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Abstract

Slender shafts subjected to local friction have important applications, such as in drilling. Also, stability maps are important
tools that guide decision makers. These stability maps are affected by initial conditions, boundary conditions, and so on.
Although used abundantly, there are few articles that investigate their sensitivity with respect to initial conditions. Moreo-
ver, there is no experimental attempt in this sense, up to the authors’ knowledge. The main contribution of this paper is to
propose a methodology to construct, experimentally, torsional stability maps for different conditions: (i) starting the system
with friction contact from rest, (ii) starting with rotation before the friction contact, and (iii) imposing axial oscillation of
the platform. These conditions are important to be analyzed, because they might happen in a real drill string system. The
findings indicate that initiating shaft rotation prior to axial contact and applying axial oscillations during contact contribute
to improving torsional stability. In addition, depending on some conditions (e.g., temperature and material wear), the results
change considerably. The experimental results obtained here might guide other developments, including new stochastic

models to take into account uncertainties.

Keywords Drill string dynamics - Laboratory test rig - Experiment analysis - Nonlinear dynamics - Stability map

1 Introduction

The drilling process is vital in the oil and gas industry as
it allows for the exploration, extraction, and production of
valuable energy resources. By creating boreholes, drilling
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enables access to underground reservoirs of oil and gas, pro-
viding essential energy sources for transportation, electric-
ity, and heating.

Drill string dynamic behavior is an active topic of
research. Some researchers are interested in the modeling
aspects [1-5], others in control [6-9], others in uncertain-
ties [10-12].

The present paper is interested in drill string dynamics
[1, 13, 14], and a test rig is an important tool for studying
this nonlinear dynamic system [15, 16]. It allows engineers
to analyze the behavior of the system under various condi-
tions, even though the laboratory experiment is not a scaled
version of the real system. As mentioned in [16], the reduc-
tion in diameter would be no longer achievable if one tries
to mimic a long drill string. Therefore, the goal here (and of
other drilling test rigs) is to have an experiment that helps
us understand some important phenomena that happen in
the real system. This analysis provides some insights for the
application of interest.

Patil et al. [15] presented laboratory test rigs built to
reproduce some vibration modes, with emphasis on tor-
sional dynamics. More recently, Srivastava et al. [16] did
an extensive review of laboratory experimental setups for
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studying drill string vibrations. Next, we will comment on
some laboratory test rigs.

Liao et al. [17] analyzed a torsional-lateral rig, where
lateral contact between a disk and a fixed ring is consid-
ered. Mihajlovic et al. [18] studied the influence of fric-
tion characteristics on limit cycling in torsional dynamics
and how friction characteristics depend on temperature
and normal forces. The setup consists of two disks, a low-
stiffness string, and an additional brake applied to the
lower disk. Cayres et al. [19] also investigated the tor-
sional vibration underlying stick—slip oscillations originat-
ing from dry friction at rotor—stator contact. The torsional
test rig consists of a horizontal slender shaft where an
electric motor drives two disks. Friction is induced by two
braking systems.

Real et al. [20] analyzed the axial-torsional coupled
dynamics considering real drilling with a masonry bit.
The test rig was able to satisfactorily represent some phe-
nomena observed in deep water drilling, such as stick—slip
oscillations and hysteric cycles [21]. Kapitaniak et al.
[22] constructed a rig that might use commercial drill
bits and rock samples, and dynamic investigations, such
as stick—slip oscillations, whirling, drill bit bounce, and
helical buckling can be performed. We can also find other
recent experimental investigations related to the drill
string dynamics in [23-27].

This paper presents a test rig built at the Universidade
de Sdo Paulo (USP) to study drill string dynamic phe-
nomena and is able to evaluate lateral, torsional, and axial
dynamics. The vertical rig is composed of a slender shaft
and two disks, one at the bottom and the other at an inter-
mediate position. A servomotor rotates the system from
the top, and a stepper motor can move the shaft longitudi-
nally. At the bottom, pins are used to introduce friction and
emulate the bit-rock interaction. The test bench is more
detailed in [28, 29].

The main contribution of this paper is to propose a
methodology to construct, experimentally, torsional sta-
bility maps for different conditions: (i) starting the system
with friction contact from rest, (ii) starting with rotation
before friction contact, and (iii) imposing axial oscillation
of the platform. This investigation has not been attempted
by any of the previous works, to the best of the authors’
knowledge, and the conditions considered are important
to be analyzed because they might happen in a real drill
string system.

The paper is organized as follows. The test rig is pre-
sented in Sect. 2. Section 3 gives some theoretical consid-
erations, and Sect. 4 shows the experimental time responses.
Finally, the methodology to construct the experimental sta-
bility maps is presented in Sect. 5, and the experimental sta-
bility maps are analyzed for different operational conditions
in Sect. 6. Concluding remarks are made in the last section.
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2 Testrig

The test rig presented in this paper was developed at the
Universidade de Sdo Paulo. It is an improvement in pre-
vious works developed by the authors. In [30], the tor-
sional dynamic behavior of a test bench composed of a DC
motor coupled to a shaft, subjected to frictional forces that
induce stick—slip, is analyzed. In [31], the sliding mode
control is implemented to stabilize the angular velocity of
a slim and flexible rotary system subjected to dry friction.
In [32], the sliding mode control is used to stabilize the
orbit of a rotor, subjected to lateral impact and rubbing,
through shaft traction actuation.

The present test rig is equipped with a slender metal-
lic axis (main axis), positioned vertically, and supported
at its upper end on a mobile platform, with freedom for
vertical movement. Two massive rotors are attached to the
main shaft: one at its lower end (main rotor) and another
in an intermediate position (intermediate rotor). The main
rotor is important to increase the inertia of the system at
the bottom and highlight the torsional oscillations. The
intermediate rotor will be important for future investiga-
tions, where lateral impacts might happen. In the present
paper, we are interested in the torsional dynamics; hence,
the added inertia from the intermediate rotor increases the
inertia of the system and does not compromise the current
analysis.

Figure 1 shows a picture of the prototype, and Fig. 2
sketches the experimental setup. Table 1 lists some of its
dimensions, and Table 2 lists the material properties.

Fig. 1 Test bench prototype
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Fig.2 Test bench schematic

Table 1 Test bench geometry

1. Servo motor

2. Stepper motor

. Servo driver

. Stepper motor driver

. Servo reducer

. Stepper motor reducer

. Coupling

. Upper encoder

. Mobile platform

10. Spindle axis

11. Main axis

12. Distance sensors

13. Cylindrical shell

14, Intermediate rotor

15. Main rotor

16. Lower encoder

17. Friction pins

18. Load cell (normal force)
19. Data acquisition device
20. Load cell (reaction torque)

O~ u kb Ww

21. Lever arm

Description Symbol Measure (mm)
Total height - 3500
Width - 600
Depth - 600
Main shaft length L 2500
Main shaft diameter d 3
Distance between motor and inter- L, 2000
mediate rotor
Intermediate rotor diameter D, 140
Intermediate rotor thickness z2~ 60
Main rotor diameter D, 250
Main rotor thickness Zl 30
Table 2 Test bench material
Material property Symbol Value (mm)
Density p 7.85 x 103 kg/m?
Poison coefficient v 0.3
Elasticity modulus E 200 x 10° Pa
Shear modulus G 76.9 x 10° Pa

Ideally, a test bench should be similar to the system of
interest [16, 33]. However, as stated in [16] “If one were to
choose an aggressive scaling factor for mimicking a longer
section for accuracy, the reduction in diameter would be no
longer achievable." Therefore, the goal here (and of other
drilling test rigs) is to have an experiment that helps us under-
stand some important phenomena that happen in the real
system. This analysis provides some insights for the appli-
cation of interest. If we consider the data from [1], we have
the following downscaling factors: ratio of the length of test
rig shaft to the length of real drill pipe 2.5/1,400 = 0.002,
ratio of the diameters 0.0030/0.2286 = 0.01, ratio of the
imposed speeds 50/100 = 0.5, and ratio of the normal forces
50/100, 000 = 0.0005.

The axial displacement of the platform d, and, conse-
quently, of all the other mobile components of the work-
bench, is carried out by the actuation of a stepper motor.
The maximum vertical displacement of the platform is 2mm,
with an accuracy of 5 x 10~*mm. In addition, the main shaft
is connected to a servomotor at the top, which imposes a
nominal speed of rotation. Finally, two pins are placed at
the bottom to introduce friction and emulate the bit-rock
interaction. The applied nonlinear interaction in the experi-
ment, although different, has a similar effect in creating tor-
sional resistance. As a consequence, it is possible to observe
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torsional stick—slip oscillations in experiments [19, 20], field
data [35, 36], and numerical simulations [34].

The bench is instrumented with a total of seven sensors:
two load cells, one for measuring the reaction torque on
the servomotor and another for measuring the normal con-
tact force between the main disk and the friction pins; two
encoders, for estimating the rotation speed of the main disk
and the output of the servo motor; and three proximity sen-
sors to estimate the lateral orbit of the intermediate rotor.

3 Theoretical considerations

Before analyzing the experimental responses, a simple tor-
sional model is considered to serve as a guideline for what
to expect from our experiment, if torsional vibrations are
dominant [12, 34]:

L, 8(0) + ¢, 0(0) + ko 0(0)

; ()
= kqut + cqu - T,,000)),

where 6(7) is the angular velocity at the bottom, 1,,, ¢,,. k.,
are the equivalent inertia, damping, and stiffness of the sys-
tem, and Q is the imposed angular speed at the top. Rewrit-
ing Eq. 1, now including the expression of nonlinear torque

on bit T}, ((r)) [37, 38]:
0(1) + 26w, 0(t) + 0>0(1)

. b,0 2
= a)iQt +2(0,Q - b, <tanh (b,09) + ;) @
(1 +b56%)

where ¢ =c,/(24/1,,k,) is the damping ratio,
w, = y/k.,/1,, is the natural frequency, b, is a constant nor-

malized by /,,, which is related to the normal force and fric-
tion coefficient, and b, b,, b, are the parameters of the non-
linear interaction model at the bottom.

It has been shown [12, 34] that, although simple, this
model is able to well represent torsional oscillations and
linearized stability maps. Of course, it is not able to capture
the dynamics associated with higher frequencies. The real
system is more complex, and further development is needed
considering a more complete model (finite element, etc.) and

uncertainties, which is out of the scope of this paper.

4 Experimental time response

This section details the dynamic responses obtained
for the rotational speed of the main rotor. First, the free
response is analyzed; see Fig. 3. It indicates that the first
torsional natural frequency is about 0.275 Hz and the cor-
responding damping rate is about 5%. In this procedure,
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Fig.3 Free response of the main rotor (rotational speed vs. time).
Experimental response in continuous line and numerical response in
dashed line

friction is imposed on the main rotor (through the pins)
to lock it, while a rotation is imposed at the top. Then,
the pins are detached from the rotor zeroing the fric-
tion and allowing the system the oscillate freely. It is
observed (Fig. 3) that the numerical response is close to
the experimental one. The simplified model represents
qualitatively the free response of the analyzed system,
although some discrepancy is observed due to the sim-
plified hypotheses. The numerical response is obtained
using the analytical solution of a free damped oscillator:
X = (0y/ @) exp (—Ew, 1) sin(w,1), wherew, = 0.275 X 2z
rad/s, o, = w,/\/(1 — &%), € = 0.05, and 6, = 80 rad/s.

Figure 4 illustrates the typical rotational speed signals
for different dynamic behaviors of the system. In Fig. 4a,
the rotational speed signal is characterized by an intermit-
tent sequence of stick—slip oscillations with frequency of
about 0.15 Hz (nearly half of the natural frequency of 0.27
Hz). Note that, in the specific case of € = 5 RPM and
6 = 0.4 mm, the lowest speed peak exceeds three times the
nominal speed value, and the highest peak almost reaches
six times this value.

In Fig. 4b, the rotational speed signal is characterized
by a permanent regime with high torsional oscillations and
a given modulation. The higher frequency is about 0.26 Hz
(a little lower than the natural frequency), and the modula-
tion frequency is about 0.03 Hz. This dynamic regime is
called transition zone type 2 (see next section).

In Fig. 4c, the rotation speed signal is characterized
by an onset of stick—slip oscillations, followed by small
oscillations around the reference speed at the top. It is
important to emphasize that even if there is a stall at the
beginning, it is necessary to wait to verify if the stick—slip
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Fig.4 Typical experimental rotational speed signals over time. a
Q. = 5RPM, 6 = 0.4 mm. The stick-slip frequency is about 0.15
Hz. b Q; = 30 RPM, 6 = 0.35 mm. The high frequency is about

oscillations will prevail. This dynamic regime is called
transition zone type 1 (see next section).

Finally, in Fig. 4d, the rotational speed is characterized by
the absence of any type of locking throughout the test time.
After about 80 s of transient, the steady state is achieved.
The steady state presents some oscillations which might
be associated with disturbance, and lateral and torsional
frequencies.

Figure 5 shows the rotational speed model response for
two conditions (imposed speed and parameter b,). The
parameter b, is related to the normal force and friction coef-
ficient. As mentioned in the previous section, the model
is able to represent responses with and without torsional
oscillations, but it cannot reproduce higher frequencies. The
black line shows a stable response and the red line an unsta-
ble one. However, the variety of responses observed in the
experiment is greater than the one reproduced by the model,
as expected. The following bit—rock interaction model
parameter values were used: b, = 0.4775, b, = 8.7854,
by =2.2797. The nonlinear equation was numerically solved
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Fig.5 Rotational speed obtained by the numerical model consid-
ering stable (black line) and unstable (red line) conditions. Black
line: Qs = 55 RPM, b, = 0.0376 Nm. Red line: Q ; = 70 RPM,
b, = 0.0500 Nm (color figure online)
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using MATLAB and a fourth-order Runge—Kutta scheme
(ode45 function). For this simulation, we also need the
moment of inertia of the system which is given by the two
disks: 0.0588 kg m?.

Following the procedure shown in [12], the system can
be linearized around the operational condition and a sta-
bility map can be drawn varying Q,,, and b,; see Fig. 6.
The continuous line separates stability (below the line) and
instability (above the line) regions. This serves as a refer-
ence for what to expect from the experiment: high speeds
tend to stabilize the system and high values of b,, (related to
the normal force, and friction coefficient) tend to destabilize
the system. However, the challenge of this paper is to build
this map experimentally. Next section proposes a strategy
to pursue this purpose. The minimum and maximum values
of b, were chosen manually, so that the stability bound falls
between the experiments, as shown in Sect. 6.

5 Methodology to experimentally construct
stability maps

The construction of torsional stability maps with drill string
numerical models has been done by several other authors
[12, 34, 36, 38—41]. Nevertheless, even numerically, the
impact of initial conditions on it, which might be consid-
erable, has been studied in few works [42]. The challenge
faced in this paper is to experimentally construct torsional
stability maps for different operational conditions, which
has never been attempted before, up to the authors’ knowl-
edge. The test rig presents uncertainties, sensitivities, fric-
tion, misalignment, oscillations other than torsional, and so

0.07

0.065 | 1

0.06 1

0.055 1

(Nm)

ot 0.05+ 1
0.045 1

0.04 1

0.035 : : :
25 30 35 40 45

Imposed speed (RPM)

Fig.6 Stability torsional map obtained for the numerical system (b,
versus the imposed speed). b, is a parameter related to the axial force
and friction coefficient. The continuous line separates stability (below
the line) and instability (above the line)
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forth. As will be shown in the next section, the transition
from stable to unstable dynamics is not deterministic.

In this section, a methodology is proposed to construct
stability maps using the test rig. The torsional stability map
is constructed varying two operational conditions: axial dis-
placement 6 actuated by the stepper motor and the nominal
rotational speed Q.. imposed by the servomotor at the top.
The torsional oscillations at the main rotor are analyzed for
different values of the pair (€2, 6). It is expected that higher
torsional oscillations occur for low nominal rotational speeds
and high normal compressive forces between the main rotor
and the friction pins (which is directly related to the platform
displacement) [35, 36]. Figure 7 illustrates the main disk
without contact with the friction pins. Torsional oscillations
and stick—slip are observed in the real drill string system due
to a nonlinear bit-rock interaction. The applied nonlinear
interaction in the experiment, although different, has a simi-
lar effect in creating torsional resistance. As a consequence,
it is possible to observe torsional stick—slip in experiments
[19], field data [35, 36], and numerical simulations [34].

Previous numerical studies indicate that torsional oscil-
lations change significantly depending on some conditions.
For instance, if the contact at the bottom happens before
or after the shaft starts rotating [42], and if the transition
between rock layers is smooth or abrupt [43].

Since we are interested in the torsional dynamics of the
main rotor, its oscillations are evaluated. If the system is
unstable, a condition called stick—slip is observed, in which
an intermittent sequence of zero speed (stick) is followed

Fig. 7 Main disk and friction pins in test bench
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by high speeds. In this condition, the friction torque, due
to the contact of the rotor with the pins, is great enough to
stop the rotation of the main rotor until the strain energy
(accumulated in the shaft) wins and the rotor slips; then, the
cycle repeats over and over permanently.

A grid of operational parameters (€2, 6) is considered
to construct the stability map. Before starting the experi-
ment, the vertical position of the moving parts of the bench
is adjusted so that the main rotor is at a nominal distance
of 1 mm above the friction pins. This initial lack of contact
between the main rotor and the pins before the experiment
facilitates zeroing of the load cell. Once this adjustment is
made, the test begins, and the moving parts move under the
action of the stepper motor and the servomotor according
to a previously established sequence of commands. Three
different scenarios are implemented to analyze its impact
on the torsional stability region:

(Scenario 1) Experimental tests starting the system with
friction contact from rest. Initially, the stepper motor is acti-
vated, keeping the servomotor at rest, so that the mobile plat-
form moves x = 1 + 6 mm downwards. The 1-mm portion
corresponds to the beginning of contact between the main
rotor and the friction pins, with zero nominal compression,
while the 6 portion of the mobile platform movement cor-
responds to the compression movement of the main rotor
over the friction pins. Once this movement is completed, the
stepper motor stops moving the mobile platform, and after
a few seconds of rest to dampen the vibration in the contact,
the servomotor is activated, giving the upper end of the main
shaft a nominal rotation speed Q, ;.

(Scenario 2) Experimental tests starting with rotation
before the friction contact. In this scenario, the servomotor
is activated from the beginning, while the main rotor is at a
vertical distance of 1 mm above the friction pins. As soon
as the main rotor acquires a permanent movement regime,
with nominal rotation equal to that of the servomotor output,
the stepper motor is activated, subjecting the mobile plat-
form to a displacement x = 1 + 6 mm downwards, leading
the main rotor to the contact with the friction pins, keeping
under pressure.

(Scenario 3) Experimental tests imposing axial oscilla-
tion of the platform. The main rotor is initially kept at rest.
Once frictional contact is established between the main rotor
and the friction pins, for a 6 displacement of the mobile
platform after initiation of contact, the servomotor is driven
with a speed Q. ;. At the same time, the stepper motor begins
to impose an oscillatory axial movement on the mobile plat-
form around the nominal contact position 6. After some ini-
tial tests, the values f;, = 1 Hz and 6, = 0.14 mm were
defined for the axial oscillation frequency and amplitude,
respectively.

For each test, the movement of the servomotor ceases
after 120s, keeping the two motors at rest for a few

seconds, until the stepper motor is activated again, mov-
ing the mobile platform to the original position, that is,
so that the main rotor returns to the nominal distance of 1
mm above the friction pins. With that, the test is stopped.

Another important point is related to uncertainties.
Each time an experiment is run, its result is a little dif-
ferent (random experiment) due to temperature, point of
contact, rubbing surface, etc. Therefore, for each pair (€2,
,0) five tests are performed. Depending on the dynami-
cal regime, different symbols are plotted in the stability
map grid: (i) red “x” means that in the five repeated tests,
the stick—slip phenomenon happened permanently, during
120 s; (ii) black “+”: means that in the five repeated tests,
the stick—slip phenomenon did not occur at any time, that
is, the main rotor did not lock due to dry friction; (iii)
green “o0”: means either the occurrence of stick—slip at
the beginning of the movement, ceasing to happen after
a certain moment; or occurrence of stick—slip in at least
one test, with non-occurrence in the others, or any other
circumstance that does not fit those described for the red
“x” or the black “+.”

Two factors observed during the execution of the tests
deserve to be highlighted for their influence on the definition
of the standard methodology of the tests: the slight inclina-
tion of the main rotor about the horizontal plane and the
variation in the ambient temperature.

In the construction of the experimental bench, we tried to
minimize the inclination of the main rotor as much as pos-
sible. Even so, in the already finished prototype, a depend-
ence was observed between the angular position of the main
rotor and the normal force during contact with the friction
pins. Figure 8a illustrates different compression intensities
for 36 variations of 10 degrees, in sequence, in the angu-
lar position of the main rotor, for 6 = 0.5 mm, completing
one revolution. Figure 8b shows the variation in the normal
compressive force around the signal window with the high-
est average intensity. The oscillation of the normal force,
observed in Fig. 8b, is mainly due to the lateral movement
of the intermediate rotor, since this lateral displacement of
the rotor implies a portion of upward movement of the lower
end of the main shaft, relieving the weight on the load cell,
during contact.

In turn, the variation in the ambient temperature leads
to a variation in the length of the main axis. Consider-
ing that the standard coefficient of expansion of steel is
a = 1.1x 1072 °C~!, and that the nominal shaft length
is L = 2500 mm, the change in shaft length for a vari-
ation AT = 1°C at ambient temperature is given by:
AL = a LAT = (1.1 x 1073)(2500)(1) = 0.0275 mm. As
a result of this, considering the same initial vertical position
set at | mm between the main rotor and the friction pins, the
downward displacement by x = 1 4+ 6 mm of the mobile
platform, carried out on different days, led to a difference of
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Fig.8 Time signal of the normal contact force. a For different angular positions of the main rotor. b Around highest average cumulative com-

pression. Black line: original signal. Red line: accumulated signal average

up to 30 N in the value measured by the cell of load for the
compression between the main rotor and the friction pins.

Therefore, for all the tests to be carried out within the
same standard condition, before a battery of tests and at dif-
ferent times of the day, the initial vertical position of the
main rotor in relation to the friction pins should be adjusted
according to the chosen behavior as standard, illustrated in
Fig. 8, so that, in the adjusted position, the maximum value
of the cumulative average of the normal force for a sequence
of 36 angular positions, with a variation of 10 degrees
between two subsequent angular positions, and with 6 = 0.5
mm, is the same maximum value of the cumulative average
of the normal force as shown in Fig. 8, that is, 53.4 N.

6 Experimental stability maps

For scenario 1, Fig. 9a shows the stability map, based on the
first tests performed, considering on the abscissa axis dif-
ferent nominal rotational speeds Q,; and on the ordinance
axis the values of the 6 displacement of the mobile platform.
The first battery of experiments, summarized in Fig. 9a—c,
was carried out between March 29, 2023, and May 17, 2023.

Figure 9(a) shows that instability (high torsional oscilla-
tions), represented by the red “x,” occurs for low Q. and
high 6 (related to the normal force between the main rotor
and the friction pins), by previous investigations [35, 36].
The green zone corresponds to a transition zone between
operating regimes with stick—slip (red zone) and without
stick—slip (black zone).

Figure 9(b) shows the stability map generated from the
second scenario, where the experimental tests start with
rotation. The transition zone of the first tests is used as a
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reference (dashed black lines). The new transition zone is
represented by the blue dashed line.

From the results obtained, it can be concluded that, for a
displacement 6 = 0.3 mm, the black zone advances over the
green zone until it includes the speed €, = 10 RPM, not
having been observed the same for the other levels of com-
pression in the frictional contact. This result is relevant, con-
sidering that a simple change in procedure already implies a
small reduction in the occurrence of stick—slip.

Figure 9(c) shows the stability map from the third bat-
tery of tests, where an axial oscillation is imposed to the
platform. Again, the transition zone of the first tests is used
as a reference (dashed black lines). The new transition zone
is represented by the blue dashed line. Figure 10 shows the
displacement imposed on the mobile platform, in relation to
the imminent position of frictional contact, for6 = 0.5 mm,
f+ = 1Hz and 6, = 0.14 mm. Due to the stepper motor’s
response time limitations, after some initial tests, the values
f» = 1Hz and 6, = 0.14 mm were set for the frequency
and amplitude of the axial oscillation, respectively. The fre-
quency of 1 Hz was chosen as a first attempt for excitation,
with the sole criterion of not coinciding with any of the
initial natural frequencies of the test rig, and the amplitude
0.14 mm was selected as the maximum possible oscillation
amplitude at this frequency, taking into account the limita-
tions of the experimental apparatus.

Comparing Fig. 9a with Fig. 9b, it is possible to notice
an increase in the stable area (blue and black markers)
over the transition zone (green markers) for 6 = 0.5 mm
and 6 = 0.6 mm, until the speeds Q = 27.5 RPM and
Q¢ = 32.5 RPM are included, respectively. The green
zone also advanced over the red zone for 6 = 0.6 mm, also
encompassing speed Q. = 15 RPM.
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Fig.9 Torsional stability map (platform displacement versus imposed
speed). a Experimental tests starting the system with friction contact
from rest. b Experimental tests starting with rotation before the fric-
tion contact. ¢ Experimental tests imposing axial oscillation of the
platform. Black crosses represent stable responses, red marks repre-
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Fig. 10 Platform displacement time signal for 6 = 0.5 mm, f, = 1
Hz, and §, = 0.14 mm
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(c)

sent unstable responses (high torsional oscillations), and green circles
represent transition zone type 1. Dashed green and black lines delimit
the transition zone of the experimental tests starting from rest. The
blue dashed lines delimit the transition zone for the other two sce-
narios (b) and (c) (color figure online)

To evaluate the repeatability of results under the same
predefined methodology, the experimental tests were
repeated later, between May 25, 2023, and June 13, 2023,
considering the same three conditions of the previous tests:
(i) starting from rest, (ii) starting with rotation, and (iii)
inclusion of oscillatory axial movement of the mobile plat-
form. Tests under intermediate nominal compression dis-
placements were included. Figure 11 summarizes the new
results obtained.

The two sets of experiments demonstrate that the stability
zone shows a significant reduction in the second set of tests.
Not controllable factors, such as ambient temperature fluc-
tuations, humidity, and wear on rig components, change the
frictional contact and, consequently, the torsional dynamic
stability. However, it can be stated that making frictional
contact with the rotor in motion or imposing a longitudinal
oscillation at the top of the shaft in both test sets resulted in
an increase in the stability zone.
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Fig. 11 Torsional stability map (platform displacement versus
imposed speed). a Experimental tests starting the system with friction
contact from rest. b Experimental tests starting with rotation before
the friction contact. ¢ Experimental tests imposing axial oscillation
of the platform. Black crosses represent stable responses, red marks
represent unstable responses (high torsional oscillations), green cir-

In Fig. 11a, the lilac circles correspond to the area of the
transition zone with a new dynamic behavior, denominated
in this article as transition zone type 2. In turn, the green
circles correspond to the so-called transition zone type 1.
The time signal of the rotational speed of the main rotor will
be depicted in the next section. The transition zone type 2 is
evidenced only in Fig. 11a.

Comparing the tests carried out in different periods
between March and June, it is noted that the red zone has
undergone some changes. In the second tests, the unstable
(red) region and the transition zone enlarged, more promi-
nently at low compression. This change is attributed to
the influence of the difference in ambient temperature and
material wear between the two periods of execution of the
experiments. In any case, there is an advance in the useful
zone—blue zone in Figs. 9b, c, 11b, c—either when making
frictional contact with the rotor already in motion, or adding
axial oscillation to the movement of the mobile platform
during frictional contact.

@ Springer

40 50 60 70
Imposed speed (RPM)

(c)

cles represent transition zone type 1, and lilac circles represent tran-
sition zone type 2. Dashed green and black lines delimit the transi-
tion zone of the experimental tests starting from rest. The blue dashed
lines delimit the transition zone for the other two scenarios (b) and (c)
(color figure online)

Understanding the consequences of changing the opera-
tional condition in a slender shaft with nonlinear interac-
tion might inspire new strategies to be implemented in
the field to avoid torsional oscillations and improve the
efficiency of drilling.

Finally, it is possible to compare qualitatively the stabil-
ity bounds of the numerical model, Fig.6, and the two sets
of experimental responses, Figs. 9a, 11a. Figure 12 shows
the three curves together, where the numerical response
(continuous line) normalizes the values of b, between
0.03 and 0.06. Note that there is a very good consistency
between the experimental and numerical results, even
though a simple model is considered. These results might
guide further developments on deterministic and stochastic
dynamic models.
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imposed speed) obtained for the numerical model (continuous line
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two sets of experiments, dashed black lines of Figs. 9a and 11a

7 Concluding remarks

A new test rig aiming at analyzing drill string dynamics
was presented. A novel methodology was proposed to con-
struct an experimental torsional stability map. Results show
that starting with shaft rotation before the axial contact and
applying axial oscillations during contact improves torsional
stability. In addition, temperature and material wear have a
great influence on the stability map.

The conditions considered in the experiment might hap-
pen in the real drill string. It seems that proposing a con-
trolled axial displacement might increase the stable region.
It is difficult to assess the effect of oscillations at the top of
the drill string on bit bounce vibrations in the drill string
based on the experimental data from this test rig, as the
longitudinal frequencies of the rig are high and undetectable
by the sensors used. However, it is expected that inducing
low-frequency longitudinal vibrations at the top of the drill
string would have little influence on bit bounce vibrations, as
the former are of a much lower order of magnitude.

The experimental data produced in this article may guide
new developments, for instance, other experimental strat-
egies to build a stability map and strategies for vibration
control. In addition, a more complete numerical model can
be considered (finite element, etc.), and uncertainties quan-
tification strategies pursued.

Finally, the presented test bench will be explored in differ-
ent ways, such as analyzing lateral vibrations, lateral impact/
rubbing, and coupled torsional-axial-lateral dynamics.
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