciver 200,

[0076] From Equation (7) the acceleration of the upwaves 202 and downwaves 204 that

pass location x are:

ay(t) = —w?Byexpio(t —x,/c¢) (14)
ap(t) = ~w?Bpexpiw(t + x,/¢) (15)
[0077] The acceleration and strain signals are:
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So(t) = alx, t) (16)
S.(6) = e(x, ) a7
[0078] From Equations (12) and (13):
oy (t) 22[5}1 (t) + wesS, (t w-::)] (1%
ap () = E[s,z (6) — wcS, (.t - E)} (19)
[0079] Note that @ does not imply that this analysis is appropriate at only a single

frequency; by suitable bandpass amplifiers and filters one can usc these formulas to detect

telemetry signals over a passband supported by the drill string.

[0080] In the equations above, positive acceleration is upwards, the positive x direction,
and positive strain results in tension along the drill string. Furthermore, and as discussed in more
detail below, using Equations 18 and 19 the controller 608 can determine the current values of
the axial acceleration of the diill string caused by the upwaves 202 and downwaves 204 from a
current version of the accelerometer signal and 4 version of the strain signal shifted forward in

phase by 90°.

[0081] By summing the signed, scaled and phased accelerometer and strain gauge signals
one can detect an upward travelling acoustic sinugoidal extensional telemetry signal (an upwave
202) in drill pipe, ignering any downward signal {a downwave 204), and vice versa (by simply
changing the of the strain gauge sensor contribution, effected by a phase shift). Tt has been
shown that this can be accomplisiied by two axially co-located sensors with the specific phase
features as discussed. To those skilled in the art, this unexpected result enables embodiments of
the receiver 200 employing the principles clucidated herein to provide an output that is
substantially independent of position along the surface pipe available on a drilling rig. This is
primarily because signal cancellation from a single sensor duc to deleterious reflections can be
avoided by combining, in one embodinient, a co-located “quadrature” sensor with an “in-phase”

sensor in the receiver 200. In brief, being able to detect either upward-only signals or
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downward-only signals in such a hybrid receiver 200 provides one exemplary means of avoiding

the position-dependent cancellation aspect ol single sensor detectors.

[0082]

Such a hybrid receiver 200 employs a novel form of “antenna diversity”. Thus

one can summarize the hybrid receiver 200 capability as follows:

(a)

(b)

(c)

@

I the detector happens to be located on a pipe at a distance from an open end
where the distance is given by n-A/4, n being an odd integer, a single sensor that is
in-phase with the material displacement of the pipe (such as an accelerometer) is

all that is necessary for optimum detection,

If the detector happens to be located on a pipe at a distance from an open end
where the distance 18 given by n'i/4, n being an even integer, a single sensor that
is out-of-phasc with the material displacement of the pipe (such as a strain gauge)

is all that is necessary for optimum detection.

If the detector happens to be located on a pipe at an arbitrary distance from an
apen end where the distance is given not given an odd or even multiple of A/4,
optimum detection can be effected but a suitable summation of two sensors, their
relarive phase output being in phase quadrature {(such as a combination of

accelerometer and strain gange).

The best operational choice of sensor, dependent on position, can be:
{1) accelerometer alone;

(i1) sirain gauge alone;

(iii)  acceleromeier and strain gauge, switchable to the best in the local

circumsiances: or

(iv)  accclerometer and strain gauge sensots being combined to detect upward-

only or downward-only signals.
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[0083] The analysis thus far has simplified the situation in that we have assumed that
there is only one significant reflecting interfuce — that being the bearing position 216. In many
practical situations we could find several reflecting surfaces with arbitrary phase shifts with
respect to the signals at the position of the receiver 200, thereby complicating the optimal choice
of accelerometer and strain gauge. In such circumstances one can add the combination of
accelerometer and strain gauge with variable amplitudes and phases in order to extract the best
detected signal available. For instance, one could train the receiver 200 by applying all options
in the amplitude/phasc space available and settling upon the combination that was seen to be
optimum. Soch a training sequence could be undertaken manually by the operator or

automatically via the controller 608,

[0084] So far we have described the receiver 200 as pertaining only surface equipment,
thus opting to preferentially choose to defect signals that originate from below the receiver 200.
Thus upwaves 202 would normally be detected by the receiver 200, with the benefit of rejecting
downwaves 204 that could include deleterious noise signals originating from drive circuitry
above the receiver 200. An aliernale embodiment can be considered Lo detect signals downhele,
at telemetry nodes disposed at inlervals along the drill string. The ability to detect upwaves 202

and reject downwaves 204 or vice versa now has [urther bencfits:

(a) Control signels originating at surface can be preferentially detected and passed on
from node to decper node, without the complication of simultancous upwaves

202, with corresponding benefiis in interterence or noise rejection.

(b) Telemetry signals originating from below can be prelerentially detected and
passed on from node to upper node, without the complication of simultancous
downwaves or noisc, with corresponding benefits in interference or noise

rejection.

{©) Nodes adjacent to a given node can assess the signal quality pertinent to the given
node and thereby help in maintaining an adequate signal-to-noise operating

gnvironment,
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(d) Because payload space in downhole telemetry tools is often at a premium, co-
locating two gauges as described is relatively straightforward compared with the
alternative approach of incorporating two similar gauges as a phased array, this
latter option preferably requiring axial spacing of a quarter wavelength (about 2 m

in typical operating circumstances).

[0085] In an additional embodiment, more than two phase-quadrature sensors could be
beneficially applicd to offsel deleferious signal reflections, consistent with antenna diversity

schemes.

[0086] While in an ideal environment the only reflection along the drill string occurs
when the upwave 202 reflects at the bearing position 210, in a non-ideal, real-world environment
both the upwaves 202 and downwaves 204 reflect at multiple points along the drill string, such
as at the boundaries between different segments of drill pipe. Consequently, the strain and
acceleration waves as measurcd by the receiver 200 at any onc time may not be 90° offset in
phase from each other as shown in Figure 3. To compensate for non-idealities, the controller 608
is able to periodically sweep the phase of the stiain signal relative to the acceleration signal to
determine what relative phasc difference between the two signals results in sufficient signal
amplitude and quality. An example of a mcthod for determining the magnitude of any of the
overall acouslic wave, the upwave 202, and the downwave 204 [rom one or both of measured

strain and acceleration is shown in Figure 8.

[0087] In Figure 8, the controller 608 proceeds to block 802 from blocks 704 and 706 of
Figure 7. At blocks 802, 804, and 806, the controller 608 determines whether the operator wants
to measure the upwave 202 only (bloclk 802}, the downwave 204 only (block 804), or the overall
acoustic wave comprising the superposition of the upwave 202 and downwave 204 (block 806).
The operator may wirelessly transmit instructions to the controller 608 via the safe area
monitoring system 108 to instruet the controller 608 to measure a particular type of wave. Once
the controller 608 determines which type of wave to measure, the controller 608 proceeds to
block 808 where it measures acceleration and strain con the drill string using the accelerometer

601 and the strain gauge 400, As deseribed above, the acceleration and strain signals are
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amplified, filtered, and digitized, following which the controller 608 can easily perform phase

shifis on them by serting time delays into one or both of the signals.

[0088] Tollowing this signal acquisition, the controller 608 proceeds to block 610 where
it determines whether the amplitude and quality of the signals are sufficient to determine the
amplitude of the acoustic wave being measured. If signal amplitude and quality are sufficient,
the controller 608 sums the acceleration and strain signals together and proceeds to block 812,
where it transmits the cumualative signal to the safe area monitoring system 108 via the wireless

transmitter 812,

[0089] It signal amplitude and qualily are insufficient, the controller 608 proceeds to
block 814 wherz it sweeps the pliase of the sirain signal from 0° to 360° to determine which
phase results in the swum of the acccleration and strain signals being maximized. For example,
when the controller determines that it is to measure the overall acoustic wave and proceeds to
block 808 from block 80¢, the controller 608 may determine by sweeping the phase of the strain
signal relative to the acceleration signal that the strain signal lags the acceleration signal by 65°
instead of by 90° as it does in an idcal situation, and consequently that the cumulative signal is
highest when the strain signal is shifted forward in time by 15°, The operator may calibrate the
receiver 200 by sending a known calibration signal along the drill string, such as a pulse train,
which the receiver 200 then uses to determine how much the phascs of the signals are to be
shifted to increase one or both of the amplitude and quality of the cumulative signal. Calibration
may be done, for example, periodically every few minutes, or after the drill siring is lengthened

or shortened.

[0090] As another example, when the controller determines that it is to measure the
upwave 202 or downwave 204 and proceeds to block 808 from cither of blocks 802 and 804, in
an ideal situation the controlier 608 implements Equation 14 (for the upwave 202) or Equation
15 (for the downwave 204) and uses a version of the acceleration signal and a version of the
strain signal shifted forward in time by 90° 10 determine the acceleration of the upwave 202 or
downwave 204, lowever, the controller 608 may determine by sweeping the phase of the strain
signal relative to the acceleration signal that the strain signal lags the acceleration signal by 65°

instead of by 90° as it does in an ideal situation, and consequently that to determine the
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acceleration of the upwave 202 or downwave 204 the controller 608 should shift the strain signal

forward in time by 65°,

[0G91] After the controiler 608 has swept phases at block 814, it determines the
cumulative signal by summing the strain and acceleration signs and then transmits the
cumulative signal to the safe area monitoring system 108 via the wireless transmitter (block
812). After transmission, the controller 608 proceeds back to blocks 704 and 706 to again
perform the method 700 of Figure 7.

[0092] Because the zeceleration and strain signals are digitized, the controller 608 is also
able to perform additional processing on the signals, over and above performing the method 760
described above. Yor examyple, the controllzr 608 may use digital signal processing technigues to
condition the signals according to presct eritevia, such as to increase signal amplitude, reduce

distortion, and perform digitul filtering.

[0093] While the description of the acoustic receiver 200 is in the context of use on the
drilling rig 100, it 18 io be understood that the detector may also be attached to a service rig, slant
rig, well head, or other surface cquipment associated with borcholes in the earth. The receiver

200 may also be vsed below the surface, such as 11 an acoustic repealer.

[0094] The foregoing embodiments describe using the acouslic receiver 200 1n
conjunction with acoustic telemetry. In alternative embodiments (not depicted), however, the
acoustic receiver 200 may also be used «s a receiver or a repeater in conjunction with mud pulse
telemetry.  In mud pulse telematry, pressure waves are transmitted via drilling mud that is
pumped through the drill string. Az the presswe waves move axially along the drill strong, the
Poisson effect causcs the drill string to expand and contract radially. The acoustic receiver 200
can detect this radial expansion and compression analogously to how the receiver 200 measures
the acoustic waves in the depicted embodiments, and from thent measure the pressure wave

propagating along the drilling mud.

[0695] The controller used 1 the foregoing embodiments may be, for example, a
microprocessor, microconireller, Jigital signal processor, programmable logic controller, field

programmable cate array, or an application-specific intcgrated circuit.  FExamples of the

£
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computer readable medium are non-transitory and include disc-based media such as CD-ROMs
and DVDs, magnetic media such as hard drives and other forms of magnetic disk storage,

semiconductor bascd media such as [lash media, random access memory, and read only memory.

[0096] It is contemplated that any part of any aspect or embodiment discussed in this
specification can be implemented or combined with any part of any other aspect or embodiment

discussed in this specification.

[0097] For the sake of convenience, the exemplary embodiments above are described as
various interconnected functional bloclks, This is not necessary, however, and there may be cases
where these functional blocks are equivalently aggresated into a single logic device, program or
operation with unclear boundarics. In any event, the functional biocks can be implemented by

themselves, or in conibination: with other pieces of hardware or software.

[0098] While particular embodiments have been deseribed in the foregoing, it is to be
understood that other embodiments are possible and are intended to be included herein, Tt will
be clear to any person skifled in the art that modifications of and adjustments to the foregoing

embodiments, not shown, arc pessiblc.
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What is claimed is:

1. A method for measuring an acoustic wave propagating along a drill string, the method
comprising;

(a) measuring a first parameter of the drill string at a first location along the drill string;
(b) measuring a second parameter of the drill string at a second location along the drill

string, wherein magnitudes of the first and second parameters vary in proportion to magnitude of the
acoustic wave and wherein the first and second parameters have a quadrature phase relationship; and
() determining the magnitude of the acoustic wave from one or both of the first and
second parameters, wherein the first and second locations are separated by a distance unequal to

n*(A/4), wherein n is an odd integer, and wherein A is a wavelength of the acoustic wave.

2. The method of claim 1 wherein the first parameter is axial acceleration and the second

parameter is axial strain.

3. The method of claim 2 wherein a combination of the first and second parameters is

used to determine the magnitude of the acoustic wave.

4. The method of claim 2 or 3 wherein a piezoelectric transducer is used to measure the
strain.
5. The method of any one of claims 2 to 4 wherein measuring the axial strain generates a

strain signal, and wherein the method further comprises amplifying the strain signal prior to

determining the magnitude of the acoustic wave.

6. The method of any one of claims 2 to 5 wherein measuring the axial acceleration
generates an acceleration signal, and wherein the method further comprises amplifying the

acceleration signal prior to determining the magnitude of the acoustic wave.
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7. The method of claim 6 further comprising conditioning and digitizing the strain and

acceleration signals prior to determining the magnitude of the acoustic wave.

8. The method of claim 6 wherein determining the magnitude of the acoustic wave

comprises summing the strain and acceleration signals.

9. The method of claim 8 further comprising, prior to summing the strain and acceleration
signals:
(a) sweeping the strain and acceleration signals relative to each other and determining a

phase difference between the strain and acceleration signals at which a sum of the strain and
acceleration signals i1s maximized; and

(b) shifting the strain and acceleration signals together by the phase difference.

10. The method of claim 7 wherein the acoustic wave 1s an overall acoustic wave

comprising a superposition of an upward traveling wave and a downward traveling wave.

11. The method of claim 10 further comprising determining current acceleration of the
upward traveling wave by summing a linear combination of the acceleration signal sampled at time t
and the strain signal sampled at time t-T/4, where T is the period of the acoustic wave.

12. The method of claim 10 further comprising determining current acceleration of the
upward traveling wave by subtracting a linear combination of the acceleration signal sampled at time

t and the strain signal sampled at time t-T/4, where T is the period of the acoustic wave.

13. The method of any one of claims 1 to 12 wherein the first and second locations are

located within a downhole telemetry node.
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14. An acoustic receiver for use on a drill string to measure an acoustic wave propagating
along the drill string, the receiver comprising:

(a) a housing attachable to the drill string;

(b) a first sensor mounted within the housing for measuring a first parameter at a first
location on the drill string and for generating a first parameter signal representative of the first
parameter;

() a second sensor mounted within the housing for measuring a second parameter at a
second location on the drill string and for generating a second parameter signal representative of the
second parameter, wherein magnitudes of the first and second parameters vary in proportion to
magnitude of the acoustic wave and wherein the first and second parameters have a quadrature phase
relationship; and

(d) a controller mounted within the housing and communicatively coupled to the first and
second sensors, the controller configured to combine the first and second parameter signals to
determine the magnitude of the acoustic wave, wherein the first and second locations are separated
by a distance unequal to n*(A/4), wherein n is an odd integer, and wherein A is a wavelength of the

acoustic wave.

15. The receiver of claim 14 wherein the first parameter is axial acceleration, the first
parameter signal is an acceleration signal, the second parameter is axial strain, and the second

parameter signal is a strain signal.

16. The receiver of claim 15 wherein the controller is configured to use a combination of

the acceleration and strain to determine the magnitude of the acoustic wave.

17. The receiver of claim 15 or 16 wherein the second sensor comprises a piezoelectric
transducer.
18. The receiver of claim 17 further comprising a strain amplifier, communicative with the

controller and the piezoelectric transducer, to amplify the strain signal.
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19. The receiver of any one of claims 15 to 18 wherein the first sensor comprises an
accelerometer, and the receiver further comprises an acoustic amplifier, communicative with the

controller and the accelerometer, to amplify the acceleration signal.

20. The receiver of claim 19 further comprising signal conditioning circuitry,
communicative with the amplifiers and the controller, to condition and digitize the strain and

acceleration signals.

21. The receiver of claim 19 wherein the controller is configured to sum the strain and

acceleration signals to determine the magnitude of the acoustic wave.

22. The receiver of claim 21 wherein the controller is configured, prior to summing the
strain and acceleration signals, to:

(a) sweep the strain and acceleration signals relative to each other and determining a phase
difference between the strain and acceleration signals at which a sum of the strain and acceleration
signals is maximized; and

(b) shift the strain and acceleration signals together by the phase difference.

23. The receiver of claim 20 wherein to acoustic wave is an overall acoustic wave

comprising a superposition of an upward traveling wave and a downward traveling wave.

24. The receiver of claim 23 wherein the controller is configured to determine current
acceleration of the upward traveling wave by summing a linear combination of the acceleration
signal sampled at time t and the strain signal sampled at time t-T/4, where T is the period of the

acoustic wave.

25. The receiver of claim 23 wherein the controller is configured to determine current
acceleration of the upward traveling wave by subtracting a linear combination of the acceleration
signal sampled at time t and the strain signal sampled at time t-T/4, where T is the period of the

acoustic wave.
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26. The receiver of any one of claims 14 to 25 wherein the housing comprises threaded ends

that can be screwed into the drill string for use as a downhole telemetry node.

27. A non-transitory computer readable medium having encoded thereon statements and
mstructions that, when executed by a controller, cause the controller to perform a method for
measuring an acoustic wave propagating along a drill string, the method comprising:

(a) measuring with a first sensor axial acceleration of the drill string at a first location along
the drill string;

(b) measuring with a second sensor axial strain of the drill string at a second location along
the drill string, wherein magnitudes of the acceleration and strain vary in proportion to magnitude of
the acoustic wave and wherein the acceleration and strain have a quadrature phase relationship; and
() determining the magnitude of the acoustic wave from one or both of the acceleration and
strain, wherein the first and second locations are separated by a distance unequal to n*(A/4), wherein

n is an odd integer, and wherein A is a wavelength of the acoustic wave.
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