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Abstract

Permian drillers are pushing downhole equipment to the
limit in search of maximum rate of penetration (ROP) and
improved cycle times. The time and cost of tripping for
dull/damaged drill bits and mud motor failures is a major focus
for all operators. High-frequency embedded drilling dynamics
sensors are being selectively used with the primary purpose of
understanding damaging downhole dynamics.

Placement of these sensors at the bit and above the motor
power section delivers valuable data to identify drilling issues
and make decisions to produce fast wells with repeatable
results. High-magnitude drilling dynamics are always going to
be present when drilling to the limit. The art of the game is to
understand how to manage these dynamics for maximum ROP
and equipment life.

The data gathered showed that damaging dynamics were
driven by formation, bottom-hole assembly (BHA) design, self-
induced from operating parameters and operational techniques,
or a combination of some or all. Once the primary forces were
identified, the damages were reduced, and well delivery
consistency was improved.

This paper will provide a compilation of the latest drilling
dynamics discoveries from embedded high-frequency sensors
that were utilized on conventional steerable motor and rotary-
steerable (RS) drilling assemblies.

Introduction

Embedded high-frequency drilling dynamics data recorders
are now a standard tool for the Drilling Engineer. Although they
are not run on every well, they are strategically placed on
certain wells to “spot check” drilling dynamics and make
incremental changes for performance gains.

Experts in the drilling domain have changed their opinion
on drilling dynamics measurements, placement and method of
data transfer (memory or real-time). It has long been the
industry standard for drilling dynamics measurements to be
transmitted in real time from an measurement-while-drilling
(MWD) tool (Close et al. 1988; Zannoni et al. 1993). The
advent of embedded high-frequency drilling dynamics data
recorders, that can be placed anywhere in the BHA, have
uncovered a different approach to gather data that cannot be
seen from traditional MWD measurement and placement (Jones

et al. 2017; Sugiura & Jones 2019; Sugiura & Jones 2020;
Sugiura & Jones 2021).

Embedded high-frequency drilling dynamics sensors are
data recorders and not real-time devices. The main reason for
this is threefold:

1. Placement — The device can be placed in the drill bit
or anywhere in the BHA to gather the high-frequency dynamics
at the points of interest (Jones et al. 2017).

2. Data transfer — High-frequency data (800Hz) cannot
be transmitted by short-hop or mud pulse MWD tools because
of their limited data rates. Data transfer for high-frequency
sensors is only possible through high-speed memory download
(i.e. post-run download and processing).

3. Reliability and cost — Since these devices are
typically placed at the drill bit, the dynamics levels can be
severe, so increased reliability is obtained through less
complexity, hence memory devices are best suited for this
application.

The methodology of dealing with high-frequency memory-
based drilling dynamics data, rather than real-time MWD
drilling dynamics data, is different. Typically, MWD dynamics
measurements are transmitted in real time, and surface
parameters are optimized to control the dynamics to an
acceptable level. If the MWD tool is placed above the motor,
then the dynamics that are seen by the MWD are related to
drillstring dynamics (and not bit dynamics). Drilling parameter
changes to optimize drillstring dynamics may have minimal
effect on drill-bit dynamics.

This is where embedded drilling dynamics data recorders
change the reality of drilling dynamics measurements.
Placement of an embedded high-frequency drilling dynamics
data recorder at the bit, and correlating this with MWD
dynamics data, will clearly show the difference between the two
measurement placements. Once this is understood, then the
benefit of embedded high-frequency drilling dynamics data
recorders will become apparent.

Embedded Sensor Construction, Measurements and
Placement

The embedded high-frequency drilling dynamics sensors
are constructed in two different form factors to aid optimal
placement in the drill bit and bottom-hole assembly (BHA).
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Fig. 1 shows the construction of the sensors.
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Fig. 1—Embedded sensor construction.

Shock and gyro sampling rates can be adjusted to suit the
application and placement of the sensor. A high temperature
option for the sensor is now available. Fig. 2 shows the
specification of the sensors.

Description High-frequency Data Recorder
Placement Drill Bit Shank, BHA and Drill String
Logging Trigger RPM or RPM Delay
3-Axis Shock -200G to +200G (+/- 100mG)
Shock Sample Rate 200 to 1600Hz
Shock Record Continuous
Gyro RPM +- 330 RPM, up to +/-1000 RPM
Gyro Sample Rate 100 to 1000Hz
Gyro Record Continuous
Temperature 175¢C (34; E?E g[?lizu?mraila ble
Pressure Rating 15,000 PSI
Recording Life 1105&);:31[:?;11?00(1‘4:2

Fig. 2—Embedded sensor specification.

The embedded sensors have been constructed to allow easy
placement anywhere in the drill bit and BHA components. The
design allows for outer-diameter (OD) and centerline mounting
options, giving flexibility to select optimal placement for the
environmental conditions of the project. Fig. 3 shows the
embedded sensor placement options (and accelerometer axis
convention).
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Fig. 3—Embedded sensor placement and accelerometer axis
convention.

Sensor placement can be defined by two components:

1. Placement with reference to axial length from drill bit
(i.e. measured axial length to each sensor from bit).

2. Placement with reference to collar radius or radial
offset distance (i.e. OD mount or centerline mount).

Understanding these sensor placement components is
necessary for accurate interpretation and analysis of the data
gathered from each sensor.

The Importance of Drilling Dynamics Measurement
Placement

When a mud motor is used in the BHA, certain high-
frequency and low-frequency dynamic coupling will become
apparent (Sugiura and Jones 2019; Sugiura and Jones 2020).
Understanding this coupling will help diagnose the primary
drilling dynamics dysfunction from the bit and BHA.

Fig. 4 shows the difference in 3-axis shock response (from
the accelerometers) based on the sensor placement. Utilizing
OD-mount embedded sensors in the drill bit and mud-motor top
sub, the shocks at the bit typically read higher than shocks at
the top sub. This is because of placement relative to the power
section.
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Fig. 4—Shock response difference based on sensor placement.

The sensor placed at the bit will measure the interaction of
PDC cutters with the rock on the output of the power section.
This is a high-frequency dynamic component that will not pass
up through the motor power-section elastomer (isolator) and
cannot be seen at the motor top sub embedded sensor or MWD
dynamics sensors.

The sensor placed in the motor top sub (above the motor
power section) will measure the string input shock to the motor,
and the reaction shock of the motor power section (reactive
torque, while slide drilling or back-drive, while rotary drilling).

The response of the sensor placed in the MWD will depend
on the design of the MWD tool. A basic MWD string loaded
into a rental collar will have dynamics sensors that are mounted
on centerline. Because the mounting of the MWD inside the
collar is not ideal for shock measurements, the transmissibility
of the dynamic measurement may be high.
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Care should be taken when interpreting these different
placements and measurements. Distance from bit, placement
relative to motor power section, OD or centerline mount and
MWD mount all affect the shock dynamic measurements.

Fig. 5 shows the difference in torsional response (from the
gyro) based on sensor placement. Utilizing OD or centerline
mounted embedded sensors in the drill bit and mud motor top
sub (or carrier sub), the gyro measurements will show a
different response. This is because of placement relative to the
power section.

MWD RPM
Response
Dependent on
MWD Type

Mud Motor MWD

Fig. 5—Torsional response (RPM) difference based on sensor
placement.

The sensor placed at the bit will measure the torsional
interaction of PDC cutters with the rock on the output of the
power section. This is a high-frequency dynamic component
that will not pass up through the motor power section elastomer
(isolator) and cannot be seen at the motor top sub embedded
sensor or MWD dynamics sensors (Sugiura and Jones 2020).

The sensor placed in the motor top sub (above the motor
power section) will measure the string torsional input to the
motor, and the torsional reaction of the motor power section
(reactive torque, while slide drilling or back-drive, while rotary
drilling).

The response of the sensor placed in the MWD will depend
on the design of the MWD tool. A basic MWD string may not
contain gyro measurements. The RPM measurement will be
derived from  accelerometer and/or  magnetometer
measurements and may not be capable of providing negative
RPM, especially the real-time transmitted MWD rotation speed.

Once again, care should be taken when interpreting these
different placements for RPM measurements. Placement
relative to motor power section and MWD RPM measurements
(gyro or derived from another source), all affect the torsional
dynamic measurements.

Drilling Dynamics Discoveries with High-frequency
Embedded Sensors

Placement of multiple embedded high-frequency drilling
dynamics sensors at specific points of interest in the bit and
BHA, can deliver a suite of data that can aid in understanding
the primary driving mechanism behind dynamics that can cause
premature bit wear/damage, power section degradation and /or

chunking and tool failures.

The main dynamic influences for drill-bit/BHA performance
and longevity are:

1. Bittype

2. Motor power section type

3. Motor configuration (bend angle and stabilization)

4. RSS type (fully rotating or slow-rotating steering
mechanism)

5. BHA design (collars, heavy-weight drill-pipes and
drill-pipes)

6. BHA stabilization (slick or stabilized, and stabilizer
type)

7. Formation type (e.g. interfacial severity) (Pastusek et
al. 2018; Dupriest et al. 2020)

8. Mud type

9.  On-bottom rig control (auto-driller limits, drilling-
advisory-system limits) (Pastusek et al. 2016; Adam 2018)

10. Transitional rig control (manual or automated)

All the above items need to be considered when analyzing
drilling dynamics. The one item that we have no control over is
formation. The BHA may be used to drill through multiple
formations in an intermediate section of the wellbore.
Understanding the formations that drive damaging dynamics is
the key to drilling efficiently. Fast pace with high dynamics in
forgiving formations versus controlled pace through damaging
formations is the art of accurate road mapping.

High-frequency Torsional Oscillations (HFTO)

High-frequency torsional oscillation dynamics have gained
a lot of interest in recent years, particularly with motor-assist
RSS BHAs (Lines et al. 2013; Oueslati et al. 2013; Jain et al
2014; Sugiura & Jones 2019; Sugiura & Jones 2020). This is
because of the damage that can be induced on the equipment
below the mud motor, particularly RSS and MWD. HFTO is
thought to originate from very high-frequency shocks generated
by the interaction between the Polycrystalline Diamond
Compact (PDC) cutters and formation, which resonates with the
lower BHA structure (Pastusek et al. 2007; Oueslati et al. 2013;
Jain et al 2014). The HFTO energy remains trapped below the
mud motor because the HFTO energy resonates to the structure
below the motor and the motor power-section elastomer acts as
a dampener.

The trapped HFTO energy can cause rapid torsional fatigue
on the OD of BHA mechanical components (e.g. RSS bias and
control unit) and electrical components (Watson et al. 2022).
The cost of this fatigue damage can be very high. Fig. 6 shows
an example of high HFTO and how it is seen in the BHA.

The highest HFTO levels are seen at the drill bit (180G
tangential [or approximately 23,662 rad/s2] sustained and
110Hz). Below the motor, at the bearing mandrel, the HFTO G-
level is slightly lower (110G tangential [or approximately
14,460 rad/s2] sustained) because of the distance from the bit.
The frequency remains the same at 110Hz.
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Above the motor, no HFTO can be seen. The tangential and
radial shocks are low at less than 30G. This is because the motor
rubber elastomer acts as an isolator and the HFTO generated
below the motor cannot pass to the stator/top sub of the motor.
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Fig. 6—HFTO on motor-assist RSS BHA.

The addition of an HFTO suppression tool below the motor
has become commonplace to reduce RSS damage. Fig. 7 shows
an example with an HFTO suppression tool in the BHA.
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Fig. 7—HFTO reduction on motor-assist RSS BHA.

The HFTO magnitude at the bit has been reduced to 70G [or
approximately 9,202 rad/s2] at the drill bit, compared to 180G
[or approximately 23,662 rad/s2] previously. Below the motor,
at the bearing mandrel, the HFTO G-level is 40G [or
approximately 5,258 rad/s2], compared to 110G [or
approximately 14,460 rad/s2] previously. Above the motor, the
tangential and radial shocks are less than 30G.

This reduction in sustained tangential G-levels reduces the
torsional fatigue on RSS components and improves reliability.

Embedded high-frequency drilling dynamics sensors are
very useful in understanding the effectiveness of an HFTO
mitigation tool. It is common in North America land for
operators to measure the effectiveness of the various HFTO
tools available on the market.

As mentioned, placement of the sensor relative to BHA
position from bit is important. However, sensor placement with
reference to the centerline of BHA is also important when
analyzing HFTO data. Normally, tangential accelerations from
high-frequency accelerometers are used to measure HFTO
magnitude on outboard mounted sensors and high-frequency

gyro measurements are used to measure HFTO magnitude on
centerline mounted sensors. Fig. 8 shows a comparison of
measurements from drill bit shank (outboard) and centerline
mount sensors.

Shank | Centerline
Mount

Mount

Fig. 8—Comparison of drill bit shank and centerline mount
placement.

Mud Motor Back Drive (MMBD)

Stick-slip is a well-known type of torsional dynamics in
which a drill bit and/or drillstring change their rotation speed
periodically, alternating “stick” and “slip” phases (Halsey
1986; Kyllingstad & Halsey 1987; Brett 1992). The stick-slip
phenomena have been researched for many years; however,
mud motor back-drive (MMBD) dynamics has only been
relatively recently recognized and studied. In motor back-drive
dynamics, the bit comes to a complete stop (bit stall) and the
motor drives the drillstring backward (Sugiura & Jones 2021;
Sugiura et al. 2022). MMBD dynamics are common on
conventional steerable motor BHAS as well as motor-assist RSS
BHAs (Jones et al. 2023). The sequence of events of mud motor
back drive are as follows —

1. Rotary drilling ahead.

2. Drill bit stalls (bit “stick” phase).

3. Mud motor power section does not stall, it back-drives
torque/RPM up the drill string.

4. When the surface torque/RPM meets the back-drive
torque/RPM, there is a sudden release of torsional energy.

5. This causes the bit and BHA to suddenly accelerate up
to high RPM (bit “slip” phase).

6.  The drill bit stalls again (bit “stick” phase).

7. The cycle repeats.

8. Atorsional neutral point moves up and down the drill
string as the torsional energy is trapped and then released.

The negative effects of mud motor back drive are severe bit-
induced stick-slip which causes accelerated shoulder wear on
the bit. Additionally, severe torsional cycling of the BHA
causes accelerated power-section elastomer degradation
(Sugiura & Jones 2021; Sugiura et al. 2022). This results in a
reduction of motor output performance. The combination of
these dynamic cyclic events results in a BHA trip and costly
non-productive time.

Mud motor back drive is more damaging in vertical and low
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angle wells due to the lack of string contact with the wellbore
(the string essentially acts like a coiled spring, storing torsional
energy then releasing). In horizontal wells, mud motor back
drive is not as severe because of string friction against wellbore.
Friction controls the extent of torsional energy build up and
release.

Fig. 9 shows an example of severe mud motor back drive
on a motor assist RSS BHA in a vertical 12 %" hole. The sensor
placements are shown in the BHA diagram. The data shows that
the gyro RPM spread on the mud motor bit box (in the third
track from the left) and bit (in the fifth track from the left),
ranging from ORPM to 330RPM (this represents the stick-slip
at the bit and BHA below the motor. The mud motor top sub
gyro RPM (in the second track from the left) spreads from
negative 130RPM to positive 330RPM, which indicates the
mud motor back drive (negative RPM) that is traveling up the
drill string.
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Fig. 9— Severe MMBD dynamics and HFTO combined (excerpted
from SPE-212467-MS).

The associated shocks are 200G tangential (approximately
26,291 rad/s2) at the bit (in the fourth track from the right),
100G tangential (approximately 13,146 rad/s2) at the motor bit
box (in the sixth track from the right), and 20G (approximately
2,629 rad/s2) at the motor top sub (in the seventh track from the
right). In this example, HFTO is present below the motor and
can be indirectly measured from the elevated tangential
accelerations (Sugiura & Jones 2019). Of interest is the fact that
the shocks in the RSS slow rotating housing are silent. This is
because the RSS design utilizes a slow rotating housing
mounted on mud lubricated bearings, essentially decoupling the
slow rotating housing from the drive mandrel dynamics.

A good surface indicator of mud motor back drive is wide
band torque. In this example, the surface torque band (green
curve in the sixth track from the left) correlates good with gyro
RPM spread. This is typical for a vertical or low angle example,
especially when no surface torque control system is used as that

can mask the response. ROP diminishes with time as the stick-
slip eats away at the bit shoulder cutters reducing the
effectiveness of cutting the rock (Sugiura et al. 2022).

A sample of raw gyro RPM (while rotary drilling) from drill
bit and mud motor top sub is shown in Fig. 10. The data shows
the drill bit coming to a complete stop (0 RPM) and the motor
top sub reacting with negative 70 RPM being driven up the drill
string. As the torsional energy from mud motor reactive torque
and rig surface driven torque come together downhole (i.e. drill
string torsional neutral point), the torsional energy is released
causing an RPM acceleration (up to X RPM at bit and X RPM
at drill string), then deceleration as the bit comes to a stop and
the cycle repeats.

Gyro RPM Motor
Top Sub

l Gyro RPM Drill Bit ]

]
e AN AN

Fig. 10— Sample of Raw gyro RPM response at drill bit and mud
motor top sub — MMBD dynamics

MMBD dynamics are commonplace in motor-driven RSS
and conventional steerable motor assemblies. The art is to
understand if these dynamics are reducing run length due to bit
dull/damage, motor transmission damage and power section
damage.

Removal of Mud Motor from RSS BHA

For vertical and low-angle wells, if suitable drill-pipe size
and adequate top drive RPM is available, removal of the mud
motor from the RSS BHA is a cost-effective way to eliminate
mud motor back drive and HFTO from the BHA as shown Fig.
11.
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Fig. 11— RSS BHA without a mud motor

Fig. 12 shows an example of RSS dynamics in a 12 '4”
vertical hole with no mud motor. It can clearly be seen that the
chaotic back-drive dynamics have disappeared, and drilling is
much smoother. The gyro RPM spread at the bit (the third track
from the left) is minimal, and the surface torque band (the fourth
track from the left) is much healthier. The ROP remains
constant throughout the run, and the bit shocks are minimal.

In this example, the removal of the mud motor led to
smoother drilling and ultimately preserved the drill bit for better
performance and a longer run. Removal of the mud motor can
often change RSS economics in intermediate well sections and
lead to a more efficient way of drilling the section versus a
conventional steerable motor BHA.
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Fig. 12— Severe MMBD dynamics and HFTO combined (excerpted
from SPE-212467-MS).

A sample of raw gyro RPM (while rotary drilling) from drill
bit and mud motor top sub is shown in Fig. 13. The data shows
the drill bit coming to a complete stop (0 RPM) and the motor
top sub reacting with negative 70 RPM being driven up the drill
string. As the torsional energy from mud motor reactive torque
and rig surface driven torque come together downhole (i.e. drill
string torsional neutral point), the torsional energy is released
causing an RPM acceleration (up to X RPM at bit and X RPM
at drill string), then deceleration as the bit comes to a stop and
the cycle repeats.

Motor Top Sub

Gyro RPM Motor
Top Sub

BN Au/\f\j\ [\ MAAA LA [\

pU U VUUUV U U DU

MHJ\/\AA/\/\/\/\HMJW\/\A

° 8

| Gyro RPM Drill Bit ]

Fig. 13— Sample of Raw gyro RPM response at drill bit and mud
motor top sub — MMBD dynamics
NEED BIT GYRO RPM SCALE

MMBD dynamics are commonplace in motor-driven RSS
and conventional steerable motor assemblies. The art is to
understand if these dynamics are reducing run length due to bit
dull/damage, motor transmission damage and power section
damage.

Removal of Mud Motor from RSS BHA

For vertical and low-angle wells, if suitable drill pipe size
and adequate top drive RPM is available, removal of the mud
motor from the RSS BHA is a cost-effective way to eliminate
mud motor back drive and HFTO from the BHA.

Fig. 14 shows an example of RSS dynamics in a 12 %~
vertical hole with no mud motor. It can clearly be seen that the
chaotic back-drive dynamics have disappeared, and drilling is
much smoother. The gyro RPM spread at the bit (the third track
from the left) is minimal, and the surface torque band (the fourth

track from the left) is much healthier. The ROP remains
constant throughout the run, and the bit shocks are minimal.

In this example, the removal of the mud motor led to
smoother drilling and ultimately preserved the drill bit for better
performance and a longer run. Removal of the mud motor can
often change RSS economics in intermediate well sections and
lead to a more efficient way of drilling the section versus a
conventional steerable motor BHA.

RPM (-20 to 250 RPM) SHOCKS (0 to 220G)

MWD
With required NM Spacing

962 RSS I

= Y
= !

127 String Stab 12 1/8” Rss | RSS Slow-Rotating

Sleeve Stab Housing

Fig. 14— Drilling dynamics with no motor in RSS BHA (excerpted
from SPE-212467-MS).

Pressure-Pulse-Driven Dynamics & Power Section
Degradation

MWD mud pulse dynamics is a known phenomenon that is
present in all mud motor/MWD mud pulse BHAs. The MWD
pressure pulse has the effect of reducing the motor output speed
(bit speed) when MWD is on a pulse. Several variables dictate
the magnitude of motor output “pull down while on a pulse”.

Fig. 15 shows an example of mud pulse telemetry dynamics
while sliding and rotating.

SLIDING

IROTATING

Fig. 15— Mud pulse telemetry dynamics while sliding and
rotating.

Motor power section strength is a major contributor to the
magnitude of bit dynamics generated from mud pulse telemetry.
Degradation of the power section over time results in the MWD
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pulse pulling the bit RPM to zero resulting in bit micro-stalling
and eventually a full motor stall. In fact, most of the data
analyzed shows that MWD mud pulse is the dominant factor
that drives MMBD magnitude and mud motor stalls.

Fig. 16 shows an example of a drill bit RPM pull-down
when MWD is on a pulse. The MWD pulses can clearly be seen
in the bit RPM data. The bit RPM pull down on a strong power
section does not have a significant effect on overall drilling
performance, however as the power section degrades over time,
the bit RPM pull down initiates mud motor micro stalls and
eventually a full motor stall.

Bit Box Gyro RPM
200

100

Motor speed pulls down more when MWD is on a pulse.
Fig. 16—The effects of an MWD mud pulse telemetry on the mud-
motor output speed (excerpted from SPE-223797-MS).

Friction Reduction Tools (FRT) also generate a pulse in the
drillstring (i.e. to stroke a shock tool to reduce friction between
BHA and wellbore). The pulses generated by these devices are
typically of a lower pulse magnitude than MWD pulses, and the
placement of the FRT is a further up the drillstring away from
the mud motor (2,500ft. is a common placement).

Evaluation of the pressure response above a mud motor in
combination with motor output RPM shows that most FRTs do
not influence pressure pulse driven dynamics. Fig. 17 shows the
pressure pulse signature from the top of a mud motor and bit
rotation speed.

Fig. 17 - The pressure responses above the motor (top), the bit
rotation speed (bottom).

The pressure signature clearly shows the pulses from the
FRT at 300 PSI and 10 Hz. There is no significant correlation
between FRT pulse and bit RPM. When MWD is on a pulse,
the pressure drops and the associated drop in bit RPM can be
seen.

Dynamics Induced from Interbedded Rock with Hard
Carbonate Stringers

High-frequency sensors placed at the drill bit can identify
bit dysfunction that is not seen from MWD and sensors that are
placed above the mud motor. It is becoming common while

drilling shale wells to encounter harder carbonate rock that with
cause drill bit excitation.

Certain types of severe drill bit excitations do not
necessarily cause damage to the drill bit, but they will influence
mud motor transmission life. The transmission coupling on the
lower end of a mud motor is typically the weakest link in the
motor drivetrain, especially when subjected to combined
dynamics (i.e. stick-slip, torsional oscillations, HFTO and
multi-axis high magnitude shock). Fig. 18 shows an example of
severe drill bit shocks.
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Fig. 18 - High-magnitude multi-axes shocks and bit temperature
rise (excerpted from SPE-223797-MS).

3-axis shock magnitude at the bit is at severe levels (all 3-axis
200+ G) when a harder carbonate stringer is encountered. The
frequencies across all three axes are very high at 300+ Hz.
When the bit shock magnitude is high, a corresponding rise in
bit temperature is seen. However, the key point of interest here
is that the sensor placed on the top sub of the motor does not
reflect any of these high-magnitude bit shocks. This is a clear
demonstration that at-bit measurements are valuable when
evaluating drilling performance and drill bit/motor wear/tear
and failure. Without this information, post run forensics can
only be speculative.

Figures 3-axis shock magnitude at the bit is at severe levels
(all 3-axis 200+ G) when a harder carbonate stringer is
encountered. The frequencies across all three axes are very high
at 300+ Hz. When the bit shock magnitude is high, a
corresponding rise in bit temperature is seen. However, the key
point of interest here is that the sensor placed on the top sub of
the motor does not reflect any of these high-magnitude bit
shocks. This is a clear demonstration that at-bit measurements
are valuable when evaluating drilling performance and drill
bit/motor wear/tear and failure. Without this information, post
run forensics can only be speculative.

Transitional Operations with Steerable Motors
Transitional operations with steerable motors (external bent
housing) are perhaps the most common topic discussed at the
present time. Typically, rotate-to-rotate and rotate-to-slide
transitional operations are easier to deal with than slide-to-
rotate transitions. This is because transitioning from slide
drilling (gauge hole) to rotary drilling (over-gauge hole)
induces higher dynamics that stresses drilling equipment.
Rotate-to-slide (over-gauge to gauge hole) and rotate-to-rotate
(remain in over-gauge patterned hole) do not produce the same
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stress on drilling equipment, and standard drilling techniques
are normally adequate.

With high bend angle steerable motors that produce high
DLS yields, the technique of finishing a slide and transitioning
to rotary drilling is very important for bit and mud motor
preservation (especially in harder rock). Various techniques are
used between different directional drilling providers depending
on their experience. High-frequency downhole embedded
sensors can provide a clear picture of the dynamics generated
during these transitional operations and allow for transitional
techniques to be experimented with and measured.

Fig. 19 shows raw gyro RPM data at the motor bit box
(bottom) and motor top sub (top) during a slide-to-rotate
transition. The sequence of surface operations and downhole
dynamics are explained in Table 1.

Y ) [5)

200
100 ‘
0

swor Rotate somrbe meaming shse ot

noret 04 g At o

Fig. 19 - Severe torsional dynamics during a slide-to-rotate
transition.

Section

Operation

Dynamics Bit Box

Dynamics Top Sub

On-bottom slide drilling.

Bit RPM stable.
MWD mud pulse dynamics
showing bit RPM reduction.

Top sub stable with surface
rocking visible.

Pick-up through slide and start
surface rotation reaming down
through slid hole

No drill bit RPM dynamics
while picking up through slide
with no surface rotation (gauge
hole).

“When surface rotation started,
the bit torsional oscillation
peaked at SOORPM due to
motor bend and bit patterning
and enlarging the borehole.

No top sub dynamics while
picking up through slide
with no surface rotation
(gauge hole).

‘When surface rotation
started, full-stall string
stick-slip peaked at
360RPM due to motor bend
and bit patterning and
enlarging borehole

On-bottom rotary drilling

Normal drill bit torsional
dynamics once BHA/bit is

Normal string torsional
dynamics once BHA/bit is

patterned into fresh rotary patterned into fresh rotary
borehole. borehole.

MWD mud pulse dynamics
showing bit RPM reduction.

Table 1 — Sequence of operations reference for Figure 19.

The technique used during the slide-to-rotate transition in
this example causes significant torsional dynamics that stress
downhole mud motors and can damage drill bits. Exposing
downhole equipment to these torsional dynamics during every
slide-to-rotate operation throughout a well can be costly to the
operation.

Many variables need to be considered during slide-to-rotate
operations such as motor bend angle, bit-to-bend, stabilization,
rock strength, mud type, etc. The optimal method to evaluate
downhole dynamics during transitional operations is to measure
drilling dynamics and adjust the drilling program/standard
operating procedures accordingly for the area being drilled.

Combined and Switching Dynamics

As a final thought, it is worth understanding that downhole
dynamics may not remain in a constant state, and there can be
dynamics riding dynamics and dynamics switching.

Fig. 20 shows an example of low frequency torsional

oscillation with HFTO riding. The HFTO magnitude increases
('Y-axis) when the torsional oscillation RPM increases.

Gyro (RPM)

AccelX AccelY  — AccelZ = GyroX

Stick-Slip and HFTO

T T
1
second

Fig. 20 — Example of low frequency torsional oscillation with
HFTO riding.

Fig. 21 shows an example of dynamics switching from
HFTO to MMBD. In this example the accelerometers are
sampling at 800Hz and the Gyro at 100Hz. HFTO can be seen
on the Y-axis accelerometer, however the gyro looks stable.
This is deceiving since the gyro is sampling at 100Hz. As the
frequency changes and lower frequency MMBD becomes
dominant, the stick-slip can be seen on the gyro with HFTO
riding the slip cycle.

Gyro (RPM)
=
o

30
seconds

Fig. 21 — Example of dynamics switching from HFTO to MMBD.

Conclusions
High-frequency embedded drilling dynamics data is helping
Permian drillers reduce costs by:

1. Identifying damaging dynamics (that cannot be seen
on standard MWD S&V data)

2. Identifying damaging drilling parameters, procedures
and techniques.
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3. Recommending and implementing downhole tools to
improve dynamics. Validating through downhole
measurements.

4. Recommending and implementing parameters,
procedures and techniques to improve dynamics.
Validating through downhole measurements.

A host of different dynamics have been discussed in this
paper, covering RSS and conventional steerable motor BHAS,
as well as rig operational techniques. Many of these dynamics
are commonplace in a lot of data that is analyzed in the Permian
Basin today. However, every well, rig (automated, manual or
remote) and set of equipment used can result in different
dynamics. Spot checking dynamics with embedded sensors is a
good method to understand damaging dynamics that are
causing trips (frequent or sporadic).

Applying the corrective actions, measuring to validate and
implementing standard operating procedures will lead to
consistent and repeatable well construction that will result in
reduced operating costs.

Acknowledgments

The authors would like to thank Sanvean Technologies, LLC
for their willingness to publish the digital data and for
permitting the publication of this work.

Nomenclature
BHA =Bottomhole Assembly
DLS =Dogleg Severity
FRT = Friction Reduction Tool
HFTO = High-Frequency Torsional Oscillation
MWD = Measurement While Drilling
PF = Plastic Viscosity
ROP = Rate of Penetration
RPM = Revolutions per Minute
RSS = Rotary Steerable System
S&V = Shock and Vibration
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