Journal of Petroleum Science and Engineering 218 (2022) 111000

Contents lists available at ScienceDirect

Journal of Petroleum Science and Engineering

journal homepage: www.elsevier.com/locate/petrol

Check for

Optimization of pulsed-wave Doppler ultrasound for estimation of e
influx/efflux in oil and gas boreholes while drilling using conventional LWD
transducers

Shivanandan Indimath #, Stefano Fiorentini?, Bjarne Rosvoll Bgklepp ", Jorgen Avdal ?,

Svein-Erik Masgy *

a Center for Innovative Ultrasound Solutions (CIUS), Department of Circulation and Medical Imaging, Norwegian University of Science and
Technology, Trondheim, 7491, Norway
Y 3TDI EDT EDP Data Management Architecture and Analytics, Equinor ASA, Trondheim, 7053, Norway

ARTICLE INFO ABSTRACT

Keywords: The extraction of oil and gas typically involves drilling boreholes through various subsurface strata. Abrupt
Logging while drilling (LWD) variations in the formation properties can severely compromise the borehole stability if the drilling process
Measurement while drilling (MWD) is not adequately controlled. Certain events can result in influx/efflux of fluids through fissures or fractures

Pulsed-wave (PW) Doppler ultrasound

in the borehole wall. This causes a destabilization in the drilling operation known as a “kick” which, if not
Flow measurement

controlled, may lead to serious well incidents. Modern drilling operations are continuously monitored using

gﬁlu; ]iiecflf(h:j)e{ete ction (EKD) various logging-while-drilling (LWD) tools including ultrasonic imaging to assure a high degree of control over
Borehole logging the drilling process. However, none of these tools directly monitor fluid flow from influx/efflux events in the
Collapse of wellbore borehole while drilling. This work explores the use of pulsed-wave (PW) Doppler ultrasound for mapping fluid
Loss of drillstring influx through fractures in the borehole wall using ultrasonic transducers similar to those used in conventional
LWD tools. This paper aims to define optimal parameters for PW Doppler specific to its application in LWD.
The use of short pulse-lengths (2-4 wavelengths) for velocity estimation is explored. Mean velocity estimates
with a standard deviation of 0.05 m/s is demonstrated using pulse-length of 4 wavelengths and the lower
limit on radial flow velocities estimates was found to be around 0.2 m/s (15 ml/s from @10 mm orifice) for
LWD conditions. Furthermore, imaging the fracture geometry with a high SNR of about 30 dB is demonstrated
using the power of PW Doppler spectra and compared with conventional pulse-echo amplitude imaging used
in LWD tools. Estimation of lateral dimensions of the fracture using the power of PW Doppler spectra with a

resolution approaching the size of the point-spread function of the probe has also been demonstrated.
1. Introduction due to sudden loss of stability in the pressure of the fluid column in the
borehole. In severe cases where these kick events cannot be controlled,
Drilling of boreholes is a standard practice for the recovery of oil a loss of the wellbore may occur, sometimes also accompanied with a
and gas from subsurface reservoirs. The depth of these boreholes can loss of the drill-string due to collapse of the wellbore, resulting in severe
be several kilometers below sea level and there may be many variations economic liability for the operators. Thus the drilling operations are
in the formation properties through various subsurface strata along the carefully monitored using various logging-while-drilling (LWD) tools

depth of the borehole. In addition to the naturally occurring formation and post drilling well logging techniques (Ellis and Singer, 2007).
fractures, the drilling process inherently induces cracks and fissures

along the borehole wall and under normal conditions this does not pose
any problems for the drilling operations. However when the stresses
induced by drilling are too high, the fissures may open up and cause
an unwanted influx/efflux of formation/drilling fluids between the
formation and borehole (Brudy and Zoback, 1999). Such conditions are
one of the main causes for a phenomenon known as “kick”, that occur

However, to the best of the authors’ knowledge there is no LWD
technique currently in use to measure or monitor such influx/efflux
event.

Commonly used early kick detection systems monitor various op-
erational parameters from the drilling platform (Nayeem et al., 2016).
These systems amongst other tools usually also involve the monitoring
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Fig. 1. Schematic of a BHA with an ultrasonic LWD tool inside a borehole indicating
the flow of drilling mud and fluid influx/efflux.

of drilling fluid volume and pressure being circulated into the drill-
string (Orban et al.,, 1991). In the event of a kick that may occur
several kilometers down the borehole, it takes several minutes before
the effects of a kick are measurable in the operational parameters by
these systems. Such information delay, in critical cases, may lead to
blowouts.

There has been a consistent effort to develop LWD tools for monitor-
ing fluid influx/efflux in boreholes. Some of these techniques include
physical measurement of the pressure of the drilling fluid near the
drill bit (Andrew, 1942; Grosso and Jr., 1988), use of radioisotopes
for measuring changes in density of drilling fluid (Murphy and Coope,
1985), measurement of dielectric constant of the drilling fluid (Rod-
ney, 1990) and acoustic techniques measuring the sound speed in
drilling fluid (Wu, 2008) or the amount of gas bubbles in the drilling
fluid (Taherian and Garcia-Osuna, 2016). Most of these tools however
are either not very sensitive to small influx/efflux or require additional
instrumentation to be added to the bottom hole assembly (BHA) which
is neither very practical nor economical in an already complex drilling
system.

The use of ultrasonic measurements in LWD is common for imaging
the borehole surface for fissures, borehole profile and assessment of
rheological properties of the formation (Ellis and Singer, 2007). Fig. 1 is
a schematic representation of a typical BHA with ultrasonic LWD tools.
The drilling fluid is circulated from the surface, through the center of
the drill-string, through the drill bit nozzles into the borehole, carrying
the rock cuttings back to the surface through the annulus between the
borehole and the BHA. The typical flow velocity of the drilling fluid
along this axial component is around 2-7 m/s (Ferguson and Klotz,
1954). While drilling, the typical rotation speed of the BHA is about
1-3 revolutions-per-second (rps) (Chevron et al., 2021). In the event of
an influx/efflux, the formation/drilling fluid will flow along the radial
direction as depicted in Fig. 1. It is desirable that the same ultrasonic
LWD tools can also be used for the detection and quantification of
influx/efflux in the boreholes while drilling as it would eliminate the
need for major modifications or increased complexity in the BHA.

Considerable work has been done by various researchers to evaluate
Doppler ultrasound for characterizing radial flow in boreholes. Pulsed
wave (PW) and continuous wave (CW) Doppler ultrasound methods
for estimating radial flow volumes and blockages during production
logging are described by Razi et al. (1995), Ravenscroft et al. (1998)
and Nyhavn et al. (1999). Although radial flow quantification in pro-
duction logging may seem similar to influx/efflux while drilling, the
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speed of rotation of the tool and frequency of ultrasonic probes used in
LWD make the direct application of production logging tools to LWD
quite challenging. PW Doppler ultrasound has been studied further
under laboratory conditions for post-drilling well logging by Saito and
Niitsuma (2001) and Monnier and Guillermin (2003). These papers
however have not investigated the applicability of the their methods
under LWD conditions. Details of the Doppler ultrasound parameters
used, signal processing methods and their influence on the radial flow
estimates have also not been discussed in these papers.

This paper evaluates the performance of PW Doppler ultrasound
for the quantification of radial flow velocity from small fissures in a
borehole wall in a laboratory scale experimental setup mimicking LWD
conditions. The influence of various factors of the LWD environment on
PW Doppler measurements and the limiting conditions when applied to
existing LWD tools for flow quantification are also discussed. A method
for estimating the fissure geometry using the PW Doppler signal is
also described and compared with conventional ultrasonic pulse-echo
imaging used in LWD tools.

2. Methodology

The major parameters influencing ultrasonic Doppler measurements
in a LWD scenario can be narrowed down to: the geometrical con-
straints of the drill-string inside a borehole, properties of drilling fluid,
ultrasonic transducers and associated acquisition parameters, and the
motion of the drill-string. The effect of each of these parameters on
PW Doppler measurements are discussed in this section.

The borehole environment typically operates under high pressure
and temperature, the effect of these parameters on Doppler measure-
ments have not been evaluated in this study.

2.1. Experimental setup

The experimental setup consists of a flow chamber as shown in
Fig. 2 which emulates the geometrical and influx flow conditions inside
a typical borehole. For simplicity, water is used as the working fluid for
all experiments described in this paper as the sound velocity in water
is close to the sound velocities typically observed in typical water-
based drilling fluids (Motz et al., 1998). Water-based drilling fluids
typically contain barite or bentonite as the major dispersed constituent.
We dispersed cornflour in water (1 g/1) to mimic the dispersed particles
in water-based drilling fluids as the typical particle size cornflour
(~60 pm) is similar to barite/bentonite (~40-100pum; Abdou and El-
Sayed Ahmed, 2011). The dispersed particles in the fluid serve as
Rayleigh scatterers of ultrasound which is crucial for Doppler pro-
cessing. Further, the attenuation of ultrasound in water is very low
compared to that is drilling fluids (Motz et al., 1998). However, ultra-
sound pulse-echo is routinely employed in LWD which suggest that the
amplitude of 2-way ultrasound propagation between the transducer and
borehole wall is usually at acceptable levels. The effect of attenuation
of drilling fluids on Doppler ultrasound is not known and is beyond the
scope of this work. The authors plan to study this aspect in the future.

The water with dispersed cornflour is fed into the lower part of
the flow chamber which acts as a buffer to stabilize the flow before it
passes through the orifice plate into the upper part of the flow chamber.
The orifice plate emulates fractures in the borehole wall. The surface
on which the orifice place is mounted emulates the borehole wall.
The orifice plate is 3D printed with orifices of different geometries as
desired to mimic fissures in the borehole wall. Fig. 3 shows two such
orifice plates used for most of the experiments described in this paper.
The water flows out of the orifice in the form of a jet towards the
ultrasonic probe as depicted in Fig. 2. The velocity of the water jet
is controlled by adjusting the inlet flow into the flow chamber. This
velocity is calculated using the flow rate equation

0 = Av, (€9)]
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Fig. 2. Flow chamber used in the experiments to emulate influx conditions in boreholes. (The motion of drilling fluid in axial direction of drill-string is not emulated).

(b)

Fig. 3. Orifice plates with (a) 19 x 1 mm slot type and (b) @10 mm circular type
orifices used with the flow chamber in Fig. 2 to emulate fractures in the borehole wall.

where Q is the flow rate through the inlet, A is the area of the orifice
and v is the velocity at vena-contracta of the water jet.

The water pumped out from outlet at the top of the flow cell and
is recirculated through in a closed loop. The inlet flow rate of water
into the flow cell is measured using an inline ultrasonic flow meter
and the flow rate is controlled by adjusting the head of the water
feed tank. The feed tank is mounted on an electromagnetic stirrer to
keep the dispersion of cornflour uniform throughout the experiment.
Fig. 4 shows the complete experimental setup. A Verasonics Vantage
256 system (Verasonics Inc. Redmond, WA, USA) connected with a
custom cannon connector PCB interface is used as the ultrasonic pulser-
receiver. The acquisition and Doppler signal processing script was
written in MATLAB (2019b, The Mathworks, Natick, MA, USA) and is
detailed in Section 2.4.

The ultrasonic probe is mounted perpendicular to the water jet
at a distance h from the orifice plate on a robotic scanner. The dis-
tance between the transducer and the orifice plate was varied be-
tween 25-50 mm in our experiments which is similar to the spacing
between an ultrasonic probe and the borehole wall in typical LWD
measurements (Orban et al., 2021; Maeso et al., 2018).

2.2. PW Doppler parameters

This work aims to explore an ultrasound Doppler method which
can be directly applied to existing LWD tools used for imaging the
borehole wall. Publications on LWD field measurements from leading
drilling companies indicate the use of ultrasonic transducers in a fre-
quency range of 100 kHz-1 MHz (Shrivastava et al., 2019; Blyth et al.,
2021; Maeso et al., 2018; Longo et al., 2012; Leonard, 2016). These

publications also suggest the use of unfocused transducers, although
focused transducers have also been reported in some papers. Further,
the element size of the transducers, as reported in these publications,
range between 1/2 to 3/4inches in diameter.

Considering these transducer specifications, PW Doppler is well
suited as it can be applied with a single element transducer and enables
the measurement of radial flow velocities at multiple points along
the ultrasound beam. The influence of various factors of the LWD
environment on Doppler ultrasound are detailed in this section.

2.2.1. PW Doppler - fundamentals

There is a wide variety of literature on the basic principles of PW
Doppler ultrasound, for example by Hoskins (2019), but a very brief
overview of its fundamentals specific to the terms used in this paper
are discussed here. Fig. 5 outlines the basic principles involved in PW
Doppler processing. A series of ultrasonic pulses are fired into the fluid
where velocity estimates are desired and the pulse-echo signals (also
called as RF signals) are recorded (Fig. 5a). The time dimension in
each pulse-echo signal is termed as the “fast-time” dimension which is
analogous to the depth in convention pulse-echo ultrasound imaging.
The firing rate or the frequency between each firing is called as the
pulse repetition frequency (PRF). Several such RF signals are recorded
over the “slow-time” dimension with intervals equal to PRF to form
a “packet” of RF data. The number of RF signals in each packet is
called as the “observation-window”. The RF signals in each packet
are then demodulated to obtain the in-phase quadrature (IQ) signal
which contains both amplitude and phase information of the signal. The
IQ signal is sampled at specific fast-time locations, producing a slow-
time signal for each packet (Fig. 5b). Ths slow-time signals are then
transformed into the frequency domain using Fast Fourier Transform
(FFT) to obtain the PW Doppler spectra (Fig. 5¢). This spectra contains
information about the velocity components in the flow.

2.2.2. Velocity measurement limit

The maximum flow velocity that can be unambiguously determined
using PW Doppler is given by the Nyquist limit (Hoskins, 2019) and
can be expressed by

PRF
?’
where c is the speed of ultrasound, PRF is the pulse repetition frequency
and f is the frequency of ultrasound. The PRF is the frequency of
firing successive ultrasonic pulses and is limited by the 2-way transit
time of ultrasound in the drilling fluid so that successive pulses do not
interfere with each other. Considering the maximum spacing between

(2)

Unyq =c
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Fig. 5. Fundamentals of PW Doppler processing.

the transducer and borehole wall to be around 50 mm, the maximum
PRF is theoretically limited to around 15kHz. This will be further
reduced due to any eccentricity in the BHA while drilling. Thus, in
practice a PRF which is much lower than this must be used.
Furthermore, the presence of any stationary or slow-moving features
within the ultrasound beam causes “clutter” in the PW Doppler spectra
centered near 0 frequency (Fig. 5). Recollect that the axial flow compo-
nent of the drilling fluid in the borehole (Fig. 1), which is perpendicular
to the ultrasonic beam, has a typical velocity of around 2-7 m/s. Since
this component is moving orthogonal to the ultrasound beam, its pulse-
echo response would be similar to a stationary or slow-moving target
in the fast-time dimension and thus produce clutter in the PW spectra.
However, the bandwidth of this clutter would be a function of its flow

velocity in the axial direction (Yu et al., 2006) and can be calculated
as

2v,

= ©)
where v, is the axial velocity of the drilling fluid and W is the width
of the ultrasound beam.

The combined effect of these parameters defines the measurable
velocity range for the influx/efflux in the radial direction of the bore-
hole. The region between the blue and red/magenta curves in Fig. 6
shows the measurable velocity range for typical LWD ultrasonic probe
frequencies and element size of 1/2inch (12.7 mm). Low frequency
transducers have a high Nyquist limit but also have a high clutter
bandwidth, as seen in Fig. 6, and would not be sensitive to small

BW, ~

lutter
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Fig. 6. Influx/efflux velocity measurement limits (upper limit: solid blue line and lower
limits: dashed lines) for PW Doppler in LWD. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

influx/efflux velocities. The possibility of detecting small influx/efflux
velocities is crucial from an early kick detection standpoint and thereby
high frequency transducers would perform better. We have used a thus
selected a 1MHz transducer for the experiments discussed in this paper.

2.2.3. Nearfield of ultrasonic transducer

The nearfield of a transducer is the region very close to the trans-
ducer where the sound pressure is highly oscillatory along the ultra-
sound beam and therefore, for most practical purposes, it is desirable
to work beyond the nearfield. The frequency and element size of
the transducer influence the length of its nearfield (Krautkramer and
Krautkramer, 1990) and this can be calculated for a transducer with a
circular element using
D2
H7
where D is the element diameter of the ultrasonic transducer and 4 is
the wavelength of ultrasound in the drilling fluid. It must be noted that
the element diameter also influences the width of the ultrasound beam
W in Eq. (3).

Fig. 7 charts out the length of nearfield for unfocused ultrasonic
transducers with parameters discussed earlier. Considering that 1/2inch
(12.7 mm) and 3/4inch (19.1 mm) transducers are most commonly
used in LWD tools, we choose the smaller, 1/2 inch diameter transducer
which has a nearfield of approx. 25 mm for the experiments discussed
in this paper.

Ny= “4)

2.2.4. Pulse length

Velocity estimation by PW Doppler relies primarily on the back-
scattered ultrasound signal from microscopic scatterers in the fluid.
Rayleigh scattering is the primary mode of this back-scattered ultra-
sound signal and by nature is a very weak signal. The use of long pulse
lengths is thus essential to obtain an adequate power of the PW Doppler
signal. The pulse length is the product of the wavelength of ultrasound
and the number of cycles transmitted per pulse. It directly impacts
the power of the Doppler signal and spatial resolution of velocity
estimates. Further, the pulse length has an inverse relationship to the
bandwidth of the transmitted pulse, which influences the bandwidth of
the PW Doppler spectra and in turn the accuracy of velocity estimates.
Additionally, the axial resolution and variance in velocity estimates
depends on the size of the sample volume used for Doppler processing,
which is usually equal to the pulse length. Considering these factors,
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references to color in this figure legend, the reader is referred to the web version of
this article.)

it is desired to have long pulse lengths with 8-10 A per pulse in
typical PW Doppler acquisitions. In a typical LWD scenario, the distance
between the ultrasonic transducer and the borehole wall is around
25-50 mm as discussed in Section 2.1, which is equivalent to 16-32
4 for a 1 MHz ultrasonic transducer. A PW Doppler acquisition using
the conventional 8-10 A pulse, would result in the space between the
transducer and borehole wall to be the equivalent of just about 2—
4 sample volumes, which will yield a very low spatial resolution of
velocity estimates. This paper explores the use of short pulse lengths
containing 2-4 A per pulse for obtaining high spatial resolution of
velocity estimates using PW Doppler in an LWD scenario.

2.3. Motion of drill-string

The motion of a typical BHA while drilling can be broken down
into its axial, circumferential and radial components as depicted in
Fig. 8. The axial component is primarily the rate of penetration (ROP)
and is typically around few m/hr. From an ultrasonic measurement
point of view, this velocity is very low and unlikely to have any
impact on acquisition parameters. The circumferential velocity is pri-
marily due to the rotation of the BHA and is typically around 1-4rps.
Unlike conventional ultrasonic pulse-echo measurements, PW Doppler
acquisitions usually require more than 50-100 signals per location for
obtaining reasonably low variance in velocity estimates. In practice
the ultrasound transducer would acquire these signals while the tool is
rotating. Thus its acquisition rate needs to match or exceed the speed of
the tool relative to the desired spatial resolution of velocity estimates
in the circumferential direction. This can be calculated by

wgpa - R+ N
min = T’
where, wpy, is the angular velocity of the BHA in rad/s, R is the radius
of the borehole, N is the number of ultrasound signals required for
Doppler processing and Ax is the spatial resolution of velocity estimate
in circumferential direction.

Radial motion of the BHA is not typically desirable, but is inevitable
due to drill-string vibrations or while drilling along a deviated or hori-
zontal direction. This causes the axis of the BHA to be eccentric relative
to the borehole axis. There may also be additional vibrations of the
BHA along the other directions and while there are not many published
works characterizing these vibrations, Bowler et al. (2016) indicate that
these were usually low frequency vibrations of around 4 Hz during their
logging run. From an ultrasound Doppler standpoint, these vibrations

PRF ()
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would cause slight broadening of the PW spectra but this would not
affect the estimation of mean velocity. A PRF of 4kHz was arbitrarily
chosen, within the limits discussed earlier, for all experiments described
in this paper.

2.4. Signal processing chain

RF data acquired from the Verasonics Vantage 256 system (Verason-
ics Inc. Redmond, WA, USA) is first reshaped into a 2D matrix with the
columns representing the slow-time dimension and rows representing
the fast-time dimension. The time interval between acquisitions in two
adjacent columns is equal to 1/PRF. A observation-window of 200
was used for our experiments which was optimized as discussed in
Section 3.1.1. A clutter filter is then applied on each of the pulse-
echo acquisitions to remove the stationary and slow-moving signals
caused by the initial pulse, back-wall echo and any transverse motion
in the fluid column. The clutter filter used is a Kaiser windowed
FIR filter of order 50 for most of the results discussed in this paper
except in Section 3.1.3 which discusses the application of polynomial
regression filter for reducing the observation-window. The RF signal
is then demodulated to the base band to obtain the IQ signal. The
PW Doppler spectra for each sample volume is then obtained by using
a Hamming windowed FFT in the slow-time dimension with an 80%
overlap and subsequently averaging over the fast-time dimension. The
window length used for the FFT is approximately equal to the time it
would take for a random scatterer in the water jet to travel a distance
equal to 1 sample volume. This depends on the velocity of the water
jet being evaluated. The peaks in the PW Doppler spectra are used
to calculate the mean velocity of the fluid in each sample volume.
Considering that we use short pulse lengths for our experiments, the PW
spectra has a poor SNR and some form of dynamic threshold estimator
is required for isolating the peaks in the PW spectra. An estimator
utilizing the “sum of median and standard deviation” for each PW
spectra was found to be effective. Further, the turbulent nature of the
water jet results in a large variance in radial flow velocities of the jet at
any given point in the slow-time dimension. This causes a broadening of
the PW spectra and induces a high variance in the position of the peak
maxima between subsequent signals at the same position. This effect is
illustrated in Fig. 9 which shows the PW spectra from two subsequent
packets (orange and blue) of the flow from a @10 mm orifice with
a velocity of 0.5m/s. To make the peak selection unambiguous and
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minimize the variance in mean velocity estimates, the centroid of the
PW spectra was found to be effective instead of choosing the peaks with
the absolute maximum amplitude.

3. Results and discussion
3.1. Velocity estimation

The flow profile during an influx/efflux scenario is inherently com-
plicated and would have a broad distribution of flow velocities even at
a particular spatial location. Although mean the velocity at each spatial
location would yield significant information for kick detection; PW
Doppler has the potential to reveal the complete velocity distribution
which may be leveraged for more detailed diagnostics. Fig. 10 shows
the PW Doppler spectra for a mean radial flow velocity of 0.5m/s from
a @10 mm orifice. The various flow velocities at each spatial location
(depth) is easily evident by the spread of the PW spectra in the Y
direction, and the amplitudes indicating the relative quantity of flow
with specific velocity values. Further, the clutter at 0 velocity, which
has been filtered out in this PW spectra, can also yield information
about the flow velocity in the axial direction using Eq. (3). The PW
spectra at each depth location can be analyzed individually as seen in
Fig. 9 to extract the mean velocity estimates as discussed earlier.

The performance of PW Doppler on mean velocity estimates was
further evaluated experimentally considering the constraints with re-
spect to observation-window, pulse length and distance between the
transducer and borehole wall.

3.1.1. Effect of observation-window on variance of mean velocity estimates

The observation-window directly influences the spatial resolution
of PW Doppler when applied for LWD as explained in Section 2.3. It
is therefore desirable to have small observation-windows. However,
the observation-window also influences the variance of mean velocity
estimates by PW Doppler and the choice of an optimal observation-
window is important. Experiments using the 10 mm circular orifice
(Fig. 3) and 0.3m/s influx velocity (~ 23ml/s) were repeated with
different observation-windows and the variance in mean velocity es-
timates are plotted in Fig. 11. The variance seems to be leveling off
by a observation-window of about 150. The observation-windows as
mentioned in Fig. 11 are post clutter filtering of the RF signal and thus
depending on the type of clutter filter used, the observation-window
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should be accordingly increased while acquisition. For our experiments,
an FIR filter of order 50 was found to be the most optimal, so the
observation-window must be increased by 50. A observation-window
of 200, including the initialization of clutter filter, was used for all
experiments discussed further. Section 3.1.3 discusses a method to
reduce the observation-window without compromising the variance in
mean velocity estimates.

3.1.2. Effect of pulse-length on mean velocity estimates

As discussed earlier in Section 2.2.4, the constraint due to the
distance between the transducer and borehole wall require the use of
short pulse-length. A 2D scan was done over the @10 mm orifice plate
(see Fig. 3) for a radial flow velocity of 0.5m/s and pulse-lengths equal
to2 Aand 4 A. PW Doppler signals were acquired at 40 different points
over the orifice and mean velocity estimates were calculated for each
sample volume to obtain a mean velocity profile along the ultrasound
beam axis. Fig. 12 shows box plots for mean velocity estimates at
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each sample volume (depth) over the 40 PW Doppler signals for pulse-
lengths equal to 2 4 and 4 A. As expected, the standard deviation ¢ in
estimates is significantly higher for 2 1 at 0.2m/s compared to 0.05m/s
for 4 A. The number of outliers is also significantly higher at 47 for 2
A compared to 12 for 4 A.

It was also attempted to acquire signals with 1 A pulse-length,
but the signal quality was too poor for Doppler processing. Acquiring
signals with 2 4 was also challenging albeit possible, however it is the
authors’ view that it would be practically difficult to implement under
field conditions. Acquisitions with 4 1 were significantly stable and
easy to obtain repeatedly. For water-based drilling fluids, this would
translate to a sample volume of about 6 mm, and would be the most
practical choice for field conditions.

Experiments were repeated to find the lowest detectable radial flow
velocity. Although there is no axial flow component in our experiments,
the water jet naturally spreads out as it exits the orifice and causes some
turbulence in the water chamber. This results in a broadening of the
clutter signal as discussed earlier in Section 2.2.2 and the bandwidth
of the clutter filter needs to be sufficiently large to accommodate it.
Considering this effect, radial flow velocities from the water influx of
up to 0.2m/s (15ml/s from @10 mm orifice) were easily measurable
as shown in Fig. 13.

Fundamentally there is no upper limit on the velocity measurement
up to the Nyquist limit as discussed in Section 2.2.2. This translates to
a limit of 5.6 m/s for a 1 MHz transducer at 15kHz. It was however not
possible to experimentally validate this for LWD using our experimental
setup as the water column becomes too unstable to manage when the
velocity exceeds 0.5m/s.

3.1.3. Polynomial regression filter for reducing observation-window

The results in Section 3.1.1 suggest the use of a observation-window
>150 for applying Doppler ultrasound in LWD. For a typical 6% inch
tool moving at about 3rps, using Eq. (5), this translates to a spatial
resolution of about 16 mm for 150 signals at the maximum PRF limit of
15 kHz. This may be sufficient as a go/no-go detection for influx/efflux,
but is not sufficient when high resolution measurements are desired. It
is possible to reduce the tool speed to for making high resolution scans,
but it is desirable if this can be avoided.

The use of FIR filters for clutter suppression is very common due to
its stability, linearity and time invariant properties. These types of fil-
ters however require samples equal to the filter order for initialization,
which consequentially increases the observation-window. Polynomial
regression filters are known to be used in color flow imaging where
there is a similar requirement of small observation-windows for high
frame rate imaging (Leonov et al., 2019; Bjaerum et al., 2002). Poly-
nomial regression filters have a steep frequency response and do not
require additional samples for initialization, they are however not time
invariant which makes it difficult to tune the filter to achieve a constant
frequency response.

A Savitzky-Golay polynomial filter using the inbuilt MATLAB func-
tion “sgolayfilt” was implemented on the Doppler recordings with
44 pulse-length discussed in Section 2.2.4. A filter order of 10 with
a ‘framelength’ equal to 2 sample volumes and a order 10 kaiser-
windowed weighting vector was found to be performing optimally
for our recordings. The mean velocity estimates and their ¢ for dif-
ferent observation-windows are compared for a conventional kaiser-
windowed FIR filter of order 50 (Fig. 14) and the Savitzky—Golay
polynomial filter (Fig. 15).

The performance of FIR filter deteriorates, as evidenced by the o,
with a reduction in observation-window. The FIR filter order reduces
the observation-window used for Doppler processing by 50 as discussed
earlier and thus it was not possible to reduce the observation-window
beyond 100. This considers that at least about 32 signals is the window
length for Doppler processing as discussed in Section 2.4. Comparing
this to the Savitzky—Golay polynomial filter, a minor improvement in
o is observed for all observation-windows. Further, it was possible to
reduce the observation-window up to 50, since no signals are lost in
the initialization of the filter, without significant loss in measurement
accuracy.
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Fig. 13. Mean radial velocity profile of influx at 0.2m/s from @10 mm orifice using
a pulse-length of 4 A. Magenta line indicates flow-meter reading for comparison. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

3.2. Fissure geometry estimation

Ultrasonic LWD tools are routinely employed for obtaining high
resolution images of the borehole wall with one of the important
objectives directed at detecting the presence of fissures on the surface
of the borehole wall. The imaging resolution of such fissures however is
typically very low even for high-resolution LWD tools (Li et al., 2019),
partly because of the hardware limitations in incorporating such tools
with the BHA. These ultrasonic LWD tools typically map the amplitude
and travel time of the echo from the borehole wall for imaging.

The presence of fluid influx/efflux from such fissures provides the
opportunity to process the ultrasound signal in another way viz. the
Doppler spectra, which can potentially be also used for imaging the ge-
ometry of such fissures. With this objective, 2D scans were performed,
using a robotic scanner as described in Section 2.1, on both the @10
orifice and 19 x 1 mm slot orifice plates with influx flow velocity of
0.5 m/s. The integral of the power of the IQ signal along the slow-time
dimension at each measurement point was found to give the best SNR
for geometry estimation and these are shown in Figs. 16(a) and 16(c).
A high SNR of about 30 dB can be observed between the region with

influx (the orifice) and the regions away from the influx. Conventional
backwall-amplitude images as used in LWD tools (Li et al., 2019) were
also generated from the same orifice plates as shown in Figs. 16(b)
and 16(d). The poor SNR of about 6 dB in these images is evident,
and it is quite difficult to identify the orifices from these images. The
backwall-amplitude maps in Figs. 16(b) and 16(d) have several artifacts
surrounding the orifice and are caused due to geometrical features
within the experimental setup and would not exist in a typical borehole
setting.

Further, the dimensions of the orifice was estimated using a thresh-
old of 96th percentile for the IQ signal power integral shown in
Figs. 16(a) and 16(c). The estimated dimensions of the @10 orifice
deviate by about —0.75mm in Y direction and + 0.4 mm in the X
direction. The deviations for the 19 x 1 mm slot orifice is about +
3.1 mm in Y direction and —0.2mm in X direction. The deviations in the
estimate in Y direction for the 19 x 1 mm slot orifice can be attributed
to the point spread function (PSF) of the ultrasound transducer which
is about 4 mm at 50 mm depth for the 1/2inch, 1 MHz unfocused
transducer used in these experiments. The effect of the PSF is to diffuse
out the edges in an ultrasound image and this consequently causes
an overestimation in the dimensional estimates. The deviations in the
other dimensional estimates are relatively small and can be attributed
to the variance in the signal amplitudes in the images.

4. Conclusion

The possibility of utilizing PW Doppler for the estimation of in-
flux/efflux flow velocities and the geometry of the fissures have been
explored using a laboratory scale setup. An attempt has been made to
define a set of boundary conditions for the application PW Doppler in
a LWD setting.

The use of short pulse-lengths and packet sizes than what is conven-
tionally used in PW Doppler is explored and their effect on the variance
of velocity estimates has been demonstrated. It has been possible to
obtain mean velocity estimates with a standard deviation of 0.05m/s
using a pulse-length of 4 A. It is also possible to use a shorter pulse-
length of 2 4 but at the expense of an increase in the standard deviation
of mean velocity estimates to 0.2m/s. Though this may be a very
high error for quantitative purposes, it can be useful as a radial flow
detection mode when the tool to borehole wall spacing is too small for
example during a phase of high tool eccentricity. It is also demonstrated
that influx velocities up to a lower limit of 0.2m/s (15ml/s from
@10 mm orifice) can be reliably estimated using PW Doppler.

The possibility of using alternative clutter filtering methods like the
Savitzky—-Golay polynomial filter to reduce the observation-window of
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PW Doppler without any adverse impact on the accuracy of mean ve-
locity estimates is demonstrated. This is particularly useful for real-time
PW Doppler acquisition while drilling at speeds of about 1-3 rps.
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Lastly, the use of PW Doppler for imaging fissures and estimating
their geometry with influx/efflux in boreholes is demonstrated and
compared with conventional pulse-echo amplitude imaging used in
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Fig. 16. Orifice geometry estimation using PW Doppler and pulse-echo amplitude imaging. See Fig. 3 for their true shapes.

LWD tools. PW Doppler imaging delivered a significantly higher SNR
of about 30 dB compared to an SNR of about 6 dB by conventional
pulse-echo amplitude imaging. Although, PW Doppler is by far the
superior method compared to pulse-echo amplitude imaging, it requires
an active influx/efflux from the fissure to be possible to apply. PW
Doppler can thus be used as a complimentary tool in conjunction with
conventional methods.

The experiments in this paper were aimed at exploring the pos-
sibility of using PW Doppler with conventional LWD tools and thus
have been conducted using water as the working fluid for the sake
of simplicity. Considering the promising results demonstrated in this
work, further evaluation of the performance of PW Doppler using real
drilling fluids of different properties should be the next step towards
the deployment of this method for regular field use.
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